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Abstract

Background: Osteoarthritis (OA) is characterized by progressive cartilage matrix degradation. Although adenosine monophosphate-
activated protein kinase (AMPK) shows promise in treating OA, its clinical application is limited by poor bioavailability. Nano-
encapsulation may overcome this limitation, but the underlying molecular mechanisms remain unclear. Methods: OA was induced in
rats using the anterior cruciate ligament transection (ACLT) model, followed by intra-articular injection of nano-AMPK. Cartilage degra-
dation was assessed by Masson staining and immunohistochemistry. The molecular mechanism was investigated using interleukin-1 beta
(IL-1pB)-induced rat chondrocytes, with or without sirtuin 1 (SIRT1) inhibitor (EX527) treatment and Nexilin silencing. The expression
of cartilage matrix components, degradative enzymes, and signaling molecules was analyzed by Western blot and quantitative real-time
polymerase chain reaction (QRT-PCR). Results: Nano-AMPK treatment significantly reduced cartilage degradation in ACLT rats, which
was evidenced by increased collagen type II alpha 1 chain (COL2A1) and aggrecan expression and decreased matrix metalloproteinase
(MMP)-3, MMP-13, and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) levels. In vitro studies revealed
that nano-AMPK protected against IL-15-induced matrix degradation by upregulating SIRT1 and Nexilin expression. Either SIRT1
inhibition or Nexilin silencing abolished the protective effects of nano-AMPK, indicating that the SIRT1-Nexilin pathway mediates
nano-AMPK'’s chondroprotective effects. Conclusions: This study demonstrated that nano-encapsulated AMPK effectively prevented
cartilage matrix degradation in experimental OA through a previously unidentified SIRT1-regulated Nexilin pathway, providing new
insights into OA treatment strategies.
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Introduction Therefore, promoting cartilage repair and delaying OA pro-

. . . o ression are essential.
Degenerative diseases like osteoarthritis (OA) are &

brought on by aging, genetics, and mechanical injury,
among other things [1]. OA leads to disability in middle-
aged and older adults, affecting their quality of life. Early
diagnosis of OA is difficult, with symptoms including pain
and cartilage degeneration [2]. Current treatments mainly
focus on pain relief and do not halt disease progression. The
only treatment for severe OA is joint replacement; however,
this procedure is costly, and artificial joints can break down.

www.ecmjournal.org

Adenosine monophosphate-activated protein kinase
(AMPK) is an energy sensor crucial for regulating
metabolism, maintaining energy balance, and responding
to stress [3,4]. A study has indicated that AMPK is also
involved in the skeletal system, controlling chondrocytes’
energy metabolism and matrix metabolism, thereby affect-
ing the health and function of cartilage [4]. The nicoti-
namide adenine dinucleotide (NAD+)-dependent deacety-
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lase silent information regulator 1 (sirtuin 1 (SIRT1)) con-
trols cell division, death, and metabolism [5]. There is
a close interaction between SIRT1 and AMPK, and they
jointly regulate cellular energy metabolism and stress re-
sponses [6,7]. Nexilin is an actin-associated protein pri-
marily involved in the remodeling and stabilization of the
cytoskeleton [8]. Although its exact involvement in chon-
drocytes is unknown, research has indicated that nexilin is
essential for matrix metabolism and the chondrocyte stress
response [9]. The rapid development of nanotechnology
has provided new strategies for drug delivery and the en-
capsulation of biological macromolecules [10,11]. Recent
advances in nanotechnology have revolutionized OA treat-
ment approaches. Various nanocarrier systems, including
polymeric nanoparticles, liposomes, and hydrogels, have
been explored for targeted drug delivery to articular car-
tilage. However, most existing approaches focus on deliv-
ering small-molecule drugs or growth factors, and the po-
tential of nano-encapsulated active proteins remains largely
unexplored. Additionally, previous studies have investi-
gated AMPK’s role in OA [12,13], but the delivery chal-
lenges associated with protein therapeutics have limited its
clinical application. Our nano-AMPK system addresses
this critical gap by providing a novel protein delivery plat-
form specifically designed for cartilage targeting.

Collagen type II alpha 1 chain (COL2A1) is the pri-
mary structural protein in articular cartilage, comprising ap-
proximately 90 % of the collagen network and playing a
crucial role in maintaining cartilage integrity. In OA, the
progressive loss of COL2A1 leads to compromised me-
chanical properties and reduced load-bearing capacity of
the cartilage matrix. This degradation initiates a destruc-
tive cycle where mechanical stress further accelerates ma-
trix breakdown, making COL2A1 maintenance a critical
target for therapeutic intervention in OA.

In this study, the role of the AMPK-SIRT1-Nexilin
pathway in OA and their relationship were systematically
investigated by constructing an experimental OA rat model
and using nanocoated active proteins to further reveal the
possible mechanism of AMPK in OA. In addition to ex-
panding our knowledge of the pathophysiological mecha-
nisms underlying OA, this research will offer fresh perspec-
tives and therapy possibilities.

Methods
Housing Conditions

Two groups of rats were used in this study: young
Sprague-Dawley rats (2—3 weeks old, n = 6) for cell ex-
periments and adult male Sprague-Dawley rats (200-250 g)
for the anterior cruciate ligament transection (ACLT) model
(n =24). All rats were purchased from Shanghai MODEL
ORGANISMS (Shanghai, China) and housed in the insti-
tutional animal facility under standard conditions: temper-
ature 23 °C £+ 1 °C, 12 h light/dark cycle, and 50 %—60 %
relative humidity, with free access to standard rodent chow
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and water. Animals were acclimatized for 1 week before
experiments. For the ACLT model, rats were randomly
divided into four groups (n = 6 per group): sham, sham
+ nano-AMPK, model, and model + nano-AMPK. Post-
surgery, rats were housed individually in ventilated cages
with adequate food and water, and bedding was changed
every 4 days.

Preparation of Nano-Encapsulated Active Protein AMPK

The preparation of nano-encapsulated active protein
AMPK was conducted following previous research [11,
14].  Specifically, purified recombinant AMPK protein
(ab184883, Abcam, Cambridge, MA, USA) and a nanopar-
ticle encapsulation kit (FL-M16-001, Fluidiclab, Shanghai,
China) were used. First, nanoparticles were prepared ac-
cording to the instructions of the encapsulation kit, ensuring
that all operations were performed under sterile conditions.
In a sterile environment, an appropriate amount of AMPK
protein was slowly added to the nanoparticle solution while
gently mixing. The mixture was then incubated at room
temperature or the specified temperature for a certain pe-
riod to ensure the effective encapsulation of AMPK protein
by the nanoparticles. The incubation time and temperature
were adjusted according to the kit instructions.

Characterization of Nano-AMPK

The morphology of nano-AMPK was character-
ized using a field emission scanning electron microscope
(SU8010, Hitachi, Tokyo, Japan) operated at an accelerat-
ing voltage of 5 kV with a working distance of §—10 mm.
Samples were prepared by placing a drop of the nanopar-
ticle suspension onto a silicon wafer and allowing it to
air-dry at room temperature. Prior to imaging, samples
were sputter-coated with a thin layer of gold (approximately
5 nm thickness) using an ion sputter coater (E-1010, Hi-
tachi, Tokyo, Japan) to enhance conductivity. Images were
captured at various magnifications ranging from 5000 x to
50,000 %.

The direct fluid dynamics and size distribution of
AMPK nanoparticles were studied by dynamic light scat-
tering (DLS) using a Zetasizer Nano ZS90 (Malvern Instru-
ments, Worcestershire, UK) dispersed in Milli-Q water at a
scattering angle of 90°.

Encapsulation Efficiency (EE) Determination and Drug
Loading (DL)

The DL and encapsulation rate of AMPK nanopar-
ticles were determined by high-performance liquid chro-
matography. In 0.1 mL of methanol, 10 mg of freeze-dried
nano-AMPK powder was dissolved. The samples were ex-
amined at a flow rate of 1.0 mL/min in a mobile phase that
included 65 % (v/v) methanol and 35 % (v/v) ultra-pure wa-
ter. The samples were tested on a detector (2996, Waters,
Milford, MA, USA). Chromatographic separation was per-
formed on a reversed-phase C18 column (4.6 x 250 mm-5
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pm) at 25 °C. The calculation formula was as follows: EE
= (total amount of drug — amount of free drug)/total amount
of drug x 100 %. DL = (drug mass/total carrier mass) x
100 %.

Surgical Model of Anterior Cruciate Ligament Transection
(ACLT)

Twenty-four 7-week-old male Sprague-Dawley rats
(200250 g) were divided into four groups (n= 6 per group):
sham, sham + nano-AMPK, model, and model + nano-
AMPK. Nano-AMPK treatment was administered via intra-
articular injection into the knee joint cavity. Nano-AMPK
was dissolved in sterile phosphate buffer saline (PBS) (pH
7.4) as the vehicle. The model + nano-AMPK and sham
+ nano-AMPK groups received intra-articular injections of
nano-AMPK (200 mg/kg, 50 pL per injection) every 2 days
for 12 weeks [15]. The control groups (sham and model
groups) received intra-articular injections of the same vol-
ume (50 L) of sterile PBS following the identical sched-
ule. The stability of nano-AMPK in the PBS vehicle was
confirmed by DLS analysis, showing unchanged hydro-
dynamic radius for at least 50 min at room temperature.
The physical characteristics of the nano-AMPK prepara-
tion include average particle size (112.30 nm), zeta poten-
tial (50.74 mV), EE (55.48 % + 0.27 %), and DL (42.54 %
4 0.29 %). In the sham and sham + nano-AMPK groups,
only a skin incision was made without damaging the cru-
ciate ligament. ACLT was performed on the right knee in
the model and nano-AMPK groups. Post-surgery, rats were
housed individually in a clean, temperature-controlled (23
°C £ 1 °C), and ventilated environment with adequate food
and water, with bedding changed every 4 days. Prior to
surgery, rats were anesthetized by intraperitoneal injection
of sodium pentobarbital (40 mg/kg body weight). The depth
of anesthesia was monitored by testing the pedal withdrawal
reflex. Additional doses (10 mg/kg) were administered as
needed to maintain adequate anesthesia throughout the sur-
gical procedure. At the end of the experimental period,
rats were humanely euthanized by intraperitoneal injection
of an overdose of sodium pentobarbital (150 mg/kg body
weight). Death was confirmed by the absence of heartbeat,
breathing, and pedal withdrawal reflex for at least 5 min.

Histological and Immunohistochemical (IHC) Analyses

After 12 weeks, right hind limb samples were fixed
with 4 % paraformaldehyde and stained with Masson stain-
ing and hematoxylin and eosin (H&E) staining to assess
cartilage pathology. The Mankin score evaluated carti-
lage structure integrity, chondrocyte distribution, cartilage
matrix staining, and tide line integrity; higher scores in-
dicated more severe degeneration. Buffer was utilized as
the negative control in the semi-quantitative marker as-
sessment for IHC study. The primary antibodies were
purchased from Abcam (Cambridge, MA, USA). The ex-
pression levels of expression and decreased matrix met-
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alloproteinase (MMP)-3 (1:50 dilution, ab52915), aggre-
can (1:500 dilution, ab186414), MMP-13 (1:100 dilution,
ab315267), a disintegrin and metalloproteinase with throm-
bospondin motifs (ADAMTS)-4 (1:200 dilution, ab84792),
and collagen type II alpha 1 chain (COL2A1, 1:200 dilu-
tion, ab307674) were observed under a microscope. The
automatic cell counting function in Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Rockville, MD, USA) was used
to analyze the data.

Isolation and Culture of Chondrocytes

Primary chondrocytes were extracted from the
femoral head and tibial plateau cartilage of Sprague-
Dawley rats aged 14-21 days and kept free of pathogens.
After cutting the cartilage, they were digested for 30 min at
37 °C using 0.25 % trypsin and 4 h using 0.2 % COL2A1
in Dulbecco’s modified Eagle medium (DMEM)-F12.
After being centrifuged for 5 min at 1200 rpm, the
chondrocyte suspension was resuspended in DMEM-F12
containing 10 % fetal bovine serum (FBS) and 1 %
penicillin-streptomycin, and it was then transferred into
culture flasks. Cells were cultured at 37 °Cina 5 % CO»
incubator. Chondrocytes were used for in vitro experiments
no later than the second passage to minimize phenotypic
loss. The cells were mycoplasma-free, and short tandem
repeat (STR) analysis revealed that they were derived from
its parental cells.

Establishment of Cell Model of OA

Chondrocytes were treated with 10 ng/mL interleukin-
1 beta (IL-1/) to establish a model of OA [16]. Recombi-
nant rat IL-15 was purchased from PeproTech (Cat. No.
400-01B, Rocky Hill, NJ, USA). IL-18 was reconstituted
in sterile PBS containing 0.1 % bovine serum albumin to
prepare stock solutions and stored at —80 °C until use.
The model group consisted of chondrocytes treated with 10
ng/mL IL-17 for 24 h, whereas the control group consisted
of chondrocytes in DMEM-F12 with 10 % FBS. The IL-
15 + nano-AMPK group received 10 ng/mL IL-13 and 10
pg/mL nano-AMPK [17]. Nano-AMPK was dissolved in
dimethyl sulfoxide (DMSO) and diluted in culture medium
(10 % FBS and 1 % antibiotics). The IL-15 + nano-AMPK
+ EX527 group received 10 pM/mL EX527 [18] (2780/1,
Tocris Bioscience, Ellisville, MO, USA) and 10 ng/mL IL-

16.

Cell Transfection

Chondrocytes were cultured to 75 % confluent be-
fore transfection with small interfering RNA (siRNA).
Scramble siRNA served as the negative control group.
SIRT1 siRNA: 5-TGAAGTGCCTCAGATATTA-3"and 5'-
TAATATCTGAGGCACTTCA-3".  Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA) was trans-
fected for 48 h.
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CCK-8 Assay

Cell proliferation was measured by using a Cell
Counting Kit-8 (CCK-8) (C0037, Biotechnology, Shang-
hai, China). The cell density of 96-well plates was 5 x 103
cells/well. We added 100 pL of fresh medium and 10 pL of
CCK-8 solution, and the plates were incubated at 37 °C for
30 min. Absorbance was measured at 450 nm using a mi-
croplate reader (1681130, Bio-Rad, Hercules, CA, USA).

SIRTI Activity Assay

SIRT1 activity was measured using a Fluorometric
SIRT1 activity assay kit (Cat. No. CS1040; Sigma—
Aldrich, St. Louis, MO, USA) following the manufac-
turer’s instructions. Chondrocytes and histamine extracts
were treated with Triton X-100 at a final concentration of
0.5 %. The samples were incubated at 23 °C with a re-
action mixture containing acetylated peptide substrates for
30 min. The fluorescence intensity of SIRT1 (Aex = 340
nm and Aem = 450 nm) was measured using a microplate
reader.

Western Blot Analysis

Using a protease inhibitor cocktail (HY-K0011, Med-
ChemExpress, Monmouth Junction, NJ, USA) and RIPA
lysis buffer (R0010, Solarbio, Beijing, China), the total pro-
teins of cartilage tissue and chondrocytes were extracted.
Supernatants were mixed with loading buffer and boiled.
Proteins were separated by electrophoresis on 10 % sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gel, transferred to a polyvinylidene fluoride (PVDF)
membrane, and blocked with nonfat dry milk solution.
Membranes were incubated overnight at 4 °C with pri-
mary antibodies: transforming growth factor beta ((TGF-
B)1, NBP1-80289), Smad2 (NB100-56462), inducible ni-
tric oxide synthase (iNOS, NB300-605), cyclooxygenase-
2 (COX-2, NB100-689), MMP-3 (NB100-91878), and
MMP-13 (NBP2-66954) (1:1000, Novus, Littleton, CO,
USA); ADAMTS-4 (1:500, ab314856, Abcam, Cambridge,
MA, USA); and COL2A1 (ab307674), SIRT1 (ab110304),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
#2118) (1:1000, CST, Danvers, MA, USA). After wash-
ing, HRP-labeled secondary antibodies goat anti-mouse
IgG (1:2000, ZSGB-BIO, Beijing, China, Cat. No. ZB-
2305) and goat anti-rabbit IgG (1:2000, ZSGB-BIO, Cat.
No. ZB-2301) were applied, and membranes were visual-
ized. Bands were assessed using a chemiluminescence kit
(P0018, Beyotime, Shanghai, China) and analyzed with Im-
age J software (version 1.5f, NIH, Bethesda, MD, USA).

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

Total RNA of chondrocytes was extracted using a
Tiangen kit (DP419, Beijing, China). PrimeScript com-
plementary deoxyribonucleic acid (¢cDNA) real time (RT)
Master Mix (RR036, Kogen, Tokyo, Japan) was used to
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generate cDNA. SYBR PreMix Ex Taq™ (RR390, Kogen,
Tokyo, Japan), RNase-free water (RT121, Tiangen, Bei-
jing, China), and certain primers were used for the ampli-
fication process. The PCR process was monitored with a
LightCycler®480 (05015243001, Roche, Basel, Switzer-
land), and relative expression levels were calculated using
the 2722C* method. Primer sequences are listed in Table
1.

Immunofluorescence (IF) Staining

The chondrocytes in each plate were fixed for 25
min with 4 % paraformaldehyde (P1110, Solarbio, Bei-
jing, China), permeabilized for 30 min with 0.2 % Triton
X-100 (T8200, Solarbio), and blocked for 1.5 h at room
temperature. Primary antibodies (COL2A1, 1:100 dilution,
ab307674, Abcam, Cambridge, MA, USA) were incubated
at 4 °C for 24 h. Alexa Fluor 488-conjugated secondary
antibody was diluted 1:500 in PBS. The secondary anti-
body was incubated in the dark for 1.5 h. After secondary
antibody incubation, cells were washed three times with
PBS (5 min each). Nuclei were counterstained with 4',6-
diamidino-2'-phenylindole (DAPI) (1 pg/mL in PBS) for
10 min at room temperature in the dark. After three final
PBS washes (5 min each), coverslips were mounted using
anti-fade mounting medium. Positively stained cells were
detected and analyzed using an inverted fluorescence mi-
croscope (Eclipse Ts2, Nikon, Tokyo, Japan).

ELISA

For enzyme-linked immunosorbent assay (ELISA)
analysis, cartilage tissue samples were collected from the
knee joints after 12 weeks of treatment. The tissue sam-
ples were homogenized in ice-cold PBS and centrifuged at
5000 g for 10 min at 4 °C. The supernatants were collected
for measurement of tumor necrosis factor alpha (TNF-«)
(Cat. No. RTA00, R&D Systems, Minneapolis, MN, USA),
iNOS (Cat. No. ab210882, Abcam, Cambridge, MA,
USA), and COX-2 (Cat. No. KA0238, Abnova, Taipei,
China) levels by using commercial ELISA kits according
to the manufacturers’ instructions.

Statistical Analysis

In vitro experiments were repeated at least three times
and performed in technical replicates. Results are mean
+ standard deviation (SD). Variance was checked with
Bartlett’s test (p > 0.05), followed by one-way analysis of
variance (ANOVA) and Dunnett’s test. A p-value < 0.05
was considered significant.

Results

Nano-AMPK Reduces Inflammation and ECM
Degradation in Chondrocytes of OA Rats

First, we characterized the nano-AMPK nanoparticles.
In this study, transmission electron microscopy (TEM) re-
vealed that these nanoparticles were generally spherical,
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Table 1. Primer sequences.

Gene Forward (5'-3") Reverse (5'-3")
SIRTI TGGGACTCTGCACAACCTTTCTCA AGTGTCGTGATGGCGTAGAACAGT
Nexilin TCTGACAAAGCCTTCATGTCC-3' TCTGATAGCTCGTCACAAGC
GAPDH  ATGACATCAAGAAGGTGGTG CATACCAGGAAATGAGCTTG
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Fig. 1. Nano-AMPK mitigates inflammation and ECM degradation in chondrocytes of osteoarthritis rats. (a) Morphology under
TEM. Scale bar: 100 nm. (b) Hydrodynamic size of the nano-AMPK detected by DLS. (¢) Zeta potential value of nano-AMPK. (d)
Hydrodynamic radius of nano-AMPK over time (120 min). (e,f) Western blot analysis of AMPK. (g-i) Expression levels of inducible
nitric oxide synthase (iNOS), tumor necrosis factor alpha (TNF-«), and cyclooxygenase-2 (COX-2). AMPK, adenosine monophosphate-
activated protein kinase; ECM, extracellular matrix; TEM, transmission electron microscopy; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; SD, standard deviation; DLS, dynamic light scattering. Data are mean + SD, ns = not significant, n= 6, *p < 0.05, **p
< 0.01, and ***p < 0.001.

with diameters ranging from 50 nm to 100 nm (Fig. 1a).  was 112.30 nm. Fig. lc shows that the charge distribu-
Fig. 1b shows that the average particle size of nano-AMPK  tion of nano-AMPK was 50.74 mV. In Fig. 1d, the hy-
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Fig. 2. Nano-AMPK reduced chondrocyte matrix degradation in the ACLT rat model. (a) Cartilage surfaces were examined by
Masson staining. Scale bar: 100 pm. (b) Mankin score. (¢—k) IHC staining and quantification of chondrocyte matrix degradation
markers. Scale bar: 100 um. (1) SIRT1 activity assay. ACLT, anterior cruciate ligament transection; H&E, hematoxylin and eosin;
ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; MMP, matrix metalloproteinase; COL2A1, collagen type II
alpha 1 chain; SIRT1, sirtuin 1; IHC, immunohistochemical. Data are mean &= SD, n = 6, ns = not significant, **p < 0.01, ***p < 0.001.

Table 2. Physicochemical property parameters of

nanoparticles.
Parameters Nano-AMPK
EE (%) 55.48 +0.27
DL (%) 42.54 £0.29

AMPK, adenosine monophosphate-activated pro-
tein kinase; EE, encapsulation efficiency; DL, drug

loading.

drodynamic radius of nano-AMPK remained basically un-
changed within 50 min, indicating that the structural in-
tegrity of nano-AMPK was stable within 50 min. In Table
2, the EE of nano-AMPK was 55.4 8% + 0.27 % and the DL
was 42.54 % =+ 0.29 %. Western blot analysis verified the
expression of AMPK (Fig. le,f). These results indicated
that we successfully constructed the nano-AMPK nanopar-
ticles. To investigate the effects of nano-AMPK on inflam-
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mation and extracellular matrix (ECM) degradation in OA
rat chondrocytes, we performed ELISA assays. Comparing
the model group with the sham group, Fig. 1g—i revealed
that the model group had much greater levels of TNF-q,
iNOS, and COX-2, whereas the nano-AMPK group had sig-
nificantly lower levels.

Nano-AMPK Reduced Chondrocyte Matrix Degradation
in the ACLT Rat Model

Masson and H&E staining (Fig. 2a,b) showed a
smooth, undamaged cartilage surface with clear edges in
the sham group. In the model group, chondrocytes were
clustered, and red staining was markedly reduced. The
model group had more hypertrophic cells and distorted tide
lines, whereas the nano-AMPK group had fewer hyper-
trophic cells, with clustered chondrocytes and uniformly
red-stained matrix. The Mankin score indicated higher
scores in the model group than in the sham + nano-AMPK
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< 0.05, **p < 0.01, and ***p < 0.001.

group (p < 0.001). IHC staining (Fig. 2c¢—k) revealed
stronger COL2A1 and aggrecan expression in the sham
and nano-AMPK groups, with more intense brown stain-
ing than the model group. Conversely, MMP-3, MMP-13,
and ADAMTS were weakly positive in the sham and nano-
AMPK groups, with less brown staining than the model
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group (p < 0.001). Notably, the positive cell rates of
SIRT1, Nexilin, and AMPK were significantly reduced in
the model group (p < 0.001), and their positive cell rates
increased significantly after treatment with nano-AMPK (p
< 0.001). The Mankin score matched the histological anal-
ysis results. Fig. 21 shows the effect of AMPK on SIRT1
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Fig. 4. Nano-AMPK suppresses matrix degradation markers.
expression levels in chondrocytes. N =3, *p < 0.05, **p < 0.01.

activity. The activity of SIRT1 significantly decreased in
the model group, whereas that was significantly enhanced
after treatment with nano-AMPK (p < 0.01). To verify
that the therapeutic effects were specifically attributed to
AMPK rather than the delivery system, we conducted ad-
ditional control experiments with nanocarrier administra-
tion alone. As shown in Supplementary Fig. S1, treat-
ment with the nanocarrier without AMPK demonstrated
no protective effects on articular cartilage in experimen-
tal OA rats, confirming that the observed therapeutic ben-
efits in our main study were specifically due to the nano-
AMPK intervention. To assess the potential systemic ef-
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(a—h) Protein analysis of chondrocyte matrix degradation markers’

fects of our treatments, we performed histological analy-
sis of vital organs. H&E staining of heart and lung tis-
sues from all treatment groups showed no pathological al-
terations (Supplementary Fig. S2). The tissue architec-
ture remained intact and comparable to control groups, with
no signs of inflammation, cellular damage, or structural ab-
normalities. These results demonstrated the safety profile
of our therapeutic intervention with respect to these critical
organs.
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nano-AMPK

Fig. 7. Action mechanism diagram of nano-AMPK.

Nano-AMPK Co-Culture with IL-13 Boosts Chondrocyte
Proliferation and Elevates SIRTI Expression

To validate the identity and purity of isolated chondro-
cytes, we performed comprehensive characterization analy-
ses (Supplementary Fig. S3). Phase-contrast microscopy
revealed that the isolated cells maintained typical chondro-
cyte morphology through early passages (P0-P2), display-
ing characteristic polygonal shapes with appropriate size
distribution. The chondrocyte phenotype was further con-
firmed by immunofluorescence staining of key markers,
including COL2A1, SOX-9 (a chondrocyte-specific tran-
scription factor), and aggrecan (an essential cartilage matrix
protein). These markers showed positive expression, con-
firming the successful isolation and maintenance of chon-
drocyte phenotype in our experimental system. Fig. 3a
illustrates the decrease in chondrocyte proliferation after
IL-10 treatment and the increase in chondrocyte prolifera-
tion after nano-AMPK treatment (p < 0.01). IL-17 reduced
AMPK and SIRT1 expression (p < 0.05), but nano-AMPK
reversed this phenomenon (Fig. 3b—e; p < 0.001). In ad-
dition, the Nexilin protein level in the IL-13 group signifi-
cantly decreased (p < 0.01) but significantly increased after
nano-AMPK treatment (p < 0.01). We also found that TGF-
B1 and Smad2 expression increased in the IL-13 group (p
< 0.01), but nano-AMPK significantly mitigated this (Fig.
3f-h) (p < 0.01). The activity of SIRT1 also increased sig-
nificantly in the IL-13 + nano-AMPK group (Fig. 3i) (p <
0.01).
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Nano-AMPK Reduces Matrix Degradation Markers in
1L-1B-Stimulated Chondrocytes

Western blot (Fig. 4a—h) showed higher MMP-3,
MMP-13, ADAMTS, iNOS, COX-2, and COL2A1 levels
in the nano-AMPK group than in the control group (p <
0.05).

Nexilin Inhibition Reverses Nano-AMPK s Suppression of
IL-1B-Induced Chondrocyte Matrix Degradation Markers

To further investigate the role of Nexilin in nano-
AMPK regulation of chondrocyte matrix degradation, mes-
senger ribonucleic acid (mRNA) and Western blot re-
sults confirmed that Nexilin expression was silenced us-
ing siRNA (Fig. Sa—¢; p < 0.001). In IL-13-stimulated
chondrocytes, MMP-3, MMP-13, ADAMTS, iNOS, and
COX-2 levels increased but COL2A1 decreased (p <
0.05). Nano-AMPK significantly reduced chondrocyte ma-
trix degradation markers levels and increased COL2A1 (p
< 0.05). Silencing Nexilin reversed these effects (Fig. 5d—
g). Additionally, we found that IL-1/ significantly reduced
COL2AL expression, and Nexilin knockdown further exac-
erbated this reduction (Fig. Sh; p < 0.05).

EX527 Reduced SIRT1/Nexilin Levels and Reversed the
Inhibitory Effects of Nano-AMPK on IL-13-Induced
Chondrocyte Matrix Degradation Markers

To further explore the role of SIRT1 in the regula-
tion of chondrocyte matrix degradation by nano-AMPK,
we used the SIRT1 inhibitor EX527. Fig. 6a—c shows that
IL-17 significantly reduced SIRT1 and Nexilin expression
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compared with the control group (p < 0.01). Nano-AMPK
mitigated this reduction (p < 0.01), and EX527 reversed
the effects of nano-AMPK (p < 0.01). Double immunoflu-
orescence staining revealed significant co-localization be-
tween SIRT1 and Nexilin in chondrocytes. In control con-
ditions, SIRT1 (red) and Nexilin (green) showed strong co-
localization, primarily in the cytoplasm, as evidenced by
the yellow overlay signals. IL-1/ stimulation markedly de-
creased SIRT1 and Nexilin expression levels, with reduced
co-localization intensity. Notably, nano-AMPK treatment
restored the co-localization pattern to levels comparable to
the control group, whereas EX527 (SIRT! inhibitor) treat-
ment significantly attenuated this effect (Fig. 6d). These
findings provide direct visual evidence for the spatial rela-
tionship between SIRT1 and Nexilin, supporting their func-
tional interaction in the context of OA pathogenesis. qRT-
PCR results of SIRT1 and Nexilin were consistent with
Western blot results (Fig. 6e,f). qRT-PCR results showed
that in IL-1/-stimulated chondrocytes, MMP-3, MMP-13,
and ADAMTS levels increased (p < 0.05) but COL2A1
levels decreased (p < 0.05). The IL-13 + nano-AMPK
+ EX527 group showed similar trends (p < 0.05). Nano-
AMPK reduced MMP-3, MMP-13, and ADAMTS (p <
0.05), but EX527 reversed these effects (Fig. 6g—j, p <
0.01). Fig. 6k shows that upregulated COL2A1 was sig-
nificantly enhanced in the nano-AMPK group, and EX527
reversed this trend (p < 0.01). Fig. 7 illustrates a possible
mechanism of action of nano-AMPK.

Discussion

A study has shown the potential of nanotechnology in
treating OA. This study investigated nano-AMPK’s protec-
tive effects on cartilage. To determine if nano-AMPK can
slow arthritis progression, we administered intra-articular
injections in an ACLT-induced OA model. The nano-
AMPK group had increased AMPK levels. Compared with
the model group, the nano-AMPK group had significantly
lower levels of iINOS, COX-2, PGE2, and TNF-«. iNOS,
which produces nitric oxide (NO), is elevated in inflam-
matory conditions and induces the release of MMP-3 and
MMP-13, key factors in OA pathogenesis [19-21]. Ad-
ditionally, TNF-a promotes NO production and is linked
to apoptosis and pain in patients with OA [22]. Previous
studies indicated that AMPK may reduce NO, IL-173, and
TNF-a through antioxidant and anti-inflammatory effects,
thereby decreasing cartilage degradation [23-25]. COX-2,
related to pain and inflammation, is abnormally elevated by
IL-15 and TNF-« [25-27]. Currently, nonsteroidal antiin-
flammatory drugs (NSAIDs) are clinically used to inhibit
COX-2, offering anti-inflammatory and analgesic effects.
Thus, nano-AMPK may also provide anti-inflammatory,
analgesic, and cartilage-protective benefits in an OA rat
model.

Masson staining showed that the cartilage structure
and ECM in the nano-AMPK group remained relatively in-
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tact compared with the model group. Nano-AMPK pro-
tected articular cartilage in ACLT-induced OA rats. Re-
search suggested that AMPK mitigates OA progression
by regulating cartilage matrix homeostasis [28]. Nano-
AMPK increased the expression of cartilage markers like
COL2A1 and aggrecan while reducing catabolic markers
and apoptotic indicators. Additionally, AMPK promotes
TGF-f1 expression in chondrocytes, facilitating ECM syn-
thesis [29,30]. In vivo experiments demonstrated that nano-
AMPK alleviates OA progression.

Our studies showed that nano-AMPK reduced MMP-
3, MMP-13, and ADAMTS but increased COL2A1 and ag-
grecan. ADAMTS and MMP-3 are key ECM-degrading en-
zymes and markers of joint degeneration [31]. AMPK in-
creased SOX-9 and COL2A1 but decreased matrix degrada-
tion proteins [32]. Additionally, nano-AMPK significantly
reduced iNOS and COX-2 expression in IL-13-induced
chondrocytes. Excessive iNOS produces NO, which in-
hibits proteoglycan and collagen synthesis, activates met-
alloproteinases, induces apoptosis, and regulates inflam-
mation. A Study suggested that nano-AMPK may inhibit
cartilage matrix degradation proteins by reducing oxidative
stress, but specific mechanisms need further investigation
[33].

To elucidate nano-AMPK’s mechanisms in OA, we
conducted in vitro experiments. CCK-8 assay results in-
dicated that nano-AMPK co-cultured with IL-15 showed
no cytotoxic effects on chondrocytes. IL-15 induces in-
flammation through multiple pathways and promotes MMP
and pro-inflammatory mediator secretion, accelerating car-
tilage destruction [34]. Therefore, IL-18 was used to
mimic the OA environment in our experiments. Nexilin, an
actin-associated protein involved in cytoskeletal remodel-
ing and stabilization, plays a role in chondrocyte mechan-
ical stress response and matrix metabolism. We reversed
nano-AMPK’s therapeutic effects by inhibiting Nexilin ex-
pression. Furthermore, SIRT1 protects chondrocytes by re-
ducing oxidative stress and inflammation, combating OA
[35,36]. Conversely, in IL-13-stimulated chondrocytes,
AMPK suppresses SIRT1 expression and activity, lower-
ing MMP-3 and MMP-13 levels [37]. AMPK treatment
shows antitumor activity in human osteosarcoma cells by
inhibiting the SIRT1 pathway, indicating that it targets this
pathway. To confirm the relationship between nano-AMPK
and SIRTI1 in IL-153-induced chondrocytes, we used the
SIRT1 inhibitor EX527. Our findings showed that IL-1/3
and EX527 reduced SIRT1 expression. Nano-AMPK re-
stored SIRT1 levels reduced by IL-153 but not by EX527,
confirming nano-AMPK’s activation of SIRT1.

Nano-AMPK significantly boosted COL2A1 expres-
sion and mRNA levels in IL-15-induced chondrocytes.
COL2AL, secreted by chondrocytes into the ECM, serves
a protective role. The capacity of nano-AMPK to restore
cartilage may be related to the rise in COL2A1. Adhe-
sion, migration, differentiation, and ECM formation all de-
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pend on high TGF-31 levels in cartilage [38,39]. Nano-
AMPK activates the TGF-51/Smad2 pathway, but EX527
did not negate this effect, indicating that SIRT1 was not in-
volved. In hepatocytes and nephropathic epithelial cells,
SIRT1 upregulation inhibits the TGF-81/Smads pathway
[40]. The connection between SIRT1 and the chondro-
cyte TGF-81/Smad2 pathway is not documented in any
research. Nano-AMPK’s enhancement of COL2A1 may
relate to TGF-S1 activation. However, EX527 inhibited
COL2A1, suggesting that the benefits of TGF-81/Smad2
activation were less than the negative effects of SIRT1 in-
hibition. The robust upregulation of COL2A1 by nano-
AMPK treatment represents a significant therapeutic ad-
vantage in OA management. COL2AI1 restoration is par-
ticularly important because it not only provides structural
support but also creates a favorable microenvironment for
chondrocyte survival and function. Our findings showed
that increased COL2A1 levels were correlated with en-
hanced mechanical properties of the cartilage matrix, as evi-
denced by improved tissue architecture in histological anal-
yses. The maintenance of COL2A1 levels through nano-
AMPK treatment may help break the destructive cycle of
OA progression by stabilizing the ECM structure and reduc-
ing mechanical stress-induced damage. This mechanism
suggested that early intervention with nano-AMPK may
slow or halt OA progression by preserving cartilage ma-
trix integrity through sustained COL2A1 expression. Fur-
thermore, the parallel improvement in inflammatory mark-
ers and matrix-degrading enzymes indicated that COL2A1
upregulation is part of a broad protective mechanism that
could have lasting benefits for cartilage health.

Our study advances the field of nano-based OA ther-
apeutics in several key aspects. First, while previous
nanocarrier systems primarily focused on drug delivery, our
approach demonstrates the feasibility of delivering active
proteins while maintaining their biological function. Sec-
ond, unlike conventional AMPK activators that work sys-
temically, our nano-encapsulation strategy enables more
targeted delivery to the affected cartilage. Third, our work
revealed a previously unknown SIRT1-Nexilin pathway in
OA pathogenesis, providing new therapeutic targets for fu-
ture nanomedicine development. These findings build upon
recent studies showing the importance of targeted deliv-
ery systems in OA treatment, while addressing the cru-
cial challenge of protein therapeutic delivery. Although
our study provides strong evidence for nano-AMPK’s pro-
tective effects through the SIRT1-Nexilin pathway, we ac-
knowledge several limitations. First, OA is a complex dis-
ease involving multiple signaling cascades, including nu-
clear factor kappa-B (NF-xB) and mitogen-activated pro-
tein kinase (MAPK) pathways, which were not extensively
investigated in this study. The potential cross-talk between
SIRT1-Nexilin and these pathways warrants further inves-
tigation. Second, the comparative efficacy of nano-AMPK
versus standard treatments remains to be established. Fu-
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ture studies should explore potential synergistic effects be-
tween nano-AMPK and conventional therapeutics such as
NSAIDs or corticosteroids. Additionally, investigating the
interaction between SIRT 1-Nexilin and other inflammatory
pathways could provide a comprehensive understanding of
nano-AMPK’s therapeutic mechanism. These investiga-
tions would further strengthen the translational potential of
nano-AMPK in OA treatment.

Our studies showed that EX527 increased MMP-3,
MMP-13, ADAMTS, iNOS, and COX-2 levels but de-
creased COL2A1. Nano-AMPK did not alter these re-
sults, indicating that SIRT1 inhibition raised the risk of
matrix degradation. In IL-13-stimulated chondrocytes,
nano-AMPK counteracted reduced SIRT1 expression and
decreased matrix degradation proteins, thereby protecting
chondrocytes.

Conclusions

Nano-AMPK demonstrated significant protective ef-
fects against cartilage degradation in experimental OA. Our
findings revealed that nano-AMPK functions through the
SIRT1-Nexilin pathway to reduce matrix degradation and
inflammation in cartilage tissue. This result was confirmed
through SIRT1 inhibition by EX527 and Nexilin knock-
down experiments, which reversed nano-AMPK’s protec-
tive effects. The dual validation in ACLT rat models
and IL-18-induced chondrocytes provides strong evidence
for nano-AMPK’s therapeutic potential in OA treatment.
These findings offer new insights into the molecular mech-
anisms of nano-encapsulated active protein AMPK and pro-
vide a theoretical foundation for developing novel OA ther-
apeutic strategies.

List of Abbreviations

ACLT, anterior cruciate ligament transection;
ADAMTS, a disintegrin and metalloproteinase with throm-
bospondin motifs; AMPK, adenosine monophosphate-
activated protein kinase; CCK-8, Cell Counting Kit-8;
COL2AI1, collagen type II alpha 1 chain; COX-2,
cyclooxygenase-2; DL, drug loading; DMEM, Dulbecco’s
modified Eagle medium; DMSO, dimethyl sulfoxide;
ECM, extracellular matrix; EE, encapsulation efficiency;
ELISA, enzyme-linked immunosorbent assay; FBS, fetal
bovine serum; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; H&E, hematoxylin and eosin; IHC,
immunohistochemical; IL-173, interleukin-1 beta; iNOS,
inducible nitric oxide synthase; MMP, matrix metallo-
proteinase; OA, osteoarthritis; qRT-PCR, quantitative
real-time polymerase chain reaction; SD, standard devi-
ation; siRNA, small interfering RNA; SIRT1, sirtuin 1;
TEM, transmission electron microscopy; TGF-g3, trans-
forming growth factor beta; TNF-«, tumor necrosis factor
alpha; DLS, dynamic light scattering; IF, Immunofluores-
cence; ns, not significant; NAD+, nicotinamide adenine
dinucleotide; PBS, phosphate buffer saline; STR, short
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tandem repeat; DAPI, 4',6-diamidino-2’-phenylindole;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; PVDF, polyvinylidene fluoride; ANOVA,
analysis of variance; mRNA, messenger ribonucleic acid.
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