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Abstract

Sports osteoarthritis (OA) is the most prevalent chronic joint disease in professional and recreational athletes. Resveratrol
(RES), which is extracted from plants, has excellent anti-inflammatory properties. However, its application in OA treatment
is limited by its poor water solubility, low bioavailability, and rapid metabolism. In this study, a silica aerogel (SA) was
prepared through the sol—gel method and used to carry RES in the form of a nanodrug complex system (RSA) with a high
drug—loading rate of 21.8% and a sustained release effect that lasted more than 6 hours. RSA had good biocompatibility in
human chondrocytes when the concentration was less than 40 pg/mL and enhanced the anti-inflammatory actions of RES
in vitro. A rat model of exercise-induced osteoarthritis was constructed to examine the therapeutic effects of RSA in vivo.
Furthermore, the inflammatory factors involved in cartilage degradation and catabolism were reduced to 14.6—-19.1% those
of the original values after RES intervention, while the expression of type II collagen significantly increased. Moreover, RES
was found to activate SIRT-1 by inhibiting the NF-kB-mediated inflammatory pathway, which also alleviated the degradation
of cartilage matrix. These results indicated that the use of RSA could provide a novel noninvasive approach for targeted OA
therapy with the potential for oral drug delivery.
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1 Introduction

Sports osteoarthritis (OA) is a chronic degenerative disease
with a high prevalence in active athletes, obese individuals,
and elderly people and is responsible for decreasing their
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quality of life [1]. Inflammation of articular cartilage is con-
sidered a major feature of OA, which can cause pain, move-
ment limitations, and disability, especially in professional
athletes and sports participants [2]. Unfortunately, OA treat-
ment strategies have always been a major challenge because
few drugs can effectively control the development of inflam-
mation and regenerate articular cartilage.

Oral drug administration is regarded as the most conveni-
ent and noninvasive therapy method. Therapeutic drugs for
OA treatment mainly include nonsteroidal anti-inflammatory
drugs (NSAIDs), such as ibuprofen and indomethacin [3, 4].
However, NSAIDs are only effective in the middle and later
stages of OA and can lead to adverse gastrointestinal and
cardiovascular reactions in OA patients [5, 6]. In addition,
the intra-articular injection drugs, such as hyaluronic acid,
can cause great pain to the patient during the treatment pro-
cess (Table S1). Therefore, it is imperative to discover effec-
tive drugs that can relieve the pain experienced by patients
and alleviate the development of OA. RES has a significant
ability to promote anti-inflammatory effects and collagen
formation, indicating its application prospects in relieving
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inflammation and pain [7, 8]. Despite its promising thera-
peutic applications, the bioavailability of RES is extremely
low (less than 1%) [9] due to its photosensitivity [10], poor
water solubility (only 0.03 g/L), and short plasma half-life.
In recent years, drug delivery systems have provided an
intelligent approach to boost the clinical application of RES.
Various nanomaterials have been applied to support RES to
optimize its performance on the treatment of osteoarthritis.
Among them, scaffold materials based on cartilage tissue
engineering have been studied the most, including natural
or synthetic scaffold materials based on gelatin, collagen,
hydrogel, etc. [11-13]. In addition, some studies have used
liposomes and nanospheres to carry RES to explore their
advantages and characteristics as drugs for in situ injection
[14-16]. However, there is no report on the design of an oral
nanomedicine to enhance the effectiveness of RES for OA
treatment.

Preliminary studies by our research group found that
nanocarriers can improve the stability and bioavailability of
small molecule drugs, cytokines, and nucleic acid drugs to
regulate inflammatory responses in the cellular or immune
microenvironment [17-19]. However, it is difficult to carry
RES with ordinary nanomaterials due to its high molecular
weight. Aerogels are three-dimensional nanoporous materi-
als with ultrahigh porosity that show numerous unique prop-
erties and advanced applications [20-22]. Recently, aerogels
have been reported to have the potential to deliver various
drugs [23]. Due to their variable physicochemical proper-
ties [24, 25], regulatable porous network structure and high-
specific surface area capacity [26, 27], aerogels have better drug
adsorption properties than traditional porous carrier materi-
als, such as liposomes, emulsions, and polymeric nanoparti-
cles. Among them, silica aerogels with advanced preparation
methods are easily modified by manipulating the synthetic
conditions. Furthermore, aerogels have emerged as one of
the most exciting and promising carriers for drug delivery
systems, owing to their great adsorption, high drug loading
capacity, good biocompatibility, and sustained release effect
[28, 29].

Our research group has long been devoted to the synthe-
sis, modification, and properties of silica aerogels [30, 31].
In our previous study, a RES-loaded silica aerogel (RSA)
was constructed as a system for sustained drug release. In
this research, RES was loaded into a silica aerogel, and we
demonstrated that the synthesis of these nanoparticles was
achieved through the pore structure of the aerogel, which
enhanced the sustained-release effect, decreased the biologi-
cal cytotoxicity, and improved drug activity. The in vitro
anti-inflammatory results indicated that RSA could inhibit
the inflammatory response of chondrocytes. Furthermore,
RSA notably mitigated the progression of OA in mice by
enhancing SIRT-1 activation, which could suppress the
NF-kB-mediated inflammatory pathway, thus alleviating the
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degradation of the cartilage matrix. In summary, this silica
aerogel is a promising sustained-release platform for oral
drug delivery that provides a potential strategy for sports
osteoarthritis treatment (Scheme 1).

2 Results and discussion

2.1 Physicochemical properties of the drugs
and materials

The silica aerogel was loaded with RES by the sol-gel method,
and the 3D structural simulation image is shown in Fig. la.
Detailed materials and methods have been shown in Supporting
Information. RES exhibited clear geometric edges and sheet-like
structures, which are common in cryo-pharmaceuticals (Fig. 1b).
The SA exhibited a typical nanoporous structure with uniform
and loosely arranged particles (Fig. 1c). Figure 1d shows that
RES was encapsulated by the silica particles. The microstructure
of RSA particles in this study was nanoscale in size, which dif-
fers from ordinary drug delivery system composites according
to the diffusion-adsorption mechanism [32]. RES was coated
on the SA, rather than adsorbed to its backbone. This structure
protects the drug from external factors and maintains its stability.

The results in Fig. le and f indicated that both of the N,
sorption isotherms of SA and RSA were type IV isotherms,
a common characteristic of mesoporous materials. The pore
sizes of SA and RSA were 8.10 nm and 9.45 nm, respectively,
and both in the mesoporous range. The pore volume and spe-
cific surface area of the materials decreased significantly after
drug loading, indicating that drug molecules were adsorbed
into the pore channels, thus reducing the pore space and spe-
cific surface area (Table S2).

The structure of SA, RSA, and RES was detected using
XRD patterns, FTIR, and Raman spectra. The results are
shown in Fig. S1IA-C, which indicated the RES in RSA
might convert into amorphous form during the dissolution
and phase separation processes. The samples were also tested
by thermogravimetric analysis (see Fig. S1D for detail).
According to Formula (1) in the Supporting Information (SI),
it was calculated that the drug loading efficiency of RSA
was 21.8% w/w, which is higher than the loading efficiency
of other mesoporous silicon materials (~20% w/w) reported
previously [33, 34] (detailed analysis is given in SI).

2.2 The RES release profile from RSA in vitro

The ability of RSA to enable sustained drug release was tested
in simulated gastric juice and PBS with pH values of 2.0 and
7.4, respectively (Fig. S2A and B). More than 90% of the
RES powder was rapidly released within 1 hr in both simu-
lated gastric juice and PBS. The drug release curve increased
almost linearly with a nearly constant release rate. Then, the
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Scheme 1 Schematic diagram of the RSA preparation process and the

concentration of released RES was basically unchanged from
1 to 3 hrs, indicating that RES was completely released into
solution.

regulatory mechanism of RSA in the treatment of sports osteoarthritis

Drug release from RSA could be segmented into two stages.
During the first stage, the concentration of released RES
increased rapidly, and approximately 60% was released into
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Fig. 1 Characterization of the
materials and drugs. a Struc-
tural simulation image of RSA.
b SEM image of RES. ¢ SEM
image of SA. d SEM image of
RSA. e The isotherms of SA
and RSA. f The pore size distri-
butions of SA and RSA
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solution within 30 min. The rate of RES release from RSA was
higher than the release of free RES. The second stage of drug
release began at 30 min and displayed a significantly slower
rate than that of the first stage. The slope of each release curve
decreased with time. The RES concentration rose sharply
until it approached the theoretical maximum concentration,
after which it remained stable for more than 6 hrs. The results
above are consistent with our previous study, and the intrin-
sic mechanism underlying this effect is that the coating of SA
could reduce the contact between active ingredients of pure
drug and solution, which could reduce the release time of RES
and invest a sustained release effect to RSA [35].

2.3 Cytotoxicity of RES, SA, and RSA to HC-A cells

To evaluate the biocompatibility of RES, SA, and RES, the
in vitro cytotoxicity of these drugs was investigated in HC-A
cells, a human chondrocyte cell line. The survival rates of
the drug-treated chondrocytes were assessed by CCK-8 assay.
As shown in Fig. 2a, after treatment with RES for 24 hrs,
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significant cytotoxicity was observed when the concentration
was greater than 20 pg/mL. Moreover, after treatment with
RES for 48 hrs and 72 hrs, the drug presented significant cyto-
toxicity at a concentration of 10 pg/mL. However, RSA exhib-
ited better biocompatibility than RES. Chondrocytes treated
with RSA exhibited decreased survival only when they were
cocultured with RSA at concentrations greater than 60 pg/
mL for 48 hrs or at concentrations greater than 40 pg/mL for
72 hrs. SA displayed good biocompatibility with chondrocytes
at concentrations between 2.5 and 100 pg/mL. The prolif-
eration rate of drug-treated chondrocytes was then evaluated
via an EdU proliferation assay at concentrations between 2.5
and 40 pg/mL for 24 hrs (Fig. 2b and c). The fluorescence
intensity of EQU was almost undetectable after treatment with
RES when the RES concentration was greater than 20 pg/mL.
However, SA and RSA showed no cytotoxicity at concentra-
tions between 2.5 and 40 pg/mL, and the fluorescence of EAU
hardly changed. The results above indicated that the cytotoxic-
ity of RES could be significantly reduced when loaded into
SA.
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Fig.2 Cytotoxicity of RES, a)
SA, and RSA to HC-A cells.

a CCK-8 analysis of HC-A

cell viability after treatment
with RES, SA, and RSA for

24, 48, and 72 hrs. All data are
presented as the mean + SEM
(n=35, single asterisk represents
an average cell survival rate of
less than 80%). b EdU assay

of the proliferation of HC-A
cells after treatment with RES,
SA, and RSA for 24 hrs. Green
fluorescence reflects the inser-
tion of EdU, which represents
HC-A cell proliferation. Nuclei
were stained with DAPI (blue).
Scale bars: 250 pm. ¢ Quan-
tification of the fluorescence

in b. All data are presented as
the mean + SEM (n=3, single b)
asterisk represents average cell
proliferation of less than 80%)

24 hrs
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Cell Survival Rate (%)

Control
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2.4 Anti-inflammatory effect of RSA in vitro

Inflammation is involved in the development and progres-
sion of osteoarthritis (OA) [36]. Secreted inflammatory mol-
ecules are critical mediators of inflammation in the patho-
physiology of osteoarthritis, among which tumor necrosis
factor (TNF) can drive the inflammatory cascade [37, 38].
In this research, lipopolysaccharide (LPS) was used to stim-
ulate the inflammatory response in chondrocytes, and the
expression of TNF-a was upregulated with increasing LPS
concentration, which indicate the presence of an inflam-
matory response (Fig. 3a). The LPS-induced chondrocytes
were then treated with RES, SA, and RSA. The results in
Fig. 3b show that treatment with RSA reduced the expres-
sion of TNF-a to 27.1% of that in the blank group and was
1.7 times lower than that in the RES group. These results
indicated that RSA could effectively inhibit the inflam-
matory response, and the effect was significantly better
than that of RES. Previous research demonstrated that the
inflammatory response can suppress anabolic activities in
chondrocytes, which depress the synthesis of extracellular
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matrix (ECM) components, mainly collagen II and aggre-
can. The results here indicated that RSA could alleviate the
suppressed expression of collagen II and aggrecan under
inflammatory conditions, and the effect was approximately
1.4 times better than that of RES (Fig. 3c). To further verify
the results above, immunofluorescence staining was used
to examine the expression of collagen II (Fig. 3d and e).
LPS significantly inhibited the expression of collagen II,
while treatment with RSA effectively relieved the restricted
synthesis of collagen II, and the effect was enhanced with
increasing RSA concentration. In addition, RSA performed
better than RES. The results above suggest that RSA could
enhance the anti-inflammatory ability of RES in vitro and
has a significant effect on promoting the expression of ECM
components in chondrocytes experiencing inflammation.

2.5 Cytotoxicity of RES, SA, and RSA in vivo
The blood biochemical indices of the rats in each group after

intervention are listed in Table S4. The total amounts of
albumin (ALB) and globulin (GLB) in the RSA-h, RSA-I,
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Fig.3 In vitro protective effect
of RSA in HA-C cells under
inflammatory conditions. a

The expression of TNF-o at the
mRNA level after treatment with
LPS at concentrations ranging
from O to 20 ng/mL for 4 hrs.

b, ¢ RT—PCR reflecting the
expression of TNF-a, collagen II,
and aggrecan in HA-C cells after
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and RES groups were lower than that in the OA group in
terms of the related indices of liver function. The white bulb
ratios of the rats in the RSA-h, RSA-1, and RES groups were
0.86+0.07,0.88+0.11, and 0.80 +0.11, respectively, after
interventional treatment, all of which were within the normal
range. There were no significant differences in total blood
bilirubin (STB), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), or amylase (AMS) in the RSA-h,
RSA-1, and RES groups compared with the control group.
The urea (BUN) contents in the RSA-h, RSA-1, and RES
groups were close to or even lower than those in normal rats
and were significantly lower than those in the inflammatory
group and blank control group (p <0.05). The triglyceride
(TG) levels of the rats in the treated groups were signifi-
cantly lower than those in the control group.

The weights of the rats were measured daily and recorded
during the processes of modeling and drug intervention.

@ Springer

@B Control @@ RES
O Blank @ SA
3 RSA

Relative Expression Level of Collagen Il

10 pg/mL
+ o+

5 pg/mL

LPS - + + o+ o+

The weight changes of the rats in each group are shown
separately in Fig. 4a. The weights of the rats in all groups
decreased from the 3rd week to the 4th week, which might
be caused by exercise intervention. After the Sth week,
the increases in body weight slowed down and gradually
remained stable, which was consistent with the growth and
development conditions of the SD rats. After modeling, the
weights of the rats treated with RES were lower than those
of the group not treated with RES.

2.6 The effect of RSA on OA in vivo

H&E staining was performed to examine the morphology of
cartilage tissue (Fig. 4b). Compared with the OA group, the
RSA-treated groups exhibit significantly reduced cracks in
the cartilage matrix, a decrease in the number of prolifera-
tive cells, a continuous and relatively complete tidal line, and
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Fig.4 The effect of RSA on OA a) c) .
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clear tissue on both sides. The healing effect increased with
the concentration of drug, and loading by SA significantly
improved drug efficacy. Mankin and OARSI scores were
used to reflect subtle structural changes in the osteoarthritic
tissue. The Mankin scores in Fig. 4c show a significant
decrease after drug intervention compared to the inflam-
mation group. The three drug intervention groups (RSA-h,
RSA-1, and RES) showed lower Mankin scores. After inter-
vention with the RES nanodrug carrier, compared with the
OA group, the characteristics of joint inflammation were
significantly reduced, and histological observation and OA
score analysis further confirmed that the appearance of the
cartilage surface was close to that of a normal joint. These
results suggest that RES protected articular cartilage from
damage in a dose-dependent manner.

In clinical trials, patients with knee osteoarthritis are usu-
ally evaluated by imaging to determine joint space width and
osteophyte formation. In this experiment, a three-dimensional
reconstruction model of the rat bone structure was obtained
by in vivo imaging (Fig. 4d). In the control group, the knee
joint spaces were normal, had no stenosis, smooth bone

RSA-h

RES Control RSA-I

edges, and no osteophyte formation. In the other inflamma-
tory model group, the CT images showed that the gap of the
knee joint became narrow, the edge of the bone was rough,
and osteophytes had formed. According to Fig. 4e, the joint
space in the SD rats in the control group was 158.11+20.12
(n=06) before drug intervention, which was significantly dif-
ferent from that in the inflammatory group (234.17+18.79,
n=6). After drug treatment, the joint space in each group
was significantly reduced. Four weeks after drug intervention,
the joint space in the three treatment groups (RSA-h, RSA-I,
RES) was slightly reduced to 200.67 +17.69, 240.28 +21.49,
and 220.98 +24.56, respectively. However, there was no sig-
nificant difference between these three groups and the inflam-
matory group. According to these results, intervention with
neither the pristine drug nor the nanodrug system could affect
the subchondral bone structure, which indicated that short-
term drug intervention could not change the bone structure
fundamentally. The treatment of osteoarthritis is still a chronic
and long-term process. If the time period of drug intervention
is too short, it is difficult to improve the osteoarticular space
without completely improving the cartilage matrix lesions.
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2.7 Anti-inflammatory effect of RSA in vivo and
the mechanism of this process

The expression of IL-6 is low in normal chondrocytes,
whereas active inflammatory factors in osteoarthritis can
stimulate its expression to increase [39, 40]. Figure 5a and
b show the effects of RSA on the expression of the inflam-
matory cytokines IL-6 and TNF-a in chondrocytes. The
expression levels of IL-6 and TNF-a in each inflammatory
group were significantly upregulated compared with those in
the control group. The expression levels of IL-6 and TNF-a
in the RES, RSA-h, and RSA-1 groups were significantly
decreased compared with those in the OA group. The con-
centrations of IL-6 in the articular fluid of the RSA-1 and
RSA-h groups were 14.6% and 19.1% lower, respectively,
than those in the RES group. The concentration of TNF-a
in the RES group was significantly higher than that in the
RSA-h group (16.5%), but no significant difference was
observed between the RES and RSA-1 groups. There were
also no significant differences in the knee joint fluid inflam-
matory factors between the SA group and OA group. In addi-
tion, there were no significant differences in inflammatory
factors in the left knee joint fluid in either the inflammatory
group or the blank control group.

Proteoglycan (PG) is one of the most important compo-
nents of articular cartilage and can enable cartilage tissue to

bear the pressure load from the human body. PG degradation
marks the beginning of cartilage degeneration in patients
with OA [41, 42]. Figure 5c shows the content analysis of
PG in each group of articular cartilage. Compared with the
normal group, the PG expression level in the OA group was
not abnormal, while the PG content in the RSA-h group was
increased in both the left and right knee cartilage. Compared
with the RSA-h group, the content of PG in the RSA-h group
was significantly higher than that in the OA group in both
the left knee and right knee. There was no significant differ-
ence in cartilage protein expression among the RSA-1, RES,
and SA groups. These results showed that 4 weeks of RSA
intervention significantly prevented PG degradation in the
articular cartilage of OA model rats.

Sirtuin 1 (SIRT-1) is a negative regulator of inflammatory
responses in vivo [43]. The SIRT-1 protein is expressed in
the chondrocytes of all cartilage tissue layers [44]. A decrease
in SIRT-1 can lead to an increase in apoptosis and activation
of the NF-kB signaling pathway, which eventually causes an
inflammatory response. p65 is a member of the NF-xB tran-
scription factor family, and SIRT-1 is a direct target of p65
[45]. In addition, the secretion of inflammatory cytokines
in the knee joint fluid can not only inhibit the expression of
essential ECM components (e.g., aggrecan and collagen II) in
chondrocytes but also induce the secretion of metalloprotein-
ases by chondrocytes, such as collagenase MMP-13 (matrix
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metallopeptidase 13) and ADAMTS-5 (ADAM metallopepti-
dase with thrombospondin type 1 motif 5) [46]. Moreover,
SIRT-1 can also inhibit the expression of cartilage-degrading
enzymes such as ADAMTS-5 and MMP-13 by regulating the
NF-xB pathway [47]. Therefore, we hypothesized that RSA
might exert its anti-inflammatory effect by altering the expres-
sion of SIRT-1 to further inhibit the activation of the NF-kB
signaling pathway. Herein, Western blotting was performed
to detect the interactions between SIRT-1 and p65 and col-
lagen II, MMP-13, and ADAMTS-5 (Fig. 5d). The expres-
sion of SIRT-1 in the cartilage tissue of the RSA-h group
was significantly higher than that of the RES group and OA
group (p <0.05). Compared with that in the control group, the
expression of the p65 protein in the OA group was significantly
increased, and that in the RSA-h group was also increased.
The expression of the p65 protein in the RSA-h group was
significantly lower than that in the OA group and lower than
that in the RSA-1 and RES groups as well. The expression of
p65 decreased and was similar to the level of p65 in the blank
control group, which proved that RES exerted an inhibitory
effect on NF-kB by activating SIRT-1. After low-dose RSA-1
intervention, the expression levels of SIRT-1 and p65 in chon-
drocytes were similar to those in the OA group without drug
intervention, indicating that the activation of SIRT-1 by RES
was dose-dependent. Furthermore, the expression of MMP-13
and ADAMTS-5 was consistent with that of SIRT-1 and oppo-
site that of collagen II. These results confirmed the hypothesis
that RSA possessed an excellent anti-inflammatory effect and
could delay the degeneration of articular cartilage by inhibiting
SIRT-1 and further suppressing the expression of the down-
stream NF-«xB signaling pathway.

3 Conclusion

In this study, RSA was synthesized by the sol—gel method.
The nanoparticles were incorporated into the pore structure
of the aerogel, which improved drug activity and enhanced
the sustained release effect. The in vitro results showed that
RSA had excellent biocompatibility and cytotoxicity and
could alleviate the progression of inflammation by regulat-
ing the expression of TNF-a, collagen II, and aggrecan in
chondrocytes. Moreover, an in vivo study in OA model rats
demonstrated that RSA could protect the cartilage matrix
from degeneration and alleviate the development of OA by
activating the SIRT-1-mediated inflammatory pathway. These
results indicated that silica aerogels can serve as novel carriers
for oral drug delivery and that RSA has potential application
value for the noninvasive treatment of sports osteoarthritis.
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