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ABSTRACT

Pathophysiological analysis of articular cartilage degeneration

through 7a,25-Dihydroxycholesterol-induced oxiapoptophagy

Kim Tae-Hyeon
Advisor : Prof. Kim Jae-Sung, Ph.D.
Department of Dentistry

Biodental Engineering of Chosun University

The aim of the present study was to investigate the pathophysiology of articular
cartilage degeneration induced by oxiapoptophagy, a type of cell death accompanied
by oxysterol-induced apoptosis and autophagy, in chondrocytes and articular cartilages
treated with 70,25-dihydroxycholesterol (7a,25-DHC). Lipopolysaccharide (LPS)-induced
inflammation increased cell death and upregulated CYP7B1 expression in primary rat
chondrocytes, which indicates that LPS-induced cell death involves the 70,25-DHC
synthesized by upregulated CYP7B1. The present study showed that 7a,25-DHC not
only accelerated proteoglycan loss from articular cartilage, but also decreased the
mRNA induction of type II collagen and aggrecan, major components of articular
cartilage, in chondrocytes. Furthermore, 7a,25-DHC upregulated the expression and
activity of cartilage-degrading enzymes, such as matrix metalloproteinase (MMP)-13
and MMP-1, and increased the levels of inflammatory mediators, such as inducible
nitric oxide synthase (NO), cyclooxygenase-2 (COX-2), nitric oxide, and prostaglandin E,
(PGE,) in chondrocytes. Moreover, 70,25-DHC not only increased cytotoxicity in
primary rat chondrocytes, but also increased the number of chondrocytes with
condensed chromatin in a dose-dependent manner. Moreover, 7a,25-DHC-induced cell

death was mediated by extrinsic and intrinsic apoptosis in chondrocytes in a
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caspase-dependent manner. In addition, biomarkers of autophagy, such as beclin-1 and
microtubule-associated protein 1A/1B-light chain 3, increased in chondrocytes treated
with 70,25-DHC. Finally, the immunoreactivity of CYP7BI1, caspase-3, and beclin-1
increased in the articular cartilage that exhibited severe proteoglycan loss due to
destabilization of the median meniscus in the knee joints of mice. Taken together,
our data indicate that 70,25-DHC induces progressive articular degeneration via
accelerating proteoglycan loss caused by the upregulation of catabolic factors, such as
cartilage-degrading enzymes and inflammatory mediators, as well as the
oxiapoptophagy of chondrocytes through caspase-dependent extrinsic and intrinsic
apoptosis accompanied by autophagy. Furthermore, these data suggest that metabolic
syndrome may be a critical risk factor for the induction of osteoarthritis by
upregulating pathophysiological oxysterols, including 7a,25-DHC, synthesized through

cholesterol oxidation.
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[. INTRODUCTION

A joint (articulation) is a functional point that connects the skeletal system by
forming junctions between the ends of bones. In particular, synovial joints, called
diarthroses, are considered the main functional joints of the body and are freely
moveable via abduction, adduction, extension, flexion, and rotation, which result from
the contraction or relaxation of the muscles that are attached to the bones on either

side of the articulation [1].

To allow the primary mechanical function of the synovial joint, the synovial
cavity, surrounded by the articular capsules (fibrous connective tissues attached to
each end of the participating bones), is filled with synovial fluid, secreted by the
synovial membrane, and covers the articulating surfaces composed of articular
cartilage at the end of each bone. Articular cartilage, which is avascular, anural, and
alymphatic, is hyaline cartilage composed of dense extracellular matrix (ECM) [2].
Generally, articular cartilage is composed mainly of type II collagen (Col II),
proteoglycan, non-collagenous proteins, and glycoproteins; this allows articular
cartilage to retain water, which plays an important role in maintaining typical
mechanical properties such as shock absorption and friction reduction during body
movement [3]. Furthermore, these components are maintained by highly specialized
cells called chondrocytes, which are distributed sparsely in dense ECM. Chondrocytes
differentiate from mesenchymal stem cells during the developmental process and are
constitute approximately 1-5% of the total articular cartilage tissue [4]. Hence, the
malfunction of synovial joints caused by the progressive breakdown of articular

cartilage and apoptosis of chondrocytes could restrict body movements [5].

The homeostasis of articular cartilage is regulated by anabolism (synthesis) and
catabolism (degradation) in the microenvironment of synovial joints. In a normal
cartilage, anabolism and catabolism are well equilibrated through finely balanced
anabolic and catabolic gene expression [6]. Generally, anabolic factors, such as

transforming growth factor-B, insulin-like growth factor-1, and bone morphogenetic

_1_
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protein-7, increase the synthesis of ECM components, such as proteoglycan and Col
II, by stimulating chondrocytes [7]. Catabolic factors such as pro-inflammatory
cytokines, including interleukin-1f (IL-1B), interleukin-6 (IL-6), and tumor necrosis
factor-a (TNF- o), inflammatory mediators, including inducible nitric oxide (iNOS),
cyclooxygenase-2 (COX-2), prostaglandin E, (PGE,), and nitric oxide (NO), and
catabolic growth factors induce the progressive breakdown of articular cartilage via
elevated expression and activity of cartilage-degrading enzymes, such as matrix
metalloproteinase (MMPs) and a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS) as well as suppress tissue inhibitors of metalloproteinases (TIMPs)
in chondrocytes [8]. Further progressive degeneration of articular cartilage reduces the
space in the synovial joint through the disruption of articular cartilage integrity and
apoptosis of chondrocytes. Sequentially, reduced space of the synovial joint induces

chronic and severe joint pain, which limits joint mobility [9].

Osteoarthritis (OA) is a chronic joint disease that can affect multiple joints; it
causes severe joint pain due to the degeneration of articular cartilage in synovial
joints [10]. Generally, the symptoms of arthritis express over time in adults over the
age of 65, but it may also suddenly appear in children, teenagers, and younger
adults. Although the pathophysiological etiology of arthritis remains largely unknown,
recent studies have shown that arthritis is closely associated with chronic oxidative
stress and inflammation in synovial joints [11]. The etiology of arthritis is
multifactorial, including aging, obesity, joint malalignment, traumatic joint injury, and
genetic predisposition, and involves the disruption of homeostasis via an increased
catabolism, and decreased anabolism in the synovial joint [12]. The imbalance
between anabolism and catabolism due to these risk factors can lead to chronic
oxidative stress and increase the production of pro-inflammatory cytokines and
inflammatory mediators that can trigger the degeneration of articular cartilage in

synovial joints [13].

OA is a chronic age-related disease accompanied by low-grade chronic systemic

inflammation that has recently been called “inflammaging” [14]. Although the

_2_
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pathophysiological cellular pathways of inflammation remain largely unknown in
arthritis, they generally contribute to the impairment of the mechanical function of
synovial joints via increasing the release of pro-inflammatory cytokines due to
chronic oxidative stress, accelerating degeneration of articular cartilage caused by
upregulated articular cartilage-degrading enzymes, and increasing autophagy and

apoptosis of chondrocytes [15].

Generally, obesity, defined as an excess of body fat, is a known cause of
metabolic diseases, such as coronary artery disease, hypertension, type 2 diabetes
mellitus, respiratory disorders, and dyslipidemia, owing to increased fasting plasma
triglycerides, high low-density lipoprotein cholesterol, low high-density lipoprotein
cholesterol, elevated levels of blood glucose and insulin, and high blood pressure
[16]. Furthermore, obesity, a pathophysiological risk factor of arthritis, induces the
progressive degeneration of articular cartilage via the structural damage to the joint
resulting from increased mechanical overload on the synovial joints and the
generation of low-grade inflammation due to the aberrant expression of adipokines.
Therefore, recent studies have suggested arthritis as a metabolic disease accompanied

with inflammation [17].

Cholesterol is an amphiphilic hydrocarbon compound containing four hydrocarbon
steroid rings between the partly hydrophilic hydroxyl group and the hydrophobic
hydrocarbon chain [18]. A cholesterol acts as a precursor of steroid hormones,
vitamin D, and bile acid to maintain physiological homeostasis including sterol
metabolism and cellular signaling associated with cell growth, proliferation, and
migration. In addition, cholesterol is an essential structural molecule that maintains

the stability of animal cell membranes by modulating membrane fluidity [19].

Oxysterols are oxidized forms of cholesterol generated from cholesterol by
auto-oxidation, enzymatic processes, or both. Some oxysterols induce oxiapoptophagy,
a type of cell death associated with oxidative stress that has several characteristics of

apoptosis and autophagy [20]. Oxidative stress is associated with the overproduction
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of reactive oxygen species, increased antioxidant enzyme activities, lipid peroxidation,
and protein carbonylation. Apoptosis is associated with activation of the mitochondrial
pathway, opening of the mitochondrial permeability pore, loss of mitochondrial
membrane potential, caspase-3 activation, poly ADP-ribose polymerase (PARP)
degradation, nuclear condensation, and fragmentation. Autophagy is characterized by

microtubule-associated proteins 1A/1B light chain 3B (LC3) and Beclin-1 [21].

Recent studies have reported that 25-hydroxycholesterol (25-HC), an oxysterol
synthesized from cholesterol by cholesterol-25-hydroxylase (CH25H), not only induces
apoptotic cell death in various types of cells, such as the motor neuron-like cell line
NSC34 and head and neck squamous cell carcinoma cells FaDu, but also induces
P2X7-dependent pyroptosis in human keratinocytes [22-24]. A recent study reported
that the CH25H-CYP7B1 (cholesterol by cytochrome P450 family 7 subfamily B
member 1)-retinoic acid-related orphan receptor o (RORa) axis is involved in OA
and that 25-HC acts as a pathophysiological oxysterol of OA to induce apoptotic cell
death in chondrocytes [25].

As shown in Figure 1, 7a,25-dihydroxycholesterol (7a,25-DHC) is an oxysterol
synthesized from CYP7B1 (also known as 25-hydroxycholesterol 7a-hydroxylase)
under inflammatory conditions. Based on these studies, it was hypothesized that 7
a,25-DHC, a downstream oxysterol of 25-HC, may act as a pathophysiological
oxysterol to induce OA by increasing apoptosis in the chondrocytes in a manner
similar to that of 25-HC. Hence, the aim of the present study was to investigate the
pathophysiological role of 70,25-DHC as a metabolic risk factor of OA to provide a

biological link between metabolic syndrome and OA.

Collection @ chosun



II. MATERIALS AND METHODS

[I-1. Chemicals and antibodies

70,25-DHC was purchased from Tocris Cookson Ltd (Minneapolis, MN, USA) and
was dissolved in ethanol at stock concentration (10 mg/mL). Antibodies for FasL
(sc-19988, 48 kDa), caspase-3 (CST#9662, 17 and 34 kDa), caspase-8 (CST#4790, 25
and 53 kDa), caspase-9 (CST#9508, 35 and 47 kDa), PARP (CST#9542, 116 kDa), B
-actin (CST#4970, 42 kDa), Bcl-2 (sc-7382, 26 kDa), Bcl-xL (sc-8392, 26 kDa), Bax
(CST#2772, 21 kDa), Bid (sc-56025, 22 and 15 kDa), Bad (CST#9292, 23 kDa), iNOS
(CST#13120, 130 kDa), Beclin-1 (sc-48341, 60 kDa), MMP-13 (sc-101564, 48 kDa),
MMP-3 (sc-21732, 57 kDa), COX-2 (sc-376861, 60 kDa), CYP7B1 (bs-50852R, 48
kDa), CH25H (sc-293256, 32 and 26 kDa) and secondary antibodies were purchased
from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). LC3 (16 and 18 kDa) was
purchased from MBL international (Woburn, MA, US).

II-2. Isolation and culture of primary rat chondrocyes

Primary rat chondrocytes were isolated from the articular cartilage of rat (5-day-old,
Sprague-Dawely rats) knee joins, in accordance with the protocol approved by the
Institutional Animal Care and Use Committee of Chosun University, Gwangju, Republic
of Korea (CIACUC2020-A0011). Isolated primary rat chondrocytes were maintained in
Dulbecco’s Modified Eagls’s Medium/Nutrient Mixture F-12 (DMEM/F-12) (Thermo
Scientific, Rockford, IL, USA) supplemented with 10% fetal bovine serum (FBS),
antibiotics (50 U/mL penicillin and 50 pg/mL streptomycin), and 50 pg/mL ascorbic

acid.
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II-3. Quantitative polymerase chain reaction (qQPCR) and quantitative
real-time PCR (qRT-PCR)

Chondrocytes were treated with either lipoplysaccharide (LPS) or 70,25-DHC for 48 h.
Thereafter, total RNA was isolated from the chondrocytes using TRIzol reagent
(Invitrogen, CA, USA) according to the manufacturer’s instructions. The concentration of
the isolated total RNA was measured using a Nanodrop 2000 (ThermoFisher Scientific,
MA, USA). To synthesize cDNA, 1 pg RNA was reverse transcribed using a
ThermoScript reverse transcribtion-PCR system (IInvitrogen, California, USA) according
to the manufacturer’s instructions. For qRT-PCR, cDNA was amplified using an Eco
Real-Time PCR system (illumine Inc, San Diego, CA, USA). Relative gene expression
was determined using the ““CT method, as detailed by the manufacturer (illumine Inc,
San Diego, CA, USA). gPCR was performed using 2 x TOPsimple DyeMIX-nTaq
(Enzynomics, Seoul, Korea) and specific primers on a TaKaRa PCR Thermal Cycler
Dice (TaKaRa Bio Inc., Shiga, Japan). Thereafter, the PCR products were
electrophoresed on an agarose gel to determine the expression level of the target genes.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control.

The primer sequences and the conditions used are summarized in Table 1 and Table 2.

II-4. Western blotting

Chondrocytes were cultured in a 6-well plate and treated with either LPS or 7
a,25-DHC for 48 h. Thereafter, total proteins were extracted from the chondrocytes using
a cell lysis buffer (Cell Signaling Technology, MA, USA), according to the
manufacturer’s instructions. The protein concentration was determined using a
bicinchoninic acid protein assay (ThermoFisher Scientific, MA, USA). Equal amounts of
each protein sample were electrophoresed on 10% sodium dodecyl sulfate polyacrylamide
gel and subsequently transferred to polyvinylidene fluoride (PVDF) membrane (Millipore,
Burlington, MA, USA) at 4°C. Thereafter, the PVDF membrane was blocked using 5%
(v/v) bovine serum albumin (BSA; Sigma-Aldrich, ST. Louis, MO, USA) prepared in

_6_
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Tris buffered saline with Tween 20 (TBS-T) (Santa Cruz Biotechnology Inc., Dallas, TX,
USA) and then incubated with the primary antibodies at 4°C. The following primary
antibodies purchased from Santa Cruz Biotechnology Inc. and diluted 1:1,000 in TBS-T
containing 5% (v/v) BSA were used: antibodies against FasL, Bcl-2, Bcl-xL, and Bid. In
addition, the following primary antibodies purchased from Cell Signaling Technology and
diluted 1:1,000 in TBS-T containing 5% (v/v) BSA were also used: antibodies against
caspase-8, caspase-3, PARP, Bad, Bax, caspase-9, and B-actin. The immunoreactive bands
were visualized using the ECL System (Amersham Biosciences, Piscataway, NJ, USA),
exposed on radiographic film or MicorChemi 4.2 (Dong-Il Shimadzu Corp., Seoul,

Korea).

II-5. Ex vivo organ culture of rat articular cartilage tissues

Articular cartilage tissues were isolated from the knee joints of 5-day-old
Sprague-Dawley rats and then cultured in DMEM/F12 supplemented with 10% FBS.
Next, the articular samples were treated with 0, 25 and 50 pg/mL 70,25-DHC for 14
days. At the end of the culture period, the samples were collected and fixed in 4%
paraformaldehyde for 72 h to perform histological analysis.

[I-6. Histological analysis

Histological analysis using safranin-O and fast green staining was performed to verify
proteoglycan loss in the articular cartilage treated with 0, 25 and 50 pg/mL 7a,25-DHC
for 14 days. Briefly, fixed articular cartilage samples were decalcified in
ethylenediaminetetraacetic acid (EDTA) and then embedded in paraffin. Thereafter, the
prepared paraffin blocks containing articular cartilage were serially sliced to 7-8 um
thickness and placed on slides. Safranin-O and fast green staining was subsequently
performed to assess proteoglycan loss in the articular cartilage ground substance. In
addition, hematoxylin and eosin (H&E) staining was performed to observe the general

morphology of the articular cartilage.
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II-7. Gelatin zymography

Gelatin zymography was performed to assess the activation of MMPs in primary rat
chondrocytes. Briefly, primary rat chondrocytes were treated with 25 and 50 pg/mL 7
0,25-DHC for 48 h. Thereafter, an equal volume of conditioned medium was
electrophoresed on a 10% polyacrylamide gel containing copolymerized 0.2% (1 mg/mL)
porcine skin gelatin. After electrophoresis, the gel was incubated in zymogram renaturing
buffer (50 mM Tris-HCI (pH 7.6), 10 mM CaCl,, 50 mM NaCl, and 0.05% Brij-35) at
37°C for 72 h. After renaturation of MMPs, the gel was stained with 0.1% Coomassie
Brilliant Blue R250. Gelatinolytic bands were revealed as clear bands on a background

uniformLy stained light blue and then imaged using a digital camera.

II-8. Measurement PGE, production

Primary chondrocytes were seed at 1x10° cellsmL in a 6 well culture plate.
Chondrocytes were treated with 0, 25, and 50 pg/mL 70,25-DHC for 48 h. The
production of PGE, was measured using a Parameter PGE, assay kit (ThermoFisher

Scientific, MA, USA), according to manufacturer’s protocol.

[I-9. Measurement of NO

Primary rat chondrocytes were treated with 0, 25, and 50 pg/mL 70,25-DHC for 48
h. Thereafter, 100 pL of the conditioned medium was reacted with 100 pL each of
sulfanilamide and N-1-naphthylethylenediamine dihydrochloride. Absorbance was then
measured at 540 nm wavelength using a spectrophotometer (Epoch Spectrophotometer,

Bio Tek, Winooski, VT, USA).
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II-10. Cell viability assay

Chondrocytes (1 x 10° cells/mL) were cultured in 96-well culture plates, and then
treated with either LPS or 70,25-DHC for 24 and 48 h. Following addition of the
dimethyl thiazolyl diphenyl tetrazolium salt (MTT) solution, the chondrocytes were
further cultured for 4 h. After incubation, the MTT crystals that formed were suspended
completely in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and the
absorbance was read at 570 nm using a spectrometer (Epoch microplate

spectrophotometer; BioTek, Winooski, VT, USA).

[I-11. H&E staining

Chondrocytes (1 x 10° cells/mL) were cultured in an 8-well chamber slide (Sigma-Aldrich,
ST. USA) and treated with 0, 1, 10, 25 and 50 pg/mL of 70,25-DHC for 48 h at 37°C.
Subsequently, chondrocytes were fixed with 4% paraformaldehyde for 30 min at room
temperature (RT). H&E staining was performed to evaluate the morphological alterations in
chondrocytes. Cells were observed and imaged using Leica DM750 microscope (Leica
Microsystems, Heerbrugg, Switzerland).

[I-12. Cell survival assay

Cell survival assay was performed to assess the survival of chondrocytes treated with
either LPS or 70,25-DHC using a Live/Dead assay kit (Molecular Probes, Carlsbad, CA,
USA), which consists of green calcein AM for labeling live cells and ethidium
homodimer-1 for labeling dead cells. Chondrocytes were cultured on 8-well chamber
slides (Nunc Lab-Tek II Chamber Slide system; Sigma-Aldrich ST, Louis, MO, USA),
and then treated with either LPS or 7a,25-DHC for 48 h. After cultivation, cell survival
assay was performed according to the manufacturer’s instructions. Thereafter, the stained
cells were imaged using a fluorescence microscope (Eclipse TE200; Nikon Instruments,

Melville, NY, USA) and counted to plot the histogram.
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[I-13. Nuclear staining

Chondrocytes were cultured on an 8-well chamber slide and were treated with 0, 1,
10, and 25 pg/mL 70,25-DHC for 48 h at 37°C. Thereafter, the cells were rinsed three
times with phosphate buffered saline (PBS; Sigma-Aldrich ST, Louis, MO, USA) at RT.
The cells were stained with 4’°,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma-Aldrich, ST. USA). Nuclear condensation was observed and imaged using a

fluorescence microscope.

II-14. Fluorescence-activated cell sorting (FACS) analysis

Chondrocytes were cultured in a 60g plate (SPL Life Science Co. Ltd., Pocheon,
Korea), then cells were treated with 0, 25 and 50 pg/mL 70,25-DHC for further 48 h.
The chondrocytes were collected, washed with ice-cold PBS, and resuspended in binding
buffer (BD Biosciences, San Diego, CA, USA). Thereafter, annexin V-fluorescein
isothiocyanate (Annexin V-FITC) and propidium iodide (PI) (Cell Signaling Technology,
Danvers, MA, USA) were added to the chondrocytes and incubated for 15 min at 37°C.
Changes in the apoptotic populations were analyzed using a BD Cell Quest version 3.3

(Becton Dickinson, San Jose, CA, USA).

[I-15. Immunohistochemistry (IHC)

Immunohistochemistry was performed using Vectastain® ABC Kit (Vector Laboratories,
Burlingame, CA, USA) tumor masses were excised, post-fixed in 4% paraformaldehyde
for 7 days, dehydrated in a series of ethanol solutions (70, 80, 90, and 100%; 2 h per
step), and then submerged in xylene twice for 2 h and in paraffin twice for 2 h.
Paraffin-embedded tissue blocks were prepared and cut using a microtome. The 8-p
m-thick sections placed on glass slides. The sections were deparaffinized using two

changes of xylene for 3 min, rehydrated with two washes each of 100, 90, 80, and 70%
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ethanol for 3 min, and then rinsed with tap water for 3 min. The sections incubated at
4°C with caspase-3 antibody overnight and incubated for 1 h at room temperature with
peroxidase-conjugated goat anti-mouse antibody. Sections were subsequently counterstained

using hematoxylin, transferred to the mounting reagent, and examined by microscopy.

[I-16. Caspase-3/-7 activity assay

Chondrocytes were cultured on 8-well chamber slides, and then treated with 0, 1, 10,
25, and 50 pg/mL of 7a,25-DHC for 48 h. Thereafter, the activity of caspase-3/7 was
assessed using the cell permeable fluorogenic substrate PhiPhiLux-G;D, (Oncolmmunin
Inc.; Gaithersburg, MD, USA), according to the manufacturer’s instructions, and imaged

using fluorescence microscopy.

II-17. Generation of osteoarthritic animals

OA animals were generated by the surgical destabilization of median meniscus (DMM)
at knee joint of mouse. Knee joints were dissected respectively at the 3 weeks as a
middle stage of OA and 8 weeks as a late stage of OA, after DMM surgery. Thereafter,
histological analysis using safranin-O & fast green staining for the proteoglycan of
articular cartilage and immunohistochemistry using CYP7BI1, caspase-3 and beclin-1
antibodies were performed to investigate the pathophysiological linkages between

proteoglycan loss, 7a,25-DHC, apoptosis and autophagy.

II-18. Statistical analysis

Analysis of variance (ANOVA) was performed using the Stat-View 5.0 software (SAS

Institute, Cary, NC, USA). p-values < 0.05 were considered statistically significant.
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III. RESULTS

II-1. LPS-induced inflammation increases catabolic effects and
induces the expression of oxysterol synthase in primary

rat chondrocytes

To determine which oxysterol is synthesized in chondrocytes under inflammatory
conditions, primary rat chondrocytes were cultured with 2.5 and 5 pg/mL of LPS for
48 h. As shown in Fig. 2, LPS generally induced catabolic effects in chondrocytes.
The mRNA levels of major components of articular cartilage, such as Col II and
aggrecan, were significantly decreased in the chondrocytes treated with LPS, as shown
in Fig. 2A. LPS wupregulated the mRNA and protein levels of cartilage-degrading
enzymes such as MMP-3 and MMP-13 in chondrocytes, as shown in Fig. 2B and 2C.
Furthermore, the mRNA and protein levels of inflammatory mediators, such as iNOS,
COX-2, and PTGS2, increased significantly in the chondrocytes treated with LPS, as
shown in Fig. 2D and 2E. Moreover, LPS induced apoptotic cell death through the
expression of caspase-3 and PARP in chondrocytes, as shown in Fig. 2F. In addition,
the level of ch25h mRNA, which encodes an ch25h enzyme that converts cholesterol
to 25-HC, was increased significantly in chondrocytes treated with LPS in a
dose-dependent manner, as shown in Fig. 2G. Additionally, the level of cyp7bl
mRNA, which encodes an c¢yp7bl enzyme that converts 25-HC to 70,25-DHC,
increased in a dose-dependent manner by LPS in chondrocytes. Furthermore, the
expression of CH25H and CYP7B1 upregulated in the chondrocytes treated with LPS,
as shown in Fig. 2H. Taken together, these data demonstrate that LPS-induced
inflammation increases catabolic effects such as the inhibition of the synthesis of
articular cartilage components, upregulation of cartilage-degrading enzymes and
inflammatory mediators, and increased apoptotic cell death. These findings also suggest

that LPS-induced inflammation and apoptotic cell death may involve these oxysterols.
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II-2. 7a,25-DHC accelerates proteoglycan loss in articular

cartilage

To determine whether 70,25-DHC acts as a catabolic risk factor to induce the
progressive degeneration of articular cartilage, explants of articular cartilage dissected
from the knee joint of 5-day-old rats (ex vivo organs) were cultured with 10 and 25 p
g/mL 70,25-DHC for 14 days. Thereafter, explants of articular cartilage were fixed
with 4% paraformaldehyde for one week and then embedded into paraffin for
histological assessment using hematoxylin and eosin (Fig. 3A) to investigate
morphological alteration and safranin-O and fast green (Fig. 3B) staining to observe
the proteoglycan in articular cartilage. As shown in Fig. 3A, there were no other
significant morphological changes in the explants of articular cartilage treated with 7
a,25-DHC. However, as shown in Fig. 3B, proteoglycans were depleted from the
articular cartilage treated with 10 and 25 pg/mL 70,25-DHC compared with the
untreated controls, in a dose-dependent manner. These data indicate that 70,25-DHC is
a potential catabolic oxysterol that induces the progressive degeneration of articular

cartilage through the loss of proteoglycan, a major component of articular cartilage.

[I-3. 7a,25-DHC suppress the induction of Col II and aggrecan
mRNA in chondrocytes

Next, to verify the 70,25-DHC-induced catabolic effects on major components of
articular cartilage, such as Col II and aggrecan, chondrocytes were cultured with 25
and 50 pg/mL of 7a,25-DHC for 48 h. Thereafter, the changes in Col II and aggrecan
mRNA were assessed by qPCR and gRT-PCR, as shown in Fig. 4A and 4B,
respectively. The results of qPCR showed that mRNA levels of Col II and aggrecan
decreased significantly in chondrocytes treated with 7a,25-DHC, as shown in Fig. 4A.
Aggrecan mRNA levels were 14.8 + 3.6% and 10.6 + 1.3% in the chondrocytes
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treated with 25 and 50 pg/mL 70,25-DHC for 48 h, respectively, compared with that
of the control cells (100.4 + 9.7%), as shown in Fig. 4B. Col II mRNA levels were
32 + 3.7% and 252 £ 3.5% in the chondrocytes treated with 25 and 50 pg/mL 7
0,25-DHC for 48 h, respectively, compared with that of the control cells (101.1 +
15.3%). These data indicate that 70,25-DHC is a potential catabolic oxysterol that

suppresses the synthesis of Col II and aggrecan, major components of articular

cartilage.

II-4. 70,25-DHC upregulates the expression and activity of

cartilage-degrading enzymes in chondrocytes

Next, to verify the catabolic effects of 70,25-DHC on the degeneration of articular
cartilage as well as the expression and activation of cartilage-degrading enzymes such
as MMP-13 and MMP-1, primary rat chondrocytes were cultured with 25 and 50 p
g/mL of 70,25-DHC for 48 h. To assess the alteration of MMPs, qPCR, qRT-PCR,
western blotting, and gelatin zymography were performed, as shown in Fig. 5. The
mRNA and protein levels of MMP-13 and MMP-3 increased significantly in the
chondrocytes treated with 70,25-DHC, as shown in Fig. SA and 5B. Furthermore, the
results of qRT-PCR showed that the induction of MMP-3 mRNA increased 49 + 3.1-
and 64.3 + 73-fold in chondrocytes treated with 25 and 50 pg/mL 70,25-DHC,
respectively, compared with that of the control cells (1 + 0.1-fold), as shown in Fig.
5C. In addition, MMP-13 mRNA expression increased 11.2 = 4.2- and 22.9 £+ 9.2-fold
in the chondrocytes treated with 25 and 50 pg/mL 70,25-DHC, respectively, compared
with that of the control cells (1.1 + 0.6-fold). As shown in Fig. 5D, the activity of
matrix-degrading enzymes increased in a dose-dependent manner in chondrocytes treated
with 25 and 50 pg/mL 70,25-DHC. These data indicate that 70,25-DHC upregulates
the expression and activity of cartilage-degrading enzymes in primary rat chondrocytes
and that 70,25-DHC is a potential catabolic oxysterol that induces the progressive
degeneration of articular cartilage through the increased expression and activation of

cartilage-degrading enzymes, such as MMP-13 and MMP-3, in chondrocytes.
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II-5. 7a,25-DHC induces catabolic inflammatory mediators

associated with oxidative stress

To verify whether 70,25-DHC induces catabolic inflammatory mediators associated
with oxidative stress, primary rat chondrocytes were cultured with 25 and 50 pug/mL of
70,25-DHC for 48 h. Thereafter, mRNA and protein levels of catabolic inflammatory
mediators, such as iINOS, COX-2, and PTGS2, were assessed by gPCR, western
blotting, and qRT-PCR. As shown in Fig. 6A and 6B, mRNA and protein levels of
iNOS, COX-2, and PTGS2 significantly increased in chondrocytes treated with 25 and
50 pg/mL of 70,25-DHC. As shown in Fig. 6C, the mRNA levels of iNOS were 28.1
+ 4.4- and 489 + 7.4-fold higher in chondrocytes treated with 25 and 50 pg/mL 7
0,25-DHC, respectively, compared with that of the control cells (1 + 0.2-fold). COX-2
mRNA increased by 8.7 £ 1.1 and 12.1 + 1.7 folds in the chondrocytes treated with
25 and 50 pg/mL 70,25-DHC, respectively, compared with that of the control cells (1
+ 0.1%). Furthermore, as shown in Fig. 6D, the production of PGE, significantly
increased by 527.9 + 14.5 and 439.9 £ 12.9 pg/mL in the chondrocytes treated with
25 and 50 pg/mL 70,25-DHC, respectively, compared with that of the control cells
(152.2 £ 46.5 pg/mL). Moreover, the relative production of NO increased by 483.6 +
124% and 592.7 + 11.9% in the chondrocytes treated with 25 and 50 pg/mL 7
a,25-DHC, respectively, compared with that of control cells (100 £ 2.8%), as shown in
Fig. 6E. These data indicate that 70,25-DHC is a potential catabolic oxysterol that
induces catabolic inflammatory mediators associated with oxidative stress and a

catabolic factor that induces the progressive degeneration of articular cartilage.

[I-6. 70,25-DHC induces apoptotic cell death in chondrocytes

To investigate whether 7a,25-DHC is a toxic oxysterol in chondrocytes, primary rat
chondrocytes were treated with 1, 10, 25, and 50 pg/mL 7a,25-DHC for 48 h. As
shown in Fig. 7A, relative cell viability was 97.6 =+ 1.3%, 75.9 £ 1%, 75.2 £ 1.5%,
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and 679 + 0.8% in the chondrocytes treated with 1, 10, 25, and 50 upg/mL 7
0,25-DHC, respectively compared with that of the untreated control (100 + 1.5%).
Furthermore, the results of H&E staining showed that the number of chondrocytes
decreased in a dose-dependent manner with 25 and 50 pg/mL 70,25-DHC treatment
compared with that of the untreated control, as shown in Fig. 7B (upper panel).
Moreover, chondrocyte survival, measured using a cell Live/Dead assay, showed that
the number of living chondrocytes decreased with 7a,25-DHC treatment in a
dose-dependent manner, as shown in Fig. 7B (middle panel). In addition, the results of
DAPI staining showed that the number of chondrocytes with condensed chromatin, a
typical feature of apoptosis, increased with 70,25-DHC treatment in a dose-dependent
manner, as shown in Fig. 7B (lower panel). Taken together, these data indicate that 7
0,25-DHC is a toxic oxysterol and induces apoptotic cell death in chondrocytes in a

dose-dependent manner.

II-7. 7a,25-DHC increases the apoptotic population in chondrocytes

Next, to verify whether 70,25-DHC-induced cell death involved apoptosis in
chondrocytes, primary rat chondrocytes were cultured with 25 and 50 pg/mL of 7
0,25-DHC for 48 h. Thereafter, the apoptotic population was assessed by FACS
analysis using Annexin V and PI staining. As shown in Fig. 8, the relative rates of
cell death were 40.87% and 82.61% in the chondrocytes treated with 25 and 50 p
g/mL 70,25-DHC, respectively. Furthermore, the population of early-stage apoptotic
cells was 12.8% and 10.82% and that of late-stage apoptotic cells was 27% and
68.47% in chondrocytes treated with 25 and 50 pg/mL 7a,25-DHC, respectively. The
necrotic cell population was 1.59% and 3.32% in chondrocytes treated with 25 and 50
pg/mL  70,25-DHC, respectively. Therefore, the FACS analysis indicated that 7
a,25-DHC-induces apoptotic cell death in chondrocytes.
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II-8. 70,25-DHC-induced cell death is dose-dependent and is

mediated by extrinsic and intrinsic apoptosis in chondrocytes

To investigate 70,25-DHC-induced chondrocyte death, western blot analyses were
performed using antibodies against molecules involved in receptor-mediated extrinsic
and mitochondria-dependent intrinsic apoptosis, as shown in Fig. 9. The expression of
FasL was significantly upregulated in the chondrocytes treated with 25 and 50 pg/mL
70,25-DHC, as shown in Fig. 9A. Additionally, the expression of both pro- and
cleaved caspase-8 increased with 70,25-DHC treatment in a dose-dependent manner.
These results indicate that 70,25-DHC-induced apoptosis is coordinated by an extrinsic
death receptor-mediated apoptotic pathway through FasL and caspase-8 in chondrocytes.
Furthermore, the expression of anti-apoptotic factors, such as BcL-2 and BcL-xL,
decreased dose-dependently in response to 7a,25-DHC treatment in chondrocytes. In
addition, in chondrocytes, the expression of Bid, a precursor of truncated Bid (tBid)
that acts as a pro-apoptotic factor was decreased by 70,25-DHC treatment in a
dose-dependent manner, as shown in Fig. 9B. In contrast, the expression of Bax, Bad,
and cleaved caspase-9, the pro-apoptotic  factors  associated  with  the
mitochondria-dependent intrinsic apoptosis pathway, increased in chondrocytes treated
with 25 and 50 pg/mL 70,25-DHC, as shown in Fig. 9B. These results indicate that
70,25-DHC-induced chondrocyte apoptosis is mediated by the mitochondria-dependent
intrinsic apoptosis pathway and  involves the downregulation of anti-apoptotic factor
expression, upregulation of pro-apoptotic factor expression, and activation of caspase-9.
As shown in Fig. 9C, the expression of cleaved caspase-3 increased in chondrocytes
treated with 25 and 50 pg/mL 70,25-DHC, owing to the cleavage of pro-caspase-3, a
downstream substrate of cleaved caspase-8 and cleaved caspase-9. Additionally, the
expression of cleaved PARP, a downstream substrate of caspase-3, was increased in
chondrocytes treated with 25 and 50 pg/mL 70,25-DHC. 70,25-DHC not only
upregulated the expression of caspase-3 in both chondrocytes and ex vivo
organ-cultured articular cartilage, as indicated by immunocytochemistry (Fig. 9D) and

immunohistochemistry (Fig. 9E), respectively, but also increased the activity of
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caspase-3 in chondrocytes, as shown in Fig. 9F. Taken together, these findings
consistently indicate that 70,25-DHC-induced chondrocyte death is coordinated by death
receptor-mediated extrinsic and mitochondria-dependent intrinsic apoptosis through

activation of the caspase cascade in chondrocytes.

M1-9. 70,25-DHC-induced cell death is involved in autophagy in chondrocytes

Autophagy is a protein-degradation process during which the constituents of cells are
digested in lysosomes [26]. Therefore, to determine whether 70,25-DHC-induced cell
death is involved in autophagic cell death, a western blotting assay was used to
measure the expression of several marker proteins of autophagy after exposure to
chondrocytes treated with 25 and 50 pg/mL 7a,25-DHC for 48 h. As shown in Fig.
10A, the expression of LC3 and Beclin-1, the specific biomarkers associated with
autophagy, was significantly increased in chondrocytes treated with 70,25-DHC in a
dose-dependent manner. Furthermore, the immunoreactivity of Beclin-1 increased by 25
and 50 pg/mL 70,25-DHC in both chondrocytes and ex vivo organ-cultured articular
cartilage, as indicated by the results of immunocytochemistry (Fig. 10B) and
immunohistochemistry (Fig. 10C), respectively. These results indicate that 7

0,25-DHC-induced cell death is involved in autophagy in chondrocytes.

II-10. 7a,25-DHC induces oxiapoptophagy in articular cartilage

dissected from knee joints with OA

To confirm whether 70,25-DHC acts as a pathophysiological factor to induce the
progressive degeneration of articular cartilage via inducing oxiapoptophagy in severely
degenerated articular cartilage, OA mice were generated by surgically destabilizing the
median meniscus (DMM) at the knee joint. Three (middle stage of OA) and eight

weeks (terminal stage of OA) after surgery, the articular cartilage of the knee joint
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was dissected, and safranin-O and fast green staining were performed to observe the
proteoglycan in the articular cartilage. Subsequently, immunohistochemistry was
performed to verify oxiapoptophagy by measuring the expression of CYP7B1 for the
synthesis of 70,25-DHC, caspase-3 for apoptosis, and beclin-1 for autophagy. As shown
in Fig. 11, safranin-O & fast green staining showed that proteoglycan loss from
articular cartilage significantly increased in accordance with the severity of degeneration
at each stage of OA in the mice. The immunoreactivity of CYP7BI, caspase-3, and
beclin-1 increased in the articular cartilage that exhibited severe proteoglycan loss due
to DMM in the knee joint. Collectively, these results indicate that 7¢,25-DHC induces

oxiapoptophagy in the articular cartilage of the knee joint in OA.
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IV. DISCUSSION

OA is one of the most common joint diseases; it causes chronic joint pain and
results in the progressive degeneration of articular cartilage in synovial joints. Thus,
OA is being considered a major global socio-economic problem to be addressed
urgently, owing to the substantially increase in elderly population worldwide [27]. As
the pathophysiological etiology of OA is multifactorial and associated with various
risk factors such as aging, excessive joint movement, traumatic joint injury, individual
genetic heredity, and obesity, the precise pathological mechanisms of OA remain
largely unknown [28]. Hence, although several studies have been conducted to
develop an effective therapeutic agent for patients with OA, there are no effective
medications [29]. Recent meta-analyses have suggested the pathophysiological linkages
between metabolic syndromes, a cluster of the conditions of abdominal obesity, high
blood pressure, high blood sugar, high serum triglycerides, low serum high-density
lipoproteins, and arthritis, including OA and rheumatoid arthritis (RA) [30]. Although
in vivo animal models with obesity, diabetes, or dyslipidemia have helped to better
the understating of the pathophysiological linkage between metabolic syndromes and
arthritis, the mechanism by which metabolic diseases induce the progressive

degeneration of articular cartilage in synovial joints remains largely unknown [31].

Obesity is closely associated with the etiology of both metabolic syndromes and
OA. Obesity increases joint loading due to excessive body weight and results in the
progressive degeneration of articular cartilage due to its deleterious effects on
weight-bearing joints [32]. Furthermore, obesity induces chronic inflammation and cell
death via the production of adipokines in adipose tissues, which occurs under the
hypoxic conditions resulting from hypertrophy and hyperplasia in response to
excessive nutrition [33]. Hence, obesity is a catabolic risk factor of OA, owing to
mechanical overload, increased inflammation, and the induction of chondrocyte death
in the articular cartilage of synovial joints [34]. However, although these factors

provide a part of the pathophysiological linkage between metabolic syndromes and
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OA, there remains a need for a better understanding of the metabolic cellular

mechanisms of the development of OA.

Oxysterols are cholesterol derivatives synthesized by the oxidation of cholesterol
through enzymatic or radical processes [35]. Pathophysiological studies have reported
that oxysterol is closely associated with tumor formation in breast -cancer,
neurodegenerative diseases such as Parkinson’s disease and Alzheimer’s disease,
atherosclerosis, and apoptosis [36,37]. Recent studies have reported that some
oxysterols, such as 25-HC, 7-ketocholesterol, 7f-hydroxycholesterol, and cholestane-3
B,5a,6B-triol, induce apoptosis in various types of cells, such as smooth muscle cells
derived from rat aorta, human monocytic cell lines such as U-937 and HL-60, human
keratinocytes, human head and neck carcinoma cell FaDu, cellosaurus cell line
ECV-304, and human lymphoblastic leukemic CEM cells [25,38-42]. More recently,
Seo et al. reported that 25-HC induces apoptosis in chondrocytes, which is a
representative pathogenesis of OA [25]. Moreover, a recent study reported that the
CH25H-CYP7B1-RORa axis regulates OA [43]. Taken together, these data suggest
that oxysterol is closely involved in the pathophysiological etiology of metabolic OA
[25]. Therefore, to investigate the pathophysiological linkage between metabolic
syndromes and OA, it was hypothesized that 70,25-DHC, a downstream oxysterol
synthesized by CYP7B1 from 25-HC under inflammatory conditions, may be a

metabolic risk factor associated with OA.

DHCs, such as 70,25-DHC and 7a,27-DHC, are synthesized from cholesterol by
the enzymes CH25H, CYP7B1, and CYP27A1 in inflammatory conditions. Hence, to
verify the expression of these enzymes associated with 25-HC and 70,25-DHC in
chondrocytes under inflammatory conditions, chondrocytes were stimulated with LPS
to induce inflammation. As shown in Fig. 2, LPS-induced inflammation suppressed
the synthesis of extracellular matrix components such as aggrecan and Col II.

Moreover, LPS-induced inflammation not only upregulated the expression of
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cartilage-degrading enzymes such as MMP-13 and MMP-3, inflammatory mediators
such as iINOS and COX-2, and the apoptosis of chondrocytes, but also increased the
expression of oxysterol synthases such as CH25H and CYP7B1 in chondrocytes.
Collectively, these data indicate that inflammation-induced catabolic conditions and

apoptosis are involved in oxysterol synthesis in chondrocytes.

Previously, Seo et al. reported that 25-HC is a pathophysiological oxysterol
associated with the acceleration of proteoglycan loss from articular cartilage due to
the increased death of chondrocytes [25]. Hence, alterations in the extracellular matrix
were investigated in both ex vivo organ-cultured articular cartilage and chondrocytes
treated with or without 70,25-DHC. As shown in Fig. 3 and Fig. 4, 70,25-DHC not
only accelerated proteoglycan loss in articular cartilage, but also suppressed the
mRNA induction of aggrecan and Col II, the major components of the extracellular
matrix. Hence, these data indicate that 7a,25-DHC is a pathophysiological oxysterol
that induces the progressive degeneration of articular cartilage through the acceleration

of proteoglycan loss and suppression of ECM components.

The progressive degeneration of articular cartilage and eventual complete loss of
chondrocytes are the major clinical symptoms of OA [44]. Cartilage-degrading
enzymes, including MMP-13 and MMP-3, are responsible for the progressive
degeneration of articular cartilage during OA pathogenesis [45]. Hence, biochemical
therapeutic strategies to attenuate or prevent OA include the inhibition of both the
expression and activation of cartilage-degrading enzymes. However, Tomohiro et al.
reported that 25-HC promotes fibroblast-mediated tissue remodeling via the
upregulation of MMP-2 and MMP-9 in chronic obstructive pulmonary disease [46].
In the present study, the expression and activity of cartilage-degrading enzymes such
as MMP-13 and MMP-3 significantly increased in the conditioned media harvested
from chondrocytes treated with 70,25-DHC, as shown in Fig. 5. These data indicate

that 70,25-DHC is a pathophysiological oxysterol that accelerates the digestion of
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ECM through the upregulation of cartilage-degrading enzymes, in a manner similar to

that of 25-HC.

Inflammatory mediators, such as iNOS, COX-2, NO, and PGE,, are representative
catabolic factors associated with the upregulation of cartilage-degrading enzymes and
proteoglycan loss due to the increased production of pro-inflammatory cytokines, such
as IL-1B, IL-6, and TNF-0, during OA progression [47]. Recent studies have shown
that 25-HC is closely associated with the inflammatory response. Pokharel et al.
reported that 25-HC increases the production of pro-inflammatory cytokines such as
TNF-a and IL-6 via activating a5B1 and avp3 integrin in macrophages and epithelial
cells [48]. Jang et al. reported that 25-HC contributes to cerebral inflammation and
increases oligodendrocyte cell death via activating the NLRP3 inflammasome [49]. In
the present study, the expression and production of inflammatory mediators that act
as catabolic risk factors of OA increased significantly in chondrocytes treated with 7
0,25-DHC, as shown in Fig. 6. These data suggest that 70,25-DHC is a
pathophysiological oxysterol that upregulates the inflammatory mediators associated
with oxidative stress to induce the production of pro-inflammatory cytokines during

OA progression.

Apoptosis is a highly regulated form of cell death [50]. However, the dysregulation
of apoptosis is a pathophysiological risk factor for the induction of cancer,
developmental abnormalities, and degenerative diseases including OA [51]. In
particular, chondrocytes are closely associated with the ECM maintenance. Hence,
chondrocyte apoptosis leads to the progressive degeneration of articular cartilage due
to the imbalance between anabolism and catabolism [52]. Furthermore, chondrocyte
apoptosis occurs frequently in osteoarthritic cartilage. Recently, Seo et al. reported
that 25-HC induced the apoptosis of chondrocytes via FasL-triggered extrinsic and
mitochondria-dependent intrinsic apoptosis [25]. As shown in Fig. 7-9, 70,25-DHC
increased caspase-dependent apoptotic cell death through FasL-triggered extrinsic and

mitochondria-dependent intrinsic apoptosis, showing similarity with 25-HC-induced
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apoptosis, in chondrocytes. These data consistently indicate that 70,25-DHC is a
pathophysiological oxysterol that induces OA by increasing apoptotic cell death in

chondrocytes.

Autophagy is an important physiological process that degrades intracellular
components, such as unnecessary or damaged cellular organelles and protein
aggregates, in all living cells and transports them to lysosomes for recycling [53].
LC3 and Beclin-1 are common biomarkers of autophagy. During autophagy activation,
LC3B is cleaved into LC3II and localizes to the autophagosome membrane, where it
plays a role in initiating autophagosome formation [54]. Beclin-1 participates in the
autophagy by regulating phosphatidylinositol 3-phosphate and the recruiting
autophagy-related  proteins, which are essential for the formation of
pre-autophagosomal structures [55]. Studies have reported that oxysterol induces
autophagy in various types of cells, such as vascular smooth muscle cells and murine
oligodendrocytes [20]. Hence, to verify whether 70,25-DHC-induced cell death is
involved with autophagy, the alteration of biomarkers associated with autophagy was
investigated, as shown in Fig. 10. The expression of Beclin-1 and LC3, biomarkers
associated with autophagy, significantly increased by 7a,25-DHC in chondrocytes.
These data suggest that 7a,25-DHC-induced cell death is involved in apoptosis

accompanied by autophagy and this process is known as oxiapoptophagy.

To confirm 7a,25-DHC-induced oxiapoptophagy in osteoarthritic cartilage, OA mice
were generated via surgical DMM at the knee joint [56]. To evaluate oxiapoptophagy
in accordance with OA severity, OA animals were sacrificed three (middle stage of
OA) and eight weeks (terminal stage of OA) after DMM surgery. As shown in Fig.
11, the immunoreactivity of CYP7BI1, caspase-3, and beclin-1 increased in the
articular cartilage that exhibited severe proteoglycan loss due to DMM in the knee
joint. These data consistently indicate that 70,25-DHC-induced cell death is involved

in oxiapoptophagy in the articular cartilage of the knee joint in OA.
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Collectively, the present study clearly demonstrated that 70,25-DHC, a
pathophysiological oxysterol that induces OA, causes an increase in catabolic factors,
including the expression of cartilage-degrading enzymes and the production of
inflammatory mediators, and induces the oxiapoptophagy of chondrocytes. To fully
understand metabolic OA, further investigations are warranted to elucidate the
pathophysiological roles of 70,25-DHC in animals with metabolic syndromes and OA.
However, this study has provided insight into the pathophysiological linkage between
metabolic syndrome and OA that involves 7a,25-DHC.
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70,25-Dihydroxycholesterol

Other names : 7a,25-dihydroxycholesterol, Cholest-5-ene-3f, 7a,25-triol, 7-a,25-dihydroxycholesterol, 5-cholesten-3f, 7a,25-triol
Chemical formula : C,,H 404

Molecular weight : 418.65

CAS NO. 64907-22-8

IUPAC name : (35,75,85,95,10R,13R,148,17R)-17-[(2R)-6-hydroxy-6-methylheptan-2-y1]-10,13-dimethyl-
2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta[a]phenanthrene-3,7-diol

Figure 1. Chemical structure of 7a,25-DHC.
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Figure 2. LPS-induced inflammation increased catabolic effects and induced the expression of oxysterol synthase in chondrocytes.
Primary rat chondrocytes were treated with 2.5 and 5 pg/mL LPS for 48 h. Total RNA and cell lysates were prepared to
perform qPCR to investigate the mRNA induction of aggrecan, Col 1I, MMP-3, MMP-13, iNOS, COX-2, PTGS-2, CH25H, and
CYP7BI, and western blot was performed using specific antibodies against caspase-3, PARP, CH25H, and CYP7B1. A, mRNA
levels of aggrecan and Col II, major components of the extracellular matrix, decreased dose-dependently by LPS in
chondrocytes. B, mRNA levels of MMP-3 and MMP-13, representative cartilage-degrading enzymes, were increased
dose-dependently by LPS in chondrocytes. C & D, mRNA (C) and protein levels (D) of iNOS, COX-2, and PTGS-2, catabolic
inflammatory mediators associated with oxidative stresses, were increased dose-dependently by LPS. E, expression of
pro-apoptotic factors, such as caspase-3 and PARP, was increased by LPS. F & G, mRNA (F) and protein (G) levels of
cholesterol-25-hydroxylase (CH25H) and CYP7B1 significantly increased in the chondrocytes treated with LPS.
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Figure 3. 70,25-DHC accelerated proteoglycan loss in articular cartilage. Explants of articular cartilage dissected from the knee
joint of 5-day-old rats were ex vivo organ-cultured with 10 and 25 pg/mL of 70,25-DHC for 14 days. Thereafter, explants of
articular cartilage were fixed with 4% paraformaldehyde for one week and then embedded into paraffin to perform hematoxylin
and eosin staining (A) as well as safranin-O and fast green staining (B). A, 70,25-DHC did not affect the morphological
changes in articular cartilage. B, proteoglycan loss was increased dose-dependently by 70,25-DHC in the explant of articular
cartilage dissected from the knee joint of 5-day-old rats.
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Figure 4. 70,25-DHC suppressed the mRNA induction of Col Il and aggrecan in chondrocytes. Primary rat chondrocytes were
treated with 25 and 50 pg/mL of 7a,25-DHC for 48 h. Thereafter, cDNA was synthesized from isolated total RNA to perform
gPCR (A) and qRT-PCR (B). A & B, mRNA levels of aggrecan and Col II, major components of the extracellular matrix,
decreased by 7a,25-DHC in chondrocytes. The data are expressed as the mean + standard deviation (SD; p < 0.05 and p <

0.01, respectively).
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Figure 5. 70,25-DHC upregulated the expression and activity of -cartilage-degrading enzymes in chondrocytes. Primary rat
chondrocytes were treated with 25 and 50 pg/mL of 70,25-DHC for 48 h. Thereafter, the expression and activation of matrix
metalloproteinase were assessed by qPCR (A), western blot (B), qRT-PCR (C), and gelatin zymography (D). A-C, mRNA (A &
C) and protein (B) levels of MMP-3 and MMP-13 were increased by 70,25-DHC dose-dependently in chondrocytes. D, the
activity of cartilage-degrading enzymes increased in the conditioned media of chondrocytes treated with 25 and 50 pg/mL 7
0,25-DHC. The data are expressed as the mean =+ standard deviation (SD; p < 0.05 and p < 0.01, respectively).
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Figure 6. 70,25-DHC induced catabolic inflammatory mediators associated with oxidative stress. Primary rat chondrocytes were
treated with 25 and 50 pg/mL of 7a,25-DHC for 48 h. Thereafter, qPCR (A), western blot (B), qRT-PCR (C), and ELISA for
PGE, (D) and NO (E) were performed to assess the catabolic inflammatory mediators associated with oxidative stress. A-C, the
mRNA (A&C) and protein (B) levels of catabolic inflammatory mediators such as iNOS, COX-2, and PTGS-2 increased
dose-dependently in chondrocytes treated with 70,25-DHC. D & E, the production of PGE, (D) and NO (E) was increased
dose-dependently by 70,25-DHC in chondrocytes. The data are expressed as the mean + standard deviation (SD; p < 0.05 and
p < 0.01, respectively).
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Figure 7. 70,25-DHC induced apoptotic cell death in chondrocytes. Primary rat chondrocytes were treated with 1, 10, 25, and
50 pg/mL of 70,25-DHC for 48 h. Cytotoxicity was measured using the MTT assay. H&E staining (upper B), cell Live/Dead
assay (middle of B), and DAPI staining (lower B) were performed to investigate the morphological alteration, cell survival, and
chromatin condensation, respectively, in chondrocytes treated with 25 and 50 pg/mL 70,25-DHC for 48 h. Images were captured
by fluorescence microscopy (Eclipse TE2000; Nikon Instruments, Melville, NY, USA). The data are expressed as the mean =+
standard deviation (SD; p < 0.05 and p < 0.01, respectively).
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Figure 8. 70,25-DHC increased the apoptotic population in chondrocytes.
Primary rat chondrocytes were treated with 25, and 50 pg/mL
70,25-DHC for 48 h. Thereafter, FACS analysis was performed to

measure the apoptotic population
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Figure 9. 70,25-DHC-induced cell death was mediated caspase-dependently by extrinsic and intrinsic apoptosis in chondrocytes.
Primary rat chondrocytes were treated with 25 and 50 pg/mL 70,25-DHC for 48 h. Thereafter, western blot (A) using
pro-apoptotic and anti-apoptotic antibodies, immunocytochemistry (B) using caspase-3 antibody, and caspase-3/-7 activity assay
using cell-permeable fluorogenic substrate caspase-3/-7 substrate solution were performed to verify the apoptotic signaling
pathways. Immunohistochemistry was performed to verify the expression of caspase-3 in the explant of articular cartilage treated
with 10 and 25 pg/mL 70,25-DHC for 14 days. A, 70,25-DHC induced death receptor-mediated extrinsic apoptosis in
chondrocytes, which was regulated by cleavage of caspase-8. B, 70,25-DHC induced mitochondria-dependent intrinsic apoptosis
via activating caspase-9 in chondrocytes. C, Caspase-3 was cleaved by both cleaved caspase-3 and PARP in chondrocytes. D &

E, 70,25-DHC induced the expression of caspase-3 in chondrocytes (D) and articular cartilage (E). F, Caspase-3/-7 activity was
increased in the chondrocytes treated with 70,25-DHC.
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Primary rat chondrocytes treated with 7a,25-DHC (pg/ml) for 48 h
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Figure 10. 70,25-DHC-induced cell death is involved in autophagy in chondrocytes. Primary rat chondrocytes were treated with
25, and 50 pg/mL 70,25-DHC for 48 h. Thereafter, western blot (A) was performed to verify the expression of Beclin-1 and
LC3, biomarkers of autophagy. Immunocytochemistry (B) was performed to verify the expression of beclin-1 in the chondrocytes
treated with 25 and 50 pg/mL 70,25-DHC for 48 h. Immunohistochemistry (C) was performed to verify the expression of
beclin-1 in the explant of articular cartilage treated with 10 and 25 pg/mL 70,25-DHC for 14 days. A, the expression of
Beclin-1 and LC-3 was upregulated in the chondrocytes treated with 70,25-DHC. B & C, the immunoreactivity of Beclin-1 was
increased by 70,25-DHC in the chondrocytes (B) and explant of articular cartilage (C).
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Figure 11. 70,25-DHC induced oxiapoptophagy in the articular cartilage dissected
from the knee joint with OA. OA mice were generated by the surgical destabilization
of the median meniscus (DMM) at the knee joint. The knee joints were dissected
three (middle stage of OA) and eight weeks (late stage of OA) after DMM surgery.
Thereafter, safranin-O and fast green staining were performed to stain the
proteoglycan in the articular cartilage. Subsequently, immunohistochemistry was
performed to verify the expression of CYP7B1 for the synthesis of 70,25-DHC,
caspase-3 for apoptosis, and Beclin-1 for autophagy. In accordance with the
increasing severity of proteoglycan loss, the immunoreactivity of CYP7BI1, caspase-3,
and Beclin-1 increased in the articular cartilage that exhibited severe proteoglycan
loss due to DMM in the knee joint.
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Figure 12. Schematic diagram of catabolic oxysterol 70,25-DHC-induced oxiapoptophagic chondrocyte death in OA.
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Table 1. PCR primer sequences used in this study

TABLE

qPCR Gene Primer sequences NCBI gene no.

Forward : 5-GGTGCTTTGGCCACCTCAAT-3'

ADAMTS4 NM_023959.1
Reverse : 5'-ACCACCTCCACAAGTCCTGG-3' -
Forward : 5'-ACACCTGCGTATTTGGGAACCCA-3'

ADAMTSS NM 198761.1
Reverse : 5'-GTGTCTGACCAAGAAGTTGCCTGC-3'
Forward : 5-CAGAGGAACACACCGAAAGT-3'

Aggrecan NM_022190.1
Reverse : 5'-GCACACTGGCTCCATCTATT-3'
Forward : 5'-CCCTTCTTCCCAGTCATCTTT-3'

CH25H NM _001025415.1
Reverse : 5'-TCCCAGACGCTCATGTATTG-3' -
Forward : 5'-GGTCCTGGCATCGACAT-3'

Col 11 NM 012929.1
Reverse : 5'-GTGCGAGCGGGATTCTT-3' -
Forward : 5'-CCCTTCCTCCTGTGGCTGAT-3'

COX-2 NM 017232.3
Reverse : 5-CCCAGGTCCTCGCTTCTGAT-3' -
Forward : 5'-CGGGCATGAAGAGTTTGAAATAG-3'

CYP7BI1 NM_019138.1
Reverse : 5'-AGACTTCTGGGTCATTGTGTATC-3' -
Forward : 5-GCATCGGCAGGATTCAGTGG-3'

INOS NM 012611.3
Reverse : 5'-TAGCCAGCGTACCGGATGAG-3' -
Forward : 5'-TCCTACCCATTGCATGGCAGTGAA-3'

MMP3 NM 133523.2
Reverse : 5'-GCATGAGCCAAGACCATTCCAGG-3' -
Forward : 5'-GGCAAAAGCCATTTCATGCTCCCA-3'

MMP13 NM_ 133530.1
Reverse : 5'-AGACAGCATCTACTTTGTCGCCA-3' -
Forward : 5'-ACTGGGCCATGGAGTGGACTTAAA-3'

PTGS2 NM 017232.3
Reverse : 5-TCAGTATGAGCCTGCTGGTTTGGA-3' -

) Forward : 5'-CGATAAAGGAAGGCTGGAAGAG-3'

B-actin NM_019212.2

Reverse : 5'-GTGCCCATCTATGAGGGTTATG-3'
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Table 2. Real -Time PCR primer sequences used in this study

qRT-PCR Gene Primer sequences NCBI gene no.

Forward : 5-CTCTGGGTATGGCTGATGTG-3'

ADAMTS4 NM_023959.1
Reverse : 5-ACGGTTTGGAGTTATCATGGAG-3'
Forward : 5'- GGGTTATACTGACGTTGTGAGG-3'

ADAMTSS NM_011782.2
Reverse : 5-TCTAGTCTGGTCTTTGGCTTTG -3'
Forward : 5'-CCCCAAATCCCTCATACTCAG-3'

Aggrecan NM_032893390.1
Reverse : 5-CTGTTTCTCCTGACCCTTCTG-3'
Forward : 5'-CACTCACCATCCTCGTCTTTC-3'

CH25H NM _001025415.1
Reverse : 5-GGAAAGTCGTAACCTGAGTGG-3'
Forward : 5'-AGCACATCTGGTTTGGAGAG-3'

Col I NM_012929.1
Reverse : 5'-CAGTGGTAGGTGATGTTCTGG-3'
Forward : 5'-CAACCCATGTCAAAACCGTG-3'

COX-2 NM_017232.3
Reverse : 5-TTGTCAGAAACTCAGGCGTAG-3'
Forward : 5'-AATTGTTCAGGAGAGGCAGG-3'

CYP7BI1 NM 019138.1
Reverse : 5-CATAGCTGGAATGGTGTTTGC-3'
Forward : 5-CGGTGTTCTTTGCTTCTGTG-3'

iNOS NM 012611.3
Reverse : 5-TGAAGGCGTAGCTGAACAAG-3'
Forward : 5'-GACCCTGAGACCTITACCAATG-3'

MMP3 NM_133523.3
Reverse : 5-AAAGAACAAGACTTCTCCCCG-3'
Forward : 5'-GATGAAGACCCCAACCCTAAG-3'

MMP13 NM_133530.1
Reverse : 5-GGAGACTAGTAATGGCATCAAGG-3'
Forward : 5-ATGGGTGTGAATGAGAAGGAC-3'

GAPDH NM_023964.1
Reverse : 5-GTCATTAGCCCTTCCACGATC-3'
- 39 —
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