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Abstract
Context: Increased orbital tissue volume due to matrix expansion, orbital fibroblast (OF) proliferation, and adipocyte differentiation are the 
hallmarks of thyroid eye disease (TED). Their combination with the presence of hyaluronan-bound excess water in the constrains of the bony 
orbit results in increased intraorbital pressure. High intraorbital pressure, along with changes in the mechanical properties of orbital tissues, may 
lead to the activation of mechanosensitive receptors. The expression and role of the Piezo1 mechanoreceptor has not been investigated in TED.
Objective: We aimed to verify the expression of Piezo1 in OFs, and to study the effect of in vitro Piezo1 activation by its synthetic agonist Yoda1 on 
adipocyte differentiation.
Methods: OF cultures established using orbital connective tissues from patients with TED and controls were studied in the presence or absence of 
adipogenic stimuli. Piezo1 expression was confirmed by Western Blot and immunofluorescent imaging, and its function was verified by intracellular 
Ca2+ measurement. Adipogenic differentiation was characterized using Oil Red O staining for lipid accumulation, real-time polymerase chain 
reaction for gene and Western blot for protein expressions indicative in adipogenesis.
Results: OFs express functional Piezo1 channels. Differentiation into adipocytes is inherent to TED OFs. Piezo1 activation by Yoda1 inhibits the 
expressions of early (CEBPβ, CEBPδ) and main (PPARγ, CEBPα) transcription factors, and the terminal marker FABP4 during adipogenesis, 
resulting in markedly lower intracytoplasmic lipid accumulation.
Conclusion: Piezo1 channels are expressed and functional in OFs. Modeling orbital pressure by in vitro Piezo1 activation reduces de novo 
adipogenesis of OFs derived from TED orbits.
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Abbreviations: CEBP, CCAAT enhancer binding protein; DMEM, Dulbecco’s modified Eagle’s medium; ECM, extracellular matrix; FABP4, fatty acid binding 
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Thyroid eye disease (TED) is an autoimmune inflammatory 
disease of the orbital tissues driven by autoantibodies against 
the thyroid-stimulating hormone receptor (TSHR) expressed 
on orbital fibroblasts (OFs) (1). The activation of OFs, which 
leads to increased proliferation rate, excessive hyaluronan 
production, and increased adipocyte differentiation, is the 
key factor in the expansion of the orbital content in TED 
(2). The increased orbital adipose tissue volume is a result of 
increased number of newly formed adipocytes and enlarge
ment of cell size due to lipid accumulation (3). Orbital tissues 
from patients with TED express higher amounts of 
adipocyte-related factors such as leptin, adiponectin, and per
oxisome proliferator activated receptor gamma (PPARγ) than 
healthy orbital tissues. Moreover, these expression levels cor
relate positively with the TSHR expression (4), since adipo
genesis increases TSHR expression (5). The transcriptional 

regulation of adipogenesis begins with the induction of 
CCAAT enhancer binding protein (CEBP) β and δ expression, 
which then activate PPARγ and CEBPα, the key factors in 
adipocyte differentiation with a synergistic effect on 
adipogenesis-related gene expression (6, 7). The lipid accumu
lation leads to the expression of fatty acid binding protein 4 
(FABP4), which is a terminal marker of adipogenesis (8). 
Increased intraorbital pressure is a hallmark of TED, which 
may rise from 4 to 27 mmHg during the course of the disease 
(9); in severe cases, compression of the optic nerve and de
creased or inverted venous blood flow in the major orbital ves
sels may result (10).

It has not been studied in detail yet if and how increased in
traorbital pressure affects orbital tissue remodeling in TED. 
The single study that tried to reveal the connection of adipo
genesis and pressure found that mechanical pressure had no 
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significant effect on adipogenesis in 3D OF cultures (11). 
During the course of TED, different mechanical stimuli reach 
the OFs, which can lead to the activation of mechanosensitive 
receptors. Piezo1 is an inherently mechanosensitive Ca2+- 
permeable nonselective cation channel (12). It has a 3-bladed 
propeller-like structure (13) and transforms mechanical stim
uli into electrical and chemical signals (14). Its activity can be 
modulated by synthetic small molecules (eg, Yoda1 and 
Dooku1) (15, 16). Piezo1 activation with Yoda1 treatment 
decreases adipogenic differentiation of mesenchymal stem 
cells (17), brown adipocytes (18), human and mouse adipo
cytes (19), and perivascular adipose tissue preadipocytes (20).

We assume that in addition to the autoimmune process and 
changes in thyroid hormone levels, the increased intraorbital 
pressure and mechanical stimuli originating from the remod
eled extracellular matrix (ECM) also play an important role 
in the pathogenesis of TED. These mechanical effects can be 
investigated, at least partly, by activating the Piezo1 channel, 
whose presence and function have not been confirmed in OFs 
yet. Our aim was to study the expression of Piezo1 in OFs and 
the effect of Piezo1 activation on adipogenic differentiation of 
OFs.

Materials and Methods
Materials
Dulbecco’s Modified Eagle Medium (DMEM):F12, stable 
glutamine supplement, Dulbecco’s phosphate-buffered saline 
without calcium and magnesium, and fetal bovine serum 
(FBS) were purchased from Biosera (Nuaille, France). 
TrypLE Express was purchased from Gibco (Thermo Fisher 
Scientific, Waltham, MA, USA). Biotin, pantothenic acid, 
dexamethasone, isobutyl methylxanthine, insulin, rosiglita
zone, triiodothyronine, dimethyl sulfoxide, formaldehyde so
lution (37%), glycine, TritonX-100 and Oil Red O (ORO) 
stain, and Laemmli sample buffer were purchased from 
Sigma Aldrich (St. Louis, MO, USA). Yoda1 and Dooku1 
were purchased from Tocris (Bio-Techne, Minneapolis, 
MN, USA). TRI reagent solution was purchased from 
Molecular Research Center Inc. (Cincinnati, OH, USA). 
High-Capacity cDNA Reverse Transcription Kit and 
TaqMan Gene Expression Assays were purchased from 
Applied Biosystems. Piezo1 antibody (Cat# MA5-32876, 
RRID:AB_2802511), GAPDH antibody (Cat# 39-8600, 
RRID:AB_2533438), Cyanine3 fluorophore-conjugated sec
ondary antibody (Cat# A10521, RRID:AB_10373848), 
CEBPδ antibody (Cat# MA5-51237, RRID:AB_3093895), 
CEBPβ antibody (Cat# MA5-15893, RRID:AB_11152205), 
and Restore PLUS Western Blot Stripping Buffer were pur
chased from Thermo Fisher Scientific (Waltham, MA, USA). 
Goat antimouse IgG (H + L)–HRP (horseradish peroxidase) 
conjugate (Cat# 170-6516, RRID:AB_2921252) and goat 
antirabbit IgG (H + L)–HRP conjugate (Cat# 170-6515, 
RRID:AB_11125142) were purchased from BioRad 
(Hercules, CA, USA). PPARγ antibody (Cat# sc-7273, 
RRID:AB_628115) and CEBPα antibody (Cat# sc-166258, 
RRID:AB_2078042) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).

Tissue Samples and Cell Cultures
Tissue samples from patients who underwent orbital surgery 
were obtained at the Department of Ophthalmology, 

University of Debrecen. All patients provided written in
formed consent, and the study was approved by the Ethics 
Committee of the Hungarian Medical Research Council 
with ID 5913/2012/EKU (84/13). The TED OF cultures 
(n = 5) originated from orbital connective tissue removed dur
ing decompression surgery from patients (3 females and 2 
males) with inactive TED. The median age was 57 (min: 44, 
max: 63) years. The median TED duration from disease onset 
was 3 (min: 1, max: 8) years. All patients had inactive TED at 
the time of surgery (clinical activity score ≤ 3). For the control 
of their hyperthyroidism, all patients with TED received thy
reostatic medication earlier or at the time of orbital surgery. 
One patient received radioiodine therapy and 2 patients 
underwent thyroidectomy. All received at least 1 full course 
of intravenous glucocorticoid treatment (21) and 1 of them 
underwent orbital irradiation; no glucocorticoid treatment 
or irradiation was performed during the last 12 months before 
orbital surgery. The source of normal OF cultures 
(NON-TED OFs; n = 5; 2 females and 3 males) was connect
ive tissue obtained during enucleation surgery performed in 
patients with no thyroid or orbital diseases. The median age 
of NON-TED patients was 66 (min: 38, max: 82) years.

Primary human OF cultures were established as we de
scribed elsewhere (22) and kept frozen until used. OFs were 
cultured and differentiated into adipocytes using the follow
ing protocol. Cells were seeded in cell culture plates at 
20 000 cells/cm2 density, and incubated for 3 days in 
DMEM:F12 with 10% FBS (complete medium). Then, the 
culture medium was replaced with differentiation medium, 
which consisted of DMEM:F12 containing 10% FBS supple
mented with 1.7 µM insulin, 33 µM biotin, 17 µM panto
thenic acid, 1 nM triiodothyronine, and 10 µM 
rosiglitazone. For the first 4 days of the differentiation, 
250 µM isobutyl methylxanthine and 10 µM dexametha
sone were used as inducers of adipogenesis. Differentiation 
was continued for another 8 days; the medium with or with
out 10 µM Yoda1 or/and 10 µM Dooku1 was replaced every 
4 days. Total RNA and protein of the cells was harvested just 
before addition of differentiation medium (day 0) and on the 
fourth, eighth, and twelfth days of adipogenesis. All experi
ments were performed at least 3 times and carried out in trip
licate. Not all cell cultures were included in all 
measurements.

Oil Red O Staining
For measuring the rate of lipid accumulation, ORO staining 
was performed on day 0, 4, 8, and 12. Briefly, 10% formalin 
was added to cells after washing with phosphate-buffered sa
line (PBS). After fixation the cells were washed with ddH2O, 
and the ORO solution was added for 20 minutes (23). After 
washing with ddH2O and imaged with a Leica Leitz DMIL 
microscope (Leica Microsystems, Wetzlar, Germany), the 
ORO-stained lipids were dissolved in 2-propanol and the ab
sorbance measured at 490 nm using Synergy H1 Microplate 
Reader (Agilent Technologies Inc. Santa Clara, CA, USA). 
Lipid accumulation was expressed as the optical density of 
dissolved dye per well.

Metabolic Activity Assay
The cells were treated with differentiation medium with or 
without Yoda1 for 12 days. The 3-(4,5-dimethyl-2-thiazolyl)- 
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay was 
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performed on day 0, 4, 8, and 12 of the adipogenesis protocol. 
Briefly, MTT was added at a final concentration of 
0.5 mg/mL, and the cells were incubated for 3 hours in a 
CO2 incubator at 37 °C. The blue formazan crystals formed 
as a result of the metabolic activity of the cultured cells were 
dissolved in dimethyl sulfoxide. The absorbance at 550 nm 
(reference wavelength: 660 nm) was detected using Synergy 
H1 Microplate Reader.

Real-Time Polymerase Chain Reactions
The RNA was isolated using TRI reagent combined with 
chloroform extraction. For making the cDNA library a high- 
capacity cDNA reverse transcription kit was used. The 
TaqMan Gene Expression Assay was used for the detection 
of the expression of adipogenesis-related genes: CEBPβ 
(Hs00942496_s1), CEBPδ (Hs00270931_s1), CEBPα 
(Hs00269972_s1), PPARγ (Hs01115513_m1), and FABP4 
(Hs01086177_m1). The results were normalized to GAPDH 
(Hs02758991_g1) mRNA levels by the ΔCT method. The re
actions were performed by the CFX Opus 96 real-time poly
merase chain reaction system (BioRad, Hercules, CA, USA).

Immunolabeling, Confocal Imaging
OFs were fixed with 4% paraformaldehyde for 15 minutes. 
After fixation, 100 mM glycine in PBS was used to neutralize 
excess amounts of paraformaldehyde. Fixed OFs were per
meabilized with 0.5% TritonX-100 for 10 minutes and 
10-minute-long washing was used 3 times with PBS. 
Nonspecific binding sites were blocked with Carbo-Free 
solution (SP-5040, VECTOR Laboratories, Burlingame, 
CA, USA) for 60 minutes at room temperature. Primary anti
body, anti-PIEZO1 (Thermo Fisher Scientific, Rockford, IL, 
USA, MA5-32876, mouse-IgG, monoclonal), was incubated 
with the OFs overnight on 4 °C. Samples were washed 3 times 
with PBS and incubated with Cyanine3 fluorophore- 
conjugated secondary antibodies (A10521, Life technologies, 
Eugene, OR, USA) at room temperature for 1 hour. After wash
ing 3 times, mounting was performed with 45 µL of mounting 
medium (H-1200, Vecta Shield + DAPI, Vector Laboratories). 
Image acquisition was done with an AiryScan 880 laser scan
ning confocal microscope (Zeiss, Oberkocken, Germany) 
equipped with a ×63 immersion oil objective. Excitation at 
405 (DAPI) and 543 (Cy3) nm wavelengths was used to detect 
fluorescence. Paraffin sections of connective tissue samples 
were deparaffinized before treatment with a series of graded al
cohol solutions. Although these sections were already fixed, 
they were postfixed as described above. After the final washing 
step and before covering the slides, autofluorescence quenching 
was performed on the samples with a Vector TrueVIEW auto
fluorescence quenching kit (SP-8400-15).

Western Blotting
The protein was isolated using TRI reagent according to man
ufacturers’ instructions. Twofold concentrated Laemmli sam
ple buffer (Sigma Aldrich) was added to isolated samples and 
boiled for 5 minutes at 95 °C. A 20-μg bolus of total protein 
was loaded into the wells of the 7.5% sodium dodecyl sul
fate–polyacrylamide gel for Piezo1 or 10% TurboMix 
Bis-Tris casting gel (Merck KGaA, Darmstadt, Germany) for 
other target proteins. Proteins were transferred into a nitrocel
lulose membrane with Trans-Blot Turbo Transfer System 

(BioRad, Hercules, CA, USA). Nonspecific binding sites 
were blocked with 0.5% nonfat milk powder dissolved in 
PBST (PBS supplemented with 0.1% Tween-20). Primary 
antibodies (Piezo1, CEBPβ, CEBPδ and CEBPα, PPARγ, 
GAPDH) were probed for 10 minutes using the SNAP id 2.0 
system (Merck KGaA, Darmstadt, Germany). After washing 
with the SNAP id 2.0 system 4 times for 20 seconds in 
PBST, membranes were incubated with HRP-conjugated 
secondary antibodies for 10 minutes. Each membrane 
was stripped and reprobed up to 3 times using Restore 
PLUS Western Blot Stripping Buffer; the last probe was 
always GAPDH. Luminescence signals were detected using 
enhanced chemiluminescence kit WesternSure Premium 
Chemiluminescent Substrate (LI-COR Biotechnology GmbH, 
Bad Homburg, Germany) in a C-DiGit Blot Scanner (LI-COR 
Biotechnology GmbH). The results of the densitometric ana
lyses were presented as the relative ratio of measured proteins 
to GAPDH, which was labeled in every membrane.

Measurement of Intracellular Ca2+ Concentration 
in Cultured Fibroblast Cells
Cells from primary fibroblast cultures were loaded with 
10 μM Fura-2-AM for 20 minutes at 37 °C. After loading 
the cells were kept in Tyrode’s solution. Fura-2 was excited 
with a CoolLED pE-340fura light source (CoolLED LTD, 
Andover, UK) mounted on a ZEISS Axiovert 200 inverted 
microscope (Zeiss, Oberkochen, Germany). The excitation 
wavelengths were alternating between 340 and 380 nm wave
length, and the emission was detected with a bandpass filter 
between 505 and 570 nm. Image acquisition and postprocess
ing were made with AxioVision (rel. 4.8) software (Zeiss, 
Oberkochen, Germany). The Ca2+ concentration was esti
mated from the ratio of the images taken at 340 and 
380 nm with background correction.

Statistical Analysis
STATISTICA software (TIBCO Software Inc., Palo Alto, CA, 
USA) was used to perform the statistical analyses. Student’s 
t-test or repeated measures ANOVA followed by the Fisher 
LSD post hoc test was used to evaluate the differences between 
groups. Data are presented as mean ± standard error of mean 
(SEM). Statistical significance was accepted at the 5% level 
(P < .05).

Results
Expression of Piezo1 Channels in Orbital Connective 
Tissue and Orbital Fibroblasts
We confirmed that orbital connective tissues and OFs from 
TED and NON-TED patients express Piezo1 protein 
(Fig. 1A and 1B, respectively). Piezo1 mRNA expression 
was present in OFs and their GAPDH-normalized expression 
levels did not differ according to their TED (n = 3) or 
NON-TED (n = 4) origin (P = .29). The presence of Piezo1 
protein in OFs was confirmed by Western blot; densitometric 
analysis revealed that there is no difference in the Piezo1 pro
tein expression between the TED and NON-TED OFs 
(P = .338) (Fig. 1C and 1D). The effect of Piezo1 agonist, 
Yoda1 on Ca2+ influx in OFs was tested to confirm that func
tional Piezo1 was expressed. Yoda1 increased the intracellular 
Ca2+ level to a similar extent in TED OFs and NON-TED OFs 
(Fig. 2A and 2B).

The Journal of Clinical Endocrinology & Metabolism, 2025, Vol. 00, No. 0                                                                                                    3
D

ow
nloaded from

 https://academ
ic.oup.com

/jcem
/advance-article/doi/10.1210/clinem

/dgae899/7941441 by School of Public H
ealth user on 20 January 2025



The Effect of Piezo1 Activation on the Adipogenesis 
of Orbital Fibroblasts
During adipogenesis lipid accumulation was increased as evi
denced by the elevation in ORO staining compared with day 0 
in every time point studied (Fig. 3A). Under basal conditions 
(day 0) and after 4 days of induction, ORO staining in TED 
and NON-TED OFs did not differ, but the rate of its subsequent 
increase in OFs of different origin diverged (Fig. 3A). Lipid accu
mulation in NON-TED OF cultures during the differentiation 
protocol was substantially lower than in TED OF cultures 
(Fig. 3C and 3D). Yoda1 treatment decreased ORO staining at 
days 8 and 12 of adipogenesis in TED OFs (Fig. 3A and 3E), 

but had no effect in NON-TED OFs where lipid accumulation 
was at an intrinsically low level (Fig. 3A and 3F). The basal ex
pression of the terminal marker of adipogenesis, FABP4 
(Fig. 3B), did not differ in the different cell types. Its rise was neg
ligible in NON-TED OFs compared with TED OFs on days 8 
and 12, the latter exhibiting a marked increase. Yoda1 had no ef
fect on FABP4 expression on day 4 but decreased it in both TED 
and NON-TED OFs on day 8, but only in TED OFs on day 12.

To analyze mRNA expression underlying the observed 
changes, at first, we examined the important early regulatory 
factors of adipogenesis, CEBPβ and CEBPδ (Fig. 4A and 4B). 
Basal CEBPβ expressions did not differ in OFs with different 
origins, while basal CEBPδ expression was lower in TED 

Figure 1. Verification of the expression of Piezo1 in orbital connective tissue (A) and orbital fibroblasts (B). Fluorescent staining: Piezo1–Cy3, cell 
nuclei–DAPI. (C) Western blot analysis (C) and densitometric data (D) of Piezo1 protein expression in TED OFs (n = 3) and NON-TED OFs (n = 3). 
Samples were immunoblotted for Piezo1 and reprobed with antibody for GAPDH for normalization of loaded protein levels. The values are expressed as 
mean ± SEM. 
Abbreviations: TED OFs, thyroid eye disease orbital fibroblasts; NON-TED OFs, normal orbital fibroblasts; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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OFs than in NON-TED OFs. After 4 days of induction, the 
CEBPβ expression of NON-TED OFs decreased, and re
mained reduced during the studied 12-day period, while 
CEBPβ mRNA levels increased in TED OFs during the first 
4 days and did not change afterwards. CEBPδ expression 
showed an increase only in TED OFs on days 4 and 8, com
pared with the levels measured on day 0; the expression levels 
descended to the initial levels by day 12. In TED OFs, Yoda1 
treatment inhibited mRNA expression of both factors on days 
4 and 8 while on the day 12 it only acted on CEBPβ expres
sion. In contrast, in NON-TED OFs, Yoda1 did not affect 
the expression levels of CEBPβ and CEBPδ.

Next, we examined PPARγ and CEBPα (Fig. 4C and 4D) 
mRNA expressions, which are the main regulators in the se
cond wave of the adipogenic cascade. In our experiments the 
origin of the fibroblasts (TED or NON-TED) had no influ
ence on basal PPARγ and CEBPα expression. Under the effect 
of adipogenic conditions, PPARγ and CEBPα expression in
creased in OFs. In TED OFs, compared with NON-TED 
OFs, the increase in PPARγ was higher in every time point ex
amined. PPARγ mRNA expression did not change after 4 
days of Yoda1 treatment in OFs, while we found a reduced 
CEBPα expression on day 4 in TED and NON-TED OFs 
compared with cultures in adipogenic media without 
Yoda1. On day 8 Yoda1 inhibited PPARγ expression in 
both cell types, while CEBPα was reduced only in TED 
OFs; on day 12, the expression levels of both regulators de
creased only in TED OFs.

We performed Western blot analysis in order to measure the 
protein levels of transcription factors on day 12; the inhibitory 
effect of Yoda1 treatment on mRNA expressions of adipogen
ic transcription factors were reflected in protein levels. 
Further, both mRNA expressions (Fig. 4) and protein levels 
of the transcription factors CEBPβ, CEBPδ, CEBPα, and 
PPARγ reduced only in TED OFs (Fig. 5C and 5D) by the 
end of day 12 of adipogenic differentiation. In addition, we 
found lower CEBPβ, α, and PPARγ protein levels in nondiffer
entiating NON-TED OFs than in TED OFs.

In order to clarify whether timing of Piezo1 activation 
modifies its inhibitory effect on the adipogenesis of TED 
OFs (n = 3), we repeated the experiment limiting Yoda1 ex
posure to the first 4 days (adipogenesis induction), and, in an
other set, for the subsequent 8 days only. We found that when 
Yoda1 treatment was withdrawn after the induction phase, it 
did not affect the lipid accumulation of the cells (ORO: 
P = .776, PPARγ: P = .090, FABP4: P = .328). However, if 
Piezo1 was activated after induction and was present during 
the last 8 days, it reduced lipid accumulation, and PPARγ 
and FABP4 expression (P < .01, P < .01, P < .01, respectively) 
compared with vehicle-treated differentiated cells. The 
adipogenesis-inhibiting effect was similar if Yoda1 exposure 
was limited for the last 8 days or the whole duration of adipo
genesis (data not shown).

Piezo1 Activation has no Effect on Cell Viability
In order to show that the decrease in ORO staining and 
mRNA expression levels were not due to the cytotoxic effect 
of 10 µM Yoda1 treatment, the MTT assay was performed. 
The metabolic activity increased with time under adipogenic 
conditions in the absence of Yoda1: 1.58 ± 0.04-fold on day 
4, 2.67 ± 0.45-fold on day 8, and 3.34 ± 0.37-fold on day 
12 compared with day 0 (expressed as mean ± SD). Yoda1 
treatment further increased (mean 1.21 ± 0.03-fold) the meta
bolic activity in both cell types by day 4. On days 8 and 12 
there was no statistical difference in the metabolic activity be
tween untreated and Yoda1 treated cells (data not shown).

Dooku1 Diminishes the Inhibitory Effect of Yoda1
To confirm that the decrease of adipogenesis was related to 
Piezo1 activation, we used Dooku1, a competitive inhibitor 
of Yoda1. Only cultures that have exhibited marked adipo
genesis (ie, TED OFs) were included in this experiment. The 
coapplication of Dooku1 (10 µM) with Yoda1 substantially 
hampered Yoda1’s reducing effect on both lipid accumulation 
(Fig. 6A) and FABP4 expression (Fig. 6B). Dooku1 treatment 

Figure 2. Verification of the functionality of the Piezo1 channel in samples from healthy and diseased individuals. Representative calcium transients recorded 
on Fura2-loaded cells following Yoda1 application in OFs originated from (A) TED and (B) NON-TED patients. (C) The amplitudes of calcium transients showed 
no significant difference between OFs with different origin (TED OFs, n = 3 and NON-TED OFs, n = 3). The values are expressed as mean ± SEM. 
Abbreviations: TED OFs, thyroid eye disease orbital fibroblasts; NON-TED OFs, normal orbital fibroblasts.
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alone did not alter lipid accumulation measured with ORO 
staining and FABP4 expression in TED OFs.

The Effect of Adipogenic Stimuli on Piezo1 
Expression
Piezo1 protein expression is increased with time, both in com
plete and in differentiation medium (Fig. 7). Under the adipo
genic stimuli compared with cells maintained in complete 
medium, the behavior of TED and NON-TED OFs differs 
on day 4, as we found a decrease in Piezo1 expression in 
TED OFs, but not in NON-TED OFs. On day 8, based on 
the densitometric data, we found a tendency to increasing 

Piezo1 expression in OFs in differentiation medium compared 
with complete medium, but it failed to reach statistical 
significance.

Discussion
TED is characterized by soft tissue volume enlargement in the 
bony orbit due to the large amount of hyaluronan produced 
by activated OFs, increased OF proliferation, and differenti
ation of OFs into adipocytes (24). Orbital anatomy limits tis
sue expansion at the cost of increased pressure, resulting in a 
constant mechanical stimulus for orbital soft tissues. 
Theoretically, if pressure increases in the orbit, protective 

Figure 3. Lipid accumulation during adipogenesis in orbital fibroblasts. (A) ORO staining in TED (n = 5) and NON-TED OFs (n = 5) before initiation (day 0) and 
on the fourth, eighth, and twelfth day of adipogenesis by spectrophotometric measurement of the dissolved ORO dye. (B) The mRNA expression of terminal 
marker FABP4 in TED OF (n = 3) and NON-TED OFs (n = 4). (C-F) Representative ORO staining of TED and NON-TED OFs on day 12 of adipogenesis cultured 
in the absence (B and C) and presence of (D and E) of Yoda1. The values are expressed as mean ± SEM. *P < .05; **P < .01; ***P < .001. 
Abbreviations: TED OFs, thyroid eye disease orbital fibroblasts; NON-TED OFs, normal orbital fibroblasts; ORO, Oil Red O staining; DM, differentiation medium; FABP4, fatty acid 
binding protein 4.
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mechanisms should prevent the processes of additional tissue 
expansion. In the present study, we have focused on adipogenic 
differentiation, as after differentiation an adipocyte occupies 
substantially larger volume than its predecessor fibroblast; in
hibiting adipocyte differentiation may be a means of hindering 
further rise in orbital pressure.

Mechanosensitive receptors, including Piezo1, have important 
roles in mechanotransduction that influence cell proliferation 
and differentiation (25). We used OFs to set up an in vitro model 
to characterize the effect of mechanical stimuli via Piezo1 activa
tion on adipogenic differentiation of OFs. Activation by synthet
ic molecules is proven to be a useful tool to study the effects of 
mechanical stimuli via Piezo1 in different cell types (18, 20, 
26). Using immunohistochemistry, we confirmed that TED 
and NON-TED orbital connective tissues express Piezo1 pro
tein. We found that OFs in cultures established from orbital con
nective tissue express functional Piezo1 channels (Figs. 1 and 2); 
furthermore, the activation of Piezo1 decreased lipid accumula
tion during adipogenesis (Fig. 3).

Piezo1 is present on most cell types, including cardiomyo
cytes, immune cells, and endothelial and vascular smooth 
muscle cells, and has a major role in normal cell physiology. 
In addition to direct physical force, Piezo1 is responsible for 
sensing the changes in ECM stiffness and intracellular mech
anical stimuli originated from cytoskeletal remodeling (27). 
It has been revealed that mechanical stimuli had an effect on 
adipogenesis-related genes: in 3T3-L1 cells stretching decreased 
PPARγ expression, while mRNA levels of CEBPα and CEBPβ 

did not change (28). In preadipocytes, expression of PPARγ 
and CEBPα is inhibited after application of a compressive force 
whereas CEBPβ and δ remained unchanged (29). We found that 
Piezo1 stimulation by Yoda1 markedly inhibited adipocyte dif
ferentiation in TED OFs: Yoda1 treatment had an inhibitory ef
fect on the expressions of early adipogenesis genes, CEBPβ and 
CEBP δ, and also on master regulators, PPARγ and CEBPα, at 
both mRNA and protein levels, and then consequently on the 
terminal marker FABP4.

Our observation that the inhibitory effect of Yoda1 treat
ment was weakened by using it only during the induction of 
adipogenesis (day 0-4) compared with longer treatments 
(day 0-12 and day 4-12) indicates that Piezo1 activation is 
not inevitable at the induction of adipogenesis to exert its in
hibitory effect.

The use of the Piezo1 activation antagonist, Dooku1, hin
dered Yoda1-induced suppression of adipocyte differenti
ation. Our results are consistent with previous studies in 
adipocytes with different anatomical origin (18, 20); we also 
confirm that Piezo1 activation decreases PPARγ expression 
and inhibits adipogenesis.

The main limitation of our study is that in our in vitro acti
vation model we cannot estimate the combined effect of vari
ous mechanosensitive pathways activated by elevated orbital 
pressure; our approach is restricted to 1 component in the me
chanotransduction process. The methods applied here are not 
suitable for examining the function disparity of Piezo1 be
tween TED and NON-TED OFs.

Figure 4. The effect of Yoda1 treatment on the mRNA expressions of adipogenesis related transcription factors in TED OFs (n = 3) and NON-TED OFs 
(n = 4) (A-D). The values are expressed as mean ± SEM. *P < .05; **P < .01; ***P < .001. 
Abbreviations: TED OFs, thyroid eye disease orbital fibroblasts; NON-TED OFs, normal orbital fibroblasts; ORO, Oil Red O staining; C/EBP, CCAAT enhancer binding proteins; 
PPARγ, peroxisome proliferator-activated receptor gamma; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 5. Western blot analysis of protein expression levels of adipogenic transcription factors, CEBPβ, CEBPδ, PPARγ, and CEBPα in TED OFs (n = 4) (A) 
and NON-TED OFs (n = 4) (B) treated for 12 days using adipogenic stimuli. Representative gel images are shown. Densitometric data of 
adipogenesis-related proteins (C-F); GAPDH was used on each membrane for normalization. The values are expressed as mean ± SEM. *P < .05; **P < .01; 
***P < .001. 
Abbreviations: TED OFs, thyroid eye disease orbital fibroblasts; NON-TED OFs, normal orbital fibroblasts; CEBP, CCAAT enhancer binding proteins; PPARγ, peroxisome 
proliferator-activated receptor γ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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In agreement with the findings of others (11, 30), markedly 
lower adipocyte differentiation was found in NON-TED OFs 
than in TED OFs; our observation regarding the inhibitory ef
fect of Piezo1 activation on adipogenesis is based on the re
sults obtained in TED OFs. None of the studied parameters 
measured on day 0 explained the differences between TED 
and NON-TED OFs. However, it was outside the scope of 
this study to identify the factors responsible for the different 
behavior of TED and NON-TED OFs. We found that after 
adipogenic induction, the early adipogenic transcription fac
tors CEBPβ and CEBPδ did not increase and the upregulation 

of factors in the next level (PPARγ and CEBPα) was moderate 
in NON-TED OFs compared with TED OFs. After the 12-day 
adipogenic protocol the protein levels of CEBPβ, CEBPα, and 
PPARγ were lower in NON-TED OFs than in TED OFs. These 
differences manifested as lower lipid accumulation verified by 
ORO staining and negligible expression of the terminal mark
er FABP4 in NON-TED OFs. Li et al confirmed that adipogen
esis could be induced in NON-TED OFs using mechanical 
pressure stimuli in a pseudophysiological 3D environment 
(11), while modeling mechanical stimuli in our 2D cultures us
ing in vitro Piezo1 activation with Yoda1 in NON-TED OFs 

Figure 6. The effect of Dooku1 treatment on Yoda1-inhibited lipid accumulation (A) and FABP4 terminal marker expression (B) in TED OFs (n = 2). The 
values are expressed as mean ± SEM. *P < .05; **P < .01; ***P < .001. 
Abbreviations: TED OFs, thyroid eye disease orbital fibroblasts; OD, optical density; FABP4, fatty acid binding protein 4; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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had no essential effect on their susceptibility to adipogenic dif
ferentiation. We assume that Piezo1 activation alone in 2D 
cultures is not equivalent to a pressure stimulus on cells in a 
3D matrix (ie, mechanical stimuli may have a greater effect 
than Yoda1 alone).

Organotypic microenvironment in 3D culture is beneficial 
for adipogenesis due to repression of some pathways with 
an inhibitory effect on adipogenic differentiation including 
Hippo and TGF-β signaling (31). Yes-associated protein 
(YAP) and transcriptional coactivator with PDZ-binding mo
tif (TAZ) are parts of the Hippo pathway, and Piezo1 converts 
mechanical stimuli into biological signals through YAP and 
TAZ signaling, which are known mediators of mechanical 
cues (32-34). It is confirmed that suppression of adipogenesis 
occurred by increasing nuclear localization of YAP (35) and 
upregulation of TAZ (36), and in OFs it acts toward fibrosis 
(37). When the Piezo1 channel is open/active, the Ca2+ influx 
from the extracellular space initiates intracellular signal 
transduction (eg, via the YAP/TAZ pathway) (38). In add
ition, Ca2+ influx has an inhibitory effect on adipogenesis of 
3T3-L1 cells (39) through the calcineurin pathway (40). It 
has already been described that the TGF-β (41) and WNT 
(42) signaling pathways also inhibit adipocyte differentiation. 
In other cell types it was confirmed that Piezo1 activation can 
upregulate TGF-β (43) and WNT signaling (44). Based on 
these data, we assume that in TED OFs Piezo1 activation 
may inhibit adipogenesis through the upregulation of YAP/ 
TAZ, TGF-β, WNT, and calcineurin signaling but the exact 
mechanism needs to be clarified in future studies.

As far as we know, we are the first to show that the Piezo1 
channel is expressed in orbital connective tissue. We con
firmed that Piezo1 was functional in established OF cultures. 
We revealed that Piezo1 activation using Yoda1, as an in vitro 
model for increased orbital pressure, decreases adipogenic dif
ferentiation of OFs. mRNA and protein expression of 4 
adipogenesis-related genes, including the early factors 
CEBPβ and CEBPδ, were inhibited by Yoda1. We conclude 
that mechanical stimuli including orbital pressure may reduce 
de novo adipogenesis during the course of TED via Piezo1 

activation. This may be 1 way of how increasing pressure 
may keep expansion of the orbital content under control. 
Further studies on the role of mechanical forces in tissue re
modeling in TED may verify details of their contribution to 
the pathogenesis of TED.
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