Wang et al. Cell Death and Disease (2021)12:506
https://doi.org/10.1038/541419-021-03791-9

Cell Death & Disease

ARTICLE Open Access

High glucose suppresses autophagy through the
AMPK pathway while it induces autophagy via
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Abstract

Diabetes (DB) is a risk factor for osteoarthritis progression. High glucose (HG) is one of the key pathological features of
DB and has been demonstrated to induce apoptosis and senescence in chondrocytes. Autophagy is an endogenous
mechanism that can protect cells against apoptosis and senescence. The effects of HG on autophagy in cells including
chondrocytes have been studied; however, the results have been inconsistent. The current study aimed to elucidate
the underlying mechanisms, which could be associated with the contrasting outcomes. The present study revealed
that HG can induce apoptosis and senescence in chondrocytes, in addition to regulating autophagy dynamically. The
present study demonstrated that HG can cause oxidative stress in chondrocytes and suppress the AMPK pathway in a
dose-dependent manner. Elimination of oxidative stress by Acetylcysteine, also called N-acetyl cysteine (NAC),
downregulated autophagy and alleviated HG-stimulated apoptosis and senescence, while activation of the AMPK
signaling pathway by AICAR not only upregulated autophagy but also alleviated HG-stimulated apoptosis and
senescence. A combined treatment of NAC and AICAR was superior to treatment with either NAC or AICAR. The study
has demonstrated that HG can suppress autophagy through the AMPK pathway and induce autophagy via oxidative
stress in chondrocytes.

Introduction

Osteoarthritis (OA) is a prevalent and irreversible dis-
ease of the joints, which causes considerable individual
suffering and a heavy social burden globally'. The primary
features of OA are articular cartilage disruption, sub-
chondral bone remolding, and synovitis, leading to pain,
stiffness, and motor disability among others. The
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occurrence and development of OA is influenced by
various risk factors such as diabetes (DB), heredity, obe-
sity, and trauma®~*. Numerous studies have established
that DB is a key factor that adversely influences the onset
of OA and exacerbates OA symptoms® . According to
the American Diabetes Association, DB is a type of
metabolic disease characterized by hyperglycemia due to
defects in insulin secretion, insulin action, or both®*.
Chronic hyperglycemia of DB may trigger long-term joint
damage and dysfunction. Previous studies on articular
tissues have demonstrated the adverse influence of DB on
biochemical and biomechanical changes in joints and
described the pathological manifestation and molecular
mechanisms activated in high-glucose environments,
which could cause OA®™. With the increasing pre-
valence of DB and OA''®, an increasing number of
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researchers have begun to focus on the precise molecular
mechanisms of DB on OA, although the pathogenesis and
underlying mechanisms have not been completely
understood.

Autophagy is an intracellular degradation mechanism
that plays a critical role in maintaining cellular integrity
and survival by eliminating unnecessary proteins and
impaired organelles'®'”. Autophagy is a key process in
normal articular cartilage; therefore, its disease-related
loss is closely associated with OA'®'®. Autophagy dys-
function can be attributed to the effect of high glucose
(HG), with a low rate of cell turnover and poor regen-
erative capacity'”*’. A few studies on the association
between autophagy and DB-related diseases have been
performed. For example, a previous study conducted by
our research group revealed that DB can cause inter-
vertebral disc degeneration by accelerating apoptosis and
senescence of nucleus pulposus cells and that autophagy
as a response mechanism can be upregulated in diabetic
rats with degenerated intervertebral discs®!. In OA, a
converse outcome of defective autophagy was observed in
diabetic patients with OA and experimental mice, sug-
gesting that HG could compromise autophagy capacity in
diabetic patients with OA**?**, The studies revealed con-
trasting results for in vivo experiments because the effects
of DB on autophagy rather than HG could be attributed to
several factors such as aging, inflammation, vascular
injury, etc®***. Notably, in vitro studies attempted to
determine whether HG led to inhibition or activation of
autophagy. HG resulted in decreased LC3II levels and
elevated p62 levels in vascular smooth muscle cells®*;
similarly, inhibition of HG-mediated autophagy was
observed in the human neuroblastoma cell lines*. By
contrast, Zhao et al. established that excessive autophagy
in H9c2 cells was induced in a HG medium®®. Further-
more, two studies reported that high concentrations of
glucose facilitated autophagy activation in trophoblast cell
lines and the cardiomyocyte cell lines*”*®, To the best of
our knowledge, the effects of HG on autophagy in
chondrocytes remain indeterminate.

Therefore, the aim of the present study was to investigate
the effects of HG on autophagy and related mechanisms
using various concentrations of HG to stimulate primary
articular chondrocytes and to provide a novel and pro-
mising strategy for preventing DB-induced OA.

Results
Effects of HG on autophagy, apoptosis, and senescence in
chondrocytes

Cells were treated with various concentrations of glu-
cose (5.6, 12.5, 25, and 50 mM) for 24 h to investigate the
effects of HG on chondrocytes. The effect of HG on
autophagy was assessed by Western blot and the results
revealed that p62 level was remarkably upregulated,
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whereas LC3II/I level was remarkably downregulated with
an increase in the concentration of glucose, suggesting
that HG inhibited autophagy (Fig. 1A). However, p62 and
LC3II/I levels decreased in chondrocytes treated with
50 mM glucose when compared with chondrocytes trea-
ted with 25 mM glucose, suggesting that the effect of HG
on autophagy in rat chondrocytes was variable and dose-
dependent.

The expression of senescence-related markers (p53,
p21, and p16) increased markedly with increase in glucose
concentration (Fig. 1B). SA-B-gal staining results revealed
that HG significantly increased the number of SA-f-gal-
positive cells in a concentration-dependent manner (Fig.
1C). In addition, Western blot analysis revealed that
cleaved caspase-3 and Bax (the pro-apoptotic index)
increased considerably, while Bcl-2 (the anti-apoptotic
index) decreased with increasing glucose concentrations
(Fig. 1D). Furthermore, TUNEL assay demonstrated the
HG induced apoptosis of chondrocytes in a
concentration-dependent manner (Fig. 1E, F). The results
suggested that HG not only accelerates senescence but
also promotes apoptosis in rat chondrocytes in a
concentration-dependent manner.

HG induces oxidative stress and suppresses AMPK
signaling in chondrocytes

HG has been reported to induce cellular damage
through oxidative stress®*’; HG is a primary source of
cellular energy, which may suppress a key energy-sensing
pathway, the AMPK pathway®"*%. Oxidative stress and the
AMPK pathway have been demonstrated to be associated
with autophagy33’34. Therefore, we evaluated the effects of
HG on oxidative stress and the AMPK pathway.

DCFH-DA is a specific probe for intracellular ROS. The
DCFH-DA staining assay (Fig. 2A, B) revealed that HG
induced higher-ROS levels in a concentration-dependent
manner. Western blot results revealed that the ratio of
p-AMPK/AMPK decreased in a concentration-dependent
manner (Fig. 2C, D). The results suggested that HG can
influence chondrocytes by inducing oxidative stress and
suppressing AMPK signaling.

Elimination of oxidative stress suppresses autophagy and
inhibits apoptosis and senescence in HG-treated
chondrocytes

NAC is an antioxidant that has been used to prevent the
production of ROS in chondrocytes®. We initially
detected the cytotoxicity of NAC in chondrocytes at
various glucose concentrations using the Cell Counting
Kit-8 (CCK-8) assay after 24 h of treatment with NAC
(Supplementary 1A). The CCK-8 assay results demon-
strated that treatment of chondrocytes with NAC for 24 h
exerted a negative effect on the viability of chondrocytes
over the concentration of 1 mM; therefore, 1 mM NAC
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Fig. 1 Effects of high glucose (5.6, 12.5, 25, and 50 mM) on autophagy, apoptosis, and senescence in chondrocytes. A Western blot results
and quantification analyses of p62, and LC3 in chondrocytes under various glucose concentrations. B Western blot results and quantification analyses
of p53, p21, and p16 treated with various glucose concentrations. C Representative micrographs of SA-3-gal staining representing the effects of
glucose on senescence. Scale bar 100 uM. D Western blot results and quantification analyses of Bcl2, Bax, and cleaved caspase-3 treated with various
glucose concentrations. E Representative micrographs of TUNEL staining representing the effects of glucose on apoptosis. F TUNEL-positive cell
intensity under various glucose concentrations. Scale bar = 200 uM. Data are presented as means + SD (n =15). "P<005 "P<001 and "P<0.001.
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was used in subsequent experiments. We evaluated ROS
levels in HG-treated chondrocytes in combination with or
without NAC to elucidate the role of NAC in HG induced
chondrocytes. The results revealed that DCFH-DA posi-
tive cells with green fluorescence and DCFH-DA fluor-
escence intensity increased substantially under HG
induced oxidative stress, which was reversed by the
administration of NAC (Fig. 3A, B). The results demon-
strated that NAC can significantly reduce oxidative stress
in HG induced rat chondrocytes.

ROS production as an indicator of oxidative stress is
widely recognized as a key mediator of autophagy®>*°.
The increase in ROS level can promote autophagy acti-
vation. We evaluated the expression levels of p62 and
LC3II/I to explore the effect of oxidative stress elimina-
tion on autophagy in HG induced rat chondrocytes (Fig.
3C). Western blot results revealed that autophagy was
suppressed in HG induced chondrocytes, and further
suppressed upon treatment with NAC, suggesting that
elimination of oxidative stress (NAC) suppresses autop-
hagy in HG induced chondrocytes. In addition, the effect
of NAC on apoptosis and senescence was evaluated. The
levels of senescence-related markers (p53, p21, and pl6)
and classical pro-apoptotic markers (C-caspase-3 and
Bax) were downregulated in NAC-treated groups. The
anti-apoptotic index (Bcl-2) increased (Fig. 3D, E). The
results suggest that elimination of oxidative stress (NAC)
suppresses autophagy, and can inhibit apoptosis and
senescence in HG induced rat chondrocytes.

Official journal of the Cell Death Differentiation Association

Activation of AMPK promotes autophagy and suppresses
apoptosis and senescence in HG-treated chondrocytes

AICAR has the capacity to activate AMPK in chon-
drocytes™; therefore, we used AICAR to assess the effect of
AMPK activation on autophagy, as well as its cytoprotective
effects against apoptosis and senescence in chondrocytes.
We initially evaluated the cytotoxicity of AICAR at various
concentrations in chondrocytes using CCK-8 assay after
24 h of treatment with AICAR (Supplementary 1B). The
CCK-8 assay results demonstrated that a concentration of
1 mM AICAR was the optimum concentration for chon-
drocytes. HG-stimulated cells were either treated with or
without AICAR to explore the capacity of AICAR to acti-
vate AMPK in rat chondrocytes. Western blot analyses
results revealed that HG decreased the phosphorylation
level of AMPK, whereas AICAR increased the phosphor-
ylation level of AMPK, suggesting that AICAR has the
capacity to activate AMPK in HG induced chondrocytes
(Fig. 4A). A decreased expression of p62 and increased
expression of LC3II/I were observed in AICAR-treated
groups, which suggested that activation of AMPK pro-
moted autophagy in HG induced chondrocytes (Fig. 4A).
Furthermore, we established that the levels of senescence-
related and pro-apoptotic markers were increased, whereas
Bcl-2 level decreased in AICAR-treated groups when
compared with the HG treated group (Fig. 4B, C). The
results suggested that activation of AMPK (AICAR treat-
ment) promotes autophagy, and suppresses apoptosis and
senescence in HG induced chondrocytes.
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Fig. 3 Elimination of oxidative stress suppresses autophagy and inhibits apoptosis and senescence in chondrocytes. A Representative
micrographs of DCFH-DA staining representing variations in ROS levels upon treatment with NAC. Scale bar= 50 uM. B Decrease in DCFH-DA fluorescence
intensity in HG-stimulated chondrocytes upon treatment with NAC. C Western blot results and quantification analyses of p62 and LC3 in various treatment
groups. D Western blot results and quantification analyses of p53, p21, and p16 in various treatment groups. E Western blot results and quantification
analyses of Bcl2, Bax, and cleaved caspase-3 in various treatment groups. Data are presented as means + SD (n=5). P <005, "P< 001 and ~ P <0001

Combined treatment of NAC and AICAR is superior to
treatment with either NAC or AICAR
In vitro experiments

Cells were treated with a combination of NAC and
AICAR to evaluate the capacity of dual modulation effects
of oxidative stress and AMPK on chondrocytes. Western
blot analyses results revealed that p62 expression levels
decreased and LC3II/I expression levels increased in the
HG-treated group when compared to the NAC + AICAR-
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treated group, which demonstrated an overall activation
of autophagy (Fig. 5A). In addition, autophagy in the
NAC + AICAR-treated group decreased when compared
with the NAC-treated group but increased autophagy
when compared with the AICAR-treated group. The
levels of senescence-related and apoptosis-related mar-
kers decreased, while Bcl-2 level increased in the NAC +
AICAR-treated group when compared with the NAC
group (Fig. 5B—E). Similar results were observed in the
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AICAR group except for pl6. Strikingly, anti-senescence
and anti-apoptotic effects were greater in the AICAR
group than in the NAC group. Generally, the results
suggested that combined treatment of NAC and AICAR
promoted autophagy, and suppressed apoptosis and
senescence in HG induced rat chondrocytes; combined
treatment of NAC and AICAR was superior to treatment
with either NAC or AICAR in vitro.

In vivo experiments

To investigate the protective effects of NAC and AICAR
on DB-accelerated OA in vivo, the DB—OA model was
established. The X-ray revealed that the DB-DMM group
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exhibited formation of severe osteophytes, narrowing of
joint spaces, and an increase in cartilage surface density
when compared with the DMM group. However, the
pathological changes were mild in the treatment groups
and the combined treatment was superior to treatment
with either NAC or AICAR (Fig. 6A). Histological ana-
lyses were performed by staining mice cartilage with
safranin O (Fig. 6B). The OARSI scores of the five groups
were as follows: DMM =4.000 + 1.309, DB-DMM =
9.625 +£1.302, DB-DMM + NAC =8.375+0.744, DB-
DMM + AICAR =6.500 £ 1.195, and DB-DMM + NAC
+ AICAR =4.000 £ 1.773 (Fig. 6C). The subchondral
bone thicknesses in the five groups were as follows:



Wang et al. Cell Death and Disease (2021)12:506 Page 7 of 13

A . P62 =R Kex]|l]]

P62 [ 5 s s s s |- 62KD

N
o
*
*

[
o

= 16KD

o
*
*

LC3

(of control)
5
*

- 14KD

[
o

B-actin | w—————| 42KD

The level of protein expression
14
°

HG - + + + +
NAC = - + - +
AICAR - - - + +
B c
p53 I—————-——I—SSKD 'g
s
p21 [ - e |- 21KD gg
gt
p— e 8
B-actin I —— — — — -l - 42KD g
HG - + + + o+ g
NAC - ~ + - +
AICAR - - - + +
C LG HG HG+NAC HG+AICAR  HG+NAC+AICAR
SA-B-gal
»
. Bcl2 =1 Bax B CC3
D 2.5+

N
°
I

B2 MRS WS e . | _ 7

2]
1

s

Bax | coom s s s s | - 20KD 58

o0

- 16KD S5 10

C-Caspase3|-—-—-—-|_14KD gv

B-actin [ s s s a—| - 42KD P

HG - + + + + T oo
NAC - - + - +
AICAR - - - + +

[es]
Fri

Ctrl HG HG+NAC HG+AICAR HG+NAC+AICAR 20+

]
8 & 154 T e
o
22 * %k
28 —
@ O 10 -
ag
oL

DAPI z 5 51
[~

Merge

ol
Q
& & F© &
¥ F ¢
A o
T EE
P

Fig. 5 Dual modulation effects of oxidative stress and AMPK (NAC + AICAR) suppresses apoptosis and senescence (2 + 2DG) in
chondrocytes. A Western blot results and quantification analyses of p62 and LC3 in various treatment groups. B Western blot results and
quantification analyses of p53, p21, and p16 in various treatment groups. C Representative micrographs of SA-B-gal staining of chondrocytes in
various treatment groups. Scale bar = 50 uM. D Western blot results and quantification analyses of Bcl2, Bax, and cleaved caspase-3 in various
treatment groups. E Representative micrographs of TUNEL staining of chondrocytes to evaluate effects on apoptosis in various treatment groups.
Scale bar= 100 uM. F TUNEL-positive cell intensity in various treatment groups. Data are presented as means + SD (n = 5). "P< 005, "P<001, and

P <0.001.

Official journal of the Cell Death Differentiation Association



Wang et al. Cell Death and Disease (2021)12:506 Page 8 of 13

A DB-DMM C
DB-DMM+NAC DB-DMM+AICAR +NAC+AICAR

OARSI scores ( 0-12)

X-ray

]

ess (um)

g

Subchondral bone

B DB-DMM o
DMM DB-DMM DB-DMM+NAC DB-DMM+AICAR {NAC+AICAR
o - e — ey g g :
£
<
&)
=] E
()
an 8
8 .
= g
)
‘9‘ EZ
% &
] 0
>~
wv

Fig. 6 NAC and AICAR ameliorate DB-accelerated OA development in a DB-DMM mouse model in vivo. A Digital X-ray image of mice knee
joints in the various experimental groups. Joint space, calcification of the cartilage surface, and osteophyte formation are represented by white

arrows. B Representative Safranin-O staining of cartilage and synovitis in various experimental groups at 4 weeks post surgery. C OARSI scores of
cartilage. D. Subchondral bone plate thicknesses. E Synovitis scores. Data are presented as means + SD (1 =8). P <005, P <001 and, " P <0.001.

. J

DMM =210.0+41.4, DB-DMM =387.5+26.1, DB- suppress autophagy through the AMPK pathway and
DMM + NAC =350.0 £ 38.5, DMM + AICAR=321.3+ induce autophagy via oxidative stress in chondrocytes
32.3, and DMM + NAC + AICAR =215.0 + 3.4 (Fig. 6D).  in vitro. In addition, NAC and AICAR can ameliorate
Synovial thickening and hypercellularity in the five groups =~ DB-OA progression in vivo, and the therapeutic effect of

were as follows: DMM =2.125+0.835, DB-DMM =  combined treatment was superior to individual drug
5.000+0.926, DMM + NAC=4.125+0.641, DMM +  treatments.
AICAR =3.750 £ 1.035, and DMM + NAC + AICAR = Alteration of autophagy-related proteins leads to the

2.750 + 0.707 (Fig. 6E). The results suggested that NAC  destruction of the articular cartilage that ultimately causes
and AICAR ameliorated DB—OA progression in vivo and  entire joint damage and the development of OA'®, HG
that the combined treatment of NAC and AICAR was can considerably influence the level of autophagy; how-
superior to treatment with either NAC or AICAR in vivo.  ever, the results were inconsistent. A study by Ribeiro
et al. revealed that HG inhibited autophagy to accelerate

Discussion cartilage degradation, and pharmacological autophagy
OA is a chronic and widespread disease, which is a  activation inversely attenuated the harmful effects on
principal cause of disability among the elderly, in turn, —chondrocytes®. Adversely, other studies reported that
resulting in high social costs. As the population ages and  autophagy as a response mechanism was upregulated to
the population with DB increases, OA has increasingly  offer protection against HG-induced apoptosis and
become prevalent over the last few decades'®®®. Epide-  senescence, which means completely reverse result*"***!,
miological studies conducted recently and experimental In the present study, the results of in vitro experiments
evidence have demonstrated that DB can induce the revealed that autophagy levels changed dynamically with
occurrence of OA and exacerbate the burden associated increase in glucose concentration. Therefore, we hypo-
with OA'?%%, Diabetic patients with OA are prescribed  thesized that HG influenced autophagy via two distinct
non-steroidal anti-inflammatory drugs or muscle relax- mechanisms at various glucose concentrations. The first
ants to relieve symptoms; however, few drugs and treat- hypothesis was that HG decreased autophagy to nega-
ment strategies are available for DB—OA progression. tively influence chondrocytes via a certain pathway, and
Presently, a few studies on the underlying mechanisms of  the second hypothesis was that HG increased autophagy
DB or HG that influence OA progression have been as a response mechanism to protect from cellular damage
performed. The present study revealed that HG can via a different pathway. Therefore, the present study
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focused on investigating the two mechanisms involved in
autophagy.

In the late 1990s, the “radical free” concept was pos-
ited*?. Living cells can be influenced by the harmful effects
of exogenously or endogenously produced high con-
centrations of reactive oxidizing molecules***°. Among
the molecules, ROS has been identified as a key oxidizing
molecule with biological influence®. HG, which is a risk
factor for DB, can rapidly increase energetic stress in cells,
cause mitochondrial overburden and electron leakage,
and eventually increase the production of oxidized
molecules.’*HG can generate oxidized molecules to
induce oxidative stress and HG-induced oxidative stress
results in cell damage®”**~*°, Our results were consistent
with the findings of previous studies. The level of HG-
produced ROS in chondrocytes activated apoptosis and
senescence in a concentration-depend manner, which was
significantly reversed by the antioxidant, NAC.

In addition, oxidative stress is a key factor influencing
autophagy®***~*%, and ROS has been considered an early
inducer of autophagy‘w. Superoxide anion (O, ) and
H,0, are the principal forms of ROS produced by various
stimulants including HG and are crucial in the activation
of autophagy because treatment with antioxidants par-
tially or completely reverses the effect®®. According to a
previous study, elevated ROS level was observed in axons
after hypoxic-ischemic injury, and activation of autophagy
in the striatum and cortex was observed in adult and
neonatal mice®’. Another study revealed that ROS fol-
lowing cerebral hypoxia-ischemia induced autophagy to
eliminate injured mitochondria and prevent necrosis®>>2,
which was consistent with the findings of the present
study. The present study demonstrated that HG stimu-
lated oxidative stress, which in turn, induced the pro-
duction of ROS, although the decrease in autophagy was
further enhanced by NAC, implying that HG partially
increased autophagy in chondrocytes via oxidative stress.
Therefore, autophagy, which functioned as a feedback
regulation mechanism, was considered to be a protective
mechanism associated with HG stimulation. Although the
specific mechanisms were not elucidated in this study,
activation of autophagy by ROS could be attributed to the
following reasons. First, ROS is transduced by a ROS-
producing system located in or adjacent to the plasma
membrane, such as the NADPH oxidase (NOX) com-
plexes. ROS produced by NOX2 are essential for the
recruitment of microtubule-associated protein LC3 on
phagosomes®®. Second, mitochondria are the primary
sites of ROS generation and are the organelles with the
capacity to activate and regulate autophagy; thus, mito-
phagy could play a pivotal role in cellular autophagy. The
impairment of mitochondrial function caused by HG in
cells results in the production of large quantities of ROS,
which suggests that mitophagy is a key factor influencing
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response to oxidative stress. The mitochondria-selective
process of mitophagy can be modulated by certain pro-
teins, including BNIP3 (BCL2/adenovirus E1B 19 kDa
interacting protein 3), PARK2, PINK1 (PTEN-induced
putative kinase 1), and mitochondrial fusion and fission
processes®>>’. Finally, ROS, especially H,O,, can bind to
the cysteine 81 site of ATG4 to directly activate ATG4
and lipidation of LC3**°®, which is a vital process for the
formation of autophagosomes. After autophagosomes
mature and fuse with lysosomes, ATG4 delipidates LC3.
However, H,O,-mediated oxidation of ATG4 can inacti-
vate delipidization of LC3 during the process. A detailed
study by Rodriguez-Muela and colleagues demonstrated
that Atg4B"~ mice exhibited a marked reduction of LC3
and an increased SQSTMI1 level®®.

AMPK is a genuine sensor of the energy status of cells,
which can be inhibited in HG environments>*°>°!, At the
molecular level, the AMPK signaling pathway is extensively
considered to be a key factor influencing the stimulation of
autophagy. In the present study, the AMPK signaling
pathway and autophagy were significantly inhibited, and
apoptosis-related and senescence-related markers were
significantly upregulated when chondrocytes were treated
with HG concentrations; the phenomena were reversed by
AICAR. The results suggest that HG causes apoptosis and
senescence in chondrocytes by inhibiting autophagy
through the AMPK signaling pathway.

Additionally, there could have been a crosstalk between
oxidative stress and the AMPK pathway when HG stimu-
lated chondrocytes at a certain glucose concentration. Par-
ticularly, the regulation of ROS as a product of oxidative
stress in the AMPK pathway in various types of cells has
been contradictory. A few researchers have argued that
oxidative stress can damage the mitochondrial structure,
which results in energy imbalance. AMPK is a crucial sensor
of cellular energy that can be activated by ROS®® and mTOR
is subsequently inhibited to activate autophagy. However, a
study by Jiang et al. demonstrated that ROS induced by HG
facilitated the recruitment of MG53 and subsequent
degradation of p-AMPKa at $485/491°%. Moreover, HG
deactivated AMPK, which was associated with ROS-
dependent suppression of AMPKa phosphorylation at
T172 rather than ATP level®’. According to the results of
the present study, the AMPK pathway was inhibited by HG,
which implied that ROS did not activate AMPK to increase
autophagy. Furthermore, ROS was demonstrated to increase
autophagy, which suggested that ROS-dependent suppres-
sion of AMPK was insignificant or did not occur. Therefore,
the crosstalk may not be vital in the regulation of autophagy
in HG-stimulated chondrocytes.

Overall, the present study revealed that HG-induced
autophagy is the synthetic results via two different
mechanisms; the first mechanism is autophagy activation
by oxidative stress and the second mechanism is
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autophagy inhibition via the AMPK signaling pathway
(Fig. 7). AMPK signaling pathway plays a major role in
decreasing autophagy in chondrocytes relative to oxida-
tive stress. The effect of oxidative stress associated with
autophagy activation is significantly enhanced with an
increase in glucose concentration; therefore, the overall
autophagy was inversely upregulated.

The present study provides a novel strategy for treating
DB-accelerated OA. Although several researchers have
focused on the pharmacological activation of autophagy
via the AMPK signaling pathway to attenuate adverse
effects of HG, pharmacological remission of oxidative
stress should not be overlooked. In vivo and in vitro
experiments revealed that NAC and AICAR effectively
alleviated senescence and apoptosis in HG-induced
chondrocytes. Moreover, combined treatment of NAC
and AICAR was superior to treatment with either NAC or
AICAR. We observed that the role of AICAR seemed
superior to that of NAC and that the pl6 level in the
NAC + AICAR group was significantly lower than that in
the NAC group, although not significantly different when
compared with the AICAR group. The observations could
be because AICAR not only increased autophagy to alle-
viate senescence and apoptosis but also ameliorated oxi-
dative stress based on increased autophagy to enhance its
roles. Furthermore, the combined application of other
antioxidants and AMPK activation agents to replace these
drugs can be an alternative.

The present study had a few limitations. First, we did
not investigate the specific mechanisms associated with
the two pathways in detail; therefore, the specific mole-
cular changes were obscure except for p-AMPK. In
addition, the specific mechanisms elucidating the role of
ROS in autophagy remain unknown. Second, the long-
term therapeutic effects and side effects of the combined
treatment in DB-accelerated OA are indeterminate and
require further study.
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Conclusion

The present study has demonstrated that high glucose
suppresses autophagy through the AMPK signaling pathway
and induces autophagy via oxidative stress in chondrocytes.
The combined treatment of NAC and AICAR is a novel and
potential strategy for treating DB-accelerated OA.

Materials and methods
Reagents and antibodies

Primary antibodies including p62 (ab109012), LC3
(ab62721), B-cell lymphoma 2 (Bcl-2, ab196495), pl6
(ab51243), p21(abl09199) and P-actin (ab6276) were
acquired from Abcam (Cambridge, MA, USA). Primary
antibodies against p-AMPK (50081), AMPK (5831), Bax
(2772), and p53 (2524) were purchased from Cell Signaling
Technologies (CST; Danvers, MA, USA). Primary anti-
bodies against cleaved caspase-3 (C-caspase-3, WL01992)
were purchased from WanleiBio (Shen Yang, China). Goat
anti-rabbit IgG (7074) and goat anti-mouse IgG (7076)
secondary antibodies were purchased from CST (Danvers,
MA, USA). Cell culture reagents were purchased from
Gibco (Grand Island, NY, USA). D-(+)-Glucose was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). AICAR
and Acetylcysteine also called N-acetyl cysteine (NAC)
were acquired from MedChemExpress (MCE; Manmouth
Junction, NJ, USA).

Isolation and culture of rat chondrocytes
Sprague—Dawley rat articular cartilage was collected
from the underlying bone and connective tissues of 5-day-
old rats. The cartilage tissues were cut into 1 x 1 x 1 mm?>
pieces and washed three times with phosphate-buffered
saline (PBS). The tissues were subsequently digested in
0.2% type II collagenase (Sigma-Aldrich, St. Louis, MO,
USA) for 4 h at 37 °C. After washing with PBS, the digested
tissues were transferred into a mixed medium containing
1g/L D-Glucose, which included Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Gibco, Invitrogen, Grand
Island, NY, USA) with 15% fetal bovine serum (FBS; Gibco,
Invitrogen, Grand Island, NY, USA) and antibiotics (1%
penicillin-streptomycin), and incubated in 5% CO, at 37 °C.
When confluent, the cells were passaged after treatment
with 0.25% trypsin-EDTA (Gibco, Invitrogen, Grand
Island, NY, USA) and reseeded into 10-cm culture plates at
the appropriate density under a humidified atmosphere.
We only used passages three or four in our experiments.

Experimental design
In vitro experiments

Normal rat chondrocytes were cultured in glucose con-
centration of 5.6 mM, which was similar to the normal
blood sugar level. Chondrocytes were incubated at different
glucose concentrations (12.5, 25, and 50 mM) to simulate
HG stimulation in vitro. In addition, chondrocytes treated
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with a glucose concentration of 50 mM were selected as the
HG group in subsequent analyses. The group treated with
50 mM HG was either treated with or without AICAR
(1 mM), with or without NAC (1 mM). Cells were har-
vested after 24 h of incubation.

In vivo experiments

Male C57BL/6 mice (8 weeks old) were randomly divided
into five groups with 8 mice in each group, and the selection
of sample size for animal experiments is carried out as per
the preliminary experiments as well as similar well-designed
experiments””, The mice were operated through surgical
destabilization of the medial meniscus (DMM): with
AICAR), and group E (DMM treated with NAC and
AICAR). After fasting for 10h, the mice were injected
intraperitoneally with 0.1 mol/L streptozotocin (STZ) at a
dose of 100 mg/kg/day until blood glucose concentration
was >16.7 mmol/L, which should be stable for at least
5 days. Afterward, the mice were fed with high-fat and high-
sugar diets (HFSD) for 4 weeks to establish DB models. The
DB mice subjected to DMM were considered as the DB-
accelerated OA models (DB-OA models)®>. Mice in the
remaining groups except for the control group were fed
with HFSD. Mice in the treatment groups were injected
intraperitoneally with AICAR at a dose of 200 mg/kg/day or
received an intro-articular injection of NAC at a dose of
5mg/kg/3 days based on previous studies®> *. All mice
were euthanized 4 weeks after surgery and the cartilage
tissues were used for iconographic and histological analyses.

Western blot assay

Chondrocytes were lysed in ice-cold radio-
immunoprecipitation assay buffer with 1mM phe-
nylmethanesulfonyl fluoride and centrifuged at 4 °C and
12,000 rpm. The protein concentrations were quantified
using the BCA Protein Assay Kit (Beyotime Biotechnol-
ogy, Shanghai, China). Protein samples were separated
using sodium dodecylsulfate-polyacrylamide gel electro-
phoresis and subsequently transferred to polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked with 5% nonfat milk for 1.5h
and probed with primary antibodies against p62 (1:1000),
LC3 (1:1000), B-actin (1:2000), p-AMPK (1:1000), C-
caspase-3 (1:500), Bax (1:1000), Bcl-2 (1:1000), p53
(1:1000), p21 (1:1000), and p16 (1:1000) overnight at 4 °C
before incubating with the respective secondary anti-
bodies for 2 h at room temperature. Finally, the intensities
of protein bands were quantified using Image Lab soft-
ware (version 3.0; Bio-Rad, Hercules, CA, USA).

Senescence-associated B-galactosidase (SA-B-gal) staining

Cells were fixed on plates with 0.2% glutaraldehyde for
15min after washing them three times with PBS. Subse-
quently, cells were stained using an X-gal staining solution at
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a pH of 6.0 and incubated overnight. The images were
captured by Olympus IX71 microscope (Olympus Inc.,
Tokyo, Japan). Finally, the percentages of SA-[-gal-positive
cells were counted for subsequent statistical analysis.

TUNEL assay

DNA fragmentations resulting from apoptosis were
measured using the terminal deoxynucleotidyl transferase
(TdT) dUTP nick-end labeling (TUNEL) assay. After
fixing with 4% paraformaldehyde for 1h, cells were
incubated with 3% hydrogen peroxide (H,O,) and 0.1%
Triton X-100 for 10 min. The cells were stained using the
In Situ Cell Death Detection Kit (F. Hoffmann-LaRoche
Ltd., Basel, Switzerland) and 4, 6-diamidino-2-
phenylindole (DAPI). Finally, slides were imaged using a
fluorescence microscope (Olympus Inc., Tokyo, Japan).

Reactive oxygen species assay

The reactive oxygen species (ROS) level in cells were
measured using 2’,7’-dichlorodihydro-fluorescein diacetate
(DCFH-DA) Staining Assay Kit (Beyotime Biotechnology,
Shanghai, China). Chondrocytes in plates were incubated
with DCFH-DA mixed basic culture medium (1:1000) for
30 min based on the previous experimental procedures®.
Finally, the random fields were captured by fluorescence
microscopy (Olympus Inc., Tokyo, Japan). The results of
relative fluorescence unit (RFU) values were calculated by
subtracting the blank well values from the RFU values of
the assay wells, which were detected at 490/520 nm by a
multifunction fluorescence microplate reader.

X-ray imaging

Mice in five groups were examined with X-ray 4 weeks
after surgery to assess the joint spaces, osteophyte for-
mation, and calcification changes using a digital X-ray
machine (Kubtec Model XPERT.8; KUB Technologies
Inc.). Suitable images were obtained in the following
settings: 50kV and 160 pA.

Histopathological analysis

The joint tissues of mice were fixed with 4% paraf-
ormaldehyde for 2 days and decalcified in neutral 10%
EDTA solution for 2 weeks. Subsequently, the samples were
cut into 5-um slides. The slides were deparaffinized in xylene
and rehydrated in ethanol washes. Slides with joint tissues
from five groups were subjected to safranin O-fast green
(S-0) staining. The cellularity and morphology of the car-
tilages were blindly evaluated by three experienced histology
researchers using the Osteoarthritis Research Society Inter-
national (OARSI) scoring system as described previously®’.
The synovitis and subchondral cortical bone thickness were
graded as described previously>***°. The AxioVision soft-
ware (Zeiss, Oberkochen, Germany) was used to measure
the thickness of the medial subchondral bone plate.
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Statistical analysis

Statistical analyses were performed using SPSS statis-
tical software version 22.0 (SPSS, Inc., Chicago, IL, USA).
All experiments were repeated at least five times. The
results were presented as means + standard deviation
(SD). For parametric data, the differences among four
groups were analyzed by one-way analysis of variance
(ANOVA), and the differences between the two groups
were analyzed by ¢-test. The nonparametric data were
analyzed using the Kruskal-Wallis H test. P value < 0.05
was considered statistically significant.
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