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PURPOSE. Berberine (BBR), an alkaloid produced by a traditional Chinese plant, was
recently attributed multiple effects on lipometabolism, inflammation, and fibrosis.
Thyroid-associated ophthalmopathy (TAO) is highly associated with these pathologic
changes. Thus, we aimed to examine the potential therapeutic effect of BBR in an in
vitro model of TAO.

METHODS. Orbital fibroblasts (OFs) obtained from control donors (n = 6) or patients
with TAO (n = 6) were cultured. The CCK-8 assay was conducted for assessing the opti-
mal concentration range. Oil Red O staining, Western blotting, and quantitative RT-PCR
(qRT-PCR) were conducted to assess adipogenesis in OFs. RNA sequencing (RNA-seq)
was used to screen the key pathways of the antiadipogenic effect mediated by BBR.
Along with incremental concentrations of BBR, IL-1β–induced expression of proinflam-
matory molecules was determined by ELISA and qRT-PCR. In addition, TGF-β–induced
hyaluronan (HA) production and fibrosis were evaluated by ELISA, qRT-PCR, and Western
blotting.

RESULTS. TAO-OFs, but not control fibroblasts (CON-OFs), were readily differentiated
into adipocytes with the commercial medium. Intracellular lipid accumulation was dose-
dependently decreased by BBR, and adipogenic markers were also downregulated.
Moreover, the PPARγ and AMPK pathways were screened out by RNA-seq and their
downstream effectors were suppressed by BBR. Besides, BBR attenuated IL-1β–induced
expression of proinflammatory molecules in both TAO-OFs and CON-OFs by blocking
nuclear factor–κB signaling. BBR’s inhibitory effect on TGF-β–mediated tissue remodel-
ing was also confirmed in OFs.

CONCLUSIONS. These findings demonstrate BBR has outstanding capabilities of controlling
adipogenesis, inflammation, HA production, and fibrosis in OFs, highlighting its potential
therapeutic role in TAO management.

Keywords: thyroid-associated ophthalmopathy, berberine, orbital fibroblast, adipogene-
sis, fibrosis

Thyroid-associated ophthalmopathy (TAO), or Graves’
ophthalmopathy, represents an autoimmune orbital

disorder with diverse clinical manifestations. Most patients
simultaneously have several symptoms but in different
patterns, including lid retraction, ocular aching, exophthal-
mos, and restricted strabismus. Severe cases, representing
3% to 5% of all patients, may develop a sight-threatening
condition with refractory corneal lesion or optic neuropa-
thy.1,2 Underlying these features, orbital fibroblasts (OFs)
act as key players and are responsible for the unique
manner of tissue remodeling and inflammatory reactions in
the TAO orbit. Autoimmune cell infiltration and thyrotropin
receptor (TSHR)/insulin-like growth factor 1 receptor (IGF-
IR) activation induce OFs to cause excessive adipoge-
nesis, glycosaminoglycan production, and inflammatory
cascade.3,4 Multiple inflammatory factors secreted by OFs,
including IL-1β, IL-6, and COX-2, in turn enhance autoim-
mune and inflammatory reactions.5,6 Moreover, hyaluronan
(HA) accumulation can also be stimulated by TGF-β,7 which

induces myodifferentiation in OFs and fibrosis in extraoc-
ular muscles.8 Thus, OFs are considered the core of TAO
pathogenesis research and the prime target for novel phar-
maceuticals.9

Pulse therapy with high-dose glucocorticoids (GCs)
remains a traditional management in active, moderate
to severe TAO cases. However, owing to its well-known
side effects and limitations,10 GCs can only be used
under comprehensive monitoring and control. For GC-
resistant/contraindicated TAO, a wide range of studies
developing targeted biological agents and small-molecular
inhibitors have been performed in past decade. Biological
therapies like rituximab (targeting CD20) and tocilizumab
(IL-6 receptor antagonist) have satisfactory improvement in
clinical activity score (CAS) but no confirmed effects on
proptosis or strabismus and have relatively high rates of
adverse events.11,12 Teprotumumab (anti–IGF-IR antibody)
emerges as the first approved medicine for TAO in United
States, which has high response rates with significant
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improvements in proptosis, CAS, and diplopia; long avail-
able duration; and mild side effects.13,14 Nevertheless, mono-
clonal antibodies, even teprotumumab, bear high costs and
still available in a few regions, which may impose a burden
on most patients with TAO. Therefore, more economically
affordable drugs are essential for TAO therapy.

Berberine (BBR), formula C20H18NO4, represents the
primary bioactive component of Rhizoma coptidis (known
as “Huang Lian” in Chinese), which has diverse pharmaco-
logic activities. At the early stage of its development, BBR
was widely used as a safe and effective drug for treat-
ing bacterial gastroenteritis and diarrhea.15 In recent stud-
ies, BBR was demonstrated to decrease lipid amounts in
3T3-L1 adipocytes, foam cells, and hepatocytes.16–18 Further-
more, BBR is considered by several scholars a nutraceuti-
cal for lipid lowering.19 On the other hand, evidence shows
the anti-inflammatory effects of BBR, decreasing proinflam-
matory cytokines/mediators, are pervasively substantial in
cardiomyocytes, vascular endotheliocytes, and hepatocytes.
BBR also restrains collagen production and myofibroblast
transformation into cardiac fibroblasts.20

Given the abovementioned bioactivities, BBR could have
a potential therapeutic activity in TAO. In this report, we first
explored its antiadipogenic effect and explored the under-
lying mechanisms in TAO OFs. We demonstrated inflamma-
tion, HA production, and fibrosis-related processes can also
be alleviated by BBR treatment in OFs.

MATERIALS AND METHODS

Berberine (CSN13524) was purchased from CSNpharm
(Chicago, IL, USA) and dissolved with dimethyl sulfox-
ide (DMSO) in 10 mM for storage solution. High-glucose
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), 0.25% trypsin-EDTA, and human IL-1β
recombinant protein (PHC0815) were provided by Gibco
(Waltham, MA, USA). Mesenchymal stem cell adipogenic
differentiation medium (DM) was obtained from Scien-
Cell (Carlsbad, CA, USA). Phosphate-buffered saline (PBS),
Modified Oil Red O Staining Kit (C0158S), DMSO, 4%
paraformaldehyde (PFA), and penicillin/streptomycin solu-
tion (100×) were acquired from Beyotime (Shanghai, China).
TRIzol reagent and RNA-Quick Purification Kit (RN001)
were purchased from Invitrogen (Carlsbad, CA, USA) and

Shanghai Yishan Biotechnology (Shanghai, China), respec-
tively. Recombinant human TGF-β1 (AF-100-21C) and Fast
Western blot kit, ECL Substrate (35050) were provided by
PeproTech (Rocky Hill, NJ, USA) and Pierce (Rockford, IL,
USA), respectively. The PAGE Gel Fast Preparation Kit was
provided by EpiZyme (Shanghai, China). PrimeScript RT
Master Mix (RR036A) and TB Green Premix Ex Taq (RR420A)
reagent kits were obtained from Takara (Otsu, Japan).
Cell Counting Kit 8 (CCK-8) was provided by DOJINDO
(Kumamoto, Japan).

Patients, Sample Collection, and Cell Cultures

Orbital adipose specimens were collected from inactive,
moderate to severe TAO cases (n = 6) during orbital decom-
pression. All patients with TAO were euthyroid, were CAS
<3, had absence of compressive optic neuropathy, and
received no GCs, immunosuppressors, or external beam
radiation for over 6 months prior to decompression. Healthy
donors were patients who underwent cosmetic surgeries (n
= 6). Control fibroblasts (CON-OFs) were cultured using
central fat under the orbital septum. Those cases had no TAO
or other immunologic thyroid diseases according to their
annually medical examination reports and medical histories.
All surgeries were conducted at the Department of Ophthal-
mology, Changzheng Hospital, Shanghai, China. Detailed
information of patients is presented in the Table, and medi-
cation history of prostaglandin analogues was mentioned,
as it has been reported that they can affect many path-
ways studied.21 This research was approved by the Commit-
tee on Ethics of Biomedicine, Naval Medical University.
Each sampled specimen and signed informed consent were
acquired according to the 1964 Declaration of Helsinki.

OFs were cultured based on a published protocol.22

Concisely, orbital adipose tissues were minced mechani-
cally into 1-mm3 pieces and placed in culture dishes. After
adherence, explants were soaked into high-glucose DMEM
supplemented with 20% FBS and 1% penicillin/streptomycin.
OFs generally migrate from explants in about 3 days and
reach confluence in 10 days. The passage of monolayer cells
was carried out with 0.25% trypsin/EDTA to establish a cell
line. To ensure the efficiency of differentiation, cells of low
passage (three to four passages) were used in adipogenesis
experiments while five to eight passage cells were utilized

TABLE. Detailed Information of the Donors Recruited in the Study

Age, y/Sex
Duration
of TAO, y

Proptosis
(R/L), mm Smoking CAS

Previous
TAO

Treatment Thyroid Treatment
Prostaglandin
Analogues Surgical Treatment

Patients with TAO
33/M 2.4 21/22 Previous 2/7 GC Methimazole None Orbital decompression
46/F 7.8 18/18 No 0/7 None No None Orbital decompression
38/M 6 24/19 Previous 1/7 GC No None Orbital decompression
57/F 12 19/20 No 0/7 GC Thyroidectomy None Orbital decompression
53/F 7.4 17/19 No 0/7 GC RAI, thyroidectomy None Orbital decompression
26/F 1.6 21/23 No 2/7 None Methimazole None Orbital decompression

Control patients
40/F — — No — — — None Upper lid blepharoplasty
39/M — — Yes — — — None Eyelid pouch plasty
27/F — — No — — — None Upper lid blepharoplasty
33/F — — No — — — None Upper lid blepharoplasty
46/F — — Previous — — — None Eyelid pouch plasty
29/F — — No — — — None Upper lid blepharoplasty

CAS is a total of 7 points. F, female; L, left; M, male; R, right; RAI, radioactive iodine.
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for other assays. At least three independent OF lines were
used in each experiment.

Adipogenesis

OFs were seeded in 6-well or 12-well plates at 10,000/cm2.
At 100% confluence, the standard medium was switched
to DM or proliferation medium (PM). The base medium
of PM was high-glucose DMEM. The proportion of FBS in
PM was 5%, matching the concentration of DM. According
to the manufacturer’s instructions, the medium was substi-
tuted with fresh DM every 4 to 5 days. The induction was
sustained for approximately 20 days along with BBR (0.1,
0.5, or 1 μM). Differentiated OFs underwent fixation with
4% PFA and staining with Oil Red O solution. Furthermore,
OFs were lysed for RNA extraction after 5-day and 10-day
induction, while Western blot was conducted with 12-day
differentiated OFs.

Oil Red O Staining

Oil Red O staining was implemented with the Modified
Oil Red O Staining Kit, as directed by the manufacturer.
In brief, the OF monolayer underwent soft washing with
PBS twice and fixation with 4% PFA (15 minutes) at ambient
temperature. Upon rinsing with the staining detergent, cells
underwent incubation with modified Oil Red O solution at
37°C for 30 minutes. OFs after staining were inspected and
photographed with a phase-contrast microscope (Olympus
CKX41; Olympus, Tokyo, Japan). Besides using analytical-
grade isopropanol, staining was extracted for the quan-
tification of lipids. Absorbance was read on a SpectraMax
i3x Multi-Mode Microplate Detection Platform (Molecular
Devices, San Jose, CA, USA) at 490 nm.

Cytotoxicity Assay

CCK-8 was adopted to assess cellular viability. OFs under-
went seeding into a 96-well plate at 5 × 103/well in stan-
dard medium with or without BBR treatment. Cell culture
supernatant containing CCK-8 reagent was assessed with the
abovementioned microplate reader for OD values at 450 nm.
All experiments were conducted in line with the manufac-
turer’s instructions.

RNA Sequencing Analysis

The BGISEQ platform was utilized for transcriptome
sequencing in nine cell samples, including the PM, DM, and
BBR (1 μM) groups (n = 3). The samples were cultured
for 5 days in indicated conditions and subsequently lysed
with TRIzol reagent. Differentially expressed genes (DEGs)
in pairwise comparisons were identified with a Q-value
<0.05 and |log2FC| >1. Pathway enrichment for DEGs was
obtained through the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathway database.

ELISA

Conditioned supernatants were taken from the cell culture
medium and stored at −80°C for subsequent examination.
Secreted HA, IL-6, pentraxin 3 (PTX3), and cyclooxygenase-
2 (COX-2) amounts were detected with commercial ELISA
kits (HA, R&D Systems, Minneapolis, MN, USA; IL-6, PTX3
and COX-2, Elabscience Biotechnology, Wuhan, China), as

directed by the respective manufacturers. Triplicate assays
were carried out.

Western Blot Assay

As described previously, Western blot was implemented in a
standard manner.23 Primary antibodies are listed in Supple-
mentary Table S1. Each band was converted to image inten-
sity and assessed by the ImageJ software (National Institutes
of Health, Bethesda, MD, USA). β-Actin or glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was utilized for
normalization in different experiments.

Quantitative RT-PCR

Total RNA isolation utilized the RNA-Quick Purification Kit
according to the manufacturer’s instructions. RNA concentra-
tion and purity were assessed on a Nanodrop 2000 (Thermo
Fisher, Waltham, MA, USA). Reverse transcription and quan-
titative RT-PCR (qRT-PCR) were conducted with Takara
reagent kits on an ABI Prism 7900HT system.24 In addition,
GAPDH or β-Actin was utilized for normalization in differ-
ent experimental conditions due to the probably unstable
expression of GAPDH in adipogenesis and IL-1β induction.25

The primers of target genes are presented in Supplementary
Table S2.

Statistical Analysis

All statistical analyses were conducted with GraphPad Prism
v9.3 (GraphPad Software, La Jolla, CA, USA). Data are mean
± SD from at least three different OF lines, examined in
triplicate. One-way ANOVA was carried out for significance
analysis in different treatments, and two-way ANOVA was
conducted between TAO-OFs and CON-OFs. P < 0.05 indi-
cated statistical significance.

RESULTS

Suppressive Effects of BBR on Adipogenesis in
TAO-OFs

Despite the relatively high safety of BBR,26 the CCK-8 assay
was conducted in OFs to confirm the noncytotoxic concen-
trations. As shown in Supplementary Figure S1, BBR was
noncytotoxic until a concentration of >20 μM, and these
trends were consistent in TAO-OFs and CON-OFs at indi-
cated times. To completely exclude potential errors caused
by cytotoxicity, we used BBR at concentrations of <10 μM
for subsequent investigation. In addition, in consideration
of the lengthy adipogenic duration and low adhesion of
adipocytes, the concentration of BBR was further decreased
according to our preliminary experiments.

OFs were cultured under adipogenic differentiation
conditions for 20 days followed by Oil Red O staining.
As demonstrated in Figures 1A and 1B, DM induced lipid
droplet formation (6.0-fold) in TAO-OFs, and this effect was
dose-dependently suppressed (6.0-fold vs. 4.8-, 2.9-, and 1.4-
fold) by BBR. This induction was not found in CON-OFs,
with no significant difference among the PM, DM, and BBR
groups. The relative absorbances of TAO-OFs were higher
than those of CON-OFs in DM and BBR (0.1 and 0.5 μM)
groups (two-way ANOVA, all P < 0.01). Triplicate images
are presented in Supplementary Figures S2 and S3.
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FIGURE 1. Suppressive effects of BBR on adipogenesis in TAO-OFs. (A) Intracellular fat accumulation displayed by Oil Red O staining with
or without incremental treatment concentrations of BBR (0.1, 0.5, and 1 μM) in TAO-OFs and CON-OFs. The morphologic characteristics of
OFs were observed under a microscope (100×). Scale bar: 100 μm. (B) Staining levels were relatively quantified by detecting OD values at
490 nm, n = 3. (C, D) After 5 and 10 days of differentiation with or without BBR (1 μM), the mRNA levels of PPARG, CEBPA, FABP4, PLIN1,
and ADIPOQ were determined, n = 6. (E) After 12 days of adipogenesis with or without BBR (1 μM), the protein levels of the corresponding
markers were examined. (F) The bands of indicated proteins were quantified by densitometry, n = 3. Relative quantification was normalized
to β-actin. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 versus control group; #P < 0.05, ##P < 0.01, ###P < 0.001, and
####P < 0.0001 versus DM group, one-way ANOVA.
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Further, several transcription factors were pivotal for
adipocyte maturation.27 PPARG, CEBPA, FABP4, PLIN1,
and ADIPOQ mRNA expression were significantly elevated
(∼2.3- to 5618-fold) in the DM group after 5- and 10-
day induction (Figs. 1C, 1D). BBR curbed the upregulation
of adipogenic markers in both mRNA and protein levels
(Figs. 1E, 1F). Interestingly, we found CEBPA and PPARG
were not significantly suppressed by BBR until 10 days
later, while FABP4, PLIN1, and ADIPOQwere repressed from
the beginning. CON-OFs were excluded due to the poor
adipogenic capacity.

PPARγ and AMPK Pathways Participate in
BBR-Mediated Antiadipogenic Effect

To investigate the potential mechanism by which BBR
represses adipogenesis, RNA sequencing (RNA-seq) was
utilized to determine the gene expression profile of TAO-
OFs with various treatments. Pearson correlation analysis,
as a quality control test, was performed (Fig. 2A). Through
precise bioinformatics analysis, we identified total DEGs in
PM-versus-DM and DM-versus-BBR, which were shaped in
volcano plots (Figs. 2B, 2C). Furthermore, we narrowed the
range of DEGs and relevant transcripts based on the fold-
change threshold (Figs. 2D, 2G). As shown in Venn diagrams
(Figs. 2E, 2H), 853 DEGs and 2140 transcripts were upregu-
lated in PM-versus-DM, while 374 DEGs and 1103 transcripts
were downregulated in DM-versus-BBR. Among them, 99
DEGs and 254 transcripts, respectively, were selected as the
targets to obtain KEGG pathway enrichment.

As demonstrated in Figures 2F and 2I, the PPARγ and
AMPK signaling pathways topped the list. PPARγ path-
way blockage is demonstrated in Figure 1E. Considering
the BBR’s capacity to activate AMPK signaling in multiple
metabolic studies,28–30 AMPK’s role in the antiadipogenic
effect of BBR was examined. Unexpectedly, AMPK phospho-
rylation was not elevated but significantly decreased in TAO-
OFs after BBR treatment (Figs. 2J, 2M), yet the expression of
downstream proteins (SREBP1, SCD1) was promoted by DM
and downregulated by BBR (Figs. 2K, 2L and 2N, 2O). These
findings were partially consistent with RNA-seq results and
indicated AMPK pathway and PPARγ pathway inhibition
were both found in BBR-induced antiadipogenesis.

BBR Suppresses IL-1β–Induced Inflammation

Orbital inflammation has been demonstrated to play a
crucial role in TAO pathogenesis.31 Thus, qRT-PCR and
ELISA were conducted to determine the effect of BBR on
proinflammatory molecules stimulated by IL-1β. As depicted
in Figure 3, mRNA amounts of IL-6, PTX3, COX-2, and IL-1β
were elevated (∼29- to 2369-fold) by IL-1β, and BBR treat-
ment dose-dependently suppressed these increases. Among
these, the levels of IL-6 and COX-2 in all groups and PTX3 in
the IL-1β–treated group were higher (two-way ANOVA, all P
< 0.05), although IL-1β itself was lower (two-way ANOVA, P
= 0.0005) in TAO-OFs. The BBR-induced trends of protein
levels in culture supernatants conformed to the above mRNA
results (Figs. 3E–G). However, the baseline concentrations of
PTX3 and COX-2 were higher in TAO-OFs, in contrast to IL-6
(two-way ANOVA, all P < 0.0001). IL-1β was not included
due to the extrinsic interference.

Furthermore, IL-1β induces the production of proinflam-
matory molecules through the nuclear factor (NF)–κB signal-

ing pathway.32 To assess BBR’s role in this pathway, the
protein level of NF-κB p65 was determined. Interestingly,
NF-κB was induced by IL-1β only in TAO-OFs, and BBR
cotreatment downregulated this activation (Figs. 3H, I).

BBR Inhibits HA Production and Fibrosis
Induced by TGF-β

The involvement of extraocular muscles in TAO pathogene-
sis is based on excessive HA accumulation7 and subsequent
fibrosis with a stable duration, which are both boosted by
TGF-β.33 Accordingly, we first performed ELISA and qRT-
PCR to clarify whether BBR suppressed HA biosynthesis and
hyaluronan synthase (HAS1, HAS2, and HAS3) gene expres-
sion. As shown in Figure 4A, TGF-β1 promoted HA produc-
tion in OFs, which was substantially decreased by BBR treat-
ment. No difference showed in HA concentration between
TAO-OFs and CON-OFs in all groups (two-way ANOVA, all
P > 0.05). However, HAS1 mRNA expression changes were
higher (two-way ANOVA, all P < 0.0001 except BBR 10-μM
group) in TAO-OFs, while HAS2 and HAS3were higher (two-
way ANOVA, all P < 0.0001) in CON-OFs.

The degree of fibrosis can be measured as the mRNA and
protein levels of related fibrotic core markers (ACTA2, FN1,
COL1A1, and COL3A1). Incubation with TGF-β1 increased
the mRNA levels of fibrotic markers, and BBR had dose-
dependent inhibitory effects on these genes (Fig. 4B). Reg-
ardless of treatments, the level of ACTA2 was higher in CON-
OFs, while FN1 was lower (two-way ANOVA, all P < 0.001).
COL1A1 and COL3A1 in TAO TGF-β–treated groups were
higher (two-way ANOVA, all P < 0.001). The protein expres-
sion levels determined by Western blot also confirmed the
antifibrotic effect of BBR (Figs. 4C–E).

DISCUSSION

As a major ingredient of a classical Chinese herb, berber-
ine has recently attracted much more attention for its
various therapeutic effects in multiple diseases, including
fibrosis-related pathologies, cancer, and cardiovascular and
metabolic disorders.28,34,35 According to recent studies, BBR
exerts the above pharmacologic effects by regulating inflam-
mation, oxidative stress, apoptosis, fibrosis, and glucose
and lipid metabolism, probably covering a large part of
TAO pathogenesis. Additionally, increasingly more stud-
ies have demonstrated the safety of BBR at conventional
doses,26,36 which makes its clinical transformation easier in
TAO management compared with other new drugs. There-
fore, we first assessed BBR’s effects on TAO OFs to reveal its
potential therapeutic value.

About two-thirds of TAO cases, mostly under 40 years
old and nonsmokers, are characterized by excessive adipo-
genesis resulting in orbital fat expansion.37 Our experi-
ments showed that BBR potently attenuated adipogenesis in
TAO OFs. Intracellular fat accumulation determined by Oil
Red O staining and upregulated adipogenic markers both
demonstrated that BBR effectively induces antiadipogenesis.
However, CON-OFs differentiating into adipocytes hardly
occurred, and statistical significance was not reached, even
though BBR seems to thoroughly eliminate the few lipids
stained in CON-OFs images (Supplementary Fig. S3). Such
results conformed to several studies.38–40 Further, to eluci-
date the underlying mechanism of this inhibition, RNA-seq
was conducted to screen DEGs and the enriched pathways.
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FIGURE 2. The PPARγ and AMPK pathways participate in a BBR-mediated antiadipogenic effect. (A) Pearson correlation analysis of RNA-seq
data in the PM, DM, and BBR groups. (B–D, G) Volcano plots and statistics of DEGs and transcripts for PM versus DM and DM versus BBR.
(E, H) Venn diagrams of DEGs showing 99 genes and 254 transcripts were upregulated by DM and downregulated by BBR, respectively.
(F, I) KEGG pathway enrichment after BBR treatment of DM. (J) After 1 day of induction, the protein levels of AMPK and its phosphorylation
(Thr172) were assessed. (K, L) After 5 days of induction, SCD1 and SREBP-1 protein amounts were determined. (M–O) Densitometric
quantitation of Thr172 normalized to t-AMPK, SCD1 and SREBP-1 normalized to β-actin were calculated (n = 3). Relative quantifications
were based on β-actin expression. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus control group; #P < 0.05, ##P < 0.01,
###P < 0.001, and ####P < 0.0001 versus DM group, one-way ANOVA.
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FIGURE 3. Effect of BBR suppression on IL-1β–associated inflammation. OFs were pretreated with BBR (0, 0.1, 0.5, and 1 μM) for 12 hours
and then incubated with IL-1β (1 ng/mL) for another 6 hours. IL-6 (A), PTX3 (B), COX-2 (C), and IL-1β (D) mRNA amounts were determined
(n = 6 vs. 3). (E–G) The indicated protein concentrations in the supernatants were detected after incubation with IL-1β (1 ng/mL) for another
24 hours (n = 3). (H) The NF-κB p65 was assessed and quantified upon incubation with IL-1β (1 ng/mL) for another 1 hour. (I) Relative
quantification was based on β-actin protein amounts (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus control group;
#P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 versus IL-1β group, one-way ANOVA.
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FIGURE 4. Inhibitory effect of BBR on HA production and fibrosis induced by TGF-β. (A) OFs were pretreated with BBR (0, 1, 5, and 10
μM) for 12 hours and then incubated with TGF-β1 (10 ng/mL) for another 24 hours. HA concentrations in the supernatants were measured
by ELISA, and HAS1, HAS2, and HAS3 mRNA amounts were determined by qRT-PCR (n = 3). (B) ACTA2, FN1, COL1A1, and COL3A1 mRNA
amounts were detected upon incubation with TGF-β1 (10 ng/mL) for another 48 hours, n = 6. (C, D) The protein levels of fibrotic markers
(α-SMA, fibronectin, collagen I, and collagen III) were evaluated upon incubation with TGF-β1 (10 ng/mL) for another 72 hours. (E) The
bands of indicated proteins were quantified by densitometry (n = 3). Relative quantification was based on GADPH. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001 versus control group; #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001 versus TGF-β1 group,
one-way ANOVA.

Western blot data confirmed that the PPARγ and AMPK
pathways both participated in the antiadipogenic effect
exerted by BBR. Huang et al.41 suggested that BBR inhibits
adipocyte differentiation through the PPARγ pathway in
adipocyte precursors (3T3-L1 cells). Previously reported
findings demonstrated PPARγ and C/EBPα are not over-

activated by C/EBPδ and C/EBPβ until the late stages of
adipogenic differentiation,42 which may explain the discrep-
ancy between 5-day and 10-day mRNA expression levels
(Figs. 1C, 1D). The remaining adipogenic proteins (FABP4,
perilipin 1, adiponectin) suppressed by BBR are also
downstream of the PPARγ pathway. Although BBR is
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considered an AMPK activator for its upregulation of AMP
in vivo and in vitro,29,43 phosphorylation of AMPK (Thr172)
is not always increased by BBR.44 Gowans et al.45 reported
that allosteric activation of AMPK is a crucial component of
the whole mechanism, which can enable BBR to enhance
the downstream signaling pathways without Thr172 phos-
phorylation. Thus, combining these data with our find-
ings, we deduce that BBR activates the AMPK pathway
through allosteric activation and consequently suppresses
the expression of SREBP and SCD1. This allosteric activa-
tion may also explain why compound C did not affect ERK
phosphorylation in a previous study.46 In conclusion, PPARγ

inhibition and AMPK pathway activation both occur in the
BBR-induced antiadipogenic effect in TAO OFs.

Proinflammatory cytokines, including IL-6 and COX-2,
have been postulated as important mediators within the TAO
orbit. Their exaggerated secretion is mainly attributed to the
crosstalk among TSHR/IGF-IR, CD40–CD154, and IL-1R.47,48

Our previous studies suggested PTX3 is a humoral immune
molecule regulated by TSH and TGF-β in OFs and fibro-
cytes, and the upregulation can be blocked by IGF-IR inhi-
bition.23,24 In this research, gene expression and secreted
protein amounts of IL-6, PTX3, and COX-2 were elevated by
IL-1β treatment as expected. IL-1β mRNA was also robustly
increased in an autocrine manner. We not only found IL-
1β–induced expression of PTX3 in OFs but also confirmed
that BBR inhibited this inflammatory cascade reaction by
blocking the NF-κB pathway. It seems that BBR has a perva-
sive repression on the NF-κB pathway in both animals and
cultured cells.49–51 Additionally, HA production and myofi-
broblast differentiation elicited by TGF-β were significantly
decreased by BBR treatment. HAS2 was identified as the
primary contributor to HA production in the orbit.52 BBR
inhibited HAS2 mRNA expression, which may explain the
corresponding decline of HA accumulation. Despite the
indicated mRNA expression levels being partly different
between TAO and CON groups, levels of protein were close,
and most tendencies treated by BBR were also consistent.
Taken together, BBR attenuates inflammation, HA produc-
tion, and fibrosis in both TAO-OFs and CON-OFs.

The gut microbiota recently surfaced as a novel contrib-
utor to TAO pathogenesis.53 Besides the above effects, BBR
also exerts great modulatory effects on the gut microbiota,
as shown in patients with Graves’ disease.54 Regulating the
gut microbiota and other in vivo activities of BBR should be
conducted in future animal models of TAO. Second, several
patients with TAO with GC treatment led to a limitation, even
though over a 6-month gap existed before surgery. Last, the
relevant effects of BBR on fibrocytes in peripheral blood and
other immune cells remain unclear, which deserves further
investigation.

CONCLUSION

In summary, given the prominent safety profile and afford-
able cost, the current data suggest that BBR is worth consid-
ering as a potent candidate for clinical trials to pharmaceu-
tically alter TAO.
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