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Abstract

Background: Hypercholesterolemia increases the risk of tendon pain and tendon rupture. Tendon-derived stem
cells (TDSCs) play a vital role in the development of tendinopathy. Our previous research found that high cholesterol
inhibits tendon-related gene expression in TDSCs. Whether high cholesterol has other biological effects on TDSCs
remains unknown.

Methods: TDSCs isolated from female SD rats were exposed to 10 mg/dL cholesterol for 24 h. Then, cell apoptosis was
assessed using flow cytometry and fluorescence microscope. RFP-GFP-LC3 adenovirus transfection was used for
measuring autophagy. Signaling transduction was measured by immunofluorescence and immunoblotting. In addition,
Achilles tendons from ApoE —/— mice fed with a high-fat diet were histologically assessed using HE staining and
immunohistochemistry.

Results: In this work, we verified that 10 mg/dL cholesterol suppressed cell proliferation and migration and induced
GO/G1 phase arrest. Additionally, cholesterol induced apoptosis and autophagy simultaneously in TDSCs. Apoptosis
induction was related to increased expression of cleaved caspase-3 and BAX and decreased expression of Bcl-xL. The
occurrence of autophagic flux and accumulation of LC3-Il demonstrated the induction of autophagy by cholesterol.
Compared with the effects of cholesterol treatment alone, the autophagy inhibitor 3-methyladenine (3-MA) enhanced
apoptosis, while the apoptosis inhibitor Z-VAD-FMK diminished cholesterol-induced autophagy. Moreover, cholesterol
triggered reactive oxygen species (ROS) generation and activated the AKT/FOXO1 pathway, while the ROS scavenger
NAC blocked cholesterol-induced activation of the AKT/FOXO1 pathway. NAC and the FOXO1 inhibitor AS1842856
rescued the apoptosis and autophagy induced by cholesterol. Finally, high cholesterol elevated the expression of
cleaved caspase-3, Bax, LC3-Il, and FOXO1 in vivo.

Conclusion: The present study indicated that high cholesterol induced apoptosis and autophagy through ROS-
activated AKT/FOXO1 signaling in TDSCs, providing new insights into the mechanism of hypercholesterolemia-induced
tendinopathy.
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Introduction

Tendinopathy is a chronic, activity-limiting syndrome
characterized by activity-related pain, swelling, or dys-
function. The Achilles tendon is one of the most com-
mon sites affected [1]. As a common clinical condition,
tendinopathy has not only impacted patient quality of
life but also brought a significant disease burden in
health care costs [2]. The causes of tendinopathy are
multifactorial and are still unclear. Much attention has
been given to sports or occupation as risk factors, but
there remains an unexplained association of tendinopa-
thy and hypercholesterolemia (familial and nonfamilial),
both in active and sedentary populations. Several studies
have also suggested that hypercholesterolemia is associ-
ated with tendon pathology; therefore, patients with this
disease have an increased risk of tendon rupture [3-5].
Furthermore, hypercholesterolemia also has detrimental
effects on tendon mechanics [6] and impairs tendon
healing [7]. The molecular mechanism underlying high
cholesterol-induced tendinopathy remains incompletely
understood.

It has been traditionally thought that tendons consist
only of tenocytes, the resident cells of the tendons. How-
ever, tenocytes are typically quiescent, nondividing cells.
Current theories suggesting that a small population of
resident stem cells maintain the maintenance and repair
of adult tissues have been widely accepted [8]. Recently,
tendon-derived stem cells (TDSCs) from human, mouse,
and rat tendon tissue have been identified [9, 10]. Unlike
static tenocytes, TDSCs are characterized by their multi-
differentiation and self-renewing potential. The viability
and tenogenic differentiation of TDSCs are closely asso-
ciated with the maintenance of the tendon microenvir-
onment and the development of tendinopathy ([8].
Because tendinopathy is closely correlated with hyper-
cholesterolemia, we found that high cholesterol inhibits
tendon-related gene expression in TDSCs [11]. However,
the effect of cholesterol on the viability of TDSCs re-
mains unknown.

Apoptosis, a process of programmed cell death, is in-
volved in the maintenance of tissue homeostasis. Excessive
apoptosis is associated with degenerative pathologies. Sev-
eral studies have suggested that apoptosis contributes to
the pathology of tendinopathy [12—-14]. Apoptosis in teno-
cytes increases with the severity of induced tendon dam-
age. Autophagy is identified as a preserved self-digestion
process that enables cells to recycle unnecessary or dys-
functional components through degradation within lyso-
somes, also playing an important role in the maintenance
of cellular homeostasis [15]. Autophagy has been found to
be closely related to apoptosis [16]. In some conditions,
autophagy has a protective effect, preventing cells from
undergoing apoptosis by promoting cell survival. In
others, excessive autophagy induces cell death. Whether
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high cholesterol induces apoptosis or autophagy in TDSCs
and the relationship between apoptosis and autophagy in-
duced by cholesterol remains to be determined.

Reactive oxygen species (ROS), generated from cellular
metabolic activities, are the active forms of oxygen [17]. A
moderate level of ROS promotes cell proliferation and dif-
ferentiation, while excessive amounts of ROS induce cell
apoptosis or autophagy due to oxidative damage to lipids,
proteins, and DNA [18]. We have already found that chol-
esterol upregulates ROS levels in TDSCs [11]. ROS affect
a variety of signaling pathways, including the AKT/
FOXOT1 signal pathway [19]. The activation of AKT pro-
motes cell growth and proliferation and increases cell re-
sistance to apoptosis in many cell types [20]. As one of the
most important substrates of AKT, FOXO1 leads to au-
tophagy and stimulates apoptotic cell death via modulat-
ing downstream targets such as apoptosis and autophagy-
associated genes [21]. AKT activation mediates the phos-
phorylation of FOXO1, leading to FOXOL1 nuclear exclu-
sion and inactivity, thus suppressing FOXO1-dependent
transcription of target genes [22].

Considering the close relationship between cholesterol
and tendinopathy and the pivotal role of TDSCs in the
pathobiology of tendinopathy, we attempted to evaluate
whether cholesterol induces apoptosis and autophagy in
TDSCs and investigated the underlying mechanisms, of
the induction of apoptosis and autophagy through the
ROS-mediated AKT/FOXO1 pathway.

Materials and methods

Reagents and antibodies

The reagents used included cholesterol (Sigma, #
C4951), collagenase type I (Sigma, #C0130), N-acetyl-L-
cysteine (NAC, Sigma, #A9165), Z-VAD-FMK (Selleck,
#S7023), 3-MA (Selleck, #S2767), and AS1842856 (Sell-
eck, #58222).

The antibodies used included anti-cleaved caspase-3
(Cell Signaling, #9664), anti-p-FOXO1 (Cell Signaling,
#9464), anti-FOXO1 (Huabio, #ET1608), anti-PARP
(ZEN Bio, #382828), anti-Bax (ZEN Bio, #382708), anti-
Bcl-xL (ZEN Bio, # 382508), anti-LC3B (Proteintech,
#18725-1-AP), anti-P62 (Proteintech, #18420—1-AP),
anti-AKT (Bimake, # A5023), anti-p-AKT (Bimake, #
A5030), and anti-Ki67 (Abcam, #ab15580).

Cell isolation and cell culture

TDSCs were isolated from the Achilles tendons of fe-
male SD rats (6—8 weeks old) as previously described [9].
In this study, all experiments were approved by the In-
stitutional Animal Care and Use Committee of Southern
Medical University (Guangzhou, China). After euthan-
asia, the Achilles tendons were separated from both
limbs of each rat. The midsubstance of the Achilles ten-
dons was stripped off the tendon sheath and cut into
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small pieces. Then, the samples were washed with sterile
PBS and digested with collagenase type I (3 mg/mL) for
2 h at 37 °C. After passing through a 70-mm cell strainer,
the released cells were centrifuged at 2000 rpm for 15
min and seeded in culture plates. The isolated cells were
cultured in medium (LG-DMEM, Gibco) with 20% fetal
bovine serum (FBS, Gibco), 1% penicillin/streptomycin,
and 100 mM 2-mercaptoethanol (Gibco) for 8-10 days
at 37°C and 5% CO, to form colonies. When the pri-
mary cells reached 90% confluence, the cells were har-
vested with trypsin/EDTA and expanded in a second
passage. Then, the cells were cryopreserved for subse-
quent experiments. After thawing, the third-passage cells
were used for the experiments in this study. The culture
medium was changed every 3days throughout the
experiments.

Cell viability assay

TDSC proliferation was evaluated using the Cell Count-
ing Kit-8 assay (CCK-8, Dojindo Molecular Technolo-
gies, # KL640). In brief, TDSCs were seeded in 96-well
plates at a concentration of 1000 cells per well and then
cultured in medium with 0, 1, 10, or 100 mg/dL choles-
terol for 1, 3, or 5 days. TDSC proliferation was analyzed
by measuring the absorbance at 450 nm using a micro-
plate reader according to the manufacturer’s protocol.

Wound healing assay

A wound healing assay was carried out to determine the
cell migration of TDSCs. TDSCs were seeded in 6-well
plates at a density of 1 x 10° cells/dish. When the TDSCs
reached 100% confluence, a sterile 200-uL pipette tip was
used to make a straight scratch in the cell monolayer. Sub-
sequently, PBS was used to gently wash the scratched
areas twice. TDSCs were then cultured in the abovemen-
tioned medium with or without cholesterol (10 mg/dL) at
37 °C. After the TDSCs were scratched, pictures of the en-
tire scratched areas in each group were acquired at 0, 12,
24, 36, 48, and 60h using a phase-contrast microscope
(Olympus Corporation, Tokyo, Japan). The migration rate
was evaluated using the equation ((the recovered gap
area/the initial scratch area) x 100%).

Cell cycle assay

TDSCs were seeded in 6-well plates at a density of 1 x
10° cells/dish and cultured in the abovementioned
medium with or without cholesterol (10 mg/dL) for 24 h.
Based on the manufacturer’s protocol for the cell cycle
assay kit (KeyGen Biotech Co, Nanjing, China), the cells
were harvested and then fixed with cold 70% ethanol at
4.°C overnight. Next, the TDSCs were washed twice with
PBS and incubated in RNase A at 37°C for 30 min.
Then, the cells were stained with propidium iodide at
4°C for 30 min. Finally, 1 x 10* cells in each group were
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tested for cell cycle assay by a flow cytometer (BD Bio-
sciences, San Jose, CA, USA).

Apoptosis analysis

An annexin V-FITC apoptosis detection kit (Beyotime,
Beijing, China) was used to analyze the apoptotic cells.
TDSCs were plated in 6-well plates at a density of 1 x
10° cells/dish and incubated in the abovementioned
medium with or without cholesterol (10 mg/dL) for 24 h.
Then, the cells were collected, mixed with 1x binding
buffer, and stained with FITC-conjugated annexin V and
PI for 15min in the dark at room temperature. The
apoptotic cells were measured by a flow cytometer and
analyzed by the software supplied with the instrument.

TUNEL assay

A TUNEL assay kit (Beyotime, Beijing, China) was used
to detect DNA fragments in apoptotic cells. Briefly,
TDSCs were seeded on glass coverslips in a 12-well plate
at a density of 3x10* cells/dish and treated with or
without cholesterol (10 mg/dL) for 24 h. After treatment,
the cells on the glass coverslips were washed twice with
PBS, fixed with 4% formaldehyde for 30 min, and perfo-
rated with 0.5% Triton X-100 for 5 min. Then, the cells
were incubated with TUNEL reaction mixture for 1 h in
the dark at room temperature, and the nuclei were
stained with DAPI. Finally, TUNEL-positive TDSCs were
observed under a fluorescence microscope (Olympus,
Japan) and counted.

Autophagic flux analysis

Autophagic flux in TDSCs was detected by using the
mRFP-GFP-LC3 adenovirus (Hanbio, China). After plat-
ing the cells in a 24-well plate at a density of 1 x 10* cells/
dish and incubating with mRFP-GFP-LC3 adenovirus for
24 h, the cells were treated with or without cholesterol
(10 mg/dL) for 24 h. Autophagic flux was observed under
an inverted fluorescent microscope (Olympus, Japan). The
yellow puncta indicated autophagosomes, and the red
puncta indicated autolysosomes.

Western blotting

Western blotting was performed based on a previously
described protocol [11]. After the indicated stimulation,
proteins from TDSCs were extracted with RIPA buffer
containing PMSF, and protease and phosphatase inhibi-
tor cocktails. Then, 30 pug of protein from each sample
was separated by SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked in 5% BSA
for 1h at room temperature and then incubated with
primary antibodies at 4°C overnight, followed by
peroxidase-conjugated secondary antibody for 1h at
room temperature. Protein expression was measured by
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using a chemiluminescence kit (Millipore, Plano, TX,
USA) and analyzed by using Image].

Measurement of intracellular ROS levels

Intracellular ROS levels were detected by using a react-
ive oxygen species assay kit according to the manufac-
turer’s protocol. After treatment with or without
cholesterol, TDSCs were incubated with 10 uyM DCFH-
DA at 37 °C in the dark for 30 min and then analyzed by
a flow cytometer.

Immunofluorescence staining

Immunofluorescence staining was performed as previ-
ously described. The cells were seeded on glass cover-
slips in 12-well plates at a density of 10* cells/dish and
subjected to different treatments for 24 h. After washing
three times with PBS, the cells were fixed with 4% for-
maldehyde and perforated with 0.5% Triton X-100.
Then, the cells were blocked with 5% BSA and incubated
with primary antibodies at 4°C overnight and with
FITC-conjugated goat antibody. The nuclei were stained
with DAPIL Finally, the images were acquired under a
fluorescence microscope.

Animal experimental design

As a widely used hypercholesterolemic animal model, six
male C57BL/6 mice that were deficient for apolipopro-
tein E (APOE) and fed a high-fat diet were used as the
hypercholesterolemia group. Correspondently, six male
C57BL/6 mice represented the control group. Both
groups of mice were purchased from the Laboratory
Animal Center of Southern Medical University,
Guangzhou, at 10weeks old and were fed until 10
months old. After euthanasia, the Achilles tendons were
harvested for HE staining and immunostaining. Animals
were housed under a 12:12h light/dark cycle at 22—
24.°C.

HE staining and immunohistochemistry

After fixation with 4% formalin for 24 h, the Achilles
tendons were embedded in paraffin and cut into 6-um
sections. The sections were stained with HE according
to a standard protocol. The Bonar scoring system was
utilized for histological analysis as previously described
[11]. For immunohistochemical detection of cleaved
caspase-3, Bax, LC3B, p62, and FOXO]1, the sample sec-
tions were incubated with the corresponding primary
antibody based on a standard protocol. The positive cell
rate was calculated using Image] software.

Statistical analysis

The experimental data are presented as the mean +
standard error (SEM) from at least three independent
experiments. A two-tailed Student’s ¢ test was used to
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calculate the difference between two groups. One-way
ANOVA was performed to analyze more than two
groups, followed by Dunnett’s test. A P value < 0.05 was
deemed to be significant. SPSS 20 software (IBM, NY,
USA) was utilized in all statistical analyses.

Results

Cholesterol inhibits the proliferation and migration of
TDSCs and induces GO/G1 phase arrest

To evaluate the effect of cholesterol on the proliferation
of TDSCs, cells were exposed to various concentrations
of cholesterol for 1, 3, or 5days, and cell viability was
measured using the CCK-8 assay. The experimental data
showed that the inhibition was significant in the 10 and
100 mg/dL cholesterol groups at 1, 3, and 5 days (Fig. 1a).
Thus, TDSCs were treated with 10 mg/dL cholesterol for
1 day in the subsequent experiment. As a proliferation
marker, the Ki67-positive ratio of TDSCs was also sig-
nificantly reduced, as shown by immunofluorescence
staining (Fig. 1b, c). These results suggest that 10 mg/dL
cholesterol inhibits the viability of TDSCs. To investigate
whether cholesterol inhibited cell viability by inducing
cell cycle arrest, the distribution of the cell cycle was de-
termined in TDSCs treated with cholesterol. Figure 1 f
and g show that cholesterol increased the number of
cells in GO/G1 phase and reduced the number of cells in
G2/M and S phases in TDSCs. Next, we performed a
wound healing assay to assess whether cholesterol in-
hibits the migration of TDSCs. Microscopy and quanti-
tative analyses indicated that the wound healing capacity
in cholesterol-treated TDSCs was significantly impaired
beginning at 24 h compared with that of the control cells
(Fig. 1d, e).

Cholesterol induces apoptosis in TDSCs

To examine whether the cholesterol-mediated inhibition
of proliferation in TDSCs was related to the induction of
apoptotic cell death, TDSCs were exposed to 10 mg/dL
cholesterol for 24'h and then analyzed by flow cytometry
using an annexin V-FITC apoptosis detection kit (Fig. 2).
As shown in Fig. 2a and b, cholesterol treatment signifi-
cantly induced apoptotic cells. Furthermore, the TUNEL
assay was used to detect DNA fragmentation in apoptotic
cells. The results demonstrated that treatment with chol-
esterol led to an increase in apoptotic TDSCs (Fig. 2c, d).
Next, we assessed apoptosis-related proteins using west-
ern blotting to investigate the possible mechanism of
cholesterol-induced apoptosis. As shown in Fig. 2e and f,
treatment with cholesterol for 12 and 24 h upregulated
cleaved caspase-3 protein levels and downregulated the
expression of poly (ADPribose) polymerase (PARP), which
suggests that PARP was cleaved. Bcl-2 family members
are known to be involved in the mitochondrial-mediated
apoptosis pathway; antiapoptotic proteins, including BCL-
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Fig. 1 Cholesterol inhibits the proliferation and migration of TDSCs and induced GO/G1 phase arrest. a Cell viability was assessed by CCK-8 assay
after treatment with various concentrations of cholesterol for different periods of time. b, ¢ Cells were treated with 10 mg/dL cholesterol for 24 h.
Ki67 expression was analyzed by immunofluorescence. Bar, 50 um. d, e After treatment with 10 mg/dL cholesterol, the migratory capacity of
TDSCs was assessed by wound healing assay. Bar, 100 um. f, g Cells were treated with 10 mg/dL cholesterol for 24 h. The percentage of the cell
population at GO/G1, S, and G2/M was analyzed by flow cytometry. All quantitative data are expressed as the means + SEM of the results from
three independent experiments. *p < 0.05 versus control. CHO, cholesterol
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xL, and proapoptotic proteins, such as BAX, are the most
important regulators of apoptosis processes [23]. Thus, we
investigated the expression of the key members of the Bcl-
2 family, Bax and Bcl-xL. As shown in Fig. 2e and f, treat-
ment with cholesterol for 12 and 24 h upregulated the Bax
protein level and downregulated the expression level of
Bcl-xL in TDSCs. These results indicate that cholesterol
induces mitochondrial-mediated pathways.

Cholesterol induces autophagy in TDSCs

As autophagy is closely linked to apoptosis, we explored
whether cholesterol also induces autophagy in TDSCs.
We used western blotting to analyze the expression of
LC3-11, a general autophagosomal marker. The LC3-I to
LC3-II conversion markedly increased, as shown in
Fig. 3c and d. Our experimental data revealed that

cholesterol treatment decreased protein expression of
p62, which is an adaptor protein mediating the ubiquiti-
nation and degradation of LC3 (Fig. 3c, d). The clear-
ance of p62 further verified the cholesterol-induced
autophagy. To further confirm the autophagy induced
by cholesterol, TDSCs were transfected with mRFP-
GFP-LC3 adenovirus to detect autophagy flux. As shown
in Fig. 3a and b, the number of yellow and red puncta
both increased markedly in the merged pictures. The
yellow and red puncta in the merged images represent
autophagosomes and autolysosomes, respectively.

Inhibition of autophagy enhances apoptosis, while
repression of apoptosis diminishes autophagy

Substantial evidence revealed that complex feedback loops
and crosstalk exist between apoptotic and autophagic
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signaling pathways. To clarify the interaction between
autophagy and apoptosis, TDSCs were pretreated with
the autophagy inhibitor 3-MA or the apoptosis inhibi-
tor Z-VAD-FMK. As shown in Supplementary Fig. la
and ¢, 3-MA successfully inhibited cholesterol-
induced autophagy. A significant increase in the pro-
tein levels of cleaved BAX and caspase 3 and a
marked decrease in the protein levels of Bcl-xL and
PARP in TDSCs treated with cholesterol and 3-MA
were observed compared with those of cholesterol
treatment alone (Fig. 4a, b). Moreover, the numbers

of apoptotic TDSCs were significantly increased
(Fig. 4d, ). In addition, the viability of TDSCs de-
creased to a greater degree in the presence of 3-MA
(Fig. 4c). These results revealed that autophagy was
indispensable for the protection of TDSCs from
cholesterol-induced apoptotic death. The level of
cholesterol-induced autophagy was also examined in
the presence of Z-VAD-FMK. Treatment with Z-
VAD-FMK led to a partial reduction in cholesterol-
induced autophagy (Fig. 4h, 1), suggesting that
cholesterol-induced autophagy depended on apoptosis.
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These results suggest that inhibition of autophagy en- in cholesterol-induced cell apoptosis and autophagy.
hances apoptosis, while repression of apoptosis dimin- ROS levels were markedly eliminated by NAC (Fig. 5e).

ishes autophagy. Fewer autophagosomes and autolysosomes were ob-

served in cells pretreated with NAC (Fig. 6g, h). NAC
Cholesterol-induced ROS initiate apoptosis and also rescued the cholesterol-induced apoptotic propor-
autophagy in TDSCs tions (Fig. 6a, b). Furthermore, NAC suppressed the

ROS usually act as important regulators in apoptosis and  cholesterol-induced activation of apoptosis and
autophagy. Our previous report demonstrated that chol-  autophagy-related proteins (Fig. 6¢, €). These results re-
esterol upregulated ROS levels and the expression of the  vealed that ROS initiated cholesterol-induced apoptosis
oxidative stress-related proteins CAT and NOX4 in and autophagy.

TDSCs [11]. Furthermore, we determined the ROS levels

in TDSCs treated with cholesterol in dose- and time- Cholesterol-induced ROS initiate apoptosis and
dependent manners. The ROS level increased in dose- autophagy in TDSCs through the AKT/FOXO1 pathway
and time-dependent manners in response to cholesterol =~ The AKT protein has been reported to promote cell pro-
stimulation, as shown in Fig. 5a and c. Then, we used liferation in many cell types. We thus used western blot-
the ROS scavenger NAC to investigate the role of ROS  ting to detect the expression of total and phosphorylated
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h) before incubation with

levels of AKT protein under cholesterol stimulation.
Figure 7 a and b show that the phosphorylation of AKT
was inhibited by cholesterol. In addition, we found that
the levels of FoxO1 were increased in a time-dependent

manner in cholesterol-treated TDSCs, from 3 to 24 h.
Moreover, the levels of phospho-FoxO1 were markedly
decreased compared with those of the controls. As
shown in Fig. 7i, exposure of TDSCs to cholesterol
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resulted in noticeable nuclear translocation of FoxOl.
To determine whether the FOXO1 transcription factor
affects the ability of cholesterol to induce apoptosis and
autophagy, we detected alterations in apoptosis and
autophagy-related proteins in the presence of the
FOXOL1 inhibitor AS1842856 using western blotting. As
illustrated in Fig. 7e and g, AS1842856 significantly re-
versed cholesterol-induced apoptosis and autophagy.
Furthermore, we assessed the effects of ROS production
on the AKT/FOXO1 pathways. The results showed that
combination treatment with cholesterol and NAC in-
creased FOXO1 and AKT phosphorylation and de-
creased the expression of FOXO1 (Fig. 7c, d) and the
accumulation of FOXOL1 in the nucleus compared with
that of cholesterol treatment alone. These results suggest
that ROS may be an important factor upstream of AKT/

FOXOL1 that initiates cholesterol-induced apoptosis and
autophagy.

High cholesterol induces apoptosis and autophagy

in vivo

To simulate hypercholesterolemia in vivo, we used ApoE
—/- mice (10 months old, male) as the hypercholesterol-
emic group, while C57BL/6 mice (10 months old, male)
were the control group. As previously reported [11], the
Achilles tendon showed significant histopathological ab-
normalities in the hypercholesterolemic group. In con-
trast to the typically elongated shape, the shape of the
nuclei of some tenocytes became round, similar to a
chondroid change (Fig. 8a). Compared with the scores
for normal tendons, the Bonar score for Achilles tendons
in the hypercholesterolemic group was much higher
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(Fig. 8b). Immunohistochemical analysis confirmed the
increased expression of cleaved caspase-3, Bax, LC3-II,
and FOXO1 and decreased expression of p62 in the hy-
percholesterolemic group (Fig. 8c, e, g). These results in-
dicated that cholesterol induces apoptosis and
autophagy in vivo. We reported that CAT and NOX4
protein expression were also significantly increased in
the hypercholesterolemic group [11]. Overwhelming evi-
dence has elucidated that NOX4 is a source of ROS, and
CAT is an antioxidant protein. Based on these results,

we surmised that high cholesterol induces apoptosis and
autophagy via the ROS-mediated FOXO1 pathway.

Discussion

Clinical studies have suggested an association between
hypercholesterolemia and tendon injuries or chronic
tendon pain [24]. We previously reported that hyper-
cholesterolemia induces tendinopathy in Achilles ten-
dons of ApoE -/- mice [11]. The precise mechanisms
underlying this association are not yet known. TDSCs
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play a pivotal role in tendon physiology and pathobiology  pathway in TDSCs, suggesting a new mechanism under-
in tendinopathy. High cholesterol inhibits tendon-related lying hypercholesterolemia-induced tendinopathy.

gene expression in TDSCs. Whether high cholesterol has Apoptosis is an important component in the control
other biological effects on TDSCs remains unknown. In  of cell proliferation and maintaining cellular homeosta-
this study, we found that high cholesterol induced apop-  sis. Increased tenocyte apoptosis is believed to be the
tosis and autophagy via the ROS-mediated FOXO1l underlying mechanism responsible for tendinopathy.
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Previous studies have shown a direct correlation between
the severity of damage-induced, increased apoptotic activ-
ity, and the inhibition of remodeling genes [25, 26], sug-
gesting that apoptosis may be implicated in the
pathogenesis of tendinopathy. However, previous studies
have mainly focused on the proapoptotic effect of repeti-
tive stress and overuse on tenocytes. In this study, we in-
vestigated whether high cholesterol has a similar
proapoptotic effect on TDSCs. Our data suggested that
high cholesterol inhibits the proliferation and migration of
TDSCs and induces GO/G1 phase arrest, indicating that
the viability of TDSCs is seriously impaired by high chol-
esterol. We found that high cholesterol induced an in-
crease in apoptotic cells and DNA fragmentation in
TDSCs. We hypothesize that this process has been linked
to lipotoxicity. The mitochondrial or intrinsic pathway is a
key pathway related to apoptosis.

After being triggered by different factors, Bax protein
migrates to the surface of the mitochondrion and in-
hibits the protective effect of antiapoptotic Bcl-2 protein,
inserting into the outer mitochondrial membrane, which
in turn regulates the release of cytochrome C from the
mitochondria. Cleaved caspase-3 is a protein in the cas-
pase family that can cause an apoptotic cascade [27]. In
this study, we found that cholesterol activated caspase-
dependent apoptosis through mitochondrial-mediated
pathways, upregulating the expression of the proapopto-
tic protein Bax and downregulating the expression of the
antiapoptotic proteins and Bcl-xL.

In addition to apoptosis, autophagy is another key fac-
tor controlling cellular fate. Numerous evidence has re-
vealed that autophagy plays a dual role, leading to cell
death or promoting cell survival [28]. In this study, we
found that cholesterol stimulation resulted in the occur-
rence of autophagic flux, a decrease in the protein ex-
pression of p62 and an increase in the protein
expression of LC-3-II, indicating that autophagy was in-
duced. The autophagy inhibitor 3-MA decreased the
apoptosis induced by cholesterol and strengthens the in-
hibitory effect of cholesterol on cell viability, suggesting
that cholesterol-induced autophagy may be a prosurvival
mechanism.

The interaction between autophagy and apoptosis is
quite complicated. Under certain circumstances, autoph-
agy causes cell death, acting as an accessory to apoptosis.
Autophagy can also promote cell growth by protecting
cells from apoptotic death [29]. In this work, the pres-
ence of 3-MA significantly strengthened cholesterol-
induced apoptosis. Furthermore, Z-VAD-FMK, an apop-
tosis inhibitor, reduced the protein expression of LC3-II
and inhibited autophagic flux induced by cholesterol.
These data clarified that cholesterol can induce autoph-
agy and apoptosis in TDSCs at the same time and that
apoptosis promotes autophagy, while autophagy protects
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TDSCs from apoptotic death. Several studies have eluci-
dated that some proteins involved in both the apoptotic
and autophagic pathways delicately regulate crosstalk,
such as the Atg proteins and Bcl family proteins [30, 31].
However, the mechanisms underlying the connection
between apoptosis and autophagy controlling cell sur-
vival and cell death in TDSCs are still not completely
elucidated. Further study will be needed to clarify this
issue.

In the present study, the induction of autophagy and
apoptosis by cholesterol was accompanied by ROS gen-
eration. Overwhelming evidence has suggested that ROS
mediate many signaling pathways and act as a trigger in
both cell autophagy and apoptosis [32]. We found that
cholesterol significantly increased the production of
ROS and that the apoptosis and autophagy induced by
cholesterol were blocked by NAC, indicating that choles-
terol may trigger apoptosis and autophagy by inducing
ROS. Previous investigations have generally suggested
that ROS act as second messengers that are required for
downstream signaling effects [33].

To further investigate the downstream pathways of
ROS, we examined the possible pathways that mediate
the processes of autophagy and apoptosis. The AKT/
FOXOI1 pathway has been found to regulate the pro-
cesses of apoptosis and autophagy [21]. Activation of
AKT protein protects cells from cell death and promotes
cell survival. FOXO1, a transcription factor, is involved
in a wide range of biological processes in several intra-
cellular functions, including cell growth, proliferation,
differentiation, cell cycle, and cell death. FOXO1 has
also been reported to play an important role in regulat-
ing biological functions such as apoptosis and autoph-
agy. In the present study, cholesterol decreased the
active form of AKT, phosphorylated-AKT, without af-
fecting the total protein levels of AKT. Moreover, chol-
esterol treatment of TDSCs led to a reduction in
phosphorylated levels of FOXO1 and an increase in ex-
pression and nuclear retention of FOXO1. In addition,
NAC, the ROS scavenger, markedly blocked activation
of the AKT/FOXO1 pathway, suggesting that AKT/
FOXO1 is a downstream pathway of ROS. Then, we
confirmed that cholesterol initiated apoptosis and au-
tophagy by the AKT/FOXO1 pathway using the FOXO1
inhibitor AS1842856. AS1842856 significantly reversed
cholesterol-induced apoptosis and autophagy. It has
been reported that enhanced levels of FOXO1 lead to
the induction of apoptosis, which is promoted by upreg-
ulation of the expression of the proapoptotic protein
BIM in several types of cell [34]. BIM is an important
protein that induces apoptosis through the mitochon-
drial pathway by interacting with antiapoptotic proteins
such as Bcl-xL. Such interactions lead to the activation
of the proapoptotic protein BAX and subsequently
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initiate apoptosis [35]. Our findings are in agreement
with these studies, demonstrating that AS1842856 re-
versed the upregulation of BAX and the downregulation
of Bcl-xL induced by cholesterol. Iris et al. reported that
FoxO1 function is essential for the maintenance of au-
tophagic flux [36]. Among the multiple stages of autoph-
agy, FoxO1 has been implicated in the steps of initiation,
vesicle nucleation, and vesicle elongation [37, 38].
FOXO1 promotes the expression of several autophagy-
related genes, such as Atg7, Atgl2, and Becnl [39].
FOXO1 upregulates the expression of autophagy genes
via augmenting the expression of autophagy factors,
such as Rab7 [40], and mitochondrial uncoupling pro-
teins (UCPs). In the present study, the underlying mech-
anism of FOXO1-modulated autophagy needs further
study.

Taken together, these results suggest that cholesterol
triggers TDSC apoptosis and autophagy through ROS-
activated AKT/FOXO1 signaling in vitro. In our in vivo
study, the increased expression of cleaved caspase-3,
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Bax, LC3-II, and FOXO1 and the decreased expression
of p62 in the Achilles tendon of the hypercholesterol-
emic group indicated that cholesterol induces apoptosis
and autophagy. We have reported that CAT and NOX4
protein expression were also significantly increased in
the hypercholesterolemic group [11]. Overwhelming evi-
dence has shown that NOX4 is a source of ROS, and
CAT is an antioxidant protein. Based on the results
above, we surmised that high cholesterol induces apop-
tosis and autophagy via the ROS-mediated FOXO1 path-
way in vivo.

There are a few limitations in this study. First, we did
not use apoptosis inhibitors, autophagy inhibitors, anti-
oxidants, or FOXOL1 signaling inhibitors in vivo to fur-
ther detect whether apoptosis, autophagy, ROS, or
FOXOL1 signaling might be involved in the pathogenesis
of tendinopathy in hypercholesterolemia. Second, the
mechanism underlying the crosstalk between apoptosis
and autophagy requires further study. Thirdly, the po-
tential mechanisms on how cholesterol induces ROS
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generation likely involve multiple pathways. Many previ-
ous studies have demonstrated that nicotinamide aden-
ine dinucleotide phosphate (NADPH) oxidase, xanthine
oxidase, mitochondrial enzymes, lipoxygenases, myelo-
peroxidases, uncoupled endothelial NO synthase, and so
on are related to ROS generation under the stress of
high cholesterol [41]. NADPH oxidases (NOX) are per-
haps the most important ROS-generating system. Our
previous experiments have showed NOX4 expression, a
major isoform of NOX, was increased apparently. We
would like to explore how cholesterol activates NOX4 or
other kinds of oxidases directly or indirectly in the
future.

Conclusions

We have shown for the first time that high cholesterol
induces apoptosis and autophagy in TDSCs. We further
investigated the relationship between apoptosis and au-
tophagy induced by cholesterol. We proposed that the
lipotoxicity of cholesterol is regulated through the acti-
vation of the ROS/AKT/FOXOL1 signaling pathways and
that autophagy has a protective effect on TDSCs against
apoptotic death (Fig. 9). Our study may contribute to
the development of more effective hypercholesterolemia-
induced tendinopathy therapeutic strategies, such as
combination treatment with statins and autophagy
inhibitors.
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