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A mouse model was used to investigate the role of the hy-
aluronidase, transmembrane protein 2 (TMEM2), on the pro-
gression of Graves’ orbital (GO) disease. We established a GO
mouse model through immunization with a plasmid expressing
the thyroid stimulating hormone receptor. Orbital fibroblasts
(OFs) were subsequently isolated from both GO and non-GO
mice for comprehensive in vitro analyses. The expression of
TMEM2 was assessed using qRT-PCR, Western blot and
immunohistochemistry in vivo. Disease pathology was evalu-
ated by H&E staining and Masson’s trichrome staining in GO
mouse tissues. Our investigation revealed a notable reduction
in TMEM2 expression in GO mouse orbital tissues. Through
overexpression and knockdown assays, we demonstrated that
TMEM2 suppresses inflammatory cytokines and reactive oxy-
gen species production. TMEM2 also inhibits the formation of
lipid droplets in OFs and the expression of adipogenic factors.
Further incorporating Gene Set Enrichment Analysis of rele-
vant GEO datasets and subsequent in vitro cell experiments,
robustly confirmed that TMEM2 overexpression was associated
with a pronounced upregulation of the JAK/STAT signaling
pathway. In vivo, TMEM2 overexpression reduced inflamma-
tory cell infiltration, adipogenesis, and fibrosis in orbital tis-
sues. These findings highlight the varied regulatory role of
TMEM2 in GO pathogenesis. Our study reveals that TMEM2
plays a crucial role in mitigating inflammation, suppressing
adipogenesis, and reducing fibrosis in GO. TMEM2 has po-
tential as a therapeutic target and biomarker for treating or
alleviating GO. These findings advance our understanding of
GO pathophysiology and provide opportunities for targeted
interventions to modulate TMEM2 for therapeutic purposes.

Graves’ orbitopathy (GO), also named Graves’ orbitopathy,
thyroid-associated ophthalmopathy, or thyroid eye disease, is
the most common complication of Graves’ disease, an auto-
immune disorder that negatively impacts the quality of life of
patients by impairing visual function and causing cosmetic
disfigurement (1). GO is characterized by inflammation,
expansion, remodeling and fibrosis of the orbital tissue, and
orbital fibroblasts (OFs) have been shown to be key target and
effector cells that contribute to its pathogenesis (2). During
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GO progression, immune cells infiltrate the orbital tissue
leading to activation of OFs. Activated OFs then secrete in-
flammatory mediators such as chemokines and cytokines that
act on immune cells to amplify the immune response. This
leads to expression of extracellular matrix proteins by OFs, and
OF proliferation and differentiation into myofibroblasts or
adipocytes, which contribute to fibrosis, expansion and
remodeling of the orbital tissue (3, 4). A better understanding
of the mechanisms leading to inflammation, adipogenesis and
fibrosis in GO would be beneficial for the development of
novel treatment strategies.

Hyaluronic acid (HA) is an extracellular matrix glycosami-
noglycan that has been shown to mediate multiple cellular
processes including cell-cell and cell-matrix adhesion, cell-cell
signaling, migration of immune cells, and proliferation (5, 6).
HA is overproduced by OFs in GO and has been implicated in
the pathogenesis of this disease (7, 8). Due to its hydrophilic
nature, HA binds to large amounts of water, thereby contrib-
uting to the edema of orbital tissues and subsequent protru-
sion of the eye (9). A role for HA and hyaluronidases in
mediating adipogenesis has also been described (10). Thus,
many studies have focused on targeting HA as a potential
therapeutic strategy for GO either by inhibiting its synthesis or
promoting its degradation.

Degradation of HA is mediated by the HYAL family of hy-
aluronidases, which includes HYAL1, HYAL2, HYAL3,
HYAL4, and PH-20/SPAM1 (11, 12) as well as the more
recently identified Transmembrane two protein (TMEM2)
(13). Recently, HYAL1 was found to inhibit reactive adipo-
genesis and inflammation in the colon and skin, indicating that
targeting HA catabolism could be beneficial therapeutically
(10). TMEM2 plays a key role in mediating contact-dependent
degradation of HA, and is also a key regulator of integrin-
mediated cell-substrate adhesion (13, 14). Thus, targeting
HA degradation is potentially a viable therapeutic strategy to
treat GO.

TMEM2 is a member of the interferon-induced trans-
membrane protein superfamily and has also recently been
identified as the only transmembrane hyaluronidase (15).
TMEM2 has been associated with a wide range of conditions
including bladder, breast and pancreatic cancer (16–18), and
endoplasmic reticulum stress (19). TMEM2 has also been
shown to have antiviral activity by activating the Janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
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signaling pathway that is a master regulator of several other
downstream signaling pathways (20). However, despite the
importance of OFs and HA in GO, the role of TMEM2 in GO
has not been examined.

In this study, we identify a role for TMEM2 in a mouse
model of GO. TMEM2 expression is reduced in GO tissues,
while overexpression of TMEM2 reduces inflammation, adi-
pogenesis, and fibrosis. TMEM2 acts via the JAK/STAT
pathway to reduce the severity of GO, identifying TMEM2 as a
potential therapeutic target to treat GO.

Results

TMEM2 expression levels are decreased in a mouse model of
GO

To determine the role of TMEM2 in GO, we developed a
mouse model of GO (Fig. 1A) by immunizing mice with a
plasmid encoding TSHR A as previously described (21).
Consistent with the immunological aspects of GO, we assessed
CD3 expression as a marker for T lymphocytes (22), high-
lighting the involvement of T lymphocytes in the immune
response within the orbital tissues (Fig. 1B). We found that
TMEM2 protein and mRNA expression levels were signifi-
cantly decreased in GO tissue samples compared to non-GO
tissue samples by Western blot and qRT-PCR analysis,
respectively (Fig. 1, C and D). Similarly, IHC staining of mouse
GO and non-GO tissue samples revealed decreased TMEM2
expression levels in GO tissues (Fig. 1E). Together, these re-
sults suggest that decreased TMEM2 expression is associated
with GO.
Figure 1. A mouse model of GO was constructed. TMEM2 expression levels
mouse models detected by H&E (×400), n = 5, scale bar = 50 μm. B, represe
fluorescence, n = 5, scale bar = 50 μm. C, TMEM2 protein expression levels were
used to detect TMEM2 mRNA levels in GO and non-GO tissues, n = 7. E, repres
tissues, n = 5, scale bar = 50 μm. Data are presented as mean ± SD, ***p < 0
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TMEM2 inhibits ROS production in OFs and alleviates
inflammation

We next performed gain-of-function and loss-of-function
assays in OFs derived from non-GO tissues to determine the
role of TMEM2 in GO. First, we established that our TMEM2
overexpression and shTMEM2 vectors successfully increased
or reduced TMEM2 protein expression levels (Fig. 2A). We
then examined if TMEM2 affected the inflammatory response
in OFs. We treated cells with H2O2 to induce ROS production
and found that overexpression of TMEM2 inhibited ROS
production in both untreated and H2O2-treated cells, whereas
knockdown of TMEM2 had no effect (Fig. 2B). Cells were then
treated with IL-1β to induce an inflammatory response, which
was assessed by measuring the relative expression levels of IL-
6 and IL-8 by ELISA. We found that overexpression of
TMEM2 significantly reduced IL-6 and IL-8 levels in IL-1β-
treated cells, whereas knockdown of TMEM2 interestingly had
no effect (Fig. 2C). We then examined how the expression of
TMEM2 was affected by inflammatory response in OFs. We
found that knockdown of TMEM2 cannot break through the
low expression caused by inflammatory response (Fig. 2, D and
E). Together, our findings suggest that overexpression of
TMEM2 inhibits ROS production and reduces inflammatory
cytokine production in OFs.

TMEM2 inhibits the adipogenic differentiation of orbital
fibroblasts

Since OFs have been reported to differentiate into adipo-
cytes in response to inflammatory cytokines (21, 23), we next
are decreased in GO. A, representative images of pathological tissue of GO
ntative images of CD3+ T cells at pathological sites detected by immuno-
detected in GO and non-GO tissues by western blotting, n = 5. D, qPCR was
entative IHC images showing TMEM2 protein expression in GO and non-GO
.001.



Figure 2. TMEM2 inhibits ROS production in orbital fibroblasts and alleviates inflammation. A, Western blotting was used to detect TMEM2 protein
expression levels in cells after overexpression/knockdown, n = 3. B, OFs were treated with H2O2 to induce ROS production. The effects of TMEM2 over-
expression and knockdown on ROS production were examined in H2O2-treated OFs, n = 3. C, OFs were treated with IL-1β to induce an inflammatory
response. The effects of TMEM2 overexpression and knockdown on the IL-1β-induced inflammatory response were examined by measuring the relative
expression levels of IL-6 and IL-8 by ELISA, n = 5. D and E, TMEM2 protein expression levels were detected in OFs by western blotting after being treated
with IL-1β, n = 3. Data are presented as mean ± SD. ns, no significance, *p < 0.05, ** represents p < 0.01, *** represents p < 0.001.

Hyaluronidase TMEM2 suppresses Graves’ orbitopathy via JAK-STAT
sought to determine the role of TMEM2 in adipogenic dif-
ferentiation. We induced adipogenic differentiation in OFs and
oil red O staining revealed that overexpression of TMEM2
significantly reduced the frequency of lipid droplets compared
to control cells, whereas knockdown of TMEM2 led to a sig-
nificant increase (Fig. 3, A, C, and D). We also examined the
expression levels of key proteins involved in promoting adi-
pogenesis including PPAR-γ and c/EBP-α and adiponectin,
which is the most abundant peptide secreted by adipocytes
(24). Consistent with the oil red O staining, we found that
adiponectin, PPAR-γ and c/EBP-α protein expression levels
were significantly reduced following TMEM2 overexpression,
while TMEM2 knockdown led to increased expression
(Fig. 3B). c/EBP-β expression levels were unaffected. Together,
these findings suggest that overexpression of TMEM2 inhibits
adipogenic differentiation in OFs.
TMEM2 functions through the JAK-STAT signaling pathway

Since TMEM2 has been shown to activate JAK/STAT
signaling (20) and the JAK/STAT signaling pathway has been
implicated in mediating the disease progression of many
J. Biol. Chem. (2024) 300(2) 105607 3



Figure 3. TMEM2 inhibits the adipogenic differentiation of orbital fibroblasts. A, the effects of TMEM2 overexpression and knockdown on cell lipid
droplet generation were examined by oil red O staining, n = 3, scale bar = 50 μm. B, Western blot analysis was used to examine the protein expression levels
of adipogenic-associated proteins including adiponectin, PPAR-γ, c/EBP-α and c/EBP-β, n = 3. C, triglyceride expression levels were examined by ELISA, n = 5.
D, lipid droplets level in OFs was examined by Nile Red staining, n = 3, scale bar = 50 μm. Data are presented as mean ± SD. **p< 0.01, ***p < 0.001.

Hyaluronidase TMEM2 suppresses Graves’ orbitopathy via JAK-STAT
autoimmune and inflammatory diseases, we next examined if
TMEM2 activated the JAK/STAT pathway in OFs. In the
validation set GSE116959 from the GEO dataset, samples of
OFs stimulated with or without TGF-β1 from patients with
GO were divided into low and high groups according to the
expression level of the genes. Gene set enrichment analysis
(GSEA) was conducted and mapped into the KEGG pathway
enrichment database. The terms with p-value < 0.05 were
chosen as the cutoff criteria. Upon conducting GSEA analysis,
we observed a positive correlation between the expression of
TMEM2 and the JAK/STAT signaling pathway. This suggests
a potential positive regulatory relationship between the two
(Fig. 4A). As shown in Figure 4, B–E, overexpression of
TMEM2 led to increased phosphorylation of Tyk2, JAK1,
Stat1, and Stat2, without affecting levels of the non-
4 J. Biol. Chem. (2024) 300(2) 105607
phosphorylated forms of these proteins. Further, we next
treated OFs with CYT387 (5 μM), a Jak1 inhibitor (25). Inhi-
bition of Jak1 phosphorylation reversed the increase in
downstream STAT pathway phosphorylation caused by over-
expression of TMEM2 (Fig. 4, G–J), as well as the frequency of
lipid droplets (Fig. 4, K and L), which leads to a specific
signaling pathway of TMEM2-JAK/STAT axis. Thus, these
results suggest that the effects of TMEM2 in OFs are depen-
dent upon increased JAK/STAT signaling.
TMEM2 inhibits the progression of Graves’ orbital disease
in vivo

Finally, the effects of TMEM2 overexpression on the pro-
gression of Graves’ orbital disease were examined in our



Figure 4. TMEM2 activates the JAK-STAT signaling pathway in vitro. A, TMEM2-induced changes in gene expression were analyzed by GSEA. B–F,
protein expression and phosphorylation levels of components of the JAK-STAT signaling pathway were detected by western blotting. G–J, OFs were treated
with CYT387 (5 μM) to inhibit JAK1 phosphorylation. The expressions of downstream Stat1 and Stat2 phosphorylation were examined by western blotting. K
and L, relevant lipid droplets level in OFs was examined by Nile Red staining, scale bar = 50 μm. Data are presented as mean ± SD, n = 3, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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mouse model of GO. We observed lymphocytic infiltrate into
the orbital tissues and strikingly, overexpression of TMEM2
significantly reduced the inflammatory infiltration (Fig. 5A).
Further, the increased adipogenesis observed in mouse GO
tissue was significantly reduced following overexpression of
TMEM2 (Fig. 5, B, D–F). TMEM2 overexpression was also
associated with reduced fibrosis as measured by Masson’s
trichrome staining (Fig. 5C). Overexpression of TMEM2 also
reversed GO induced T cell activation and inhibited cellular
immune response (Fig. 5, G and H). Taken together, these
findings demonstrate that overexpression of TMEM2 reduced
disease progression in a mouse model of GO.

Discussion
GO is an autoimmune disease that is characterized by the

inflammation, expansion, remodeling and fibrosis of the
orbital tissue (2, 26). Elevated levels of several proteins,
including human TSH receptor (hTSHR) and HA mediate
fibrosis of orbital muscle tissue and tissue edema that
potentiates inflammatory cell infiltration, respectively (27, 28).
Multiple studies have suggested that targeting HA could be
potentially beneficial in the development of novel therapeutic
strategies for GO (29). For example, two independent studies
recently demonstrated that 4-methylumbelliferone could
inhibit HA synthesis and adipogenesis in cultured OFs (8, 30),
while Zhang et al demonstrated that combined inhibition of
PI3K1A and mTORC1 decreased HA production and adipo-
genesis (31). However, targeting HA catabolism to treat GO
has not been examined. In the current study, we focused on
the role of HA degradation in GO disease progression. Spe-
cifically, we found that the hyaluronidase TMEM2 was
significantly downregulated in orbital tissue isolated from GO-
induced mice, while overexpression of TMEM2 protected
mice from the development of disease in a model of GO. Thus,
we show for the first time that reduced expression of TMEM2
could account for increased HA levels and adipogenesis
associated with GO, and that TMEM2 is a potential thera-
peutic target in GO.
J. Biol. Chem. (2024) 300(2) 105607 5



Figure 5. TMEM2 inhibits the progression of Graves’ orbital disease in vivo. A, representative images of pathological tissue of GO mouse models
detected by H&E (×40), scale bar = 50 μm, n = 5. B, representative images of adipose tissue at pathological sites were detected by oil red O staining, scale
bar = 50 μm, n = 5. C, representative images of fibrous formation at pathological sites detected by Masson’s trichrome staining, scale bar = 50 μm, n = 5. D,
triglyceride expression levels of pathological tissue were examined by ELISA, n = 7. E and F, lipid droplets level of pathological tissue was examined by Nile
Red staining, scale bar = 50 μm, n = 5. G and H, representative images of CD3+ T cells at pathological sites detected by immunofluorescence, n = 5, scale
bar = 50 μm. Data are presented as mean ± SD. **p < 0.01, ***p < 0.001.

Hyaluronidase TMEM2 suppresses Graves’ orbitopathy via JAK-STAT
Since both ROS and IL-1β have key roles in mediating the
progression of inflammatory disorders (32, 33), we next
examined the effects of TMEM2 overexpression and knock-
down on H2O2- and IL-1β-treated OFs. We found that over-
expression of TMEM2 inhibited ROS production and
alleviated inflammation in OFs. Furthermore, we found that
overexpression of TMEM2 inhibited adipogenic differentiation
of OFs, which occurs in response to inflammatory cytokines
(21, 23).

Additionally, the fact that TMEM2 overexpression exerted
notable effects on key cellular processes, despite a less-than-
expected increase in expression levels, suggests a complex
interplay of factors governing its functionality. The observed
functional consequences emphasize the significance of even
subtle shifts in protein levels. It is plausible that TMEM2, like
many regulatory proteins, operates within a finely tuned range
where small variations trigger significant cellular responses.
This echoes the concept that biological systems often exhibit
non-linear relationships between protein expression and
functional outcomes. Our findings, therefore, contribute to the
growing understanding that the impact of protein modulation
6 J. Biol. Chem. (2024) 300(2) 105607
extends beyond a simple dose-response paradigm. Conversely,
the observed 20% downregulation of TMEM2 in the GO
mouse model adds another layer of complexity to our under-
standing. While seemingly modest, this reduction may carry
functional significance within the specific context of GO. The
dynamic and multifaceted nature of GO, characterized by
immune responses, inflammation, and tissue remodeling,
could contribute to the observed regulatory changes. The
seemingly modest changes in TMEM2 expression levels, both
in overexpression and downregulation scenarios, highlight the
need for a more comprehensive understanding of the intricate
molecular mechanisms governing TMEM2’s functionality in
the context of GO.

The signaling pathways by which TMEM2 mediates its ef-
fects are not well known. Recently, TMEM2 was shown to
inhibit HBV infection in HCC cells via activation of the JAK/
STAT signaling pathway (20, 34). Since the JAK/STAT
signaling pathway has also been implicated in mediating the
disease progression of many autoimmune and inflammatory
diseases, we sought to determine whether TMEM2 reduced
adipogenesis of OFs through JAK/STAT signaling. Western



Hyaluronidase TMEM2 suppresses Graves’ orbitopathy via JAK-STAT
blot analysis revealed that overexpression of TMEM2 led to
increased phosphorylation of Tyk2, JAK1, Stat1, and Stat2.
Thus, therapies resulting in enhanced JAK/STAT signaling
may be beneficial in GO. Consistent with this, inhibition of the
JAK2/TYK2 phosphatase PTP1B in GO has been shown to
reduce inflammation, ROS generation, and fibrosis (35), which
is similar to the effects of TMEM2 overexpression. Thus,
TMEM2-dependent modulation of JAK/STAT signaling may
provide a novel therapeutic modality to treat GO.

TMEM2 expression is regulated by SOX4, a gene located in
the 6p region that has been previously associated with Graves’
disease in a genome-wide association study (36). Thus,
reduced TMEM2 expression in GO may also be associated
with dysfunctional SOX4. The SOX4/TMEM2 axis in GO will
be the subject of future studies.

In conclusion, our study defined a role for TMEM2 in the
regulation of inflammation, adipogenesis, and fibrosis associ-
ated with GO disease progression. We found that TMEM2
activates the JAK/STAT pathway to reduce the severity of GO
and identifies TMEM2 as a potential therapeutic target to treat
GO.

Experimental procedures

Construction of a mouse model of Graves’ orbital disease

Female BALB/c mice aged 6 to 8 weeks were purchased
from Liaoning Changsheng Biotechnology Ltd. Mice were
housed under specific pathogen-free conditions and given free
access to food and water. All animal experiments were
approved by the Animal Research Ethics Committee of
Longhua Hospital. We established the in vivo GO mouse
model as described previously (21). Briefly, mice were anes-
thetized by intraperitoneal injection of sodium pentobarbital
(40 mg/kg), then injected intramuscularly (in the biceps fem-
oris muscle) with plasmid DNA (100 mg/mouse) of
pcDNA3.1-T289 (expressing human TSHR A subunit cDNA,
NM_000369.2), pcDNA3.1(+), or saline as the mock control.
Injections were immediately followed by electroporation with
an ECM 830 system (BTX Harvard Apparatus) with 10 mm
electrode needles at 200 V/cm. The current was applied in ten
20 ms square wave pulses at 1 Hz and caused marked muscle
twitching. Injections were carried out four times over a 3-week
period. Mice were monitored for signs of distress afterwards,
including weight loss and behavior changes such as fur-ruffling
and lethargy. 15 weeks after the last immunization, all mice
were humanely euthanized and the orbital tissue was removed.

To test the role of TMEM2, mice were randomly assigned to
three groups: control, GO, and GO + TMEM2. Over-
expression of TMEM2 in vivo was facilitated by adeno-
associated virus (AAV)-mediated delivery through tail vein
injection (1 × 1011 v.g per mouse). A week later, mice were
immunized to induce GO as described before.

Cell culture and differentiation protocol

Orbital tissue was removed from GO or non-GO mice,
minced, and placed into plastic culture dishes in Medium 199
containing 20% fetal bovine serum (FBS; Gibco), penicillin
(100 U/ml) and gentamicin (20 μg/ml) at 37 �C in a humidified
atmosphere of 5% CO2. Once OFs had grown out from the
tissue extracts, the cells were passaged and cultured in media
containing 10% FBS and antibiotics.

To initiate adipocyte differentiation, OFs were grown to
confluence in six-well plates, then the media was replaced with
serum-free DMEM-Ham’s F-12 (1:1; Gibco) containing biotin
(33 μmol/L), pantothenic acid (17 μmol/L), transferrin (10 μg/
ml), T3 (0.2 nmol/L), insulin (1 μmol/L), carbaprostacyclin
(cPGI2; 0.2 μmol/L), and, for the first 4 days, dexamethasone
(1 μmol/L) and isobutylmethylxanthine (IBMX; 0.1 mmol/L).
Cells were cultured under these differentiation conditions for
10 days and the media was replaced every 3 to 4 days.

RNA extraction and qPCR

Total RNA was extracted, and reverse transcribed into cDNA
using the HiScript Reverse Transcriptase (RNase H) (Vazyme).
The cDNA was amplified using SYBR Green Real-Time PCR
master mix and a StepOne Plus real-time PCR thermocycler
(Applied Biosystems). The following PCR primer sequences
were used: TMEM2, forward: 50-ATATGGGCCGGTATCCT
GTG-30 and reverse: 50-ACCTAGTGTGTCGAAGCCAA-30;
and GAPDH, forward: 50-ATGGGTGTGAACCACGAGA-30

and reverse: 50- CAGGGATGATGTTCTGGGCA-30. All PCR
reactions were performed in triplicate. Samples were normal-
ized to GAPDH levels and are expressed as the relative fold
change of threshold cycle value relative to the control group
using the 2-ΔΔCt method.

Construction of TMEM2 overexpression and silencing vectors
and transfections

TMEM2 overexpression vector was constructed by inserting
the TMEM2 coding sequence into the pcDNA3.1+ vector. For
shRNA-mediated silencing of TMEM2, the shRNA sequence
(shTMEM2: GTGAGAAACTATGAAAATCATAG) was
cloned into the pLKO.1 vector (Genepharm).

For overexpression studies, OFs were grown to 70 to 90%
confluency and transfected with the TMEM2 overexpression
vector using Lipofectamine 3000 reagent (Thermo Fisher
Scientific) for 48 h. For the knockdown experiments, OFs were
cultured to 80% confluency and transfected with scramble
shRNA or shTMEM2 using the Lipofectamine 3000 reagent
for 48 h. Following transfection, cells were treated with IL-1β
(10 ng/ml) to induce inflammation or H2O2 (200 μM) to
induce oxidative stress. Transfected cells were differentiated
into adipocytes for 10 days to determine the effects of TMEM2
knockdown on adipogenesis.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to determine the IL-6 and IL-8 levels
released by OFs. Briefly, the culture medium of treated cells
was collected and centrifuged at 2000g for 10 min. The
resulting supernatant was assayed immediately using IL-6 and
IL-8 ELISA kits according to the manufacturer’s instructions
(R&D). The absorbance was read at 450 nm using a spectro-
photometer (Rayto RT-6100).
J. Biol. Chem. (2024) 300(2) 105607 7
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Oil red O staining

OFs cultured under adipogenic conditions as described
above were washed twice with PBS, then fixed with 3.7%
formalin for 1 h at 4 �C. Fixed samples were stained with oil-
red O working solution for 1 h at room temperature. After
washing in distilled water, samples were visualized, and images
were captured by light microscopy. Lipid accumulation was
assessed by solubilizing cell-bound oil red O with 100% iso-
propanol and measuring the optical density of the solution
with a spectrophotometer at 490 nm.

Measurement of reactive oxygen species (ROS) levels

ROS levels were measured using the cell-permeant 5(6)-
carboxy-20,70-dichlorofluorescein diacetateoxidant-sensitive
fluorescent probe (H2DCFDA; Sigma-Aldrich). Briefly, OFs
were seeded in 24-well plates at a density of 1 × 105 cells/ml.
Cells were transfected with TMEM2 overexpression vector or
shTMEM2 and their corresponding empty vector and
scramble shRNA controls for 48 h as described above. Next,
cells were treated with H2O2 (200 μM) for 1 h to induce
oxidative stress or IL-1β (10 ng/ml) for 24 h to induce
inflammation. Treated cells were then washed with PBS and
incubated with H2DCFDA (10 μM) at 37 �C. Samples were
trypsinized, washed, resuspended in PBS, and examined by
flow cytometry (Nikon Eclipse C1).

Western blot analysis

OFs were lysed on ice for 30 min in cell lysis buffer con-
taining HEPES (20 mM, pH 7.2), 10% glycerol, Na3VO4

(10 mM), NaF (50 mM), PMSF (1 mM), DTT (0.1 mM), leu-
peptin (1 μg/ml), pepstatin (1 μg/ml), and 1% Triton X-100.
Protein concentrations were determined using the Bradford
assay (Bio-Rad). Equal amounts of protein were separated by
10% SDS-PAGE, then transferred to PVDF membranes.
Membranes were blocked with skimmed milk, then incubated
overnight with primary antibodies against TMEM2 (1:1000;
Proteintech), adiponectin (1:500; Abcam), PPAR-γ (1:1000;
Abcam), c/EBPα (1:500; Abcam), c/EBPβ (1:1000; Abcam),
p-Tyk2 (1:1000; Sigma-Aldrich), Tyk2 (1:1000; Sigma-
Aldrich),p-JAK1 (1:1000; Cell Signaling Technology), JAK1
(1:1000; Cell Signaling Technology, Danvers, MA), p-Stat1
(1:1000; Abcam), Stat-1 (1:1000; Abcam), p-Stat2 (1:1000;
Sigma-Aldrich), Stat-2 (1:1000; Sigma-Aldrich) and GAPDH
(1:2000; Cell Signaling Technology). After washing with TBST
three times, membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h at
room temperature. After a further three washes with TBST,
protein bands were visualized using an enhanced chem-
iluminescence kit (Pierce). The relative amount of each
immunoreactive band was quantified by densitometry and
normalized to GAPDH.

Immunohistochemistry (IHC)

Orbital tissue sections from GO and non-GO mice were
fixed in formalin and embedded in paraffin. Antigen retrieval
was carried out by microwaving the tissue samples in citrate
8 J. Biol. Chem. (2024) 300(2) 105607
buffer. Sections were then incubated in H2O2 (10 μg/ml) for
20 min to inhibit endogenous peroxidase activity. Next, sec-
tions were washed in PBS for 10 min, blocked with 3% BSA for
30 min at room temperature, and then incubated with a pri-
mary antibody against TMEM2 (1:100; Proteintech) for 12 h at
4 �C. Sections were then washed in PBS and incubated with
the HRP-conjugated secondary antibody for 1 h at room
temperature. Samples were washed with PBS, then developed
using 3-30 diaminobenzidine tetrahydrochloride (DAB; Sigma).
Sections were counterstained with Mayer’s hematoxylin,
washed and mounted. Stained samples were visualized by light
microscopy.

Immunofluorescence assay

In order to determine CD3 expression in orbital tissues,
immunofluorescence staining was performed. The OFs were
fixed in 10% neutral buffered formalin and permeabilized by
0.3% Triton X-100 in PBS. Fixed tissue or cells were rinsed in
PBS, incubated in blocking solution (1% BSA, 0.3% Triton X-
100 in PBS) for 30 min, then incubated in CD3 antibody (1:10;
Abcam) solution at 4 �C overnight. The tissue or cells were
washed three times in PBS and incubated in Alexa-488-
conjugated secondary antibody (Invitrogen) for 1 h at room
temperature. Finally, the tissue or cells were rinsed twice in
PBS, and counterstained with DAPI for 5 min, and images
were taken by fluorescence microscope (Olympus).

Nile red staining

Cultured OFs were rinsed with 0.1 mol/L PBS and fixed with
2% PBS-buffered formaldehyde containing 0.2% Triton X-100
and 5% sucrose at 37 �C for 5 min. After a thorough PBS rinse
(three times, 5 min each), the cells were further permeabilized
with 60% isopropanol solution in PBS (5 min) and incubated
with 1:100 buffer diluted Nile red stock solution (Invitrogen)
for 5 min. Cultures were washed in PBS three times and the
coverslips inverted and finally mounted on object slides with
ProLong Glass Mountant (Invitrogen).

To evaluate the presence of lipids in orbital tissue, the
deparaffinized orbital tissue sections were hydrated in graded
ethanol for 5 min each. After washing in PBS, the sections
were stained by using Nile Red (0.5 μl/ml) at room tempera-
ture for 1 h. Samples were analyzed by using a fluorescent
microscope.

Hematoxylin and eosin (H&E) and Masson’s trichrome staining

Orbital tissue from GO and non-GO mice was fixed in
neutral formalin, embedded in paraffin, then sectioned. The
slides were subjected to H&E or Masson’s trichrome staining.
Samples were visualized and images were captured by light
microscopy.

Statistical analysis

All experiments were performed at least three times and
samples were assayed in duplicate each time. For statistical
analysis of qPCR and Western blot assays, the mean value and
SD were calculated for normalized measurements of each
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mRNA or protein from multiple samples harvested from
different treatment groups. Data were analyzed by the t test or
one-way ANOVA test and Bonferroni method as a post hoc
test using the GraphPad 8.0 program for Windows. A
p value < 0.05 was considered significant.
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