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ABSTRACT

Therapeutic effect of quercetin and resveratrol

in an in vitro model of Graves’ ophthalmopathy

Jin Sook Yoon

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Sang Yeul Lee)

As the management of Graves’ ophthalmopathy is challenging and often
not satisfactory, a new effective and safe treatment on intractable Graves’
ophthalmopathy is mandatory. Flavonoids, which are polyphenolic
compounds with a wide distribution throughout the plant kingdom, are found
to have anti-inflammatory and anti-adipogenic activities. We investigated the
therapeutic effect of quercetin and resveratrol in an in vitro model of Graves’
ophthalmopathy. Primary cultures of orbital fibroblasts were treated with
interleukin-1 (IL-1) B with quercetin or resveratrol in nontoxic concentrations.
The inhibitory effect of quercetin and resweratrol on the IL-1f induced
proinflammatory cytokine expression and the hyaluronan production by IL-13
or tumor necrosis factor (TNF)-o. were determined by semiquantitative
reverse transcriptase polymerase chain reaction (RT-PCR) and by hyaluronan
ELISA, respectively. To evaluate anti-adipogenic activities, confluent



fibroblasts were subjected to differentiation protocol including peroxisome
proliferator activator gamma (PPARY) agonist for 10 days, and exposed to
quercetin and resveratrol during adipocyte differentiation. Differentiated cells
were stained with oil red O, and the expression of PPARy and
CCAAT-enhancer-binding proteins (C/EBP) o, B were determined by western
blot. Quercetin attenuated IL-13 (10ng/ml) induced intercellular adhesion
molecule-1 (ICAM-1), IL-6, IL-8 and cyclo-oxygenase (COX-2) mRNA
expression in a dose- and time- dependent manner. Resveratrol also had a
significant suppressive effect on IL-1f induced proinflammatory cytokine
expressions. Hyaluronan production was only inhibited by quercetin treatment
in a dose- and time-dependent manner. Treatment of both quercetin and
resveratrol in the process of adipogenic differentiation inhibited lipid
accumulation in the cytoplasm of cells stained with oil red O and resulted in
decreased expression of adipogenesis-related factors, PPARy and C/EBPJ in
western blot analyses in a dose-dependent manner. The results suggest that
quercetin and resveratrol possess significant anti-inflammatory and
anti-adipogenic effects in vitro. In addition, quercetin significantly inhibited
hyaluronan production. Our study results provided a basis for further study of
the potential usage of quercetin and resveratrol for the treatment of Graves’
ophthalmopathy.

Key words: adipogenesis, Graves’ ophthalmopathy, hyaluronan, inflammation,

orbital fibroblasts, quercetin, resveratrol



Therapeutic effect of quercetin and resveratrol
in an in vitro model of Graves’ ophthalmopathy

Jin Sook Yoon

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Sang Yeul Lee)

I. INTRODUCTION

Graves’ disease is a well-known autoimmune disease of thyroid gland in which
autoantibodies bind to thyrotropin receptor on thyroid follicular endothelial cells and
thereby activate gland function, leading to excess production of thyroid hormones.
Over 25-50% of Graves’ disease patients develop manifestation of the eye, known as
Graves’ ophthalmopathy.™ 2 Most common features include upper eyelid retraction,
edema, and erythema of periorbital tissues, and proptosis. Almost 3-5% of individuals
with Graves’ ophthalmopathy suffer from intense pain and infllmmation, dip lopia and
sight-threatening compressive optic neuropathy.

Enlargement of extraocular muscle bodies together with an increase of orbital
connective / fatty tissues within the bony orbits is responsible for most of the orbital

complications in patients with severe active Graves’ ophthalmopathy.® Tissue



enlargement is affected by marked infiltration of immunocompetent cells, mainly T
and B lymphocytes and mast cells, and by abundant collagen and hydrophilic
glycosaminoglycans, predominantly hyaluronan. In addition, overabundance of
adipose tissue within the orbits is another prominent feature of Graves’
ophthalmopathy. It is likely that orbital adipose tissue in Graves’ ophthalmopathy is
more cellular and comprises a higher proportion of preadipocytes capable of
differentiating into adipocytes.*° The process of adipocyte differentiation appears to
be phenotypic attribute of orbital fibroblasts, which is not observed in dermal and
perimysial fibroblasts (Figure 1). The mechanistic connection of those pathogenic
components in Graves’ ophthalmopathy is poorly understood. Clinical course of
Graves’ ophthalmopathy are heterogeneous among patients and often culminates in

ocular dysfunction, including restricted eye motility after inflammation subsides .



Figure 1. Main pathologic mechanism of Graves’ ophthalmopathy
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Glucocorticoids have been used for decades and still are indicated as the first-line
treatment due to their anti-infllmmatory and immunosuppressive actions, alone or in
combination with orbital radiotherapy.? ” However, the management of moderate to
severe Graves’ ophthalmopathy is challenging, often not satisfactory. They are mostly
effective in patients with severe and active eye disease.” Soft tissue inflammatory
changes, recent onset extraocular muscle involvement, and optic neuropathy are most
responsive, while proptosis and longstanding extraocular muscle involvement
associated with fibrotic changes are poorly influenced. A major drawback of systemic
glucocorticoid therapy is indeed represented by its possible side effects and
complications, although transient, cushingoid features, diabetes, depression,
reactivation of chronic diseases, infections, hypertension, osteoporosis, increased

body weight, peptic ulcer, hirsutism, and cataract, have been reported during



prolonged glucocorticoid therapy for Graves’ ophthalmopathy.

Salvi et al. compared rituximab, anti CD 20 antibody with intravenous
glucocorticoid therapy in a small, open label nonrandomized pilot study in patients
with mild to moderate Graves’ ophthalmopathy, but the study was uncontrolled and
inadequately powered.® Somastatin analogues were initially considered promising
treatment for Graves’ ophthalmopathy based on nonrandomized open trials.® However,
this drug was abandoned on the basis of recent randomized prospective trials showing
no efficacy.’® ™ Agents interfering with TNF-a. action, which have been used to treat
rheumatoid arthritis and inflammatory bowel disease, were found to have efficacy in
active Graves’ ophthalmopathy in several uncontrolled studies, but there are
limitations of high costs and potential side effects.’'** No reliable, specific and safe
medical therapeutic agents have yet been developed for Graves’ ophthalmopathy. The
challenge of developing specific therapies targeting pathways of inflammation,
adipose tissue expansion, aberrant accumulation of extracellular matrix

macromolecules and fibrosis are mandatory.

Recently, much attention has been focused on natural antioxidants in foods.
Flavonoids are a class of natural biological products that are structurally
heterogeneous, polyphenolic compounds, present in high concentrations in fruits,
vegetables, and other plant-derived foods. It is reported that flavonoids show

14,15

pharmacologic effects such as antioxidant,** ** antitumor'® and anti-inflammatory®’

and therapeutic potential for ischemic heart disease and atherosclerosis 18



Quercetin (3,3,4,5,7-pentahydroxyl flavonone) is a flavonoid, phytoestrogen,
abundantly found in soybeans, vegetables and fruits. Quercetin affects cell cycle

kinetics and proliferation and induces apoptosis.’®?° It has also been found to possess

21 22,23

anti-oxidant, and anti-adipogenic effects. 2 Resveratrol

anti-inflammatory,
(3,4’,5-trihydroxystilbene) is a naturally occurring phytoalexin found in red wines and
grape juice, and has also been reported to have antioxidant,?* anti-inflammatory,?’ and

anticarcinogenic,?® and anti-adipogenic effects.?*?°

In this study, we investigated the effect of quercetin and resveratrol on the
expression of proinflammatory gene, hyaluronan production induced by interleukin
(IL)-1B, and on the adipocyte differentiation in the primary cultures of orbital

fibroblasts from patients with Graves’ ophthalmopathy.



Il. MATERIALS AND METHODS

1. Reagents and chemicals

Quercetin (Q 0125), resveratrol (R 5010) were purchased from Sigma-Aldrich, Inc
(St. Louis, MO). Structures of the flavonoids used in this study are shown in Figure 2.
Dulbecco’s modified Eagle’s mediam (DM EM), fetal bovine serum (FBS), penicillin,
and gentamycin were purchased from Hyclone Laborotaries, Inc (Logan, UT).
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay, the
fluorescent probe propidium iodide (PI) and Oil Red O were purchased from
Sigma-Aldrich.  Bromodeoxyuridine  (5-bromo-2-deoxyuridine,  BrdU) cell
proliferation assay kit was purchased from Chemicon (Temecular, CA). The annexin
V-fluorescence isothiocyanate (FITC) apoptosis kit was purchased from BD
Biosciences (Franklin Lakes, NJ). Hyaluronan enzyme-linked immunosorbent assay

(ELISA) kit was purchased from Echelon Biosciences (Salt Lake, UT).

Recombinant human (rh) IL-1p and tumor necrosis factor (TNF)-o were purchased
from R&D Systems (Minneapolis, MN). Anti-peroxisome proliferator activator
gamma (PPARy) antibody, anti-CCAAT-enhancer-binding proteins (C/EBP) «
antibody, anti-C/EBP B antibody and anti-B-actin antibody were all obtained from

Santa Cruz Biotechnology (Santa Cruz, CA).



Figure 2. Structure of the quercetin (A) and resveratrol (B).

A. B.

2. Cell culture and diffe rentiation protocol

Orbital adipose/connective tissue explants were obtained from individuals
undergoing surgical decompression for severe Graves’ ophthalmopathy (n=5; four
women, one man; aged 41-62 years; no smoker). The patients were not on steroid
med ication for at least three months before surgery, and were euthryoid at the time of
culture harvest. Control cells were obtained in the course of orbital surgery for other
noninflammatory problems with no history of Graves’ ophthalmopathy or Graves’
hyperthyroidism (n=5; three women, two men; aged 35-61 years; no smoker). Tissue
explants were minced and placed directly in plastic culture dishes, allowing
preadipocyte fibroblast to proliferate. Cells were incubated in DM EM containing 20%
FBS, penicillin (100 U/mL), and gentamycin (20 pg/mL) in a humidified 5% CO,
incubator at 37°C, and maintained in two 80-mm flasks with DMEM containing 10%
FBS and antibiotics. Monolayers were passaged serially by gently treating with
trypsin/ EDTA. The strains were stored in liquid N, until needed and used between
3th and 10" passage. Cultured orbital fibroblasts were pretreated with quercetin and

resveratrol before incubation with rh IL-18 or TNF-a to study suppressive effect on



inflammation and hyaluronan production.

To initiate differentiation, cells were grown to confluence in six-well plates.
Cultures were changed to serum-free DMEM supplemented with 33 uM biotin, 17
pM pantothenic acid, 10 pg/ml transferrin, 0.2 nM T3, 1 uM insulin
(Boehringer-Mannheim, Manheim, Germany), 0.2 uM carbaprostaglandin (cPGI2;
Calbiochem, La Jolla, CA), and a PPARy agonist, thiazolidinediones (TZD).
Rosiglitazone 10 uM (Cayman) was used in the TZD class of drugs in this study. For
the first 4 days only, 10 uM dexamethasone and 0.1 mM isobutylmethylxanthine
(IBMX) was included in the media. The differentiation protocol was continued for 10

days, during which the media was replaced every 3-4 days. To evaluate the effect of

quercetin and resveratrol on adipocyte differentiation, we exposed cultures to
quercetin (10, 50, 100 uM) or resveratrol (10, 30, 50 uM) for the entire 10-day

differentiation period.

3. Cell viability and proliferation assay

Cell viability was assessed by using the MTT assay according to the manufacturer's
(Sigma-Aldrich) protocol. Briefly, MTT (5 mg/ml) was added to equal 1/10 of the
culture volume and incubated for 3 hours. Medium was removed, and the converted
dye was solubilized in ice-cold isopropanol. Absorbency of the dye was measured at
560nm with background subtraction at 630 nm on a microplate reader (EL 340 Bio

Kinetics Reader; Bio-Tek Instruments, Winooski, VT)

Cell proliferation was determined with a nonisotopic enzyme immunoassay for

10



Brd U incorporation, following the manufacturer’s instruction. Cells were labeled with
BrdU for 24 hours. The medium was removed, and cells were fixed with fixing
solution at room temperature for 30 minutes. The fixing solution was aspirated and
anti-BrdU antibody was added for 1 hour. After washing, 100 pl goat anti-mouse IgG
peroxidase conjugate was added for 30 minutes. After repeated washing, 100 ul of
substrate was added, and the plate was incubated in the dark for 6 and 24 hours
followed by the supply of 100 ul of stop solution. Absorbance was read on a
spectrophotometer microplate reader set at dual wavelength of 450/550 nm. The

background absorbance of cells receiving no primary antibody was subtracted.

4. Annexin V assay for cytotoxicity

Cells were washed with phosphate buffered saline (PBS) and incubated in
serum-free DMEM in the presence of quercetin at 10- 100 uM for 24 hours and
resveratrol at 1- 50 uM for 24 hours. An annexin V- FITC kit was used to detect
phosphatidylserine externalization, as an index of apoptosis. Cells were washed and
incubated for 15 minutes at room temperature in the presence of annexin V labeled
with FITC and PI. In total, 10,000 cells were excited at 488 nm, and emission was
measured at 530 and 584 nm to assess FITC and PI fluorescence, respectively. Cells
were analyzed with a flow cytometer (FACSn; BD Bioscience). Gated cell numbers

were plotted on a dot plot with reference to both annexin V and Pl staining.

11



5. Semiquantitative RT-PCR

RNA isolation and semiquantitative reverse transcription poly merase chain reaction
(RT-PCR) were performed as described previously. Total RNA was prepared using
Trizol (Invitrogen, Carlsbad, CA). cDNA was synthesized from 1 pg of total RNA
using 10mM of dNTP mixture (2 ul), recombinant RNasin® ribonuclease inhibitor
(0.5 ul), AMYV reverse transcriptase (15u), reverse transcription 10X buffer,

Oligo(dT)y5 primer (0.5 pg/pl) (Promega Corporation, Madison, WT).

PCR was performed using 0.25 mM dNTP, 0.25 U Taq polymerase (iNtRON
Biotechnology, Inc., Korea), 10 pmole primer pair and 3 pl cDNA with a thermal
cycler (PerkinElmer, NY). PCR cycling conditions were as follows: 30 cycles with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), IL-6, IL-8 at 94°C for 30
seconds, 55°C for 1 minute, 72°C for 1 minute, 34 cycles with intercellular adhesion
mo lecule-1 (ICAM-1): 94°C for 30 seconds, 65°C for 30 seconds, 72°C for 1 minute,
and 35 cycles with cyclo-oxygenase (COX)-2: 93°C for 30 seconds, 60°C for 30
seconds, 72°C for 30 seconds. Primer sequences specific for amplification genes
encoding ICAM-1, IL-6, IL-8, and COX-2 were designed from available human gene
sequences (Table 1). The levels of mMRNASs, quantified by densitometry scanning of
the amplified products electrophoresed on agarose gels, are expressed as the ratio

between the density of each gene products and coamplified GAPDH.

12



Table 1. Primers used for semiquantitative RT-PCR

Sequence

Target Gene Primer
forward
ICAM-1
reverse
forward
IL-6
reverse
forward
IL-8
reverse
forward
COX-2
reverse
forward
GAPDH
reverse

5’-GGC CTCAGCACGTACCTCTA-3’

5>-TGCTCCTTCCTCTTG GCT TA-3’

5’-TCAATGAGGAGA CTT GCC TG-3”

5’-GAT GAGTTGTCATGT CCT GC-3’

5’-TTG GCA GCCTTC CTGATT TC-3°

5>-AACTTCTCCACAACCCTCTG-3’

5’- GTT CCA CCC GCA GTA CAG-3

5’-GGA GCG GGAAGAACTTGC-3’

5’-GCC AAG GTCATC CAT GACAAC-3»

5’-GTC CAC CAC CCT GTT GCT GTA-3”

6. Hyaluronan ELISA

Orbital preadipocyte fibroblasts were grown to confluence in 12-well plates and
then incubated for the indicated time periods with variab le concentrations of quercetin
and resveratrol before stimulation with IL-1f3. Supernatants from the cell cultures
were collected, and hyaluronan concentrations were determined using a competitive
binding hyaluronan ELISA kit (Echelon Biosciences) according to the manufacturer’s
instructions. The concentration of hyaluronan in the sample was determined using a

standard curve generated using known amounts of hyaluronan. Samples were diluted

1:10 before analysis, and the average of triplicate measurements was taken.

13



7. Oil red O stain

Cells were stained with Oil red O as described by Green and Kehinde . A stock
solution of Oil red O (0.5g in 100 ml isopropanol) was prepared and passed through a
0.2 um filter. To prepare the working solution, 6 ml of the stock solution was mixed
with 4 ml of distilled water, left for 1 hour at roomtemperature, and filtered through a
0.2 um filter. Cells were washed twice with 1X PBS, fixed with 10% formalin in PBS
for 1 hour at 4 °C and stained with 300 ul of the Qil red O working solution for 1 hour
at room temperature. The dishes were washed with distilled water before being
visualized using Axiovert (Carl Zeiss) light microscope and photographed at X40 and

X100 using an Olympus Corp. BX60 light microscope (Oly mpus, Melville, NY).

8. Western blot assay of PPARy, C/EBPa, C/EBPB

Differentiated cells were washed with ice-cold PBS and lysed with cell lysis buffer
(20 mM HEPES [pH 7.2], 10% [v/v] glycerol, 10 mM Na3VO4, 50 mM NaF, 1 mM
phenylmethylsulfonyl fluoride, 0.1 mM dithiothreitol, 1 pg/ml leupeptin, 1 pg/ml
pepstatin, and 1% [v/v] Triton X-100; Sigma- Aldrich) on ice for 30 minutes. Lysates
were centrifuged for 10 minutes at 12,000 g and cell homogenate fractions stored at
-70°C before use.

Protein concentrations in supernatant fractions were determined by the Bradford
assay. Equal amounts of protein (50 ug) were boiled in sample buffer and resolved by

10% [w/v] SDS-PAGE. Proteins were transferred to polyvinylidene fluoride (PVDF)

14



membranes (Immobilon; Millipore, Billerica, MA), probed overnight with primary
antibodies in TBST, and washed three times with TBST. Anti-PPARy antibody,
anti-C/EBPa antibody, anti-C/EBP antibody, and anti-B-actin antibody were all
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Immunoreactive
bands were detected with horseradish peroxidase-conjugated secondary antibody and
developed using an enhanced chemilu minescence kit (A mersham Pharmacia Biotech)

and exposed to X-ray film (Amersham Pharmacia Biotech).

9. Statistical analysis

For the purpose of statistically analyses, each level of mMRNAs were quantified by
densitometry scanning and expressed as the ratio relative to GAPDH. Each data point
represents the mean + SD of three separate experiments, using cells from three
different individuals. Data were analyzed by the Mann-Whitney U test, Student’s
t-test using the SPSS program for Windows, version 12.0.1 (SPSS, Chicago, IL, USA).

P-values less than 0.05 were considered to be significant.

15



1. RESULTS

1. The effect of quercetin and resve ratrol on cell viability

The cytotoxicity of quercetin and resveratrol to orbital fibroblasts was detected
through the loss of cell viability using MTT assay. More than 95% of cells were
viable after challenge with 10-100 uM quercetin for both 6 and 24 h in both normal
(Figure 3 A) and Graves’ ophthalmopathy (Figure 3B) orbital fibroblasts. Nearly more
than 90% of cells were viable after treatment of 10-50 uM resveratrol for both 6 and

24 hours in normal (Figure 4A) and Graves’ ophthalmopathy (Figure 4 B) cells.

Interestingly, treatment of quercetin at low concentrations (10-30 uM) for 24 hours
promoted mild proliferation up to 130-140% in both normal and Graves’
ophthalmopathy orbital fibroblasts. The cell viability was nearly 100% after treatment
of 100 uM quercetin in both normal and Graves’ ophthalmopathy cells (Figure 3 A,
B), whereas cell viability significantly decreased below 65% after challenge of 100
uM resveratrol for both 6 and 24 hours in both normal and Graves’ ophthalmopathy

orbital fibroblasts by MTT analysis (Figure 4 A, B).

We could also observe the difference of cell viability according to exposure time of
chemicals. Long exposure (24 hours) of compounds at low concentrations induced
slightly more proliferation than the short exposure (6 hours) after treatment with both

compounds.

16
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Figure 3. Effect of quercetin on cell viability in normal and Graves’ ophthalmopathy
orbital fibroblasts. MTT analyses results after the treatment with quercetin in normal

(A) and Graves’ ophthalmopathy (B) orbital fibroblasts. Data are average of three

independent experiments + SD.
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Figure 4. Effect of resveratrol on cell viability in normal and Graves’ ophthalmopathy
orbital fibroblasts. MTT analyses results after the treatment with resveratrol in normal
(A) and Graves’ ophthalmopathy (B) orbital fibroblasts. Data are average of three

independent experiments + SD.
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Orbital fibroblasts from patient with Graves’ ophthalmopathy that were cultured
for 10 days in control adipocyte differentiation medium without rosiglitazone and
containing rosiglitazone, as described in Materials and Methods. MTT analyses were
performed at days 4, 6, 8 and 10 during the process of adipogenic differentiation with
continuous challenge of quercetin and resveratrol in orbital fibroblast from Graves’

ophthalmopathy patients.

The results of cell viability after challenge with quercetin were significantly
different according to the presence of rosiglitazone, an activator of adipogenesis.
When rosiglitazone was not added, cell viability was maintained around 100% in all
treatment doses (10, 50, 100 uM) throughout 10 days of differentiation (Figure 5A).
Slightly decreased viability at day 6 was recovered to nearly 100%. However, when
rosiglitazone was contained in the adipogenic medium, treatment of quercetin
decreased cell viability continuously (65-70% at day 10) throughout the 10 days of

differentiation (Figure 5B).

The MTT results after the treatment of resveratrol was quite different with those
treated with quercetin. In the absence of rosiglitazone, the viability seems to recover
to 100% in cells exposed to low concentrations (10, 50 uM) of resveratrol at day 10
(Figure 6A). However, cell viability continuously decreased with the challenge of
resveratrol during adipogenesis in the presence of rosiglitazone (Figure 6 B).
Treatment of resveratrol at high concentration (100 uM) decreased cell viability into

40- 50% at day 10, irrespective of rosiglitazone addition (Figure 6 A, B).
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Figure 5. Effect of quercetin on cell viability during adipogenesis.

Orbital fibroblasts from patient with Graves’ ophthalmopathy were cultured for 10
days in control adipocyte differentiation medium without rosiglitazone (A) and
containing rosiglitazone (B), as described in Materials and Methods. MTT analyses
were performed at days 4, 6, 8and 10 during the process of adipogenic differentiation
with continuous challenge of quercetin. Data are average of three independent

experiments.
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Figure 6. Effect of resveratrol on cell viability during adipogenesis.

Orbital fibroblasts from patient with Graves’ ophthalmopathy were cultured for 10
days in control adipocyte differentiation medium without rosiglitazone (A) and
containing rosiglitazone (B), as described in Materials and Methods. MTT analyses
were performed at days 4, 6, 8and 10 during the process of adipogenic differentiation
with continuous challenge of resveratrol. Data are average of three independent

experiments.

21



As shown in Figure 7, BrdU analyses results were somewhat different from the
MTT analyses. Proliferation of normal and Graves’ ophthalmopathy orbital fibroblasts
was inhibited dose dependently at 6 hours treatment of quercetin, whereas
proliferation was promoted at 24 hours treatment of quercetin at low concentration
(10-30 uM) up to 180% in normal and 140% in Graves’ ophthalmopathy orbital
fibroblasts (Figure 7 A, B). In contrast, significant dose dependent-inhibition of
proliferation was observed at both 6 and 24 hours of resveratrol treatment in normal
orbital fibroblasts (Figure 7 C). In orbital fibroblasts from Graves’ ophthalmopathy
patients, similar pattern of inhibition of proliferation was observed at 6 hours
treatment of resveratrol, and minimally promoted proliferation (up to 118%) was
observed at 24 hours treatment of resveratrol at 30 uM concentrations (Figure 7 D).
Long exposure (24 hours) of low concentrations (10-30 uM) of quercetin induced
mild proliferation of orbital fibroblasts, which results were similar to MTT analyses.
Inhibition effects on proliferation of orbital fibroblasts were prominent after the

treatment of resveratrol.

To confirm nontoxic concentrations of chemicals in preadipocyte fibroblasts,
annexin V-FITC/PI binding assay was performed. The results showed that treatment
of quercetin at 10-100 uM and resveratrol at 1-50 uM for 24 hours did not induce
significant apoptosis or necrosis in both normal and Graves’ ophthalmopathy orbital
fibroblasts. Figure 8 shows representative figure from the results in Graves’

ophthalmopathy orbital fibroblasts.
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Figure 7. Effects of quercetin and resveratrol on cell proliferation in normal and
Graves’ ophthalmopathy orbital fibroblasts. BrdU analyses results of orbital fibrob last
after treatment with quercetin in normal (A) and Graves’ ophthalmopathy (B) orbital
fibroblasts, with resveratrol in normal (C) and Graves’ ophthalmopathy (D) orbital
fibroblasts are shown. BrdU incorporation was expressed as viability (%). Data in the

columns represent the mean + SD of three experiments
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Figure 8. Effect of quercetin and resveratrol on apoptosis in orbital preadipocyte
fibroblasts. Graves’ ophthalmopathy orbital fibroblasts were incubated with quercetin
(Q) at 10-100 uM and resveratrol (R) at 1-50 uM for 24 hours. Next, cells were
analyzed using annexin V-fluorescein isothiocyanate (FITC) and propidium iodide
(PI) staining as described in Materials and Methods. LL; viable and undamaged cells
(Annexin V, PI); RL: cells undergoing early apoptosis (Annexin V*, PI); and, RU:
necrotic or late apoptotic cells (annexin V*, PI"). Each panel shows a typical flow

cytometric histogram of 10,000 cells/ sample froma representative experiment.
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Therefore, maximal nontoxic concentraion of quercetin and resveratrol was
determined as 100 uM and 50 uM, respectively. We determined to use these
concentrations as a maximal level to study any suppressive effect of chemicals on the
inflammation, hyaluronan production and adipogenesis of orbital fibroblasts from

normal and Graves’ ophthalmopathy subjects.

2. Determination of IL-1p concentration to study the maximal inhibitory

effect of quercetin and resveratrol on the inflammation

As Figure 9 indicates, both pretreatment of quercetin at 100 uM and resveratrol at
50 uM for 6 hours in orbital fibroblasts from Graves’ ophthalmopathy induced strong
inhibition of ICAM-1 (A), IL-6 (B), IL-8 (C) and COX-2 (D) expression (*P<0.05),
when the cells were stimulated with IL-1p at a dose of 10 ng/ml. ICAM-1, IL-6, IL-8,
and COX-2 mRNA gene expressions were more significantly induced, and inhibited
by quercetin at 100 uM and resveratrol at 50 uM, with the stimulation of 10 ng/ml of
IL-1B, in comparison with that of 1 ng/ml of IL-1B. Thus, 10 ng/ml of IL-1p was

determined as a stimulation dose for experiments of dose- and time- dependent effect

of chemicals.
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Figure 9. Determination of IL-1p concentration to examine the maximal suppressive
effect of quercetin and resveratrol on the expression of proinflammatory cytokines
induced by IL-1fB in Graves’ ophthalmopathy orbital fibroblasts. After pre-treatment
of quercetin (100 uM) or resveratrol (50 uM) for 6 hours, cells were treated with
IL-1B at 1 ng/ml or 10 ng/ml for 16 hours to detect the effect of chemicals on the
expression of ICAM-1, IL-6, IL-8,and COX-2 genes by RT-PCR analyses. Each data
were normalized with each GAPDH level, and the relative densities were quantified
with a densitometer. Data in the columns represent the mean + SD of three

experiments (in contrast to cells treated with IL-1f only, * P<0.05).
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3. Inhibition of ICAM-1, IL-6, IL-8 and COX-2 mRNA by quercetin and

resveratrol

We investigated the effects of increasing treatment doses and times of quercetin and

resveratrol on ICAM-1, IL-6, IL-8 and COX-2 mRNA expression in response to
IL-1B challenge of orbital fibroblasts from Graves’ ophthalmopathy patients. We
chose three concentrations of quercetin (10, 50, and 100 uM) and resveratrol (10, 30,
and 50 uM) for 6 hours before treatment with IL-13 (10 ng/ml) for 16 hours to study
their dose-dependent effects. Also, to study time-dependent effects, cells were treated
with quercetin (100 uM) and resveratrol (50 uM) for 3, 6, 9, and 24 hours before

treatment with IL-1f (10 ng/ml) for 16 hour.

As shown in Figure 10 and 11, pretreatment of quercetin showed a significant
inhibition of ICAM-1, IL-6, IL-8 and COX-2 mRNA expression induced by IL-1f in
a dose- and time- dependent manner. Resveratrol also had a significant suppressive
effect on IL-1p induced proinflammatory cytokine expressions in mRNA levels
(Figure 12). The inhibitions of IL-8 and COX-2 mRNA expression by resveratrol
were dose dependent. Time-dependent manners of inhibition were not observed after

the treatment of resveratrol (data not shown).
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Figure 10. Effects of various concentrations of quercetin on IL-1f induced ICAM-1,
IL-6, IL-8 and COX-2 mRNA expression. Orbital fibroblasts from Graves’
ophthalmopathy were either not pretreated or pretreated with various concentrations
(10, 50, and 100 uM) of quercetin for 6 hours, then washed twice with PBS. Cells
were then stimulated with IL-1f (10ng/ml) for 16 hours. Total RNA was isolated and
analyzed by RT-PCR as described in Materials and Methods. Each data were
normalized with each GAPDH level, and the relative densities were quantified with a
densitometer. Results were representative of three separate experiments. Data in the

columns represent the mean £+ SD of three experiments as to ICAM-1 (A), IL-6 (B),

IL-8 (C) and COX-2 (D) (in contrast to cells treated with IL-1p only, * P<0.05).
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Figure 11. Effects of quercetin for various duration of treatment on IL-1f induced

ICAM-1, IL-6, IL-8and COX-2 mRNA expressions. Orbital fibroblasts from Graves’

ophthalmopathy was either not pretreated or pretreated with quercetin (100 puM) for

various time periods (3, 6, 9, 24 h), and then washed twice with PBS. Cells were then

stimulated with 1L-18 (10 ng/ml) for 16 hours. Total RNA was isolated and analyzed

by RT-PCR as described in Materials and Methods. Each data were normalized with

each GAPDH level, and the relative densities were quantified with a densitometer.

Results were representative of three separate experiments. Data in the columns

represent the mean + SD of three experiments as to ICAM-1 (A), IL-6 (B), IL-8 (C)

and COX-2 (D) (in contrast to cells treated with IL-1B only, * P<0.05).
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Figure 12. Effects of various concentrations of resveratrol on IL-13 induced ICAM-1,
IL-6, IL-8 and COX-2 mRNA expression. Orbital fibroblasts from Graves’
ophthalmopathy were either not pretreated or pretreated with various concentrations
(10, 30, and 50 uM) of resveratrol for 6 hours, then washed twice with PBS. Cells
were then stimulated with IL-1f (10ng/ml) for 16 hours. Total RNA was isolated and
analyzed by RT-PCR as described in Materials and Methods. Each data were
normalized with each GAPDH level, and the relative densities were quantified with a
densitometer. Results were representative of three separate experiments. Data in the
columns represent the mean £+ SD of three experiments as to ICAM-1 (A), IL-6 (B),

IL-8 (C) and COX-2 (D) (in contrast to cells treated with IL-1p only, * P<0.05).
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4. Quercetin inhibited hyaluronic acid production in orbital fibroblasts

Orbital fibroblasts produced high level of hyaluronic acid with the stimulation of
IL-1B or TNF-a (10 ng/ml, 16 hours) in ELISA analyses. The mean concentration of
hyaluronan induced by IL-1p was higher, albeit not significant, in cells from Graves’

ophthalmopathy (n=3) than in cells fromnormal individuals (n=3) (Figures 13 A, B).

Cells were treated with various concentrations (10, 50, 100 uM) of quercetin or
resveratrol (10, 30, 50 uM) for 24 hours, before incubation with IL-13 (10ng/ml, 16
hours) for hyaluronan ELISA analyses. Quercetin showed a significant inhibition of
hyaluronan production induced by IL-1p in a dose- and time- dependent manner in
both normal and Graves’ ophthalmopathy orbital fibroblasts (Figures 13 A, B). The
inhibition effects of quercetin on the hyaluronan production were similarly observed
in a dose-dependent manner in both IL-18 and TNF-a (same condition, 10 ng/ml, 16
hours) stimulated orbital fibroblasts from Graves’ ophthalmopathy subjects (Figure 13

C).

However, resveratrol did not show any inhibitory or stimulatory effect on

hyaluronan production when stimulated by either IL-18 or TNF-o (data not shown).
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Figure 13. The effect of quercetin on hyaluronan production induced by IL-1 or
TNF-a in orbital fibroblasts from normal and Graves’ ophthalmopathy subjects.
Hyaluronan levels in supernatants were measured by ELISA. Cells were exposed to
quercetin at various concentrations (10, 50, and 100 uM) for 24 hours (A) and to 100
uM of quercetin for various durations (3, 6, 9, 24 hours) (B) before incubation with
IL-1B 10 ng/ml for 16 hours. Cells from Graves’ ophthalmopathy subjects (n=3) were
pretreated with quercetin at various concentrations (10, 50, and 100 uM) for 24 hours
and then incubated with 1L-1 10 ng/ml or TNF-a 10ng/ml for 16 hours (C). The
average of triplicate measurements was calculated, and the data were expressed as
mean = SD (in contrast to cells not exposed to quercetin, but only to IL-1 or TNF-q,

* P<0.05).
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5. Effect of quercetin and resveratrol on the accumulation of lipid

droplets and the expression of transcriptional regulators of adipoge nesis

Confluent orbital fibroblasts from Graves’ Ophthalmopathy patients were subjected
to the differentiated protocol for 10 days. Cells were first examined under light
microscopy. Under control adipogenic conditions, preadipocyte fibrob lasts lost their
stellate fibroblastic appearance and converted to a spherical adipocytic shape, and a
fraction of these cells accumulated small lipid droplets (Figure 14 A). Visible from
day 3, lipid droplets increased in number and enlarged in size during the 10 days of
differentiation. The addition of rosiglitazone (10 uM), a PPARy agonist significantly
increased adipogenesis in light microscopy compared with baseline conditions
without rosiglitazone (Figure 14 B). When preadipocyte orbital fibroblasts were
cultured under adipogenic condition, and exposed to exogenous IL-1f3 (10ng/ml) for
the first 3 days, accumulation of lipid droplets increased microscopically compared
with baseline control conditions (Figure 14 C). Combination of rosiglitazone and
IL-1p further stimu lated adipogenesis compared with adipogenic condition containing

rosiglitazone or IL-1p only (Figure 14 D).
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Figure 14. Examination of prestained orbital fibroblasts cultured in adipogenic

medium under light microscopy. Orbital fibroblasts from a subject with Graves’
ophthalmopathy were cultured in control adipogenic medium (A), adipogenic medium
containing rosiglitazone 10 uM for 10 days (B), IL-1p 10ng/ml for first 3 days (C)
and both rosiglitazone and IL-1B (D) during differentiation as described in Materials

and Method. TZD = Thiazolidinediones (X40, X400: s mall box).
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To examine whether quercetin and resveratrol has any suppressive effects on
adipogenesis, those chemicals were added at day 1 in adipogenic medium including
rosiglitazone, and continued for the 10 day differentiation period, being replaced
whenever media was replaced. Both quercetin and resveratrol decreased number of
adipocyte and suppressed accumulation of lipid droplets dose dependently (Figure 15).
High power (X400) microscopic examination showed significant reduction of size
and number of lipid droplets according to treatment dose of quercetin and resveratrol
(Figure 15). Preadipocyte fibroblasts which did not convert into adipocytes were
uniform in size and stellate in shape, which maintained viable fibroblastic

morphology.
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Figure 15. Microscopic examination of prestained cultures grown in adipogenic
medium containing either quercetin or resveratrol. Orbital fibroblasts from a subject
with Graves’ ophthalmopathy were cultured for 10 days in adipogenic medium
containing rosiglitazone 10 uM (A). Quercetin (B: 10, C: 50, D: 100 puM) and
resveratrol (E: 10, F: 30, G: 50 puM) were exposed to cultures with adipogenic
condition in (A) for the entire 10-day differentiation period as described in Materials
and Methods. Microscopic examination showed a dose-dependent inhibition of
adipogenesis by quercetin and resveratrol. TZD = Thiazolidinediones (X40, X400:

small box).

Cells were fixed with 10% formalin for 1 hour and then stained with oil red O to
measure lipid accumulation. As shown in Figure 16 and 17, rosiglitazone enhanced,
but both quercetin and resveratrol inhibited adipogenesis in a dose dependent manner,
as detected by oil red O staining. When the stained cells were examined under
microscope with X 400 magnification, significant decrease of cytoplasmic lipid
droplets in size and number were observed by treatment of both quercetin and

resveratrol, dose dependently.
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Figure 16. Examination of oil red O stained cultures exposed to quercetin and
resveratrol with various concentrations. Orbital fibroblasts from a subject with
Graves’ ophthalmopathy were cultured for 10 days in control adipogenic medium and
containing rosiglitazone 10 uM. Quercetin (10, 50, 100 uM) and resveratrol (10, 30,
50 uM) were exposed to cultures with adipogenic medium containing rosiglitazone
for the entire 10-day differentiation. Cells were fixed with 10% formalin for 1 hour
and then stained with oil red O to measure lipid accumulation. A dose-dependent
inhibition of adipogenesis by quercetin and resveratrol was visible. TZD =

Thiazolidinediones (X40, X400: small box).
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Figure 17. Microscopic examination of oil red O stained cultures exposed to quercetin
and resveratrol. Orbital fibroblasts from a single individual with Graves’
ophthalmopathy were cultured for 10 days in control adipogenic medium without
rosiglitazone (A) and containing rosiglitazone 10 uM (B), and were fixed with 10%
formalin for 1 hour and then stained with oil red O to measure lipid accumulation.
Quercetin (C: 10, D: 50, E: 100 uM) and resveratrol (F: 10, G: 30, H: 50 uM) with
varying concentrations were added to the differentiation medium containing
rosiglitazone for the entire 10 day differentiation period, and were examined by light

microscopy after oil red O stain. TZD = Thiazolidinediones (X40, X400: small box).

Western blot analysis was performed to investigate whether various concentrations
of quercetin and resveratrol (10, 50, and 100 uM) affect the expression of adipogenic
transcription factors such as PPARy , C/EBPa and C/EBPB. PPARy and C/EBPf
proteins were highly expressed in control differentiated fibroblasts without treatment
of quercetin and resveratrol. The increases in PPARy and C/EBPJ were markedly

attenuated dose dependently by quercetin and resveratrol as shown in Figure 18.
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Figure 18. Effect of quercetin and resveratrol on the expression of adipogenic

transcriptional regulators of differentiated orbital fibroblasts from Graves’
ophthalmopathy patients. Various doses of quercetin (50, 100 uM) and resveratrol (30,
50 uM) were co-applied with differentiation medium including rosiglitazone 10 pM
for 10 days. After differentiation was completed, cell lysates were prepared and
subjected to western blot for PPARy and C/EBP q, B protein. Representative figure of
western blot analysis is shown in (A). Significant dose dependent-inhibitions of
PPARY (B) and C/EBP B (C) proteins by both quercetin and resveratrol were noted.
Relative densities of PPARy, C/EBP B protein contents (%) normalized by reprobing
with anti-B-actin Abs were quantified with a densitometer. Data in the columns

represent the mean + SD of three experiments.

6. Quercetin’s effect on accumulation of lipid droplet and cell viability in

diffe rentiating fibroblasts treated with IL-1p or H,O,

Our results indicate that resveratrol induce a dose dependent cytotoxicity and
inhibit proliferation both in preadipocyte fibroblasts and differentiating fibroblasts as
shown in figure 4-7. As shown in figure 15-17, inhibition effect of resveratrol on the
accumulation of lipid droplets both in prestained and stained cultures was more
apparent than that of quercetin even at low dose (10 uM) treatment, which might be

associated with suppressive action of resveratrol on proliferation.

In MTT analyses of quercetin treated cells, viability was maintained around 100%
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in all treatment doses (10, 50, 100 uM) of quercetin at the 10 day of differentiation
when grown under adipogenic medium without rosiglitazone. However, treatment of
10-100 uM quercetin suppressed viability significantly when cultured in adipogenic
medium containing rosiglitazone. The effect of quercetin on cell viability seems to be
dependent on culture condition. Quercetin decreased adipocyte numbers and clearly
suppressed lipid droplet accumulation in differentiating orbital fibroblasts with
minimal cytotoxicity. Author further evaluated the quercetin’s effect on adipocyte

differentiation depending on different cell condition. The condition was determined to
be inflammatory by IL-1p treatment and to be stressed by oxidants, H,O, in the early

period of differentiation.

When preadipocyte orbital fibroblasts were cultured under adipogenic condition,
exposed to exogenous IL-1B (10ng/ml) for the first 3 days, adipogenesis was
enhanced as shown in figure 19 and 20. More cells became round and accumulated
lipid droplets. Combination of TZD and IL-1f further stimulated adipogenesis
compared with adipogenic condition containing IL-18 only (Figure 19B, 20B). A
dose-dependent inhibition of adipogenesis by quercetin in cultures grown under
adipogenic medium including IL-1p and TZD was visible as shown in figure 19 C,D

and 20 C,D. The remained preadipocyte fibroblasts preserved their fibroblast-like

morphology (figure 20).
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Figure 19. The effects of quercetin on adipocyte differentiation in cells exposed to
adipogenic medium including IL-1f and quercetin. Orbital fibroblasts from a Graves’
ophthalmopathy subject were cultured under adipogenic condition, exposed to
exogenous IL-1B (10ng/ml) for the first 3 days (A) and also grown under media
containing TZD (B -D) in orbital fibroblast from a patient with Graves’
ophthalmopathy. The quercetin 50, 100 uM was co-applied (C, D) in adipogenic
medium to demonstrate the suppressive effect of quercetin on adipogenesis in
inflammatory condition. Cells were fixed with 10% formalin for 1 hour and then

stained with oil red O to measure lipid accumulation. TZD = Thiazolidinediones
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Figure 20. Microscopic results of oil red O stain showing suppressive effect of
quercetin on adipogenesis in differentiating cells grown under adipogenic medium
including IL-1B. Orbital fibroblasts from a Graves’ ophthalmopathy subject were
cultured under the adipogenic condition described in figure 19 (A: exposed to
exogenous IL-1 10ng/ml for the first 3 days only, B: IL-1p + rosiglitazone 10 uM, C:
IL-1B + rosiglitazone + quercetin 50 uM, D: IL-1B + rosiglitazone + quercetin 100

uM, TZD = Thiazolidinediones).
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H,0, 100 uM was exposed to differentiating orbital fibroblasts from a patient with
Graves’ ophthalmopathy for the first 3 days only, and the quercetin was co-applied in
the adipogenic medium during 10 days of differentiation (Figure 21). As shown in
figure 21, H,O, 100 uM treatment in early differentiation induced significant cell
death. Interestingly, however, in quercetin treated cells, not only accumulation of lipid
droplets decreased significantly in numbers, but also a considerable number of orbital
fibroblasts preserved their normal fibroblastic morphology. We could observe a
protective effect of quercetin on cell viability from the oxidative stress by H,O, during

adipocyte differentiation.
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Figure 21. Microscopic results of oil red O stain showing protective effects of
quercetin on cell viability in differentiating orbital fibroblasts exposed to H,0,. H,0,
100 uM was included in adipogenic medium for the first 3 days of differentiation
(A-D). Rosiglitazone 10 uM was included in adipogenic medium in cultures (B-D),
and quercetin 50 uM (C), 100 uM (D) was co-applied in adipogenic medium. Cells
were fixed with 10% formalin for 1 hour and then stained with oil red O to measure

lipid accumulation. TZD = Thiazolidinediones
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To demonstrate the effect of quercetin on viability of fully differentiated orbital
fibroblasts, MTT analyses were performed after quercetin treatment in fully
differentiated cells in various conditions, not in the process of adipocyte
differentiation (Figure 22). Varying concentrations of quercetin (1-100 uM) were
exposed for 48 hours in cells from a Graves’ ophthalmopathy subject at day 10 of
adipocyte differentiation (Figure 22A). In addition, quercetin 100 uM was treated for
48 hours in fully differentiated cells which were exposed to varying concentrations of
IL-1B (10, 100 ng/ml) (Figure 22B) and H,0O, (100, 500, 1000 uM) (Figure 22 C) for

the first 3 days of adipogenesis.

As shown in figure 22 A, quercetin decreased viability of fully differentiated
fibroblasts dose dependently, which were similar to the MTT results in cells cultured
in adipogenic medium containing quercetin. In contrast, cell viability was preserved
with the treatment quercetin in cells exposed to IL-1p (10 ng/ml, 100 ng/ml both), and
the quercetin did not decrease cell viability in these conditions (Figure 22 B). In other
words, the inhibition effect of quercetin on adipogenesis in an in vitro inflammatory
condition by IL-1B does not seem to be related to cytotoxicity. In concordance with
microscopic results, H,O; induced cell death dose dependently, and the application of
quercetin increased viability significantly in a dose dependent manner (Figure 22 C).
Quercetin treatment during and after adipogenesis both attenuated H,O,-induced

cytotoxicity, as demonstrated in microscopic examination and MTT analyses.
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Figure 22. MTT analyses after the treatment of quercetin in fully differentiated orbital
fibroblasts in different adipogenic condition. Orbital fibroblasts from a single
individual with Graves’ ophthalmopathy were cultured for 10 days in control
adipocyte differentiation medium including rosiglitazone, as described in Materials
and Methods. After full adipocyte differentiation, quercetin with various
concentrations (1-100 uM) was treated for 48 hours (A). To study the effect the
quercetin on viability in cells treated with proinflammatory cytokine and oxidant,
quercetin (10, 50, 100 uM) was treated for 48 hours in adipocyte fibroblasts which
were stimulated with 1L-1B (10, 100 ng/ml) (B) and H,0, (100, 500, 1000 uM) (C)
only for the first 3 days of differentiation. Data are average of three independent

experiments + SD.
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IV. DISCUSSION

Graves’ ophthalmopathy is the most frequent extrathyroidal manifestation of
autoimmune hyperthyroidism. Many clinical signs and symptoms of Graves’
ophthalmopathy arise from the enlargement of soft tissues in the orbit, resulting in
increased pressure within the bony orbit.>**? Enlargement of both extraocular muscle
and adipose tissue is found in some patients, with a predominance of one or the other
in some.®? Current evidence points to orbital fibroblasts as the target cells, and the
thyrotropin receptor in orbital fibroblasts is the primary autoantigen in Graves’
ophthalmopathy. Orbital fibroblasts particularly exhibit robust response to many
proinflammatory mediators.>®> They critically orchestrate the recruitment of
immunocompetent cells and thus initiation of tissue remodeling.®® These orbital
fibroblasts secrete large amount of hyaluronan in response to various cytokines,®
and a subgroup of orbital fibroblasts can differentiate into mature adipocytes,* that

have increased expression of thyrotropin receptor.®*

Graves’ ophthalmopathy is a disfiguring and often incapacitating disease which is
difficult to treat. Glucocorticoids have been the mainstay in the treatment of Graves’
ophthalmopathy for a long time in spite of several frustrating complications. Orbital
radiotherapy is an alternative treatment of Graves’ ophthalmopathy with few adverse
events. However, both treatments have a limited role when Graves’ ophthalmopathy is
not in active inflammation, especially with mild severity. Other immunosuppressants
such as cyclosporine and methotrexate are inferior to glucocorticoids in reducing
inflammation and halting the progression into severe course of Graves’

ophthalmopathy. There is a need to improve the efficacy and tolerability of
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immunosuppressive treatment of Graves’ ophthalmopathy. Otherwise, new treatments
with minimal adverse effects are eagerly awaited, which are effective in the major
known pathogenesis of Graves’ ophthalmopathy, including inflammation, hyaluronan
production, and adipogenesis. In this study, we wished to determine whether quercetin
and resveratrol could modify the proinflammatory cytokines expression,
glycosaminoglycan synthesis and adipogenesis in primary cultured orbital fibroblasts
from patients with Graves’ ophthalmopathy. We have found these two chemicals
showed somewhat different patterns of therapeutic effects of Graves’ ophthalmopathy

in the in vitro experiments.

Quercetin, a flavonol found in fruit and vegetables, has unique biological properties
that include anti-inflammatory activity.?” In the present investigation, we have
observed that quercetin showed a treatment dose- and time-dependent inhibition of
IL-1B induced proinflammatory cytokines expression in mRNA levels. It is reported
that quercetin suppressed the production of TNFo and nitric oxide by macrophages,
microglial cells and mast cells stimulated with lipopolysaccharide.®® ®" Different
mechanisms are involved in the anti-inflammatory action of quercetin in many cell
systems, as it targets multiple intracellular signaling pathways such as signal

transducer and activator of transcription 1 and NF-kB activations and mitogen-

activated protein kinase family phosphorylatons.® *

Natural products have potential for inducing apoptosis, inhibiting adipocyte

differentiation, and stimulating lipolysis in adipocytes. Various flavonoids including

genistein, docosahexanoic acid, epigallocathechin gallate, quercetin and resveratrol
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affect adipocytes during specific stages of development, resulting in either inhibition
of adipogenesis or induction of apoptosis. Quercetin is reported to affect adipocytes
during specific stages of development, resulting in either inhibition of adipogenesis or
induction of apoptosis.?*“ It caused a dose- and time-dependent increase in lipolysis
in rat adipocytes, which was reported to be potent phosphodiesterase inhibitors.** In
this study, treatment of quercetin during adipogenesis of orbital fibroblasts from
Graves’ ophthalmopathy inhibited accumulation of lipid droplet and decreased
number of round shape adipocytes in a dose-dependent manner in microscopic
examination. The expressions of transcriptional regulators of adipogenesis, PPARy
and C/EBPp proteins were also markedly attenuated by quercetin. In MTT analyses,
quercetin did not reduce cell viability in differentiating cells in the absence of PPARy
agonist. However, quercetin decreased cell viability by 20-30% similarly both in
differentiating and fully differentiated orbital fibroblasts under adipogenic condition
containing PPARYy agonist. In microscopic examination, quercetin treatment preserved
viable fibroblastic morphology of remained preadipocyte fibroblasts which were not
differentiated. Orbital fibroblasts from Graves’ ophthalmopathy might have different
sensitivities regarding cytotoxicity of phytochemicals depending on cell status, such
as different stage of adipocyte life cycles, inflammatory or oxidative stressed

condition.

Quercetin significantly inhibited adipogenesis without induction of apoptosis in cells

exposed to IL-1B. Stimulation with IL-1B in vitro can mimic orbital inflammation in
Graves’ ophthalmopathy. Consistent with a previous reports *2** we found IL-18 had

a stimulatory effect on adipogenesis in orbital fibroblasts, which may have important
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clinical implications. IL-1B promoted all three pathological aspects of Graves’
ophthalmopathy, those are inflammation, hyaluronan production and adipogenesis in
our investigations. IL-13 might present an attractive therapeutic target in Graves’
Ophthalmopathy. Quercetin not only suppressed IL-1p induced proinflammatory
cytokines, hyaluronan production, but also inhibited adipocyte differentiation
enhanced by IL-1B. The cytotoxic effects of quercetin in cells exposed to IL-1B
during and after adipogenesis were minimal in microscopic examination and MTT
analyses. Quercetin is believed to be a strong inhibitor of adipogenesis of orbital
fibroblasts which target different stages of adipocyte life cycle, however not a strong

inducer of apoptosis.

The particularly interesting result was that the quercetin protected cells from H,O,
induced cytotoxicity. Stimulation with H,O, in vitro can mimic condition of cigarette
smoking in vivo, which is well known as the strongest risk factor for developing
severe Graves’ ophthalmopathy. We could also observe that the differentiating orbital
fibroblasts were highly vulnerable to H,O, the oxidant. However, treatment of
quercetin during and after adipogenesis significantly attenuated H,O,-induced
cytotoxicity in orbital fibroblasts in microscopic results and MTT analyses. Cell
viability recovered with the treatment of quercetin in a dose-dependent manner. This
protective effect from acute stress may be associated with antioxidant property of
quercetin, which is reported to show structural features that have been related to the
antioxidant potency of flavonoids and also shows protection in different models of
oxidative death.”® #4* A novel mechanism for quercetin-induced cytoprotection has

been described involving the sterol regulatory element-binding protein-2
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(SREBP-2)-mediated sterol synthesis that decreases lipid peroxidation by maintaining
membrane integrity in the presence of oxidative stress.*” It is required to further

investigate a cytoprotective mechanis mof quercetin in orbital fibroblasts.

Resveratrol, a naturally-occurring molecule known as a phytoalexin, is synthesized
by plants in response to attacks by fungi, bacteria, or other injurious substances. %%
Resveratrol has positive effects on metabolism and can increase the lifespan of
various organisms.”® Its effects arise from its capacity to interact with multiple
mo lecular targets involved in diverse intracellular pathways. Most well known is the
ability of resveratrol to activate sirtuins, a class of NAD(+)-dependent deacetylases
that affect multiple transcription factors and other protein targets.49 In our study,
resveratrol had a significant suppressive effect on IL-1f induced proinflammatory
cytokine expressions in mRNA levels in orbital fibroblasts. The inhibitions of IL-1B
induced IL-8 and COX-2 mRNA expression were dose dependent. In previous
experiments in other cell systems and in vivo, resveratrol dampened inflammation in
arthritis and immune responsiveness in autoimmune disease such as rheumatoid
arthritis.** °° It could also down regulate inflammatory biomarkers such as TNFa,

COX-2, inducible nitric oxide synthase, C-reactive protein, interferon-y and several

interleukins.*®

Resveratrol is reported to decrease fat mass by inhibiting adipogenesis and induce

apoptosis by affecting expression of genes that modulate mitochondrial function.?® It

has been shown to inhibit adipogenesis by repressing PPARy activity with activation

of Sirt 1 in 3T3-L1 adipocytes.® In our study, as expected, resveratrol suppressed
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accumulation of lipid droplet in differentiating cells dose dependently. It also blocked
the expression of PPARy and C/EBPp proteins in a dose-dependent manner. The
inhibition effects were even stronger than those of quercetin at low dose treatment.
The difference of the effect of resveratrol from the quercetin was the inhibition of
proliferation as shown in MTT and BrdU analyses. Cell viability decreased almost by
50% after treatment of resveratrol 100 uM both in preadipocyte fibroblasts and
differentiating fibroblasts regardless of addition of PPARy agonist. The mechanisms
by which resveratrol induces apoptosis may be mediated through any of numerous
mechanis ms that involve activation of mitochondria and of death caspases. In 3T3-L1
adipocytes, treatment of resveratrol in maturing cells inhibited lipid accumu lation and
downregulated the expression of PPARy, C/EBP, SREBP-1c and lipoprotein lipase,
and also increased apoptosis in mature adipocytes dose dependently.?® Recently, both
quercetin and resveratrol inhibited lipid accumulation and induced apoptosis in early—
and mid— phases maturing and lipid-filled mature primary human adipocytes ** The
inhibitory effects on adipogenesis and apoptosis were greater when treated in
combination including genistein.?* In this study, resveratrol seems be a strong
inhibitor of adipogenesis and ako an inducer of apoptosis of maturing and matured

orbital fibroblasts.

Thiazolidinediones (TZD), which are also called glitazones, are commonly used as
oral hypoglycemic agents in the treatment of type 2 diabetes mellitus. These agents
are shown to be potent agonists of the nuclear hormone receptor, PPARy which plays
a dominant role in adipocyte differentiation. A primary cause of proptosis in Graves’

ophthalmopathy is the expansion of adipose tissue volume in the orbit.>? In primary
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cultured orbital fibroblasts, the activation of PPARy by agonists was reported to
stimulate functional TSH receptor expression and to induce recruitment and
differentiation of orbital fibroblasts into mature lipid-laden adipocytes.®%° Several
case studies found that Graves’ ophthalmopathy was exacerbated by the use of TZD
and stabilized after discontinuation.®®° These studies suggest that inhibition of
adipogenic pathway through the use of PPARYy inhibitor might be a potential therapy
for Graves’ ophthalmopathy. In our study, orbital preadipocyte fibroblasts derived
from Graves’ ophthalmopathy patients were treated with flavonoid quercetin and
resveratrol at various concentrations during the differentiation period. The
differentiation media contained rosiglitazone, one of the members of TZD to induce
strong adipogenic differentiation. Decrease in the lipid accumulation by oil red O
stain was accompanied by attenuated expression of this adipogenic transcription
factor, PPARy and C/EBPB by treatment of quercetin and resveratrol in a
dose-dependent manner. PPARy, C/EBP transcription factors expressed in distinct
phases of adipogenesis have shown to play important roles. There is a positive
feedback loop between PPARy and C/EBPB during the terminal stages of
adipogenesis.® Our data suggest that quercetin and resveratrol exert anti-adipogenic

effects by suppressing these adipogenic transcription factors.

Graves’ ophthalmopathy is characterized by an inflammation of retrobulbar tissues,
leading to accumulation of hydrophilic glycosaminoglycan, which attracts water into
surrounding tissues and thereby increase volume of orbital connective tissue and
extraocular muscles.®>® Orbital fibroblasts in vitro respond to various mediators of

inflammation, such as IL-1p by producing excessive amounts of hyaluronan, which is
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a major glycosaminoglycan in orbital tissues of Graves’ ophthalmopathy patients.®! %

In this study, both IL-1p and TNF-a increased production of hyaluronan as previously
reported, 61.62 and the pretreatment of quercetin suppressed the level of hyaluronan in
orbital fibroblasts from both normal and Graves’ ophthalmopathy individuals. We
could not found any previous reports regarding the effect of quercetin on the
production of glycosaminoglycan in any cell systems. Contrary to our expectation,

resveratrol could not attenuate IL-1B or TNFa induced hyaluronan production.

Quercetin is reported to have the capacity to reduce acute, chronic, and subclinical
inflammatory processes, the latter being associated with lifestyle diseases such as
obesity and diabetes.*® It is now available in high grade purified form, and clinical
phase I-111 studies can be readily done in the near fugure ** Resveratrol, the most
potent natural sirtuin activator, together with the much more potent synthetic sirtuin
activators, have considerable potential in the prevention and treatment of several
common conditions of aging. The beneficial effects are supported by detailed findings,
at the molecular and cellular level, of the specific pathways and molecules affected.
However, there are many questions regarding flavoniods that remain to be
investigated. Whether flavoniods act as pro- or anti-inflamamtory and pro- or
anti-oxidants may depend on the differences in flavonoid concentration, cell type,
and/or culture conditions. It is unknown whether these flavonoids contribute to the
clinical benefits seen in the epidemiologic studies. However, we believe the results in
this study are noteworthy as specific phytochemicals could be used as lead molecules
to develop a new generation of drugs for the treatment of Graves’ ophthalmopathy.

The flavonoids could be safer and more natural with minimal side effects than high
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dose glucocorticoids. Further research and more clinical studies are necessary in order
to ensure the safety of these and for ascertaining the optimum doses for prevention
and treatment of Graves’ ophthalmopathy, bearing in mind that these molecules seem

to have tissue and concentration-specific effects.

V. CONCLUSION

Flavonoids, quercetin and resveratrol possessed significant anti-inflammatory and
anti-adipogenic effects in primary cultured orbital fibroblasts from Graves’
ophthalmopathy. Quercetin also inhibited hyaluronan production induced by
proinflammatory mediators. Our study results provided a basis for further study on the
potential use of quercetin and resveratrol for the treatment of Graves’

ophthalmopathy.
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