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Purprosk. Graves’ orbitopathy (GO), the common extrathyroidal complication of Graves’
disease (GD), is characterized by orbital fibroblast stimulation, adipogenesis, and
hyaluronan production. Recently, gut microbiota and its metabolites have garnered
attention for their possible involvement in GO.

Mernops. This study utilized an animal model of GO and examined the effects of
butyrate treatment on orbital fibroblast cells and gut microbiota. Ex vivo experiments
were performed using orbital fibroblasts derived from healthy patients’ and patients’
with GO orbital tissue to evaluate vitality, activation, and adipogenesis in response to
butyrate treatment. Gut microbiota diversity was also analyzed in butyrate-treated and
untreated GO mice.

Resurrs. In human orbital fibroblasts, butyrate treatment dramatically decreased the
vitality of GO-derived fibroblasts without harming normal fibroblasts. Butyrate prevented
activation and fibrotic processes induced by transforming growth factor beta 1 (TGF-81)
in GO and normal fibroblasts. Additionally, butyrate reduced lipid droplet formation
and downregulated lipogenic markers in GO and normal orbital fibroblasts, inhibiting
adipogenesis. In the GO mouse model, butyrate therapy improved orbital histological
abnormalities and normalized serum thyroid hormone and antibody levels. The intestinal
microbiome of butyrate-treated GO mice also changed significantly, with a reduction in
certain bacteria (Bifidobacterium, GCA-900066575, and Parabacteroides) and an increase
in others (Bacteroides and Rikenellaceae_RC9).

ConcLusions. Butyrate ameliorates several of the symptoms of GO, lowering GO orbital
fibroblast viability, adipogenesis, and TGF-S1-induced fibrosis without damaging normal
fibroblasts. Butyrate normalizes thyroid function in a GO mouse model, improves
histopathological alterations, and transforms gut microbiota populations, proving its
potential in treating GO through the gut-thyroid axis.

Keywords: graves’ orbitopathy (GO), orbital fibroblast, butyrate, adipogenesis, gut
microbiota

Graves’ orbitopathy (GO), also referred to as Graves’
ophthalmopathy, represents the most prevalent
extrathyroidal complication of Graves’ disease (GD).1-*
Characterized by enhanced adipogenesis in orbital fibrob-
lasts and hyaluronan synthesis, GO predominantly manifests
through extensive orbital tissue remodeling, evidenced by
adipose tissue enlargement and tissue edema.’”’ This
remodeling further leads to clinical symptoms such as
eye redness, swelling, diplopia, proptosis, and blurred
vision.81® Given the significant morbidity and economic
burden associated with GO, comprehensive management
strategies focusing on early detection and targeted interven-
tion are essential to mitigate its impact on patient health
and healthcare systems.
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Traditionally, genetic background, in conjunction with
environmental factors including stress, smoking, and preg-
nancy, along with bacterial infections and immune responses
to food and other antigens, collectively contribute to an
increased predisposition to GD and GO.!'"'* Recently,
considering that GO is an autoimmune disorder,'>'® the
underlying effect of gut microbiota on the occurrence of
GO has emerged as a significant area of research since the
interdependent interaction between gut microbiota and host
immunity has been reported.!” The gut, as a key regulator
of microbiological, physiological, and physical homeostasis,
enables the host to withstand various infections and environ-
mental stressors.!® The gastrointestinal tract has the highest
concentration of resident immune cells because it has the
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largest surface area between the external environment and
the internal tissue and is exposed to a variety of infectious
and non-infectious stressors. A complex network of innate
and adaptive components, the mucosal immune system
responds well to many environmental stressors.’® Symbiotic
microbiota exerts a crucial effect on shaping and modulat-
ing these immune responses, training, and fine-tuning the
immune system’s functionality.?>*! Regarding GD/GO, an
association between the intestinal microbiota and autoim-
mune thyroid has been reported in GO mouse models.??:??
A change in beta diversity of bacterial communities in
thyroid-stimulating hormone receptor (TSHR)-immunized
group in comparison with the control group was observed,
as well as a positive relationship between Firmicutes and
orbital adipogenesis.?*?! Alterations in the intestinal micro-
biota, however, have a significant impact on measurable GD
endocrine and immunological factors, whereas the effect on
GO cellular alterations is more subtle.?” Therefore, the effect
of gut microbiota on GO pathogenesis requires further inves-
tigation.

The microbiota and its metabolites have been previously
reported to impact the functions of the gut barrier, releasing
the metabolites and other factors into the systemic circula-
tion.2*?7 Specifically, butyrate exerts a significant effect on
regulating intestinal homeostasis, particularly in the context
of thyroid disorders; butyrate-producing microbiotas were
found to be reduced in patients with GD and hypothy-
roidism in comparison with the control group.?® In addition,
the focus on butyrate arises from its production by Faecal-
ibacterium prausnitzii, a species uniquely identified with
the genus Faecalibacterium, which exerts a pivotal effect
on maintaining intestinal immune homeostasis. Faecalibac-
terium prausnitzii is known to suppress the nuclear factor
kappa-B and T helper cell 17/interleukin-17 pathways.?*-3!
In our previous study, the abundance of Faecalibacterium
prausnitzii in the gut has also been proven to be different
among healthy people and patients with different degrees
of GO severity.>? Butyrate, as produced by this bacterium,
helps regulate oxidative stress, reduces peroxidase and
cyclooxygenase activities, and inhibits the expression of
inflammatory cytokines, effectively alleviating inflammatory
responses along the lining of the gut.>® More importantly,
regarding the activation of fibroblasts, sodium butyrate
has been reported to improve skin or pulmonary fibro-
genesis and the imbalance of bacteria in the intestines
within bleomycin-induced murine models.>* Butyrate also
regulates macrophage M1/M2 polarization and promotes
mitochondrial function recovery to improve cardiac fibro-
sis.>® Regarding adipogenesis, sodium butyrate supplements
could inhibit liver steatosis and lipogenesis in high-fat diet-
treated mice.>® Therefore, the reduced levels of butyrate
might be key to critical physiological processes in the patho-
genesis of GO, warranting a deeper exploration of butyrate’s
role in this context.

In this study, primary orbital fibroblasts were extracted
from orbital tissue samples of patients with GO and healthy
controls, and the specific effects of butyrate upon the viabil-
ity, proliferation, fibrogenesis, and lipogenesis of differ-
ent fibroblasts were investigated. A GO model was estab-
lished in mice and the in vivo effects of butyrate on
GO mice were investigated. Last, the effects of butyrate
on the gut microbiota of the model mice were investi-
gated. Collectively, the aim of this study is to elucidate
the comprehensive effect of butyrate on modulating GO
pathophysiology, from cellular mechanisms in fibroblasts to
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systemic effects in animal models, and its potential influ-
ence on gut microbiota composition, thereby contribut-
ing to an improved comprehension of the gut-thyroid axis
in GO.

MATERIALS AND METHODS
Clinical Sample Collection

Healthy control upper eyelid’s orbital connective tissues
were obtained from healthy volunteers (# = 5, female/male
= 3/2, 45.8 £ 8.76 years) with no inflammatory and
thyroid conditions and undergoing blepharoplasty. GO
upper eyelids orbital tissue specimens were obtained from
patients with GO (n = 5, inactive disease stage, female/male
= 2/3, 44.2 + 8.44 years) during orbital decompression
surgery. All the participants have provided written informed
consent in compliance with the principles of the Decla-
ration of Helsinki. This study was conducted under the
approval of the ethics committee from the Second Xiangya
Hospital.

Primary Orbital Fibroblast Isolation,
Identification, and Treatment

The primary cultures of orbital fibroblasts were isolated
from orbital tissues as previously described.’’ Briefly, both
GO and healthy orbital tissue samples were obtained as
above mentioned. The tissues were placed in culture dishes,
and covered with complete medium (Dulbecco’s Modified
Eagle’s Medium [DMEM] plus 10% fetal bovine serum [FBS]
and 1% penicillin-streptomycin solution [Gibco, USA]). The
explanted tissue samples were then incubated in cell culture
incubator at 37°C in 5% CO,. The fibroblasts that grew out
of the explants formed monolayers. The resulting fibroblast
monolayers were passaged serially by gentle treatment using
trypsin/ ethylenediaminetetraacetic acid (EDTA; Gibco, Pais-
ley, UK), and cultivated within DMEM (Gibco) contain-
ing 10% FBS and antibiotics (penicillin and streptomycin;
BioWhittaker, Verviers, Belgium).?® The orbital fibroblasts
between the second and sixth passages were utilized for the
experiments.

Regarding orbital fibroblast identification, immunoflu-
orescence staining was carried out as per the methods
described before* with antibodies against vimentin, desmin,
S100B, and Keratin 17 as the primary antibodies (dilu-
tion 1:100), fluorescein isothiocyanate-conjugated secondary
antibody (dilution 1:200). The antibodies’ information is
listed in Supplementary Table S1. The orbital fibroblast
exhibited vimentin-positive, desmin, S100B, and Keratin 17
negative.

For orbital fibroblast activation, the GO orbital fibrob-
lasts were stimulated with transforming growth factor beta
1 (TGF-B1; 10 ng/mL, Sangon, Shanghai) for 24 hours.
For adipogenic differentiation of orbital fibroblasts, the
GO orbital fibroblasts were cultured with a commercial
adipogenic differentiation medium (SALIAI, Guangzhou,
China) for 10 days for Oil red staining or for 4 days for mRNA
and protein expression analysis, the medium was replaced
every 3 days. For determination of the function of butyrate
in fibroblast activation, orbital fibroblasts were treated with
50 pM butyrate for 24 hours. For determination of butyrate
in adipogenic differentiation, orbital fibroblasts were treated
with 10 uM butyrate and underwent adipogenic differentia-
tion simultaneously for 10 days or 4 days.
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Cell Counting Kit-8 Assay

Two types of orbital fibroblasts were treated with 0, 0.5, 1,
5, 10, 25, 50, and 100 uM butyrate for 24, 48, or 72 hours
and a Cell Counting Kit 8 (CCK-8) assay kit (Beyotime) was
applied to examine cell viability. At the indicated culture
time point, CCK-8 solution at a dilution of 1/10 was supple-
mented into the medium, followed by 4 hours of incubation.
Subsequently, the OD value of each well was detected at
450 nm using a multi-function microplate reader (Bio-Rad,
USA).

EdU Assay

DNA synthesis was examined using an incorporation assay,
utilizing the Cell Light EAU DNA Imaging Kit (RiboBio Co.,
Guangzhou, China). The cells were first planted onto 24-well
plates and then treated with butyrate (50 uM for 24 hours)
and/or TGF-f1 (10 ng/mL, for 24 hours), followed by 2-h
exposure to EdU. Subsequently, 4% paraformaldehyde was
used to fix cells and 0.5% Triton X-100 was used to perme-
abilize the cells. Finally, the cells were incubated with reac-
tion solution for 30 minutes in the dark followed by 4',6-
diamidino-2-phenylindole (DAPI) staining for 5 minutes in
the dark. A fluorescent microscope was applied to capture
fluorescent images. The EdU-positive cells (red fluorescence)
were counted by Image J software (NIH, BD, USA). This
procedure was independently replicated three times for
consistency.

Scratch Wound Healing Assay

Orbital fibroblasts were planted onto 6-well plates at a
density of 1 x 10° cells/well. Upon reaching confluence,
a sterile 200 pL disposable micropipette tip was utilized
to create a straight-line scratch. After two washings in
PBS, cellular debris was eliminated, and cultures were
subjected to butyrate (50 uM for 24 hours) and/or TGF-f1
(10 ng/mlL, for 24 hours) incubation. An inverted phase-
contrast microscope was used to photograph the defined
microscopic scratch wound areas at the designated time
points. The migration distance rate was measured by Image J
software.*

Immunoblotting

All primary antibodies used are listed in Supplemen-
tary Table S1. Cell lysates and tissue homogenates were
separated on 10% SDS-PAGE before being transferred
onto nitrocellulose membranes, as previously described.!
Membranes were blocked for 12 hours in 5% skimmed
milk tris-buffered saline (TBS) buffer, followed by an
overnight incubation at 4°C with primary antibodies against
vimentin, fibronectin, collagen I, collagen III, «-SMA,
¢/EBPw, c¢/EBPS, PPARy, perilipin-1, FABP4, leptin, or
adiponectin. Antibodies against GAPDH or B-actin were
set as the endogenous control. Membranes were washed,
followed by a 1 hour incubation at room temperature (RT)
with horseradish peroxidase-labeled secondary antibody
(1:5000). The chemiluminescence reagents (Pierce ECL West-
ern Blotting Substrate; Invitrogen, Carlsbad, CA, USA) were
used to detect protein bands, and densitometric analysis
with Image J software was carried out to quantify the protein
bands.
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Quantitative RT-PCR

TRIzol reagent (Invitrogen) was used as per the protocol to
extract total RNA. The SYBR green PCR Master Mix (Qiagen,
Germany) was applied as per the instructions to detect
RNA expression levels, with GAPDH utilized as an endoge-
nous control. The 2—2% values indicated the relative fold
changes. The primer sequence is listed in Supplementary
Table S2.

Collagen I Content Determination

After being treated with butyrate (50 pM for 24 hours) and/or
TGF-B1 (10 ng/mL, for 24 hours), the cell culture supernatant
was collected for collagen I level measurement by ELISA kit
(CSB-E08082h) following the instructions of the manufac-
turer. Finally, after adding the stop solution, the OD value at
450 nm was recorded and the concentration was calculated
according to the standard curve.

Oil-Red O Staining

Regarding Oil-Red O staining for orbital fibroblasts, the
cells were planted onto 6-well plates (2 x 10° cells/well)
and treated with 10 uM butyrate in adipogenic differentia-
tion medium for 10 days. Prior to staining, the cells were
subjected to 2 washings in 1 x PBS, 10-minute fixation in
3.7% formaldehyde, and then 3 washings in cold water. After
a 30-minute staining at 25°C with a solution of Oil Red O
(6:4, 0.6% Oil Red O dye in isopropanol: water), the cells
were rinsed thrice in water. The bright-field microscopy was
used to visualize staining.

GO Model in Mice

Six to 8 week-old specific pathogen-free (SPF) female
BALB/c mice were obtained from Hunan SLAC Laboratory
Animal Co. Ltd. and utilized in the present study, reflecting
the greater female prevalence of GO, with prior research
indicating a more stable GO model within female BALB/c
mice.*>® The handling of all mice complied with the Guide
for the Care and Use of Laboratory Animals, and the proce-
dures were approved by the Ethics Committee of the Second
Xiangya Hospital. The mice were allocated into three groups:
normal (n = 6), GO (n = 6), and GO + Butyrate (100 mM;
Sigma-Aldrich, St. Louis, MO, USA; n = 6). Mice in the GO +
Butyrate group were given a final concentration of 100 mM
Butyrate*® in their daily drinking water. Concurrently with
Butyrate administration, GO was induced using adenovirus
expressing the TSHR A subunit as previously described.?
Briefly, in the GO and GO + butyrate groups, the mice
were intramuscularly injected with TSHR-adenovirus (Ori-
bio, Changsha, China) at 0, 3, 6,9, and 12 weeks. In the GO +
butyrate groups, their daily drinking water contained a final
concentration of 100 mM butyrate** from 0 week to the end
of the experiments. Mice in the control group were injected
with the same dosage empty-loaded adenovirus (Ori-bio).
The control and GO groups reviewed daily pure drinking
water. Mice were kept under conventional breeding envi-
ronment in a 12 hour/12 hour cycle of light and dark. Free
access to food and water was given. At the 15 weeks, the
mice fecal samples were collected in a clean container and
then frozen and stored at -80 °C for 16s rDNA sequenc-
ing. After mice were sacrificed under anesthesia, the serum
was collected for ELISA and the complete orbital tissues and
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thyroid tissues were harvested for histopathological exami-
nation and protein expression examination.

Magnetic Resonance Imaging Scanning

On the sampling day, 7.0T magnetic resonance imaging
(MRD) scanning was performed to examine the orbits and
extraocular muscles (the eyes and the frontal area of the
brain) of the mice. The mice were anesthetized before setting
all parameters.*

Histopathological Examination

The histological examination was conducted as per standard
protocols.®%7 In short, completely dissected orbital tissues
and thyroid gland tissues were fixed in 10% buffered forma-
lin and paraffin-embedded, tissue sections from orbital slices
were subjected to hematoxylin and eosin (H&E) and Masson
staining. An Olympus microscope was used to capture
section images. The relative collagen area of each orbit was
calculated by digitized image analysis with the optic nerve
(ON) as an anatomic landmark. The cross-sectional area of
the orbital fat and collagen was normalized to the ON area of
each mouse. The thyroid gland tissue slices were subjected
to H&E staining to observe the pathological changes.

Immunohistochemical Staining

The immunohistochemical (IHC) staining was performed to
evaluate o«-SMA and FABP4 levels in mice orbital tissues.
Paraffin-embedded orbital tissue sections were deparaf-
finized in xylene, rehydrated through a graded ethanol
series, and subjected to antigen retrieval by boiling in
citrate buffer (pH 6.0) for 15 minutes. Endogenous perox-
idase activity was blocked using 3% hydrogen peroxide
for 10 minutes at RT. The sections were then incubated
with a blocking solution (5% bovine serum albumin) for
30 minutes. Primary antibodies against o-SMA (dilution
1:15000) and FABP4 (dilution 1:2000) were diluted accord-
ing to the manufacturer’s instructions and applied to the
sections overnight at 4°C. Following primary antibody incu-
bation, the sections were washed with phosphate-buffered
saline (PBS) and incubated with IHC Prep & Detect Kit
(PK10019; Proteintech). The signal was visualized using a
diaminobenzidine (DAB) substrate, and the sections were
counterstained with hematoxylin. Images were captured
using a light microscope, and the staining intensity and area
were quantified using Image ] software.

Serum Levels of Thyroid Function Markers

Serum levels of Thyroxine (T4), TSAb, thyroid-stimulating
hormone (TSH), TSH-stimulation blocking antibody
(TSBADb), triiodothyronine (T3), and free T4 (FT4) in mice
from different groups were determined using correspond-
ing enzyme-linked immunosorbent assay (ELISA) kits listed
in Supplementary Table S1 following the manufacturers’
instructions.

The 16S rDNA Sequencing for Microbial
Community Diversity Analysis

The QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany)
was used as per the procedure of the manufacturer to
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extract DNA from fecal specimens. The universal primers
338F (ACTCCTACGGGAGGCAGCA) and 806R (GGAC-
TACHVGGGTWTCTAAT) were designed from the conserved
nucleotide sequences upon the bacterial 16S rRNA gene V3-
V4 fragment. Next, the V3-V4 fragment sequence was ampli-
fied with polymerase chain reaction (PCR) and sequenced
upon the Illumina NovaSeq system (Illumina, San Diego,
CA, USA), as previously described.”® The QIIME software
(version 1.9) was applied to pre-process and analyze the
raw data. UCHIME was utilized to filter out low-quality
reads. Clean-tags were obtained after removing the barcode
sequence and primer sequence at both ends of the tags and
the chimera. The overlapping PE clean-tags were merged
into one sequence. Next, the QIIME software was applied
to group sequence reads into operational taxonomic units
(OTUs) at the 97% similarity level. The abundances of all
OTUs within all samples were analyzed, preliminarily reflect-
ing the species richness in the sample.

Alpha and Beta Diversity Indexes

Alpha diversity refers to the richness, diversity, and evenness
of species within a community. Sob, Chao, abundance-based
coverage estimator (ACE), Shannon, Simpson, and goods-
coverage indexes were used in this study. Beta diversity
refers to the heterogeneity in species composition across
communities, which can be defined as the extent of species
replacement along environmental gradients. The principal
coordinate analysis (PCA) and nonmetric multidimensional
scaling (NMDS) are usually used to assess Beta diversity. R
language and QIIME software were applied to perform these
analyses.

Microbiota Function Prediction Analysis

PICRUSt 2.0 function prediction analysis was carried out on
the biom file obtained by QIIME software. The function of
gut microbijota was predicted in combination with the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.®®

Statistical Analysis

SPSS version 17.0 statistical software was applied to process
experimental data. All data were analyzed in triplicate from
at least three independent experiments, and the results
were summarized in terms of the average (mean £ SD).
Comparisons among the groups were assessed using a
Student’s t-test. Comparisons among groups were assessed
using Kruskal-Wallis or 1-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test. A P value greater than
0.05 means that no effect was observed.

RESULTS

Effects of Butyrate on Human-Derived Orbital
Fibroblast Cell Viability

For orbital fibroblast isolation, orbital tissues were collected
from healthy donors and patients with GO and verified for
histopathological alterations using H&E and Masson stain-
ing. Supplementary Figure S1A shows that in GO orbital
tissues, more collagen deposits between orbital fat, and
larger adipocyte size were observed. Then, the orbital fibrob-
lasts were isolated from the healthy donors’ or the patients’
with GO orbital tissues and identified using immunofluo-
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Ficure 1. Effects of butyrate on orbital fibroblast cell viability. Orbital fibroblasts isolated from healthy donors’ or patients with Graves’
orbitopathy (GO) orbital tissues were treated with 0, 0.5, 1, 5, 10, 25, 50, and 100 uM butyrate for 24, 48, or 72 hours and examined for cell
viability using a Cell Counting Kit-8 (CCK-8) assay kit (n = 3, **P < 0.01).

rescence (IF) staining detecting vimentin, desmin, S100B,
and keratin 17; Supplementary Figure S1B shows that orbital
fibroblasts were vimentin-positive, desmin-negative, S100B-
negative, and keratin 17-negative.

Next, isolated orbital fibroblasts were treated with 0, 0.5,
1, 5, 10, 25, 50, and 100 pM butyrate for 24, 48, or 72 hours,
and examined for the cytotoxicity of butyrate on healthy
and GO orbital fibroblasts. Figure 1 shows that all concen-
trations of butyrate caused no changes in healthy orbital
fibroblast cell viability; 50 and 100 pM butyrate significantly
inhibited GO orbital fibroblast cell viability starting from 24
hours and longer treatment, and 25 pM butyrate significantly
inhibited GO orbital fibroblast cell viability starting from
48 hours and longer treatment. Then, 50 pM butyrate treat-
ment for 24 hours was applied. The application was used
in determining the function of butyrate in orbital fibroblast
activation.

Effects of Butyrate Upon the Activation of
Human-Derived Orbital Fibroblasts

The specific effects of butyrate upon the activation of
human-derived GO orbital fibroblasts were then explored.
As for the activation of fibroblasts, GO orbital fibrob-
lasts were exposed to a standard culture medium or
induction culture medium containing TGF-1 (10 ng/mL
for 24 hours). Figures 2A to 2D shows that in stan-
dard culture medium, butyrate significantly suppressed GO
orbital fibroblast proliferation and migration; TGF-1 stim-
ulation significantly facilitated GO orbital fibroblast prolif-
eration and migration, which was partially suppressed by
butyrate treatment. Regarding fibroblast activation markers,
butyrate decreased vimentin, fibronectin, collagen I, colla-
gen III, and «-SMA mRNA, and protein expression in GO
orbital fibroblast; TGF-81 stimulation significantly elevated
mRNA and protein expression of these markers, which
were partially decreased by butyrate treatment (Figs. 2E,
2F). In addition, the concentration of collagen I in the
culture medium was decreased by butyrate but increased
by TGF-S1 stimulation; the elevation of collagen I concen-
tration by TGF-f1 stimulation was partially abolished by
butyrate compared with the single TGF-1 stimulation group
(Fig. 2G). Therefore, butyrate inhibits TGF-B1-induced acti-
vation of GO orbital fibroblasts and fibrotic processes.

The impact of butyrate on human-derived normal orbital
fibroblast activation was evaluated by treating these cells
with TGF-81 (10 ng/mL for 24 hours) in the presence or
absence of butyrate (50 uM). The proliferation of normal
orbital fibroblasts was significantly increased following TGF-
B1 stimulation, as indicated by the elevated percentage of
EdU-positive cells, whereas butyrate treatment effectively
reduced this proliferation to levels comparable to unstim-
ulated cells (Figs. 3A, 3B). Similarly, TGF-81 stimulation
enhanced the migratory capacity of normal orbital fibrob-
lasts, as observed in the scratch wound healing assays,
whereas butyrate supplementation significantly suppressed
this migration (Figs. 3C, 3D). In terms of fibroblast activation
markers, TGF-A1 significantly upregulated the protein levels
and mRNA expression of vimentin, fibronectin, collagen I,
collagen III, and a-SMA (Figs. 3E, 3F). Additionally, collagen I
concentration in the culture medium was markedly elevated
in response to TGF-f1 stimulation (Fig. 3G). Butyrate treat-
ment reduced the TGF-f1-induced expression of these acti-
vation markers and decreased collagen I concentration, indi-
cating that butyrate inhibits fibroblast activation in healthy
orbital fibroblasts. Importantly, butyrate treatment alone
caused no significant alterations in healthy orbital fibroblast
proliferation, migration, and fibrotic marker levels, suggest-
ing that butyrate alone has no cytotoxicity to healthy orbital
fibroblasts.

Effects of Butyrate on the Adipogenesis of
Human-Derived Orbital Fibroblasts

Considering that GO is characterized by enhanced adipo-
genesis in orbital fibroblasts and hyaluronan synthesis,>~’
the effects of butyrate upon the adipogenesis of human-
derived orbital fibroblasts were also explored. GO orbital
fibroblasts were cultivated in standard or adipogenesis-
inducing culture medium, with or without butyrate (10 pM),
and examined for cell phenotypes and markers at specific
time points. Compared with the non-treatment group,
the lipid droplet formation was significantly induced
by adipogenesis-inducing culture medium and partially
suppressed by butyrate treatment (Fig. 4A). The c¢/EBPq,
¢/EBPS, PPARy, perilipin-1, FABP4, leptin, and adiponectin
mRNA and protein expression were significantly decreased
by butyrate but increased by adipogenesis-inducing culture



Investigative Ophthalmology & Visual Science

Butyrate Ameliorates Graves’ Orbitopathy (GO)

IOVS | March 2025 | Vol. 66 | No.3 | Article5 | 6

A S80
GO+butyrate GO+TGFB GO+TGFB+butyrate _E§ .
. ‘é 60
[ ##
240 -
= —
Edu/DAPI o
e.20 -
=3
T
w o
O | (@° (f®  (2®
S AP ¢
D 0&““ © G?g,a—\)“
9
C T
D 150
©
t
Q
g 100 _ -
o Z
f=2)
e
% 50
[
48h =
| g T T
o PO (M (P 2
H RO 0"“ ooy
o-\'b ) %0
G 0*16 4
E ) i
Vimentin(53 KDa) | s « - ...
GAPDH(36 KDQ) | v et s o
Fibronectin(263 KDa) | st «-v Sl e
GAPDH(36 KDa) |eie s e e
Go
otinn m GO+butyrate
collagen I(139 KDa) | s H p— A o oeToe
GE) GO+TGFB+butyrate
GAPDH(36 KDa) | e wse wmems cme g_a_
k]
collagen [1(140 KDa) | s -~ gy s 8 .
s
GAPDH(36 KD2) | e ce ase e 3
g 116 " T » = " T &5 "
s T T 2 s
0-SMA(43 KDa) | s o s SHES o e . i .
o -
GAPDH(36 KDa) Vimentin Fibronectin collagen | collagen llI a-SMA
Go
F mm GO+butyrate G
37 mm GO+TGFB
< GO+TGFB+butyrate —
4 - - or [
4 - g
£ i)
24 3%
2 5 &
]
g SE
1 )
ﬁ 14 T T T - ‘E £
.g ” [ a “ " " ]
L = z by i = E 5 0 X <® xe
o) (8] \Ca G \Sa
14 W O o
°~‘0 G 20"
o [c) Go* GYQ’
Vimentin Fibronectin COL1A1 COL3A1  ACTA2(a-SMA)

Ficure 2. Effects of butyrate on GO orbital fibroblast activation. GO orbital fibroblasts were treated with butyrate (50 pM for 24 hours)
and/or TGF-B1 (10 ng/mL, for 24 hours) and examined for cell proliferation using EAU assay (A, B); cell migration using scratch wound
healing assay (C, D); the protein levels of vimentin, fibronectin, collagen I, collagen III, and «-SMA using immunoblotting (E); the mRNA
expression of vimentin, fibronectin, collagen I, collagen III, and «-SMA using qRT-PCR (F); the concentration of collagen I using collagen I

kit (G) (n = 3, *P < 0.01 vs. the GO group; ##P < 0.01 vs. the GO + TGFB1 group).
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Ficure 3. Effects of butyrate on normal orbital fibroblast activation. Normal orbital fibroblasts were treated with butyrate (50 uM for
24 hours) and/or TGF-81 (10 ng/mL, for 24 hours) and examined for cell proliferation using the EdU assay (A, B); cell migration using the
scratch wound healing assay (C, D); the protein levels of vimentin, fibronectin, collagen I, collagen III, and «-SMA using immunoblotting
(E); the mRNA expression of vimentin, fibronectin, collagen I, collagen III, and o-SMA using qRT-PCR (F); the concentration of collagen I
using a collagen I ELISA kit (G) (n = 3, **P < 0.01 vs. the healthy group; ##P < 0.01 vs. the healthy + TGF-$1 group).
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Ficure 4. Effects of butyrate on GO orbital fibroblast adipogenesis. GO orbital fibroblasts were cultivated in standard or adipogenesis-
inducing culture medium, with or without butyrate (10 uM), and examined for lipid droplet formation using Oil-Red O staining (induction
for 10 days) (A); the protein levels of ¢/EBPw, ¢/EBPS, PPARy, perilipin-1, FABP4, leptin, and adiponectin using immunoblotting (B); the
mRNA expression levels of ¢/EBP«, ¢/EBPS, PPARy, perilipin-1, FABP4, leptin, and adiponectin using qRT-PCR (C) (induction for 4 days,

n = 3, *P < 0.01 vs. the GO group; ##P < 0.01 vs. the GO + induction group).
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medium; the promotive effects of adipogenesis-inducing
culture medium on orbital fibroblast lipogenesis were
significantly attenuated by butyrate treatment (Figs. 4B,
4C). Therefore, butyrate inhibits GO orbital fibroblast
lipogenesis.

To assess the effects of butyrate on adipogenesis in
human-derived healthy orbital fibroblasts, the cells were
cultured in adipogenesis-inducing medium in the pres-
ence or absence of butyrate (10 pM). Lipid droplet forma-
tion was significantly enhanced by adipogenesis-inducing
medium, as shown by Oil-Red O staining (Fig. 5A), whereas
butyrate treatment markedly suppressed lipid droplet accu-
mulation. Furthermore, the adipogenesis-inducing medium
significantly increased the protein levels and mRNA expres-
sion of ¢/EBP«, ¢/EBPS, PPARY, perilipin-1, FABP4, leptin,
and adiponectin (Figs. 5B, 5C). Butyrate treatment substan-
tially decreased the expression of these markers, demon-
strating its inhibitory effects on adipogenesis in normal
orbital fibroblasts. Similarly, butyrate treatment alone caused
no significant alterations in healthy orbital fibroblasts.

Butyrate Ameliorates Orbital Histopathological
Changes and Thyroid Functions in the GO Mice
Model

After exploring the in vitro effects of butyrate, the GO
model was established in BALB/c mice and the in vivo
effects of butyrate were investigated. Eye appearance obser-
vations showed notable signs of orbital pathology, includ-
ing redness and swelling in the GO model mice, which
were partially alleviated by butyrate treatment (Fig. 6A).
MRI imaging confirmed an increase in extraocular muscle
(EOM) volume and edema in GO model mice compared
with healthy controls, whereas butyrate supplementation
significantly reduced these changes, as indicated by the
EOM measurements (Fig. 6B). Histopathological analysis of
orbital tissues further validated these findings. H&E staining
revealed enlarged muscle fibers in GO mice, which were
partially improved following butyrate treatment (Fig. 6C).
Masson staining showed increased collagen deposition
in the orbital tissues of GO mice, which was reduced
with butyrate supplementation (Fig. 6D). IHC staining for
FABP4 indicated an increase in adipose tissue within the
GO group, whereas butyrate treatment partially decreased
adipose tissue levels (Fig. GE). Similarly, IHC staining for «-
SMA, a marker of myofibroblast activation, showed elevated
level in GO mice, which was also partially reduced by
butyrate treatment (Fig. 6F). Quantitative analysis revealed
that the relative collagen area and adipose tissue area
were significantly increased in GO mice compared with
the healthy controls, with both parameters showing partial
reductions following butyrate treatment (Figs. 6G, GH).
These results suggest that butyrate treatment alleviates
orbital histopathological alterations, including muscle fibro-
sis and adipose tissue expansion, in the GO mouse
model.

Regarding thyroid functions, the body weight of the mice
from all groups was measured on weeks 0, 3, 6, 9, 12, and
15 of modeling; Figure 7A shows no obvious changes in the
body weight of mice from the GO and butyrate treatment
groups. Histopathological alterations in mice thyroid tissues
were examined using H&E staining; the morphology of GO
model mice exhibited typical hyperplastic changes, which
was partially ameliorated by butyrate (Fig. 7B). Serum levels

IOVS | March 2025 | Vol. 66 | No. 3 | Article5 | 9

of T4, TSAb, TSBAD, T3, FT4, and TSH in mice from differ-
ent groups were determined using corresponding ELISA
kits. Figure 7C shows that the serum levels of T4, TSAD,
TSBADb, T3, and FT4 were significantly increased, whereas
TSH was reduced in the GO model mice compared with the
healthy controls; butyrate treatment remarkably decreased
T4, TSAb, TSBADb, T3, and FT4 serum levels but increased
TSH levels in the GO model mice. Regarding the fibrotic and
adipogenic markers, vimentin, fibronectin, collagen I, colla-
gen 111, ®-SMA, ¢/EBPw, ¢/EBPS, PPARYy, perilipin-1, FABP4,
leptin, and adiponectin protein contents were dramatically
increased in orbital tissues from GO model mice, whereas
partially decreased by butyrate treatment (Figs. 7D, 7E).
These findings indicate that butyrate could improve the
orbital histopathological alterations and thyroid functions in
the GO model mice.

Butyrate Alters the Gut Microbiota Diversity in
the GO Model Mice

Because the intestinal microbiota might be influenced by
metabolites, fecal samples were collected from mice in differ-
ent groups and subjected to 16S rDNA sequencing to analyze
the diversity of the microbiota community. Faith_pd, Chaol,
ACE, Goods_coverage, Simpson, and Observed were applied
to evaluate the a-diversity; Figure 8A shows no remark-
able between-sample variation in the diversity of gut micro-
biota from each group. The between-group variations in
the microbial community were assessed by conducting Beta
diversity analysis with Anosim. Figure 8B shows that the R
value is 0.515 (>0), suggesting that dissimilarities are greater
between groups than within groups; the P value was 0.001
(<0.05), indicating statistical significance. PCA analysis was
performed to identify the principal component and further
examine the between-group variations in the gut microbial
community; Figure 8C shows that samples were well sepa-
rated among the groups. The OTUs were annotated within
groups and overlapping OTUs among groups were shown
in the Venn diagram. Figure 8D shows that a total of 540
overlapping OTUs were identified.

Next, the relative abundance of dominant species was
analyzed. Kruskal-Wallis analysis was performed to select
the different bacteria among the groups, and the differ-
ent bacteria at genus levels were classified in accordance
with the relative abundance. The top 10 bacteria are
shown in Figures 9A and 9B and the Table. The abun-
dance of Bifidobacterium, GCA-900066575, and Parabac-
teroides showed to be remarkably decreased within the
GO mice than normal controls (Fig. 9C). The abundance
of Colidextribacter, Desulfovibrio, Oscillibacter, and Rose-
buria tended to decrease but the differences were insignif-
icant (see Fig. 9C). The abundance of the Bacteroides and
Erysipelatoclostridium tended to elevate in GO mice but the
difference was insignificant (see Fig. 9C). The abundance
of Bacteroides and Rikenellaceae_RC9_gut_group showed to
be dramatically higher within the GO + butyrate mice than
the GO mice (see Fig. 9C). GCA-900066575 and Parabac-
teroides abundance tended to be higher within the GO +
butyrate mice but the difference showed to be insignifi-
cant (Fig. 9C). The abundance of Bifidobacterium, Colidex-
tribacter, Desulfovibrio, Oscillibacter, and Roseburia had a
decreasing trend in abundance in GO + butyrate compared
with GO mice, but the difference was insignificant (see
Fig. 9C). Moreover, GO-induced downregulation of GCA-
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Ficure 5. Effects of butyrate on healthy orbital fibroblast adipogenesis. Healthy orbital fibroblasts were cultivated in standard or
adipogenesis-inducing culture medium, with or without butyrate (10 uM), and examined for lipid droplet formation using Oil-Red O staining
(induction for 10 days) (A); the protein levels of ¢/EBP«, c/EBPS, PPARy, perilipin-1, FABP4, leptin, and adiponectin using immunoblotting
(B); the mRNA expression levels of ¢/EBPw, ¢/EBPS, PPARy, perilipin-1, FABP4, leptin, and adiponectin using qRT-PCR (C) (induction for
4 days, n = 3, **P < 0.01 vs. the healthy group; ##P < 0.01 vs. the healthy + induction group).
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Ficure 6. Butyrate relieves orbital histopathological changes in the GO mice model. BALB/c mice were immunized with the Ad-TSHR
for GO model establishment, with or without butyrate; at the end of modeling, the mice from different groups were examined for mice eye
appearance (A); orbit and extraocular muscle (red arrows indicated) was observed using MRI scanning (B); histopathological alterations
in orbital tissues were examined using H&E staining (C); histopathological alterations in orbital muscular tissues were examined using
Masson staining (D); IHC staining of «-SMA and FABP4 levels (E); relative collagen and adipose tissue area were calculated according to
histopathological evaluation (7 = 6, **P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01 vs. the GO group).



Butyrate Ameliorates Graves' Orbitopathy (GO) IOVS | March 2025 | Vol. 66 | No.3 | Article5 | 12

A B

304 ° Control
-= GO
-+ GO+butyrate

N
@
1

Body weight (g)

-
n

23
=]

o

a
13
£

o

N
o
N
e
o

2
°

o

T4 Concentration (ng/ml)

Go*b“\

TSAb Concentration (ng/ml)
TSBAb Concentration (ng/ml)

N (o} e
c,o““o\ e co™° e S

00““0\ c© “\\]‘3‘9

c0*®

-
o
)

o o
L ~4
o o

ES
e
IS

o
N

T3 Concentration (pg/ml)
N

e
°

c,o““O\ &

FT4 Concentration (pmol/L)
TSH Concentration (mU/L)

Control GO  GO+butyrate

Vimentin(53 KDa) - o e 47 = Control
GAPDH (36 KDa) | == == = o s e o o 3 : ggmulyrate " "
Fibronectin(263 KDa)| . 44 e b o o
GAPDH(36 KDa) | == = o= o o e e e |
collagen 1(139 KDa)| = == == = o= o = — i
GAPDH (36 KDQ) | = e e e o o o e e
collagen 1I(140 KDa) e - ——
GAPDH(36 KDa) == == == o= o= @ o= e
a-SMA(43 KDa)[ = = = == o= o= e = =
GAPDH(36 KDa) | == == = == o s e e o Vimentin _Fib

*x

Relative expression of protein

n a-SMA

E Control GO  GO+butyrate
C/EBPO(43 KDQ)| e v e e o o o o e
GAPDH(36 KDa) | == w= == e o e o e o
C/EBPR(36 KDa)|. v . . o o s o

B-actin(42 KDa)|— — = — — — — - m Control
PPARY(58 KDa)| g vt o o o s o o : ggwu‘yme -

GAPDH(36 KDa) | == == == o= = o e o

perilipin-1(62 KDa) [~ == = == == - = —
GAPDH (36 KDQ) | wam o s o o e e ot e
FABP4(15 KDa)| v m o o o o s o
GAPDH(36 KDQ) | == = == o o e e e
Leptin(19 KDa)[w w v w o0 w wn e -
GAPDH(36 KDa) | w= == == o= = e

Adiponectin(29 KDa)| « — — o= e e o o —
GAPDH(36 KDa) | — = == — o= s o ’ c/EBPa  c/[EBPB  PPARy perilipin-1 FABP4 Leptin  Adiponectin

IS

w

Relative expression of protein
~

Ficure 7. Butyrate ameliorates thyroid functions in the GO mice model. (A) Body weight of mice in each group was measured on
weeks 0, 3, 6,9, 12, and 15 of modeling. (B) Histopathological alterations in mice thyroid tissues were examined using H&E staining. (C)
Serum levels of T4, TSAb, TSBAb, T3, FT4, and TSH in mice from different groups were determined using corresponding ELISA kits (z = 6).
(D, E) The protein levels of vimentin, fibronectin, collagen I, collagen III, a-SMA, ¢/EBP«, ¢/EBPS, PPARy, perilipin-1, FABP4, leptin, and
adiponectin in orbital tissues were examined using Immunoblotting (z = 3, **P < 0.01 vs. the healthy control group; #P < 0.05, ##P < 0.01
vs. the GO group).
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Ficure 8. Butyrate alters the diversity of gut microbiota in the GO model mice. Fecal samples were collected from mice in different
groups and applied for 16S rDNA sequencing for microbial community diversity analysis. (A) The a-diversity was evaluated using Faith_pd,
Chaol, ACE, Goods_coverage, Simpson, and Observed. (B) The g-diversity was evaluated using Anosim. (C) PCA analysis was performed
to evaluate the difference in the gut microbial community among the different groups. (D) Annotated operational taxonomic units (OTUs)
within groups and overlapping among groups were shown in the Venn diagram (nz = 6).
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Ficure 9. Butyrate alters the relative abundance of dominant species at the genus level. (A) Kruskal-Wallis analysis was performed
to select the different bacteria among the groups, and the different bacteria were sorted according to the relative abundance; the top 10
bacteria were shown. (B) Hierarchical clustering heatmap showing the top 10 bacteria. (C) The relative abundance of the top 10 bacteria
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(n = 6,*P < 0.05, **P < 0.01 vs. the healthy control group; #P < 0.05 vs. the GO group).

TABLE.

Top 10 Differential Bacteria Among the Groups According to Relative Abundance

Gut P Value GO Vs. Control Groups GO Vs. The GO + Butyrate Group
Bacteroides 0.007707996 Up Down"
Bifidobacterium 0.024109575 Down" Up
Colidextribacter 0.014752035 Down Up
Desulfovibrio 0.033677467 Down Up
Erysipelatoclostridium 0.009468549 Up Down
GCA-900066575 0.00871517 Down’ Down
Oscillibacter 0.038717562 Down Up
Parabacteroides 0.018315639 Down" Down
Rikenellaceae_RC9_gut_group 0.004075319 - Down"
Roseburia 0.038717562 Down Up

“Indicated P < 0.05 between two groups.
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Ficure 10. Metabolic functions of gut microbiota predicted using PICRUSt2. Available at: https://github.com/picrust/picrust2.

900066575 and Parabacteroides abundance were increased
by butyrate supplementation.

Last, wusing PICRUSt2 (https://github.com/picrust/
picrust2),® the gene function profiles of the common
ancestors of microorganisms were inferred on the basis of
the full-length 16S rRNA sequences of their genomes, and
gene function prediction profiles were constructed for the
entire spectrum of archaeal and bacterial domains. Finally,
the composition of the sequenced colonies was “mapped”
to the KEGG gene database to predict the effects of the
bacteria. As shown in Figures 10A and 10B, the metabolic
functions of the bacteria were primarily associated with
antimycotic biosynthesis, vancomycin antibiotic biosyn-
thesis, secondary bile acid biosynthesis, D-glutamine and
D-glutamic acid metabolism, valine, leucine, and isoleucine
biosynthesis, pentose phosphate pathway, peptidoglycan
biosynthesis, alanine, aspartic acid, and glutamic acid
metabolism, degradation of other glycans, streptomycin

biosynthesis, d-alanine metabolism, mismatch repair, folate
carbon pool, the Aminoacyl-trna biosynthesis, ribosomes,
carbon fixation in photosynthetic organisms, lysine biosyn-
thesis, pantothenic acid and coenzyme a biosynthesis,
homologous recombination, cell cycle-caulobacter, and
other functions. Among those metabolic pathways, cell
cycle-caulobacter, ribosome, secondary bile acid biosyn-
thesis, D-glutamine and D-glutamate metabolism and
homologous recombination levels were increased, valine,
leucine and isoleucine biosynthesis, and pantothenate
and CoA biosynthesis levels were decreased in GO mice
(P < 0.05), but butyrate supplementation did not signifi-
cantly alter these changes (P > 0.05; Fig. 11).

DiscussioN

Herein, the effects of butyrate upon GO were investigated,
focusing on its impact on orbital fibroblast cell viabil-
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Ficure 11. The difference of predicted metabolic functions of gut microbiota in the healthy control, the GO, and the GO + butyrate
mice. (n = 6, *P < 0.05, **P < 0.01 vs. the healthy group; ##P < 0.01 vs. the GO group).

ity, activation, and adipogenesis, and its in vivo effects
on a GO mouse model and on gut microbiota diver-
sity. Butyrate significantly inhibited the viability of GO
orbital fibroblasts, whereas having no detrimental effects on
normal fibroblasts. Additionally, TGF-S1-induced activation

and fibrotic processes in healthy and GO fibroblasts were
suppressed by butyrate, as evidenced by decreased protein
and mRNA levels of various fibroblast activation markers. In
terms of adipogenesis, butyrate was found to reduce lipid
droplet formation and downregulate key lipogenic mark-
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ers in GO and healthy orbital fibroblasts. In the GO mouse
model, butyrate treatment led to improvements in orbital
histopathological changes, including a reduction in muscle
thickness, edema, muscle fiber enlargement, and collagen
deposition. Furthermore, serum thyroid hormone and anti-
body levels were normalized in these mice, indicating a
positive influence on thyroid functions. In terms of gut
microbiota, significant alterations were noted in the compo-
sition of the GO model mice treated with butyrate. Specifi-
cally, there was a shift in the microbial community diversity
and abundance, with a decreased abundance of Bifidobac-
terium, GCA-900066575, and Parabacteroides in the GO
group compared with control mice, and increased abun-
dance of Bacteroides and Rikenellaceae_RC9 in the GO +
butyrate group compared with GO mice. These findings
indicate that butyrate has a multifaceted role in modulating
thyroid-related pathologies and altering the gut microbiota,
providing important insights into the gut-thyroid axis in GO.

Based on GO, the role of butyrate in regulating orbital
fibroblast proliferation, fibrosis, and adipogenesis is particu-
larly noteworthy given the critical influence of orbital fibrob-
lasts in GO pathology.®>! During GO’s active stage, these
fibroblasts undergo marked proliferation and adipogene-
sis, secreting inflammatory mediators and hyaluronan essen-
tial for tissue remodeling.>? Our study reveals that butyrate
selectively inhibits GO orbital fibroblasts’ viability with-
out impacting normal ones, especially at higher doses and
over prolonged periods. This underscores butyrate’s poten-
tial in specifically targeting GO’s pathological processes
without compromising normal fibroblast functions. More
importantly, butyrate also attenuated TGF-S1-induced acti-
vation of normal orbital fibroblast without causing any cyto-
toxicity while applying alone. Additionally, butyrate effec-
tively reduces lipid droplet formation in both GO and
healthy orbital fibroblasts, a key aspect of adipogenesis
in GO.>3>% Butyrate also downregulates critical adipogen-
esis markers, including ¢/EBP«, c/EBPS, PPARy, perilipin-1,
FABP4, leptin, and adiponectin. These markers, involved in
adipocyte differentiation and lipid metabolism, are modu-
lated by PPARy activators, with leptin and adiponectin
exclusively produced by mature adipocytes and linked to
metabolic activities like insulin sensitivity and anti athero-
genesis properties.’>~*° Thus, butyrate’s inhibitory effect on
these markers indicates its role in curbing GO orbital fibrob-
last lipogenesis. Furthermore, the improvement of healthy
orbital fibroblast activation and adipogenesis by butyrate
indicates that butyrate’s actions are not exclusive to GO
fibroblasts but may represent a broader mechanism of action
in orbital fibroblast biology.

During the inactive stage of GO, chronic fibrosis, char-
acterized by persistent hyaluronan deposition and adipo-
genesis, becomes dominant.®®?> This ongoing activity of
orbital fibroblasts fuels the disease’s progression, highlight-
ing their importance as targets for novel therapies like mono-
clonal antibodies and small molecular antagonists directed
at the TSHR.®*-% Under this context, butyrate shows notable
effects in regulating orbital fibroblasts. It suppresses both
the proliferation and migration of GO orbital fibroblasts,
even in standard culture media. This effect is particularly
evident when TGF-B1 is present, a known stimulator of
GO orbital fibroblast proliferation and migration.®® During
fibrosis, characterized by unchecked fibroblast prolifera-
tion, migration, transformation into «-SMA-producing myofi-
broblasts, and accumulation of extracellular matrix compo-
nents such as collagen and fibronectin,’” butyrate’s impact is
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significant. Our study found that butyrate suppresses these
fibrotic processes and downregulates fibroblast activation
markers, such as vimentin,® fibronectin,® collagen I and III,
and «-SMA. This suggests butyrate’s role in mitigating TGF-
B1-triggered GO orbital fibroblast activation and fibrosis.

Following the verification of butyrate’s in vitro effects
on orbital fibroblasts, its in vivo role was explored in a
GO model using BALB/c mice, demonstrating significant
improvement in both orbital histopathological changes and
thyroid functions. The study observed the main histopatho-
logical features of GO, such as increased orbital muscle
thickness, edema, enlarged muscle fibers, and enhanced
orbital collagen deposition,”® all of which were notably
ameliorated by butyrate treatment. Additionally, butyrate
partially alleviated the observed fat expansion in GO
model mice.”! Concerning thyroid function, no signif-
icant body weight changes were detected among the
groups, but histopathological examination of thyroid tissues
revealed hyperplastic changes in the GO model mice,
which were partially reduced by butyrate. Serum analysis
further supported these findings, showing butyrate effec-
tively normalized the altered levels of T4, TSAb, TSBAb, T3,
FT4, and TSH typically observed in GO mice. As previously
reported, male and female mice were induced to develop
hyperthyroidism by immunization with human TSHR A-
subunit encoding plasmids, marked by TSHR-stimulating
antibodies, increased T4 levels, thyroid gland pathology, and
cardiac hypertrophy.”> Moreover, TSAb and TSBAb showed
to be extensively distributed and persistent in mice immu-
nized by Ad-TSHR over seven immunizations, supporting the
effective creation of a long-term murine model for GD.”?
Moreover, the protein levels of fibrotic and adipogenic mark-
ers markedly elevated within the orbital tissue samples of
GO model mice were partially decreased following butyrate
treatment. Collectively, these findings highlight butyrate’s
substantial potential in improving orbital histopathologi-
cal alterations and thyroid functions in the GO model
mice.

The study’s analysis of gut microbiota diversity and
dominant species abundance highlighted the impact
of butyrate on gut microbiota composition. Although
a-diversity revealed no significant differences across the
groups, f-diversity analysis underscored distinct variations,
indicating butyrate’s influence. Notably, within the GO
group, there was a remarkable decrease in Bifidobac-
terium, GCA-900066575, and Parabacteroides than the
healthy group. Nevertheless, butyrate treatment induced a
remarkable reduction in the abundance of Bacteroides and
Rikenellaceae_RC9 compared with the GO group. Bifidobac-
terium, a probiotic, has been noted to decrease in autoim-
mune thyroid diseases,”® and its supplementation along-
side methimazole improved thyroid function in patients
with GD through the gut-thyroid axis.”* Similar to our find-
ing, a reduction of Parabacteroides abundance has been
reported in patients with GD”> and rat models of hyper-
thyroidism.”® Rikenellaceae_RC9, linked to adipocyte signal-
ing,”” is known for promoting fat digestion and absorption”®
and inversely correlates with FT3 and FT4 levels.”” GCA-
900066575, on the other hand, exhibits multifaceted roles.
In high-fat diet-fed mice, it positively correlated with vari-
ous metabolic indicators,*® whereas an anti-lipid agent (TF3)
increased its abundance® Considering the association of
Rikenellaceae_RC9 and GCA-900066575 with adipogenesis
and lipid metabolism, these two species might mediate the
effects of butyrate in improving orbital fibroblast adipogen-
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esis and activation, as well as GO mice orbital histopatho-
logical alterations and thyroid functions.

Previous serum metabolomic analysis in patients with GD
found that hyperthyroidism had higher levels of glutamine 2*
Increasing serum glutamine levels are associated with
thyroid autoimmunity.®> Lee et al® demonstrated that
valine, leucine, and isoleucine biosynthesis differed before
and after methimazole treatment in patients with GD. In
the present study, the metabolic function’s prediction of
gut microbiota also found that glutamine and glutamate
metabolism and valine, leucine, and isoleucine biosynthe-
sis are altered in GO mice and reversed by butyrate supple-
mentation. The potential role of butyrate in the regulation of
those pathways in GO needs further investigation. Butyrate,
a short-chain fatty acid derived from gut microbiota, exerts
multifaceted effects that could account for its therapeu-
tic potential in GO. One of its well-known mechanisms
is the inhibition of histone deacetylases (HDACs),®> which
leads to the regulation of gene expression involved in
inflammation and fibrosis.**-# Through HDAC inhibition,
butyrate suppresses proinflammatory cytokine production
and fibroblast activation, as demonstrated by its down-
regulation of TGF-f1-induced activation markers. Addition-
ally, butyrate influences adipogenesis by modulating PPARy
signaling, thereby reducing lipid droplet formation and
the expression of adipogenic markers. Beyond its local
effects on fibroblasts, butyrate also contributes to systemic
regulation by modulating gut microbiota composition. The
observed increase in beneficial bacteria such as Bacteroides
and Rikenellaceae_RC9 suggests that butyrate helps restore
gut microbial balance, which might impact immune system
regulation via the gut-thyroid axis. Furthermore, the anti-
inflammatory properties of butyrate, such as its suppression
of NF-«B signaling,® and its ability to promote mitochon-
drial®® function could enhance cellular homeostasis in GO.
These collective effects provide a mechanistic framework
to explain how butyrate ameliorates GO pathology, from
reducing fibrosis and adipogenesis to restoring immune and
metabolic balance.

The ex vivo assays using human orbital fibroblasts high-
light the direct cellular effects of butyrate on fibroblast acti-
vation and adipogenesis, offering insight into its potential
mechanisms in human GO pathology. These findings are
complemented by the in vivo data from the GO mouse
model, which provide evidence of the systemic effects of
butyrate, including gut microbiota modulation and thyroid
hormone regulation. Although murine models have limita-
tions in translatability to human disease, the inclusion of
human ex vivo tissues strengthens the relevance of our find-
ings. Future studies should focus on clinical trials to confirm
the efficacy of butyrate in human patients and explore
its potential integration into current GO management
strategies.

CONCLUSIONS

In conclusion, this study highlights butyrate’s significant role
in managing GO by modulating orbital fibroblast activity and
altering gut microbiota. Its ability to selectively inhibit GO
orbital fibroblast viability and adipogenesis and suppress
TGF-B1-induced fibrosis, without impacting normal fibrob-
lasts, demonstrates its targeted therapeutic potential. Addi-
tionally, butyrate normalizes thyroid function in a GO mouse
model, improves histopathological alterations, and modu-
lates specific gut microbiota populations, underscoring its
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effectiveness in treating thyroid-related pathologies and
providing insights into the gut-thyroid axis in GO manage-
ment.
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