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Abstract

Background and objectives: Cartilage destruction is central in the pathogenesis of osteoarthritis (OA), an age-
related chronic degenerative disease. Cartilage degeneration has been postulated to occur due to chondrocyte
senescence. On the other hand, type 2 diabetes mellitus (T2DM) is an independent risk factor for OA initiation
and progression, bringing about the concept of “diabetic OA (DM-OA).” Aberrant metabolic pathways in T2DM
promote a chronic inflammatory environment that favors cell apoptosis and senescence. However, it is still un-
clear if the cartilage of diabetic OA patients contains a higher amount of senescent chondrocytes compared to
nondiabetic patients.

Methods: We established mouse models of OA and DM-OA and determined the integrity of cartilage with and
without OA induction with Safranin-O/Fast Green staining. MicroRNA-24a (miR-34a) and sirtuin 1 (SIRT1) cartilage
expression was quantified using reverse transcription polymerase chain reaction. Chondrocytes were transfected
with either miR-34a mimic or anti-miR-34a, and subsequent expression of SIRT1 and aging-related proteins was
determined by western blotting and reverse transcription polymerase chain reaction and followed by quantifica-
tion of senescent cells using a senescence-associated beta-galactosidase staining kit.

Results: This study showed that miR-34a expression was elevated in the cartilage of diabetic OA models. miR-34a
may be critical for chondrocyte senescence, likely through its action on SIRT1 expression. This hypothesis was
supported by reduced SIRT1 expression in the cartilage of diabetic OA models.

Conclusions: Our findings suggest that miR-34a/SIRT1 plays a critical role in the development and progression of
diabetic OA. Targeting miR-34a/SIRT1 may function as a novel pathway for OA prevention through the elimination
of senescent chondrocytes.
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Osteoarthritis (OA) is an age-related chronic degenerative disease
that features cartilage destruction. Chondrocytes are the only cells
that secrete and convert extracellular matrix components. Chondro-
cyte apoptosis and senescence, therefore, confer significant effects
on cartilage integrity.! Cellular senescence refers to the process of
irreversible cell cycle arrest caused by various stresses, and is a
major factor leading to age-related disease including OA.23 A re-
cent study demonstrated that injecting senescent chondrocytes into
the knee joint triggers cartilage destruction, as seen in OA.* Other
studies have shown that the elimination of senescent cells reduces
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cartilage damage and pain in post-traumatic OA mouse models.’
The implication of chondrocyte senescence in OA has been gaining
significant attention in efforts to uncover its mechanism of action.

Type 2 diabetes mellitus (T2DM) and OA are the most common
chronic diseases worldwide.%” The concept of ‘diabetic OA’ has
emerged over recent years and highlights T2DM as an independ-
ent risk factor for OA initiation and progression.® OA patients who
are diabetic experience worse degrees of cartilage destruction.’
Mechanistically, it has been demonstrated that T2DM accelerates
OA development due to enhanced oxidative stress and inflamma-
tion.!%!! Prolonged inflammation as a result of T2DM alters the
chondrocyte homeostasis, resulting in increased favoring apopto-
sis and senescence.™'2 However, whether there are higher numbers
of senescent chondrocytes in the cartilage of diabetic OA patients
has yet to be clarified.

It is well known that microRNAs (miRNAs) are crucial in OA
initiation and progression. A previous study found that miR-140
is an important molecule that targets matrix metalloprotinase
13.13 miR-34a was initially characterized as a tumor suppressor
that can control malignant cell senescence, apoptosis, and prolif-
eration. Specifically, miR-34a induces endothelial and endothelial
progenitor cell senescence by acting on sirtuin 1 (SIRT1), a gene
associated with longevity. Several types of aged organ tissues have
increased miR-34a expression, and aged cardiac tissue with sup-
pressed miR-34a expression results in ventricular remodeling and
improved cardiac performance.'* However, its role in regulating
chondrocyte cellular senescence is largely unknown.

This study evaluated miR-34a expression in the cartilage of dia-
betic OA, and investigated the regulatory role of miR-34a/SIRT1
in mediating chondrocyte senescence and OA development. The
results provide evidence that targeting miR-34a/SIRT1 signaling
effectively attenuates OA progression by suppressing cellular se-
nescence.

Methods
Establishment of OA and DM-0OA models

This study was carried out in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. This study was conducted after
approval by the Animal Research Ethics Committee of Jinan Uni-
versity (Guangzhou, China). Twelve-week-old mice were reared in
specific pathogen-free conditions under suitable temperatures with
70% humidity. In establishing mouse models of OA, the animals
were subjected to anterior cruciate ligament and medial collateral
ligament transection surgery over their right knee joints as previ-
ously described.!> Control animals (sham group) were only sub-
jected to resection of the skin over their right knee joints. DM was
induced by feeding mice a combination of streptozotocin (STZ),
high-sugar, and high-fat diets over a short period of time.!S Con-
sequently, 8-week feeding of a high-fat and high-sugar diet plus
a single intraperitoneal injection of STZ at a dose of 40 mg/kg
was used to mimic T2DM. The control group was injected with an
equal dose of citrate buffer vehicle. Six weeks after the procedure,
samples from the right knee joint were harvested.

Assessment of blood glucose level

After 1 week of acclimatization, the DM-OA group was induced
with DM via a single intraperitoneal injection of 40 mg/kg STZ
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(S0130; Sigma, St. Louis, MO, USA), while the OA and sham
groups were given phosphate-buffered saline (PBS) vehicle at the
same time. On day 3 after STZ injection, to confirm the induction
of DM, mice were fasted for 6 h and tail vein blood was sampled
using Optium Xceed (Abbott Diabetes Care Ltd., Witney, UK).
Following administration of a glucose bolus (500 mg/kg intraperi-
toneal), glucose levels were measured immediately postinjection
and at 15, 30, 60, 90, and 120 min. On day 7 after STZ injec-
tion, mice were fasted for 6 h and tail vein blood was sampled.
Following administration of insulin (1 1U/kg IP, S6955; Selleck
Chemicals, Houston, TX, USA), glucose levels were measured
immediately postinjection and at 15, 30, 60, 90, and 120 min. To
quantify metabolic status, the net area under the curve was cal-
culated from the glucose tolerance test and insulin tolerance test
curve of each mouse (GraphPad Prism 7; GraphPad Software, San
Diego, CA, USA). Hyperglycemic induction was confirmed when
blood glucose levels were >16.7 mmol/L with abnormal levels in
the glucose tolerance test and insulin tolerance test.!6:17

Human cartilage specimens

Human cartilage specimens from OA patients were included in this
study. Knee OA was diagnosed based on clinical and radiological
evaluation, and its severity was classified according to the Kell-
gren and Lawrence x-ray criteria. Diabetic patients were enrolled
according to the diagnostic criteria of guideline. All donors pro-
vided written informed consent, with study approval granted by
Jinan University.'8

Histological and immunochemical examination

Mice knee joint samples were fixed in 10% formalin and decalci-
fied for 14 days with 10% EDTA (G1105; Wuhan Servicebio Tech-
nology, Wuhan, China) prior to embedding samples in paraftin. 5
um sections were treated with a combination of hematoxylin and
cosin (H&E, Heagene, China) as well as Safranin-O/Fast Green
dyes. The Osteoarthritis Research Society International scoring
system was used to evaluate cartilage integrity.!” Immunohis-
tochemical staining was performed based on established guide-
lines.?’ A Senescence B-Galactosidase Staining Kit (Beyotime,
Shanghai, China) was used to determine the number of senescent
cartilage cells in compliance with the manufacturer’s protocols.
Anti-SIRT1 primary antibody was used (1:50, D1D7; Cell Signal-
ing Technology, Danvers, MA, USA). A light microscope (390335;
Leica, Wetzlar, Germany) was used to image all samples in order
to calculate the percentage of stained cells.

Cell culture

Primary chondrocytes were isolated from human cartilage tissues
harvested from nondiabetic OA patients who underwent a total
knee replacement. Briefly, the articular cartilage tissue was finely
minced, rinsed with PBS (HyClone, Logan, UT, USA), and digest-
ed with 2 mg/mL collagenase II (Sigma) for 8-10 h after treatment
with 0.25% trypsin-EDTA (Gibco, Gaithersburg, MD, USA) for
30 min at 37°C. The isolated cells were cultured until cells reached
80-90% confluence. All cells were maintained in a humidified in-
cubator containing 5% CO, at 37 °C. Cells between the third and
seventh passages were used for subsequent experiments. Human
interleukin-1p (IL-1B, (Cell Signaling Technology, 8900SC, Bev-
erly, MA, USA) was used at a working concentration of 20 ng/mL.
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Western blot analysis

Western and immunoprecipitation buffer (P0013; Beyotime) con-
taining protease inhibitor cocktail (Roche, Penzberg, Germany)
was used to lyse cells. Between 20 and 50 pg of protein was sub-
jected to 8—15% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, followed by analyses of immunoreactive bands using
enhanced chemiluminescence reagents with the Tanon 5200 Lu-
minescent Imaging Workstation (Tanon Science & Technology,
Shanghai, China). ImageJ software (National Institutes of Health,
Bethesda, MD, USA) was used to analyze all images.?! SIRTI
antibodies at a concentration of 1:1,000 were obtained from Cell
Signaling Technology.

Senescence f-galactosidase staining

A Senescence B-Galactosidase Staining Kit (Beyotime) was used
to detect chondrocyte senescence in compliance with the manu-
facturer’s protocols. In brief, 6-well plates were used to culture
primary chondrocytes for 72 h. Cells were then fixed at room
temperature for 20 min with 1 mL fixative solution. Cells were
rinsed twice with PBS, and then incubated overnight at 37 °C with
a staining solution mixture containing X-gal. Ten random fields
that had at least more than 500 cells were selected to determine the
proportion of senescent cells.

Reverse transcription and quantitative polymerase chain reac-
tion

Total chondrocyte RNA was extracted using the TRIzol Plus RNA
Purification Kit (Life Technologies, Carlsbad, CA, USA) before it
was reverse transcribed into cDNA using the High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Primers
used for SIRT1 amplification were as follows: 5'-CAACGGTTTC-
CATTCGTGTG-3" (sense) and S5-GTTCGAGGATCTGTGC-
CAAT-3' (antisense). GAPDH was used as an endogenous control.
miRNA isolation was performed using the miRcute miRNA Isola-
tion Kit (DP501, Tiangen Biotech, Beijing, China) according to
the manufacturer’s instructions. Then 100 pug miRNA was reverse
transcribed using the miRcute Plus miRNA First-Strand cDNA Kit
(KR211; Tiangen Biotech). The miRcute Plus miRNA qPCR Kit
(FP411; Tiangen Biotech) was used to quantify miRNA expres-
sion level. The relative fold change (2722€T) was used to calcu-
late relative gene expression. The DNA engine CFX96 Real-Time
PCR Amplification System (CFX96 Touch; Bio-Rad Laboratories,
Feldkirchen, Germany) was used to perform all experiments in
triplicate.

miR-34a and anti-miR-34a transfection

miRNAs were purchased from RiboBio (Guangzhou, China).
miR-34a, mimic negative control (micrON™ Mimic Negative
Control #22, Intergrated Biotech Solutions, miR01101, Shang-
hai, China), miR-34a mimic (micrON™ hsa-miR-34a-5p mimic,
Intergrated Biotech Solutions, miR10000255, Shanghai, China),
inhibitor negative control (micrON™ Inhibitor Negative Control
#22, miR02101), and anti-miR-34a (micrOFF™ hsa-miR-34a-
Sp Inhibitor, miR20000815) were used to increase and suppress
miR34a expression. Briefly, a 6-well plate (Costar3516; Corning,
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Corning, NY, USA) was used to culture primary chondrocytes for
24 h at a density of 2 x 10° cells/per well. The aforementioned
miRNAs were transfected using Lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) for 72 h. Then cells were rinsed and lysed for
protein analyses.

Statistical analyses

All data are expressed as the mean + standard deviation. GraphPad
Prism 7 software (GraphPad Software, La Jolla, CA, USA) was
used for all statistical analyses. Intergroup variances were calcu-
lated with the Student’s s-test. Comparisons among three groups
were evaluated using one-way analysis of variance with the Dun-
nett’s test. P < 0.05 was considered statistically significant.

Results
Diabetic OA cartilage exhibits raised miR-34a expression

It is increasingly recognized that miR-34a exerts significant func-
tions in OA development and progression by regulating chondro-
cyte apoptosis.?>?3 Yet its role in diabetic OA, a condition associ-
ated with more severe cartilage destruction, is largely unknown.
Therefore, we evaluated miR-34a expression in diabetic OA after
establishing an OA model using the classical surgical destabiliza-
tion of the medial meniscus (DMM) method. DM-OA mice were
generated by feeding OA mice with diets rich in sugar and fat in
addition to a single intraperitoneal injection of STZ.?* As shown in
Figure la and 1b, more severe cartilage destruction was observed
in the DM-OA group compared to the sham and OA group, as as-
sessed by Safranin O staining. Interestingly, miR-34a expression
increased with increasing OA severity (Fig. 1¢). Next, we assessed
the expression of miR-34a in human cartilage specimens, and our
results also demonstrated elevated miR-34a in DM-OA in contrast
to OA (Fig. 1d, ). We conclude that OA development appears to
be mediated by chondrocyte expression of miR-34a.

miR-34a regulates the senescence of chondrocytes

The cartilage of OA patients undergoing joint replacement has
a high quantity of senescent cells. Therefore, researchers have
proposed targeting senescent cells as a promising treatment for
OA.121225 Our subsequent experiments determined how miR-
34a is involved in regulating chondrocyte senescence. As shown
in Figure 2a, the lateral and medial cartilages of DM-OA patients
exhibited a higher percentage of senescent cells. Primary chon-
drocytes underwent higher rates of cellular senescence in the in
vitro culture. We demonstrated that a miR-34a mimic enhanced
the expression of senescent markers, including p16 and p21, on
both days 3 and 7 (Fig. 2b), while anti-miR-34a markedly in-
hibited their expressions (Fig. 2c¢). Consistently, anti-miR-34a
significantly suppressed the proportion of senescence-associated
B-galactosidase-stained senescent cells (Fig. 2d, e). Taken togeth-
er, these findings support the critical role of miR-34a in modulat-
ing chondrocyte senescence.

SIRT1I expression is reduced in diabetic OA

Given the critical role of miR-34a/SIRT1 signaling in regulating
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Fig. 1. MicroRNA-34a expression is elevated in diabetic osteoarthritis cartilage. (a) Integrity of the cartilage before and after osteoarthritis (OA) and dia-
betic OA (DM-OA) induction in mice was evaluated by Safranin-O/Fast Green staining. F: Femur, M: meniscus, T: tibia. Scale bar = 50 uM. (b) Osteoarthritis
Research Society International score in A was determined. **, P < 0.01. (c) MicroRNA-34a (miR-34a) expression in the cartilage of the indicated group were
quantified by quantitative polymerase chain reaction (qPCR) (n = 5) and normalized against U6 levels. Data are depicted expressed as the mean + standard
deviation (**, P < 0.01). (d) The integrity of cartilage in OA and DM-OA patients was evaluated by Safranin-O/Fast Green staining. Scale bar = 50 uM. (e)

miR-34a expression in D was quantified by gPCR (n = 6). **, P < 0.01.

chondrocyte senescence, as well as the fact that diabetic OA pa-
tients exhibit enhanced numbers of senescent cells, we hypoth-
esized that SIRT1 is involved in the development of diabetic OA.
By assessing the expression of SIRT1 in a series of OA model
using quantitative polymerase chain reaction, we found that the
DM-OA group had lower SIRT1 expression than the Sham and OA
groups (Fig. 3a). Immunohistochemistry also demonstrated similar
decreases of SIRT1 expression in cartilage specimens of DM-OA
mice (Fig. 3b). We conclude that miR-34a/SIRT1 signaling plays
a critical role in the development and progression of diabetic OA.

SIRTI is involved in miR-34a-triggered chondrocyte senescence

SIRT1 plays a large role in enhancing the longevity and cellular
senescence of several organisms;>!126 however, little is known re-
garding its role in DM-OA. We demonstrated that transfection of
miR-34a mimics into primary chondrocytes significantly reduced
SIRT1 mRNA and protein expression, while anti-miR-34a restored
SIRT1 expression (Fig. 4a, b). This was followed by an investiga-
tion regarding the function of SIRT1 in miR-34a induced cellular
senescence. As shown in Figure 4c, anti-miR-34a markedly inhib-
ited IL-1B-induced chondrocyte senescence. However, knockdown
of SIRT1 by its corresponding siRNA restored the percentage of
senescent cells induced by IL-1B (Fig. 4d). Collectively, these re-
sults highlight the essential role of SIRT1 in miR-34a-triggered
chondrocyte senescence.

Discussions

Our studies showed that miR-34a was highly expressed in diabetic
OA cartilage, while SIRT1 expression was decreased in diabetic
OA model cartilage. miR-34a may be a key molecule in adjust-
ing and controling chondrocyte senescence by regulating the ex-
pression of SIRT1. Meanwhile, further studies have shown that
miR-34a /SIRT1 plays a regulatory role in mediating chondrocyte
senescence and OA development.

Senescent chondrocytes can participate in OA occurrence and
development by inducing oxidative stress and the senescence-re-
lated secretion phenotype.?>*” These changes alter the chondrocyte
microenvironment, resulting in altered synthesis and degradation of
cartilage matrix components. Senescent cells also lose their ability
to trigger repair signals, leading to aggravated articular cartilage
degeneration and increased OA incidence.®*$2° In recent years,
T2DM was found to accelerate OA development due to enhanced
oxidative stress and inflammation.3 However, whether increased
numbers of senescent cells are present in the cartilage of diabet-
ic OA patients and models has remained unknown. We sought to
bridge this knowledge gap and found that the degree of cartilage
destruction observed in the DM-OA group was more severe and the
numbers of senescent cells were higher in contrast to the sham and
OA groups. Our study is the first to show higher numbers of senes-
cent cells in the cartilage of DM-OA patients and models.

Previous studies have identified a considerable number of dif-

DOI: 10.14218/ERHM.2021.00029 | Volume 7 Issue 1, March 2022


https://doi.org/10.14218/ERHM.2021.00029

Li D.Y. et al: miR-34a/SIRT1 regulates chondrocyte senescence in type 2 diabetes mellitus Explor Res Hypothesis Med

a 1 oA b Cc

£ 160+ = DM-OA

§ o o 3d 7d 3d 7d
g 120- | ' miR__ Con miR Con anti-miR Con anti-miR
(7]

: = il

& 80

;,, BT

S 404

c

- - - -

(7]

a O T T

M L

d Normal Control anti-miR-34a e

e e

Percentage of senescent cells

. =

Fig. 2. MicroRNA-34a is a critical regulator of chondrocyte senescence. (a) The percentage of senescent cells in the medial (M) and lateral (L) sides of
cartilage in osteoarthritis (OA) and diabetic OA (DM-OA) was analyzed. **, P < 0.01. (b and c) Chondrocytes were transfected with either microRNA-34a
(miR-34a) mimic (miR) or anti-miR-34a (anti-miR) for 3 or 7 days prior to western blot analysis of the expression of p16, p21, and B-actin. (d) Chondrocyte
senescence was induced by interleukin 1 beta, followed by a 3-day transfection period with either control or anti-miR-34a. The proportion of senescent cells
were assessed with a senescence-associated beta-galactosidase staining kit. Scale bar = 20 um. (e) Senescent cell proportions in D were analyzed. ****, p
< 0.0001.

;

0 -
N N
§0 0.60
P
&
*

ferentially expressed miRNAs involved in the development and
progression of OA. miR-140 was previously found to negatively
regulate matrix metalloproteinase 13 expression, thus controlling
chondrocyte phenotype. Here, we found that miR-34a plays a role
in OA progression by regulating chondrocyte senescence (Figs. 1
and 2). This is in line with previous reports showing that miR-34a is
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required for regulating chondrocyte apoptosis. Moreover, we identi-
fied SIRT1 as a likely downstream target of miR-34a in chondrocyte
senescence induction. Several studies have found that SIRT1 exerts
its effects on chondrocyte-regulated extracellular matrix protein ex-
pression. For instance, SIRT! silencing in chondrocytes results in
the enhanced expression of OA genes,?! and the chondrocyte SIRT1

DM-OA

Fig. 3. Sirtuin 1 expression is reduced diabetic osteoarthritis cartilage. (a) The mRNA expression of sirtuin 1 (SIRT1) in osteoarthritis (OA) and diabetic OA
(DM-0A) was determined by quantitative polymerase chain reaction. *, P<0.05; **, P<0.01. (b) The expression of SIRT1 in cartilage before and after OA and
DM-OA induction in mice was examined by immunohistochemistry. The relevant images depicting cartilage SIRT1 expressio are shown. Scale bar = 50 um.
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Fig. 4. MicroRNA-34a targets sirtuin 1 expression and is required for chondrocyte senescence. (a) Chondrocytes were transfected with either microRNA-
34a (miR-34a) mimic (miR) or anti-miR-34a (anti-miR) for 3 days, followed by western blot analysis of SIRT1 and B-actin expression. (b) Chondrocytes were
transfected with miR-34a mimic (miR) or anti-miR-34a (anti-miR) for 3 days. Then, mRNA expression of SIRT1 was determined by quantitative polymerase
chain reaction. **, P < 0.01. (c) Chondrocytes were transfected with either siControl or siSIRT1 along with the anti-miR-34a for 3 days. The proportion of
senescent cells were determined with a senescence-associated beta-galactosidase staining kit. Scale bar = 20 um. (d) Senescent cell proportions in C were

analyzed. **, P < 0.01.

knockout mouse model exhibits enhanced development of OA 333

Cellular senescence is marked by the formation of a senes-
cence-related secretion phenotype and accumulation of senes-
cence-associated [-galactosidase. Cellular senescence occurs
primarily through activation of the retinoblastoma 1/p16 and p53/
p21 pathways, although this phenomenon may also take place via
p53-independent pathways.3* This series of investigations demon-
strate that miR-34a/SIRT1 signaling coordinates the p16 and p21
pathways in inducing chondrocyte senescence.

In conclusion, we found that miR-34a expression is elevated
in the cartilage of diabetic OA, and that miR-34a is essential in
modulating chondrocyte senescence. Mechanistically, we show
that SIRT1 acts as a miR-34a target and is essential for miR-34a-
mediated chondrocyte senescence and likely OA progression. Our
findings raise the possibility of targeting the miR-34a/SIRT1 sign-
aling pathway for OA prevention by reducing the numbers of se-
nescent chondrocytes.

Future directions

Considering the irreversible nature of osteoarthritis, it is important
to explore the underlying mechanism of its occurrence and devel-
opment. In this article, a series of studies evaluated the expression
of miR-34a in diabetic OA cartilage and subsequently investigated
the regulatory role of miR-34a /SIRT1 in mediating chondrocyte
senescence and OA development. The results indicate that target-
ing miR-34a /SIRT1 signaling can effectively reduce OA progres-
sion by inhibiting cell senescence. The present study demonstrates
a critical role of miR-34a/SIRT1 in DM-OA, providing miR-34a
inhibition and SIRT1 activation as novel strategies in clinical man-
agement of DM-OA. In the following studies, we will focus on the
influence on other markers of senescence in DM-OA. As well as
sequencing of clinical samples, to obtain the differentially expres-
sion of microRNA profiles in DM-OA.
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