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Purpose: The mechanism underlying curcumin’s protective effect on osteoarthritis (OA) has
clarified. This
a chondroprotective effect by inhibiting apoptosis via upregulation of E2F1/PITX1 and

not been study aimed to determine whether curcumin exerts
activation of autophagy via the Akt/mTOR pathway by targeting microRNA-34a (miR-34a).
Methods: Male Sprague—Dawley rats were fed a normal diet (ND) or high-fat diet (HFD)
for 28 weeks. Five rats from each diet group were selected randomly for histological analysis
of OA characteristics. Rats fed a HFD were given a single intra-stifle joint injection of the
miR-34a mimic agomir-34a or negative control agomir (NC), followed by weekly low-dose
(200 pg/kg body weight) or high-dose (400 pg/kg body weight) curcumin intra-joint injec-
tions from weeks 29 to 32. The rats’ stifle joints were submitted to histological analysis and
to an apoptotic assay. Expression of miR-34a was detected using a real-time RT-PCR. E2F1
and PITX1 protein levels were determined by Western blot analysis, and the expressions of
Beclinl, LC3B, p62, phosphorylated (p)-Akt, and p-mTOR were measured using immuno-
fluorescence analysis.

Results: We found that rats fed a HFD had OA-like lesions in their articular cartilage and
had increased apoptosis of chondrocytes and decreased autophagy compared to rats fed
a ND. Curcumin treatment alleviated OA changes, inhibited apoptosis, and upregulated
autophagy. Agomir-34a treatment reduced E2F1, PITX1, Beclinl, and LC3B expression
and increased p62, p-Akt, and p-mTOR expression in HFD-fed rats given low- or high-
dose curcumin. Greater numbers of apoptotic cells, lesser expression of p62, p-Akt, and
p-mTOR, and greater expression of E2F1, PITX1, and LC3B were observed in the agomir-
34a and high-dose curcumin-treated group than in agomir-34a and low-dose curcumin-
treated group.

Conclusion: Curcumin’s chondroprotective effect was mediated by its suppression of miR-
34a, apparently by reducing apoptosis, via upregulation of E2F1/PITX1, and by augmenting
autophagy, likely via the Akt/mTOR pathway.
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Introduction

Osteoarthritis (OA) is a degenerative inflammatory disease with specific manifesta-
tions that include articular cartilage loss, extracellular matrix degradation, subchon-
dral bone ossification, and osteophyte formation."* It is a major cause of disability
in elderly populations.® Although OA has been related to a variety of factors,
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including aging, obesity, genetic factors, and trauma,*> the
underlying mechanisms of OA pathogenesis have not been
elucidated. Intervention of OA in an early stage may be
critical for delaying, or even reversing, OA progression.

Apoptosis and autophagy, which are critical processes
for maintaining tissue homeostasis,” * have been shown to
play an important role in the occurrence and development
of OA. In OA, chondrocytes undergo programmed cell
death via apoptosis.” Meanwhile, autophagy, a process of
cell degradation and recycling, has been shown to be
closely related to the development of OA.'%!" Autophagy
can inhibit the apoptosis of damaged cartilage cells and the
two processes of apoptosis and autophagy are often regu-
lated by similar factors.”'?

MicroRNAs (miRs) are short noncoding segments of
RNA that regulate protein-encoding genes by interacting
with elements in the 3’ untranslated regions of target
genes.'>'? Studies have shown that some miRs regulate
both cell apoptosis and autophagy, and that stable miR
expression plays a vital role in maintaining chondrocyte
quantities and inhibiting OA progression. Notably, miR-
34a is expressed specifically in cartilage and upregulated
in the articular cartilage and synovial fluid of OA
patients.'> It has been reported that miR-34a regulates
the processes of apoptosis and autophagy,'®'” but the
mechanism of regulation remains to be clarified. In some
diseases, miR-34a—stimulated apoptosis is closely related
to the cell-cycle-related protein E2F1 (eukaryotic trans-
lation termination factor 1). Observations of miR-34a
being able to promote cancer cell apoptosis directly by
targeting E2F1 inhibition'® and of E2F1 being sup-
pressed in OA chondrocytes'® indicate that miR-34a
may be related to E2F1 expression. The promoter activ-
ity and mRNA transcription of PITX1 (paired-like home-
odomain transcription factor 1) have been shown to be
regulated by E2F1 in OA chondrocytes.”’ However, the
potential regulatory influences of miR-34a on E2FI,
PITXI,
explored.

and chondrocyte apoptosis remain to be

Studies have shown that miR-34a can regulate the

3-kinase/Akt/mammalian
21,22

phosphoinositide rapamycin

(mTOR) signaling pathway, a classical autophagy
pathway. Inflammatory responses in human and rat articu-
lar chondrocytes can be reduced by promoting autophagy
through inhibition of Akt/mTOR pathway signaling.?*-*
Thus, it is possible that miR-34a may inhibit chondrocyte
autophagy via Akt/mTOR signaling in addition to promot-

ing chondrocyte apoptosis.

Although there is no cure for OA, nutraceuticals are
being considered as potential anti-OA treatments owing to
their chondroprotective effects and minimal risk of adverse
effects. The nutraceutical curcumin, which is used as
a dietary spice and coloring agent, is a diketone compound
derived from turmeric (the main component of curry pow-
der). Turmeric and curcumin are relatively rare natural
phytochemicals that can be obtained from the rhizomes
of some plants in the Zingiberaceae and Araceae

families.”> Curcumin has been reported to exert
a chondroprotective influence through anti-inflammation
and anti-apoptotic effects as well as through mechanisms
involving anticatabolic and proteolytic enzymes.”* %’
Additionally, curcumin has been shown to inhibit cancer
cell proliferation and to alleviate disease processes via
that miR-34a 3031

However, it is not clear whether curcumin can inhibit

mechanisms involve regulation.
miR-34a in articular cartilage. If so, it may be used to
reduce chondrocyte apoptosis and activate autophagy with
the goal of preventing or slowing the progression of OA.

A suitable animal model is essential for exploring the
pathogenesis of OA. Recently, obesity has become a major
cause of OA.>*>* Thus, in the present study, we focused
on obesity-associated OA in rats fed a high-fat diet (HFD).
that

a chondroprotective effect by suppressing miR-34a, and

We  hypothesized curcumin  may  exert
thereby inhibiting apoptosis via upregulation of E2F1 and
PITX1 and activating autophagy via the Akt/mTOR path-
way. To test this hypothesis, we injected miR-34a agomir
(agomir-34a) into the stifle joint cavity of rats to increase
miR-34a expression and then gave rats a series of curcu-

min injections.

Materials and Methods

Animals and Treatments

Sixty-six ~ Sprague-Dawley male
220-260 g) were Medical
University (Shenyang, China) and randomized into
a HFD group (N = 54) and a normal diet (ND) group (N
= 12). The HFD and ND foodstuffs consisted of 60% and
10% kcal from fat, respectively. All rats were housed at
a controlled temperature (23-25 °C) and humidity (40—
70%) with a 12-h light/dark cycle and weighed once
a week for 28 weeks. Prior to starting curcumin treat-

rats  (6-week-old,

acquired from China

ments, 5 rats were selected randomly from each diet
group and stifle joint samples were collected from them
for histological analysis of OA changes.
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Subsequently, the remaining seven rats in the ND group
continued to be fed a ND and became a control (C) group in
our curcumin treatment experiment. The remaining 49 rats
in the HFD group were further divided into the following
seven groups (N = 7 per group): HFD only (H), HFD plus
low-dose curcumin (HL), HFD plus high-dose curcumin
(HH), HFD plus low-dose curcumin and agomir negative
control (HL-NC), HFD plus high-dose curcumin and agomir
negative control (HH-NC), HFD plus low-dose curcumin
and agomir-34a (HL-Ago), HFD plus high-dose curcumin
and agomir-34a (HH-Ago). Curcumin was purchased from
Xi’an Spring-chem Bio-tech (Xi’an, China) and agomirs
were purchased from RiboBio (Guangzhou, China).

In preparation for treatment, agomir-34a (an in vivo
activator of miRNA-34a, 5 nmol) and agomir negative con-
trol (5 nmol) were dissolved in 100 pL sterile phosphate
buffered saline (PBS). Curcumin oil solution (12.5 mg/mL)
was dissolved in 5% dimethyl sulfoxide. At the beginning of
week 29, rats received one 100 pL intra-stifle joint injection
of sterile PBS (C, H, HL and HH groups), agomir negative
control (5 nmol) dissolved in sterile PBS (HL-NC and HH-
NC groups), or agomir-34a (5 nmol) dissolved in sterile PBS
(HL-Ago and HH-Ago groups). Subsequently, rats in the
C and H groups were given an intra-stifle joint injection of
5% dimethyl sulfoxide oil solution. Rats in the other groups
were given a weekly intra-stifle joint injection of curcumin
solution from weeks 29 to 32 (a total of four injections).
Low-dose (200 pg/kg body weight) and high-dose (400 pg/
kg body weight) curcumin were administered according to
the group designation. At the end of week 32, all rats were
sacrificed (Figure 1). All procedures were approved by the
local Institutional Animal Care Ethics Committee for animal
studies at China Medical University (Approval number:
20180228-48). The welfare and treatment of the laboratory
animals was followed with National Institute of Health
Guide for the Care and Use of Laboratory Animals.

Gait Analysis
At the 28th and 32nd weeks, five randomly selected ani-
mals per group were subjected to gait assessment with the
Catwalk XT system (Noldus Information Technology,
Wageningen, NL).

Body Fat Determination

Immediately after rats were sacrificed, their subcutaneous,
epididymis, perirenal, and mesentery adipose tissues were
dissected and weighed for body fat determination.

Tissue Preparation

Whole stifle joints were fixed in 4% paraformaldehyde for
48 h and then decalcified for 3 months in 10% Na,EDTA
at room temperature. After dehydration, the joints were
embedded in paraffin and then sectioned serially at
a thickness of 6 um for histology, immunohistochemistry
analysis, and TUNEL assay.

Histology

Sections were dyed with Safranin O/Fast Green (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) or hematox-
ylin and eosin (H&E) (Tianjin Guangfu Fine Chemical
Research Institute, Tianjin, China). All sections were exam-
ined and evaluated by two researchers according to modified
Mankin scores, with higher scores (range, 0—14) indicating
more severe lesions.*

Immunofluorescence Analysis

Sections were deparaffinized into xylene, rehydrated through
a series of decreased concentrations of ethanol, and washed
with PBS. Antigen retrieval was achieved with 0.1% trypsin.
Then, the slices were incubated with goat serum for 30 min at
37 °C, and then incubated overnight at 4 °C with primary
antibodies targeting the following proteins: LC3B (1:50 dilu-
tion, Abcam, Cambridge, UK), Beclinl (1:50, ABclonal
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Figure | Flowchart of mice treatment.
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Technology, Wuhan, China), p62 (1:100, Abcam), Serd73
phosphorylated (p)-Akt (1:50, Cell Signaling Technology,
Boston, MA), or a mixture of LAMP2 (1:100, Abcam) and
p-mTOR (1:50, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), and matrix metalloproteinase (MMP)-2(1:500, Abcam),
MMP-9 (1:100, Abcam). Fluorescent-conjugated secondary
antibody (1:50, Zhongshan Goldenbridge Biotechnology
Co., Ltd., Beijing, China) was applied for 2 h at room tem-
perature. Images were taken with an Olympus microscope
(Olympus, Tokyo, Japan). Six fields were selected from each
slice for optical density analysis, conducted using ImageJ 2x
software (National Institutes of Health, Bethesda, MD).

TUNEL Assay

TUNEL assays were carried out according to the instructions
provided by the assay kit manufacturer (Roche Company,
USA). Sections were treated with proteinase K, followed by
TdT enzyme, and streptavidin-fluorescein, successively, and
then counterstained with DAPI. Photomicrographs were
obtained using an Olympus microscope. Six fields from
each section were analyzed. The average number of positive
cells was determined using ImageJ 2x software.

Real-Time Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from cartilage with RNAiso plus
(TaKaRa, Dalian, China). According to the manufacturer’s
instructions (TaKaRa), total RNA was reverse transcribed
into cDNAs. Real-time qRT-PCR was conducted using
SYBR Green PCR master mix (TaKaRa) in a PCR detec-
tion system (ABI, Carlsbad, CA). U6 was used as
a reference for miR detection. Detected RNA levels were

calculated using the 2744

method. A specific primer for
miR-34a was synthesized by Sangon Biotech (Shanghai,
China) with the following forward sequence: 5'-CTG GCA

GTG TCT TAG CTG GTT GT-3".

Western Blotting
Total proteins were extracted from cartilage with
a protease inhibitors and phosphatase inhibitors in RIPA
buffer (KeyGen Biotech, Nanjing, China). Protein concen-
trations were determined with a BCA kit (Thermo Fisher
Scientific, San Jose, CA). The proteins were separated by
10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% skimmed
milk and incubated with primary antibodies targeting the
following proteins: B-actin (1:1000, Proteintech Group,

Wuhan, China), E2F1 (1:1000, Sangon Biotech), PITX1
(1:1000, Sangon Biotech). After incubation with horse
radish peroxidase-conjugated secondary antibody (1:5000
dilution, ABclonal Technology), bands were detected with
a chemiluminescent detection system (Gellmage System
Ver. 4.00, CA). Blot densities were measured with Image
4.0 software (Scion Corporation, Frederick, MD).

Statistical Analysis

Statistical analysis was performed with SPSS 20.0 soft-
ware (IBM Corp., Armonk, NY). Data were expressed
as means + SD. One-way analyses of variance
(ANOVA) and Fisher’s least significant difference multi-
ple comparison tests were used with a significance cri-
terion of p < 0.05.

Results

HFD Induced OA-Like Lesions in Rats
Rats fed a HFD had a higher bodyweight (Figure 2A)
and body fat ratio (Figure 2B) than those in the ND
group, while there was no difference in food intake
(Figure 2C). Rats fed a HFD for 28 weeks presented
OA-like characteristics, including a disordered arrange-
ment of cells, decreased cartilage thickness, damage to
the cartilage surface, and an unclear boundary between
cartilage and bone (Figure 2D and E). The mean mod-
ified Mankin’s score of the HFD-fed rats was signifi-
cantly higher than that of the ND-fed rats (p < 0.05)
(Figure 2F). Gait analysis showed that the left-hind limb
(LH) and right-hind limb (RH) in the HFD group had
longer stand and swing times than those of the ND
group (p < 0.05) (Figure 2G and H), but there was no
difference in duty cycle between the two groups (Figure
21). The footprint histograms of HFD group were lower
than those of ND group (Figure 2J).

Curcumin Reduced miR-34a Levels and
Alleviated OA-Like Lesions in HFD-Fed

Rats

The mean body weights and body fat ratios of rats in the
seven groups that were fed a HFD were all significantly
higher than those of the C group (p < 0.01, p < 0.05),
with no differences among the seven HFD groups
(Figure 3A and B). As shown in Figure 3D-F, curcumin
treatment ameliorated OA-like lesions, and the mean
Mankin scores of the curcumin-treated groups were
also lower than that of the H group (p < 0.05).
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Figure 2 Effects of a 28-week HFD on stifle-joint articular cartilage in rats. (A) Body weight, for ND group (N = 12) or HFD group (N = 54); (B) Body fat ratio; (C) food
intake; (D) Safranin O/Fast Green staining (original magnification, 40 x, Scale bars = 500 pm); (E) H & E staining (original magnification, 200 x, Scale bars = 200 pm); (F)
Modified Mankin scores; (G-J) Analysis of gait indices: Swing (G); Stand (H); Duty cycle (I) and footprint histograms (J). Arrows indicate sites of cartilage damage.
Independent sample t-test was used to test for statistical significance. Data were expressed as the mean + SD, N = 5, *p < 0.05, **p < 0.01 versus the ND group.
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Figure 3 HFD upregulated the expression of miR-34a in stifle articular cartilage, while curcumin reduced miR-34a and alleviated OA-like lesions. (A) Body weight; (B) Body
fat ratio; (C) food intake; (D) Safranin O/Fast Green staining (original magnification, 40 x, Scale bars = 500 ym); Arrows indicated incomplete cartilage; (E) H & E staining
(original magnification, 200 x, Scale bars = 200 pm); Arrows indicated chondrocytes are clustered or sparse; (F) Modified Mankin scores; (G-J) Analysis of gait indices: Stand
(G); Swing (H); Duty cycle and (l) footprint histograms (J); (K) The expression of miR-34a in cartilage were measured by gRT-PCR. One-way ANOVA was used to test for
statistical significance. Data were expressed as the mean % SD, N = 7, *p < 0.05, **p < 0.01 versus the C group; "p < 0.05 versus the H group; %p < 0.05 versus the HL-NC
group; *p < 0.05 versus the HL-Ago group.
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Compared with the HL-NC group, histological changes
in HL-Ago group appeared to be slightly worse, but
there was no statistical difference in Mankin scores.
Compared with the C group, the swing time of rats in
the H group was increased (p < 0.05), and curcumin
treatment decreased swing time (Figure 3H). Curcumin
treatment also improved footprint histograms. After ago-
mir-34a treatment, the footprint histograms in HL-Ago
and HH-Ago groups were decreased compared to their
respective NC control groups (Figure 3J). There was no
difference in food intake (Figure 3C), stand time (Figure
3G) and duty cycle (Figure 3I) among all groups.

As shown in Figure 3K, compared with the C group,
the expression of miR-34a in articular cartilage was
significantly upregulated in the H group (p < 0.01),
while curcumin treatment reduced its expression (p <
0.05). Expression of miR-34a in the HL-Ago group was
significantly increased compared with the HL-NC group
(p < 0.05), while being similar to that in the HH-NC
group. The miR-34a expression in the HH-Ago group
was significantly lower than that of the HL-Ago group
(» < 0.05).

Curcumin Treatment Resulted in
Suppressed miR-34a Levels, Upregulated
E2FI and PITXI, and Reduced Apoptosis
in Cartilage in HFD-Fed Rats

TUNEL staining analysis showed that the number of
apoptotic chondrocytes in rat articular cartilage was
increased in the H group, compared to the C group,
and decreased in curcumin-treated groups compared to
the H group (p < 0.01). Agomir-34a treatment increased
quantities of apoptotic cells in the low-dose curcumin
group (p < 0.01 vs HL-NC group), but not in the high-
dose group. Moreover, compared with the HL-Ago
group, the number of apoptotic cells in the HH-Ago
group was reduced (p < 0.05) (Figure 4A and B).

As shown in Figure 4C-E, the expression of E2F1
and PITX1 proteins in the H group was significantly
lower than that in the C group (p < 0.01), while curcu-
min treatment upregulated their expression (p < 0.05).
Agomir-34a treatment reduced E2F1 and PITX1 expres-
sion in rats given low-dose, but not high-dose, curcumin
(p < 0.05). The expression levels of E2F1 and PITX1
were greater in the HH-Ago group than in the HL-Ago
group (p < 0.05).

Curcumin Treatment Resulted in Reduced
miR-34a Levels, Reduced Akt/mTOR

Signaling, and Increased Autophagy in

Cartilage from HFD-Fed Rats

Compared with levels in rats fed a ND, HFD-fed rats had
decreased protein expression of Beclinl and LC3B (p <
0.01) (Figure 5A-D) and increased expression of p62
protein (p < 0.01) (Figure 5E and F). Compared to HFD-
fed rats not given curcumin, rats given low- or high-dose
curcumin treatment had upregulated Beclinl (p < 0.01)
and LC3B expression (p < 0.01) (Figure 5A-D), but
down-regulated p62 expression (p < 0.01) (Figure 5E
and F). There was no difference in these protein levels
between the low- and high-dose curcumin groups.
Administration of agomir-34a reduced Beclinl and
LC3B expression in both the low- and high-dose curcu-
min groups (p <0.01 HH-Ago and HL-Ago groups vs HL-
NC and HH-NC groups, respectively) (Figure 5A-D).
LC3B expression was greater in the HH-Ago group than
in the HL-Ago (p < 0.05) (Figure 5C and D). Agomir-34a
treatment increased p62 expression in the HL-Ago group
(p < 0.01), but not in the HH-Ago group (Figure 5E
and F).

As shown in Figure 5G—J, the expression of p-Akt and
p-mTOR was significantly increased in the articular carti-
lage of H group rats compared to C group rats (p < 0.01),
and curcumin treatment attenuated this increase (p < 0.01).
Agomir-34a treatment upregulated p-Akt and p-mTOR
expression in the HL-Ago group (p < 0.01, p < 0.05),
but only upregulated p-Akt expression in the HH-Ago
group (p < 0.01). Compared with levels in the HL-Ago
group, p-Akt and p-mTOR expression were decreased in
the HH-Ago group (p < 0.05).

MiR-34a Treatment Upregulated MMP-2
and MMP-9 Expression, While Curcumin
Treatment Reduced Their Expression in
Cartilage from HFD-Fed Rats

As shown in Figure 6A-D, the expression of MMP-2 and
MMP-9 was dramatically increased in the articular carti-
lage of H group rats compared to C group rats (p < 0.01),
and low- or high-dose curcumin treatment attenuated this
increase (p < 0.01). Agomir-34a treatment upregulated
MMP-2 (Figure 6A and C) and MMP-9 (Figure 6B and
D) expressions in both the HL-Ago and HH-Ago group
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Figure 4 Curcumin suppression of miR-34a was associated with inhibited apoptosis in cartilage and upregulation of E2FI/PITXI in rats fed a HFD. (A) Apoptotic cells
(green) were determined by TUNEL staining, and cell nuclei were counterstained with DAPI (blue) (original magnification, 200x, Scale bars = 200 pm); (B) Analysis of the
numbers of apoptotic cells in cartilage; (C) The E2F| and PITXI protein expression were measured by Western blot; (D and E) The relative expression of E2FI and PITXI,
and B-actin was used as a reference standard. One-way ANOVA was used to test for statistical significance. Data were expressed as the mean + SD, N = 7, *p < 0.01 versus
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significance. Data were expressed as the mean + SD, N = 7, #p < 0.05, **p < 0.01 versus the C group; “*p < 0.01 versus the H group; #p < 0.05, #*p < 0.01 versus the HL-NC
group; M p < 0.01 versus the HH-NC group; *p < 0.05, *p < 0.01 versus the HL-Ago group.
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Figure 6 MiR-34a treatment upregulated MMP-2 and MMP-9 expression, while curcumin treatment reduced their expression in cartilage from HFD-fed rats.
Immunofluorescence analysis was performed using MMP-2 (A) antibody(green) and MMP-9 (B) antibody(red), and cell nuclei were counterstained with DAPI (blue)
(original magnification, 200x), Scale bars=50um. The fluorescence intensity of MMP-2 (C) and MMP-9 (D). One-way ANOVA was used to test for statistical significance.
Data were expressed as the mean + SD, N = 7, * < 0.01 versus the C group; *p < 0.01 versus the H group; #%p < 0.01 versus the HL-NC group; p < 0.05, *p < 0.01
versus the HH-NC group.
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(p < 0.01, p < 0.05). There was no difference in these
protein levels between the HL-Ago and HH-Ago groups.

Discussion

Studies have suggested that curcumin may be an effective
treatment for the prevention and treatment of OA.*> >’ In
the present study, we examined the effects of curcumin on
signs in a common rat model of obesity-associated
OA.**3° Our histological and behavioral observations con-
firmed that rats fed a HFD presented OA-like lesions,
consistent with our previous and others’ studies.*®*'
Previously, oral administration of curcumin was shown to
be effective in slowing the progression of OA in a post-
traumatic OA mouse model.*? However, doubts have been
raised regarding whether oral curcumin can reach pharma-
cologically active concentrations in synovial fluid or joint
tissues* and the oral bioavailability of curcumin is only
1%.* Thus, in this study, we used an intra-articular injec-
tion to ensure that curcumin reached the joint capsule and
to increase its bioavailability.

Our data showed that curcumin can alleviate OA pro-
gression in rats fed with HFD, affirming an anti-OA effect.
Interestingly, miR-34a was increased in the articular carti-
lage of rats fed a HFD, while curcumin reduced the
expression of miR-34a. MMP-2 and MMP-9 could
degrade the extracellular matrix and related to OA

development,*

and miR-34a was reported to influence
their levels.**** Our results showed that curcumin treat-
ment downregulated the expression of MMP-2 and MMP-
9, and the effect was related to the inhibition of miR-34a.
HFD-fed rats had upregulated apoptosis and down-
regulated autophagy in their cartilage, and curcumin treat-
ment alleviated these changes, suggesting that the regula-
tion of apoptosis and autophagy in obesity-associated OA
may be related to miR-34a, and that curcumin may exert
its chondroprotective effects by decreasing apoptosis and
promoting autophagy consequent to reduction of miR-34a
expression. Consistent with this supposition, intra-joint
agomir-34a increased the expression of miR-34a. Agomir
miR-34a
injected,”®>! and miR-34a levels remain high in cartilage

increases levels immediately after being
for 6 weeks after injection into the articular cavity, but
then decline to baseline levels by 8 weeks post-injection.>
In the present study, our results demonstrated that weekly
injections of curcumin for 4 weeks following agomir-34a
administration may exert a chondroprotective effect by
inhibiting apoptosis and activating autophagy consequent

to downregulation of miR-34a.

MiR-34a expression is induced by p53, a protein that is
related to apoptosis, during which the cell cycle ceases and cell
death ensues through processes that involve E2Fs and cyclin-
dependent protein kinase 6.°*>* E2F1 can affect cell cycle
progression, regulate cell proliferation and metabolism, and
thus regulate cell number and function.> The E2F1-regulated
protein PITX1 is an important regulatory factor whose inhibi-
tion can promote chondrocyte apoptosis. Pellicelli et al*
demonstrated that inhibition of E2F1 suppressed PITX1 pro-
moter activity and mRNA transcription in normal and OA
articular chondrocytes. Downregulation of E2F1 has been
associated with increased apoptosis of articular chondrocytes
and OA deterioration,*®>” while reduction of PITX1 synthesis
and activity can lead to excessive lysis of chondrocytes, an
important marker of articular cartilage degeneration.”®>” In the
present study, we observed reduced E2F1 and PITX1 expres-
sion in the articular cartilage of rats fed a HFD, compared to
that in ND rats. Conversely, E2F1 and PITX1 expression were
increased after curcumin treatment, suggesting that upregu-
lated E2F1 and PITX1 expression due to a HFD contributed
to apoptosis, and that curcumin’s anti-apoptotic effect may
involve downregulation of E2F1 and PITX1 expression.
Notably, agomir-34a reduced the expression of E2F1 and
PITX1 significantly in rats in the low-dose curcumin treatment
(HL-Ago) group, but not rats in the high-dose curcumin treat-
ment (HH-Ago) group. Meanwhile, our TUNEL staining ana-
lysis indicated that high-dose curcumin could exert a more
pronounced inhibitory effect than low-dose curcumin on
miR-34a over-expression in OA joint tissues. Furthermore,
differential E2F1 and PITX1 expression between our low-
and high-dose curcumin groups given agomir-34a suggests
that curcumin-induced down-regulation of miR-34a may inhi-
bit apoptosis via upregulation of E2F1 and PITX1.

There is evidence of crosstalk between autophagy and
apoptosis,’®®' and a regulatory relationship between
mTOR and E2F1 has been demonstrated.®*®® The starting
regulated by mTOR,
a macromolecular signaling complex that has mTORCI1

point of autophagy is
and mTORC?2 constituents. Autophagy has been shown to
be closely related to mTORCI, which receives signals
from the (type I) phosphoinositide triphosphate kinase/
Akt pathway. Akt phosphorylates mTORCI1 at Ser2448,
and hyperphosphorylated mTORCI1 acts as a direct inhi-
bitor of autophagy.®**> Curcumin was reported to reduce
p-Akt and p-mTOR levels in a rat model of rheumatoid
arthritis.”® In the present study, we found that curcumin
enhanced autophagy, as evidenced by the autophagy mar-
kers Beclinl, LC3B and p62,°° and inhibited the Akt/
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Figure 7 Potential chondroprotective mechanisms of curcumin on obesity-associated OA of rats induced by a HFD.

mTOR pathway in the articular cartilage of rats with
And these
effects were associated with a reduction of miR-34a.

obesity-associated OA-like degeneration.

Hence, the presently observed difference between high-
and low-dose curcumin effects may be due to high-dose
curcumin having a stronger miR-34a reducing effect than
low-dose curcumin in rats treated with agomir-34a.
Meanwhile, miR-34a levels were similar in rats given
a high-dose curcumin treatment regimen, whether or not
they received the agomir-34a treatment. These results are
consistent with the apoptotic data above indicating that
high-dose curcumin can suppress miR-34a expression
when miR-34a is abnormally elevated, and thereby
enhance autophagy.

In summary, the present results support further exploration
of the phytochemical curcumin as a potential strategy to pre-
vent and treat OA. Our findings are consistent with the possi-
bility that curcumin’s chondroprotective effects are mediated
by its miR-34a-modulating influence leading to down
regulation of apoptosis, via E2F1/PITX1 upregulation, and
activation of autophagy, via the Akt/mTOR pathway (Figure
7). Although autophagy has been shown to be affected by
E2F1 and mTORC?2 is known to upregulate E2F1, there are
few studies in the literature regarding the functions of

mTORC2. Further research should explore the interactions
between autophagy and apoptosis as well as the potential
benefits of modulating miR-34a on OA.

Conclusions

Curcumin’s chondroprotective effect was mediated by its
suppression of miR-34a, apparently by reducing apoptosis,
via upregulation of E2F1/PITX1, and by augmenting
autophagy, likely via the Akt/mTOR pathway.
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