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PURPOSE. Thyroid eye disease (TED) is a condition that causes the tissue behind the eye to
become inflamed and can result in excessive fatty tissue accumulation in the orbit. Two
subpopulations of fibroblasts reside in the orbit: those that highly express Thy1 (Thy1+)
and those with little or no Thy1 (Thy1–). Thy1– orbital fibroblasts (OFs) are more prone
to lipid accumulation than Thy1+ OFs. The purpose of this study was to investigate the
mechanisms whereby Thy1– OFs more readily accumulate lipid.

METHODS. We screened Thy1+ and Thy1– OFs for differences in microRNA (miRNA)
expression. The effects of increasing miR-130a levels in OFs was investigated by
measuring lipid accumulation and visualizing lipid deposits. To determine if adeno-
sine monophosphate-activated protein kinase (AMPK) is important for lipid accumu-
lation, we performed small interfering RNA (siRNA)-mediated knockdown of AMPKβ1.
We measured AMPK expression and activity using immunoblotting for AMPK and AMPK
target proteins.

RESULTS. We determined that miR-130a was upregulated in Thy1– OFs and that miR-130a
targets two subunits of AMPK. Increasing miR-130a levels enhanced lipid accumulation
and reduced expression of AMPKα and AMPKβ in OFs. Depletion of AMPK also increased
lipid accumulation. Activation of AMPK using AICAR attenuated lipid accumulation and
increased phosphorylation of acetyl-CoA carboxylase (ACC) in OFs.

CONCLUSIONS. These data suggest that when Thy1– OFs accumulate in TED, miR-130a
levels increase, leading to a decrease in AMPK activity. Decreased AMPK activity promotes
lipid accumulation in TED OFs, leading to excessive fatty tissue accumulation in the orbit.

Keywords: miR-130a, thyroid eye disease, Graves’ orbitopathy, fibroblast, lipid accumu-
lation, AMP-activated protein kinase

Thyroid eye disease (TED) is a manifestation of autoim-
mune thyroid disease characterized by extensive tissue

remodeling in the orbit. Approximately 40% to 50% of
patients with Graves’ disease will also be diagnosed with
TED.1,2 Of those that present with symptoms of TED,
approximately 3% to 6% will go on to develop sight-
threatening disease.1 There is no current therapy to prevent
TED from occurring in autoimmune thyroid disease patients.
Corticosteroids and orbital decompression surgeries to mini-
mize symptoms of TED have been the standard of care for
decades. Recently, a new biological drug has been approved
by the US Food and Drug Administration to treat TED; tepro-
tumumab (Tepezza; Horizon Therapeutics, Dublin, Ireland)3

has shown promising results in a majority of patients,
but some patients are refractory, it must be administered
intravenously, and it has a significant cost burden.4 TED
is a complex disorder with varied manifestations and is
still incompletely understood. Uncovering the mechanisms
involved in the pathophysiology of this disease will provide

novel targets for therapies that would benefit a diverse set
of patients.

The extensive orbital tissue remodeling observed in TED
is caused by the activation and differentiation of fibroblasts
in the orbit.2,5,6 Orbital fibroblasts (OFs) are a heteroge-
neous population of cells that can proliferate and differ-
entiate into both myofibroblasts that contribute to scar-
ring and adipocytes that accumulate into excessive amounts
of fat tissue. Fibroblasts with high levels of Thy1 surface
expression (Thy1+) more readily form myofibroblasts, and
fibroblasts with little or no Thy1 (Thy1–) form adipocytes
when activated.7–9 OFs can be activated by infiltrating T
cells that produce prostaglandins such as 15-deoxy-�12,14-
prostaglandin J2 (15d-PGJ2), an endogenous ligand of perox-
isome proliferator-activated receptor gamma (PPARγ ), a
transcription factor that promotes adipogenesis and lipid
accumulation.5,10

Adenosine monophosphate-activated protein kinase
(AMPK) is a central player in energy homeostasis and
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TABLE. Demographic Data

Age (y) Sex Smoking Status Steroid Use

TED patients
69 F Yes No
56 F Former No
58 F Yes Oral
53 F No No
27 F No Oral
47 F No Oral
34 M Former No
49 M Former No

Non-TED patients
58 F No No
45 F No No
48 F No No
57 M No No

regulates lipid accumulation. AMPK activation reduces lipid
accumulation by promoting oxidation of fatty acids and
limiting lipid synthesis.11 AMPK is a heterotrimeric complex
consisting of a catalytic AMPKα subunit and regulatory
AMPKβ and AMPKγ subunits.12,13 AMPK is activated by AMP
or adenosine diphosphate (ADP) binding, which leads to the
activating phosphorylation of the AMPKα subunit.11 When
AMPK has been activated, it phosphorylates and inacti-
vates lipid anabolic enzymes such as acetyl-CoA carboxylase
(ACC) and sterol-regulatory-binding-protein 1c (SREBP1c).13

One of the mechanisms for controlling protein expres-
sion is through expression of microRNAs (miRNAs). Over
2000 small non-coding miRNAs have been identified that are
thought to regulate up to 60% of protein encoding genes.14

miRNAs can regulate multiple target genes by reducing
target protein translation and/or decreasing mRNA stabil-
ity.14 Different cell types and tissues have varied miRNA
expression, and the expression of miRNAs can also be
affected by aging and disease processes.15

This study set out to investigate differences in Thy1+ and
Thy1– OFs in order to understand the molecular mechanisms
driving lipid accumulation in Thy1- OFs. We found that miR-
130a is elevated in Thy1– OFs and TED tissue and that miR-
130a targets AMPK. This novel mechanism could provide a
target for new therapeutics to benefit TED patients.

METHODS

Cell Culture

Orbital tissue explants were collected during surgical
decompression required for the management of TED as
well as non-TED eye surgeries at the Flaum Eye Institute
at the University of Rochester Medical Center. Informed
written consent was obtained from individuals prior to
surgery following the guidelines and approval of the Univer-
sity of Rochester Medical School Research Subjects Review
Board. Non-orbital fat tissues were provided as scrap waste
tissue from the Surgical Pathology Clinical Laboratory at the
University of Rochester Medical Center after patient identi-
fying information was removed. Fat tissues were processed
as previously described.16 Each OF strain represents fibrob-
lasts isolated from an individual patient. The Table describes
key characteristics of the patient population. OFs were
used for experiments between passages 3 and 9. Fibroblast
strains were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with

10% fetal bovine serum (FBS) (Hyclone Laboratories, Logan,
UT, USA) and antibiotics (Invitrogen). To initiate adipogen-
esis, OFs were transferred to DMEM containing 3% FBS and
treated with 5-μM 15d-PGJ2 (Cayman Chemical, Ann Arbor,
MI, USA), an endogenous PPARγ ligand known to promote
adipogenesis,17,18 every second day for 8 to 12 days.

miRNA Extraction and Quantitative PCR

Total cell RNA, including miRNAs were isolated with an
miRNeasy Mini Kit (Qiagen, Hilden, Germany). RNA concen-
trations were determined with the DeNovix DS-11 spec-
trophotometer (DeNovix Inc., Wilmington, DE, USA). cDNA
was generated using the TaqMan MicroRNA Reverse Tran-
scription Kit (Applied Biosystems, Foster City, CA, USA), and
miRNA expression was quantified via real-time quantitative
PCR using a TaqMan Universal PCR Master Mix (Applied
Biosystems) and the BioRad CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories, Hercules, CA, USA).
Specific primers for hsa-miR-130a-3p were obtained from
Applied Biosystems. Expression of miR-130a was normal-
ized to the expression of either U6 small nuclear RNA
(snRNA) or miR-16-5p (Applied Biosystems), and the expres-
sion of these RNAs was similar in all treatment conditions.
The data were then further normalized by setting the control
values to one.

Luciferase Reporter Assays

Human embryonic kidney (HEK293FT) cells were used
in reporter assays as previously described.19 The reporter
plasmid contained the PRKAB1 3′UTR (AMPKβ) cloned
downstream of the Renilla luciferase open reading
frame in the psiCheck2.1 vector (Promega Corpora-
tion, Madison, WI, USA). The human PRKAB1 3′UTR
was amplified from human OF cDNA by PCR using
KOD polymerase (Novagen Inc., Madison, WI, USA)
using the following primers: PRKAB1 3′UTR fwd: 5′-
TACTCGAGAGAGCTGGGGGCGGATGG-3′; PRKAB1 3′UTR
rev: 5′-TAGCGGCCGCGAAACTTGTCCATCAAGG-3′, where
the underlined nucleotides indicate restriction sites for XhoI
and NotI. The 3′UTR sequence was verified by DNA sequenc-
ing and then inserted into the psiCheck2.1 vector. After
introduction of plasmid, cells were further incubated for 18
hours, and then cells were lysed directly in plates using
Promega Dual-Glo Luciferase Reagent. Firefly and Renilla
luciferase readings were measured on a Varioskan Flash
luminescent plate reader (Thermo Fisher Scientific,Waltham,
MA, USA). Renilla activity levels were normalized to firefly
activity, and values are reported as relative light units.

Introduction of miR-130a Mimics

OFs were cultured in DMEM containing 3% FBS. OFs were
then treated with the hsa-miR-130 mirVana miRNA mimic
(Ambion Inc., Austin, TX, USA) mixed with Invitrogen Lipo-
fectamine 2000 transfection reagent in Invitrogen Opti-MEM
I at a final concentration of 100 nM. Some cultures were
treated with 5-μM 15d-PGJ2 every second day for 8 to
12 days. In these instances, miRNA-130a mimic was added
24 hours before application of the 15d-PGJ2. The mimic was
reintroduced to cultures on day 4 with the method described
above.
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AdipoRed Assay

Fibroblasts were plated into 24-well plates and treated as
described. After treatment, cells were analyzed for triglyc-
eride accumulation using the AdipoRed Assay Reagent
(Lonza Walkersville, Inc., Walkersville, MD, USA) follow-
ing the manufacturer’s instructions. Culture medium was
removed, and the cells were washed in 1× PBS. Then,
cells were incubated with the diluted AdipoRed reagent for
10 minutes. The cell–AdipoRed complexes were excited at
485 nm in a Varioskan Flash plate reader, and the fluores-
cence at 572 nm was quantified.

Western Blot Analysis

OFs were lysed and processed as described previously.20

Antibodies targeting p-AMPKα (rabbit anti-p-AMPKα),
AMPKα (rabbit anti-AMPKα), p-AMPKβ (rabbit anti-p-
AMPKβ), AMPKβ1/2 (rabbit anti-AMPKβ1/2), p-ACC (rabbit
anti-p-ACC), ACC (rabbit anti-ACC), and β-tubulin (rabbit
anti-β-tubulin) were all obtained from Cell Signaling Tech-
nology (Danvers, MA, USA), and AMPKβ (mouse anti-
AMPKβ) was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Fluorescent Staining

OFs were fixed with 4% paraformaldehyde for 20 minutes,
stained with Invitrogen HCS LipidTOX green neutral
lipid stain, and counterstained with 4′,6-diamidino-2-
phenylindole (DAPI) nucleic acid binding dye (Invitrogen).
Fluorescence was visualized on a ZOE Fluorescent Cell
Imager (Bio-Rad) utilizing the same settings for each image
in the experiment.

Gene Expression Knockdown Using Small
Interfering RNA

Knockdown experiments were done as described previ-
ously.16 Three different PRKAB1 (the gene for AMPKβ)
small interfering RNAs (siRNAs) were used in experiments
and yielded similar results. PRKAB1 siRNA (catalog nos.
4392420 and 4390824) and a non-specific, negative control
siRNA (Negative Control #1) were purchased from Ambion
(Ambion). The third PRKAB1 siRNA was purchased from
Santa Cruz Biotechnology (catalog no. sc38925).

Statistical Analysis

Data were analyzed using Prism 7 (GraphPad Software, San
Diego, CA, USA). Statistical significance is denoted by P
values of P < 0.05 (* or #); P < 0.01 (** or ##); P < 0.001
(*** or ###), or P < 0.0001 (**** or ####).

RESULTS

miR-130a Is Elevated in TED

miRNAs are critical regulators of inflammation and cellular
differentiation, two processes that play an important role
in TED pathophysiology. We profiled miRNA expression in
Thy1– and Thy1+ OFs using a low-density qPCR array of
the 88 most common miRNAs. One of the most striking
differences was found in miR-130a expression.miR-130a was
approximately threefold higher in Thy1– TED OFs compared

FIGURE 1. miR-130a levels were increased in the orbit and in TED
OFs treated with the PPARγ ligand 15d-PGJ2. (A) Thy1+ and Thy1–
OFs were analyzed for miR-130a levels (n = 3; ***P < 0.001 using
Student’s t-test). (B) Fat tissues from different depots were analyzed
for miR-130a. The level of miR-130a in non-orbital fat tissue was
normalized to 1.0 (n = 4; *P < 0.05 using the Mann–Whitney non-
parametric test for data that included outliers). (C) Fibroblasts were
grown out of explanted fat tissues from the orbit and non-orbit fat
depots. Expression of miR-130a was analyzed, and the level in non-
orbital fibroblasts was normalized to 1.0 (n = 4 different non-OF
strains; n = 11 different OF strains; ***P < 0.001 using Student’s t-
test). (D) OFs were treated with 5-μM 15d-PGJ2 or dimethylsulfoxide
(DMSO) as control every second day for 8 to 10 days. Control OF
miR-130a levels were normalized to 1.0 (n = 7 different TED OF
strains; ****P < 0.0001 using Student’s t-test).

with the Thy1+ subpopulation (Fig. 1A). Thy1– OFs are
more prone to accumulate lipid and form adipocytes; there-
fore, we next investigated whether miR-130a is associated
with TED fat by measuring miR-130a levels in TED orbital fat
tissue. miR-130a was increased by approximately 3.5-fold in
TED orbital fat tissue compared to non-TED fat, suggesting
that this miRNA might contribute to TED (Fig. 1B). Further-
more, these differences were maintained when explanted
fibroblasts were grown out of these tissues. OFs expressed
more miR-130a than fibroblasts explanted from non-orbital
tissues (Fig. 1C). Not only did OFs have higher basal levels
of miR-130a, but the levels of miR-130a increased three-
fold when OFs were exposed to 5-μM 15d-PGJ2 for 8 days
(Fig. 1D).

miRNA-130a Enhances Lipid Accumulation in OFs

Because miR-130a was upregulated in Thy1– OFs and miR-
130a also appears to increase when exposed to 15d-PGJ2,
we investigated whether miR-130a might be involved in lipid
accumulation. OFs were transfected with miR-130a and lipid
levels were measured with the AdipoRed assay (Fig. 2A). OFs
were treated with 5-μM 15d-PGJ2 every second day for 10
to 12 days and then lipid levels were measured. We found
that 15d-PGJ2 led to an approximately twofold increase in
lipids (white bars) in control samples. Interestingly, miR-
130a mimic led to a small increase in lipids even with-
out treatment with 15d-PGJ2. In OFs treated with miR-130a
mimic and 15d-PGJ2, there was a fivefold increase in lipid
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FIGURE 2. miR-130a enhances lipid accumulation. TED OFs were
treated with either control miRNA or a miR-130a mimic. OFs were
then treated with either DMSO as control or 5-μM 15d-PGJ2 every
second day for 8 to 10 days. (A) Lipid accumulation was measured
in four OF strains using the AdipoRed assay (n = 4 different OF
strains; *P < 0.05, ****P < 0.0001 when treated cells were compared
with DMSO-treated control using one-way ANOVA and Tukey’s post
hoc analysis). (B) Lipid levels were detected by LipidTOX staining
(green), and nuclei were visualized with DAPI (blue).

levels compared with controls. These results indicate that
miR-130a enhances 15d-PGJ2-mediated lipid accumulation.

To further visualize the effects of the miR-130a mimic
on the OFs, we performed fluorescent staining for lipids
using LipidTOX (green) and DAPI to label the cell nuclei
(blue). OF strains were treated with 5-μM 15d-PGJ2 or vehi-
cle, as described above for 10 to 12 days. Cells were then
fixed, stained, and imaged (Fig. 2B). Vehicle-treated cells
showed a low level of lipid staining that was not present
in all cells. The lipid staining was intensified in the fibrob-
lasts treated with 15d-PGJ2 compared with control. Fibrob-
lasts transfected with the miR-130a mimic showed increased
lipid staining when compared with vehicle-treated cells. The
combined treatment with miR-130a mimic and 15d-PGJ2 led
to the largest increase in lipid staining.

miR-130a Targets AMPK, Reducing AMPK Activity

To investigate the mechanism behind miR-130a and
increased lipid accumulation in OFs, we searched for
genes involved in lipid metabolism with putative bind-
ing sights for miR-130a using TargetScan 7.2.21 Two differ-
ent subunits of AMPK, AMPKα (PRKAA1) and AMPKβ

(PRKAB1), contain conserved target seed sequences for miR-
130a (Fig. 3A). To test if the PRKAB1 3′UTR (for AMPKβ1)
is directly targeted by miR-130a, we cloned the human
PRKAB1 3′UTR into a luciferase reporter construct. The
construct was introduced into HEK293FT cells with either
a non-specific control miRNA or a miR-130a mimic (Fig.
3B). Adding miR-130a to the reporter cells significantly
decreased PRKAB1 3′UTR luciferase activity when compared
with control miRNA, indicating that miR-130a can target
AMPK.

Next, the ability of miR-130a to target AMPK and AMPK
activity in OFs was tested. Here, control or miR-130a miRNAs
were introduced into OFs, and AMPK expression and activ-
ity were analyzed by measuring AMPK, phosphorylated
AMPKα, and ACC. OFs were transfected with miR-130a,
and, after 8 days, cells were lysed and proteins were
analyzed by western blot. The miR-130a mimic led to a 40%
decrease in p-AMPKα, a 25% decrease in total AMPKα, a 50%
decrease in p-AMPKβ, a 50% decrease in AMPKβ, and a 50%
decrease in p-ACC (Fig. 3C). These data demonstrate that
miR-130a expression reduces AMPK levels and activity in
human OFs.

15d-PGJ2 Reduces AMPK Activity

Next, we examined the role of 15d-PGJ2 in AMPK activity by
treating OFs with 15d-PGJ2 for 24 hours and then analyzing
p-AMPK and p-ACC levels. (Fig. 4). AMPKα phosphorylation
was reduced by 15d-PGJ2 by 20%, and ACC phosphoryla-
tion was reduced 40% (Fig. 4A). These results demonstrate
that 15d-PGJ2 reduces AMPK activity. To provide further
evidence that 15d-PGJ2 can reduce AMPK levels, HEK293FT
cells transfected with the PRKAB1 3′UTR luciferase reporter
were treated with 15d-PGJ2. After 24 hours, cells were lysed
and luciferase activity measured. We observed that 5-μM
15d-PGJ2 led to a 40% decrease in luciferase reporter activ-
ity, and 20-μM 15d-PGJ2 led to a 60% decrease in activity
(Fig. 4B).

AMPK Activity Controls Lipid Accumulation in
OFs

To further examine the effect of AMPK on lipid accumula-
tion, OFs were treated with 5-μM 15d-PGJ2 for 10 to 12 days
in the presence of PRKAB1 siRNA (the gene for AMPKβ) to
reduce AMPK activity or in the presence of an AMPK acti-
vator (Fig. 5). PRKAB1 siRNA reduced the protein expres-
sion of AMPKβ (an ∼ 80% decrease) in two different OF
strains. Additionally, AMPKα levels also decreased by 50% in
PRKAB1 siRNA-treated samples (Fig. 5A). AMPKα, AMPKβ,
and AMPKγ form a heterotrimeric complex to become
active11–13; therefore, the reduction of AMPKβ and AMPKα

due to PRKAB1 siRNA suggests there is less activity from
AMPK complexes in these OFs. Next, OFs were pretreated
for 24 hours with PRKAB1 siRNA and then stimulated with
15d-PGJ2 to induce lipid production. Treating OFs for 10 to
12 days every second day with 15d-PGJ2 led to an approx-
imate threefold increase in lipid accumulation as measured
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FIGURE 3. miR-130a targets AMPKα and AMPKβ. (A) Target seed sequences for miR-130a on PRKAA1 (AMPKα) and PRKAB1 (AMPKβ)
are bolded. (B) Reporter assay demonstrated decreased PRKAB1 luciferase activity when miR-130a was added (n = 4 wells per group;
***P < 0.001 using Student’s t-test). (C) Two strains of OFs were transfected with miR-130a mimic. After 8 days, cell lysate was collected, and
protein expression was analyzed with western blotting. Relative expression graphs are five different OF strains (**P < 0.01, ****P < 0.0001
using Student’s t-test).

by the AdipoRed assay. In the presence of the PRKAB1
siRNA, lipid accumulation was significantly increased, by
∼30%, compared to control siRNA (Fig. 5B).

To examine the importance of AMPK activity in control-
ling OF lipid accumulation, we used the AMPK activator
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) to
determine if sustained AMPK activation would block
lipid accumulation. OFs were treated with 400-μM AICAR
concomitantly with 5-μM 15d-PGJ2 to determine if acti-
vation of AMPK would reduce lipid accumulation. Lipid
accumulation due to 15d-PGJ2 alone increased threefold
compared with control. AICAR attenuated lipid accumula-
tion due to 15d-PGJ2 (Fig. 5C). To demonstrate the effect of
AICAR on AMPK activity, p-AMPKα and p-ACC expression
were detected by western blotting. OFs were treated with
400-μM AICAR or vehicle for 24 hours. AICAR increased
the phosphorylation of AMPKα fourfold and ACC sixfold
(Fig. 5D).

DISCUSSION

OFs from TED patients display heterogeneity in Thy1
expression, and the level of Thy 1 expression dictates the
readiness of the cell to undergo adipogenesis and accumu-
late lipid.7–9 We discovered that there are differences in the
miRNA profiles of OFs with low and high expression levels
of Thy1, with miR-130a being expressed to a greater extent
in Thy1– fibroblasts. These results suggest that miR-130a
may play a role in TED orbital tissue remodeling, especially
in terms of excessive lipid accumulation and adipogenesis.

To our knowledge, our findings are the first to demon-
strate that miR-130a can promote lipid accumulation through
the inhibition of AMPK. miR-130a can target genes for two
AMPK subunits, which leads to both diminished AMPK
expression and activity. These results provide a mechanism
whereby Thy1– OFs are primed for lipid accumulation and
the adipogenic process. miR-130a targets and attenuates
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FIGURE 4. 15d-PGJ2 decreased AMPK activity. (A) OFs were treated with 5-μM 15d-PGJ2 or left as an untreated control. After
24 hours, cells were lysed and protein analyzed by western blotting. Relative expression graphs are four different OF strains (**P < 0.01,
***P < 0.001, ****P < 0.0001 using Student’s t-test). (B) Reporter assay demonstrated a dose-dependent decrease in PRKAB1 luciferase activity
when 15d-PGJ2 was added (n = 4 wells per group; **P < 0.01, ****P < 0.0001 using Student’s t-test).

AMPK activity, releasing AMPK inhibition of lipogenic gene
activity and fatty acid synthesis, and miR-130a presents as a
novel target for preventing lipid accumulation in TED.

miR-130a is expressed in many different types of cells and
regulates cellular functions through a variety of targets.22

For example, miR-130a levels are upregulated by cigarette
smoke,23 and smoking increases the chance of developing
TED by around sevenfold.24,25 It will be interesting to deter-
mine if smoking increases the levels of miR-130a in TED and
Graves’ disease patients. Interestingly, miRNA profiling of
TED and non-TED orbital tissue determined that miR-130a
is elevated in TED orbital tissue.26 There is also evidence
suggesting that miR-130a contributes to obesity and inflam-
mation. In Crohn’s disease, a disease associated with intense
inflammation in the digestive system, miR-130a is upregu-
lated in colon tissue.27 Also, miR-130a is elevated in obese
humans,28,29 and circulating miR-130a increases as body
mass index increases.30 Circulating miRNAs are currently
being evaluated for biomarkers in a variety of diseases.31–33

Patients who are at a greater risk for developing severe
TED may present with higher circulating miR-130a levels;
if so, this could provide a novel biomarker to screen Graves’
disease patients who may be more susceptible to develop-
ing severe TED. miR-130a is also implicated in contribut-
ing to the fibrotic process,22,34 increasing proliferation and
collagen production.35 It will be interesting to determine if
miR-130a also increases proliferation, fibrosis, and collagen
production in TED OFs; therefore, targeting and reducing
miR-130a could be even more beneficial to reducing TED
pathology and progression.

It has been shown that miR-130a blocks adipogenesis
in human adipose-derived stromal cells by targeting and
decreasing expression of PPARγ .36 However, we observe
significant lipid accumulation in human OFs when miR-130a
is elevated. In addition to differences in cell types studied,
another difference is that we used the natural PPARγ ligand
15d-PGJ2, whereas others have used a traditional adipogenic
cocktail that included hydrocortisone and the non-selective
phosphodiesterase inhibitor isobutylmethylxanthine. There-
fore, the differences could be due to pathways altered by
steroid signaling and cAMP pathways. Furthermore, miR-
130a likely has additional targets and effects depending on
both cellular and physiological conditions.

Using TargetScan,21 we identified two AMPK subunits as
potential miR-130a targets; however, miR-130a is predicted
to target hundreds of different genes and many of these
could also play a role in lipid metabolism and TED. For
example, several genes involved in the Wnt signaling path-
way are predicted targets of miR-130a, including Wnt1,
Wnt2b, FZD6, LRP6 (a Wnt co-receptor), and TCF4. High
levels of miR-130a blunted Wnt signaling by targeting
Wnt2b, FZD6, and LRP6 in breast cancer cells37 and by
targeting Wnt1 in lung epithelial cells.23 Reductions in Wnt
signaling are important for adipogenesis38; therefore, miR-
130a may disrupt Wnt signaling to promote lipid accumu-
lation in TED OFs. In support of this concept, other stud-
ies have revealed that Wnt signaling is disrupted in TED
orbital tissue.39,40 Growth factor receptor-bound protein
10 (Grb10) is also decreased by miR-130a.41 A decrease
in Grb10 leads to increases in mTOR signaling and lipid
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FIGURE 5. Increasing or decreasing AMPK activity has the opposite effect on lipid accumulation. (A) OFs were transfected with PRKAB1
siRNA (to reduce AMPKβ) or a control siRNA. After 24 hours, OFs were lysed, and the protein expression of AMPKα and AMPKβ was
assessed with western blotting. The PRKAB1 siRNA led to a decrease in AMPKβ and AMPKα. Relative expression graphs are three different
OF strains (**P < 0.01 using Student’s t-test). (B) OFs were transfected with control or PRKAB1 siRNA. After 24 hours, DMSO (vehicle
control) or 5-μM 15d-PGJ2 was added every 2 days for 8 to 10 days, and lipid accumulation was measured using the AdipoRed assay
(n = 4 different OF strains; ****P < 0.001 when compared with control siRNA; ##P < 0.01 when control siRNA OFs treated with 5-μM
15d-PGJ2 were compared with PRKAB1 siRNA OFs treated with 5-μM 15d-PGJ2). Data were analyzed with one-way ANOVA and Tukey’s
post hoc analysis. (C) OFs were treated with four different conditions: (1) DMSO, (2) 5-μM 15d-PGJ2, (3) DMSO and 400-μM AICAR, and
(4) 5-μM 15d-PGJ2 and 400-μM AICAR. Treatments were added every second day for 8 to 10 days. OFs were analyzed for lipids using the
AdipoRed assay (n = 4 different OF strains; ****P < 0.0001 compared with DMSO control; ####P < 0.0001 comparing 5-μM 15d-PGJ2 alone
with 5-μM 15d-PGJ2 and 400-μM AICAR using one-way ANOVA and Tukey’s post hoc analysis). (D) OFs were treated with 400-μM AICAR
or left as untreated control. After 24 hours, cells were lysed, and protein was analyzed by western blotting. Relative expression graphs are
five different OF strains (*P < 0.05, ***P < 0.001, ****P < 0.0001 using Student’s t-test).

accumulation. Therefore, in addition to AMPK, other targets
of miR-130a may promote lipid accumulation in TED.

Here, we have shown that AMPKβ1 knockdown signif-
icantly increases lipid accumulation in TED OFs, suggest-
ing an important role for AMPK in regulating fatty acid
levels. AMPK phosphorylates ACC to inhibit the utilization
of acetyl-CoA units for the biosynthesis of fatty acids.42

AMPKα2 knockout mice show increased adiposity and
adipocyte hypertrophy, suggesting a key role for AMPK
in lipid homeostasis.43 AMPK also regulates lipid levels in
other tissues, including skeletal muscle.44 This is interest-
ing because muscle tissue is often disrupted with exces-
sive lipid deposits in TED. We have also shown that AICAR,
an AMPK activator, efficiently blocked lipid accumulation in
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OFs. AICAR led to a dramatic increase in phosphorylation of
ACC in OFs; however, AICAR may have AMPK-independent
effects on adipogenesis and lipid accumulation. 3T3-L1 pre-
adipocytes treated with AICAR show impairments in mitotic
clonal expansion, a very early step in adipogenic commit-
ment.45 AICAR may inhibit adipogenesis through increases
in the Wnt/β-catenin pathway, which may not be AMPK
specific.46 In addition to the effect of AMPK on lipid accu-
mulation, AMPK may also phosphorylate and inhibit PPARγ ,
leading to a reduction in the transcriptional program of
adipogenesis.47,48

The discovery of many AMPK-activating compounds
suggests that AMPK is an exciting pharmaceutical target12

and that activating AMPK may prove beneficial in TED.
Metformin is a widely used pharmaceutical, the most
commonly prescribed drug for combating type 2 diabetes.11

Metformin acts as an indirect activator of AMPK by modestly
inhibiting Complex I in the mitochondrial respiratory chain,
which increases the ratio of AMP to adenosine triphosphate
to activate AMPK.11,12 Metformin was shown to prevent lipid
accumulation in TED OFs undergoing adipogenesis and to
phosphorylate AMPK; however, this study did not directly
test whether inhibiting AMPK was responsible for changes
in lipid accumulation.49 Nevertheless, metformin may be a
promising drug that could be further tested in TED patients.
Additionally, ezetimibe, a cholesterol-lowering drug, acti-
vates AMPK and reduces lipid accumulation during adipoge-
nesis,50 and it may be useful in treating TED. Taken together,
our study shows for the first time, to our knowledge, that
miR-130a is elevated in human OFs prone to adipogene-
sis and promotes lipid accumulation. miR-130a also targets
AMPK to promote lipid accumulation. This highlights poten-
tial pathways that could be targeted in future studies to limit
the excessive orbital fat tissue accumulation seen in TED.
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