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Urolithin B reduces cartilage degeneration and
alleviates osteoarthritis by inhibiting
inflammationt
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Osteoarthritis is the most prevalent degenerative joint disease reported worldwide. Conventional treat-
ment strategies mainly focus on medication and involve surgical joint replacement. The use of these
therapies is limited by gastrointestinal complications and the lifespan of joint prostheses. Hence, safe and
efficacious drugs are urgently needed to impede the osteoarthritis progression. Urolithin B, a metabolite
of ellagic acid in the gut, exhibits anti-inflammatory and antioxidant properties; however, its role in osteo-
arthritis remains unclear. In this study, we demonstrated that urolithin B efficiently inhibits the inflamma-
tory factor-induced production of matrix metalloproteinases (MMP3 and MMP13) in vitro and upregulates
the expression of type Il collagen and aggrecan. Urolithin B alleviates cartilage erosion and osteophyte
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formation induced by anterior cruciate ligament transections. Moreover, urolithin B inhibits the activation
of the NF-kB pathway by reducing the phosphorylation of lkb-a and the nuclear translocation of P65. In
summary, urolithin B significantly inhibits inflammation and alleviates osteoarthritis. Hence, urolithin B can
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1. Introduction

Osteoarthritis (OA) is a chronic degenerative disease that sig-
nificantly impairs physical function and quality of life; it pre-
dominantly affects weight-bearing and highly mobile joints,
such as the knee and hip joints."™ Although the precise etiol-
ogy of OA remains unclear, previous research suggests its
association with multiple risk factors, including age, obesity,
occupational overuse, sex, trauma, and biomechanical altera-
tions; among these factors, age and obesity have emerged as
the most prominent ones.*” The major pathologies of OA
include cartilage erosion, synovial inflammation, subchondral
bone remodeling, and osteophyte formation.*® The current
clinical approaches for managing OA primarily involve the oral
or topical administration of NSAIDs, intra-articular corticoster-
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be considered a potential agent suitable for the effective treatment of osteoarthritis in the future.

oid injections, and joint replacement.'®*> However, these

methods have inherent limitations, such as gastrointestinal
side effects, a limited duration of effectiveness, and a finite
lifespan of the prosthetic joints.">'* Hence, the development
of safe and effective therapeutic strategies is crucial for decel-
erating disease progression and enhancing the overall well-
being of patients with OA.

Inflammation is involved in the early stages of OA; pro-
inflammatory cytokines, including IL1-B, IL6, and TNF-a, play
pivotal roles in disease progression.'>'® Elevated levels of IL1-B
and TNF-o have been detected in the joint fluid, cartilage, and
synovium of osteoarthritis patients.’”” These inflammatory
mediators bind to specific receptors, such as IL-1 receptor type
I (IL-1R) and TNF receptor I (TNFRI), on the surface of chon-
drocytes and activate intracellular inflammatory pathways,
including NF-xB, MAPK, and Wnt signaling cascades. The acti-
vated NF-xB pathway triggers the release of nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), and chemokines,
which intensify chondrocyte catabolism and inhibit
anabolism."®" In the cartilage microenvironment, type II col-
lagen and proteoglycans are the principal components of the
extracellular matrix (ECM). Expression of these components is
significantly suppressed in an inflammatory environment.>**?
Concomitantly, chondrocytes increase the production of pro-
teinases involved in ECM degradation, which include matrix

This journal is © The Royal Society of Chemistry 2024
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metalloproteinases (MMP1, MMP3, and MMP13) and disinte-
grin-like metalloproteinases with thrombospondin type
1 motifs (ADAMTS4 and ADAMTS5) and contribute to cartilage
destruction.”»*®> Hence, targeting the functions of IL1-f and
TNF-a, or regulating downstream signaling pathways, can
potentially represent effective strategies for inhibiting cartilage
degradation.

Urolithin B (UB), a monohydroxy-substituted dibenzo[b,d]
pyran-6-one derivative, is generated by the gut microbiota
through the metabolism of ellagic acid-rich foods, including
pomegranates, strawberries, and walnuts.>® UB is generated in
the distal colon and exhibits enhanced lipophilicity, favorable
absorption, biological activity, and safety.”” Moreover, UB has
significant anti-inflammatory, antioxidant, lipid-lowering, and
gut microbiota-modulating properties.’®° Previous reports
have highlighted the importance of UB in attenuating myocar-
dial ischemia/reperfusion injury, treating degenerative dis-
eases, and combating osteoporosis.*’* However, the role of
UB in osteoarthritis remains unclear. Considering its potent
anti-inflammatory effects, we hypothesized that UB can allevi-
ate inflammation and suppress OA progression. Consequently,
this study incorporated a series of experiments to elucidate the
protective effects and mechanisms of UB against OA.

2. Methods and materials
2.1 Materials

Urolithin B (Cat# HY-126307) was obtained from
MedChemExpress (New Jersey, USA), dissolved in DMSO, and
then stored at —20 °C. Fetal bovine serum (Cat# 10099141C),
Dulbecco’s modified Eagle’s medium (DMEM) (Cat# 11965-
118), and penicillin/streptomycin (Cat# 15410163) were pur-
chased from Gibco (New York, USA). HumanKine® recombi-
nant human IL-1 beta protein (Cat# HZ-1164) and
HumanKine® recombinant human TNF alpha protein (Cat#
HZ-1014) were purchased from Proteintech (Chicago, USA).
Cell counting kit-8 (CCK-8) (Cat# K1018) was purchased from
APExBIO Technology (Houston, Texas, USA). DAPI (Cat#
40728ES03) and Hieff® qPCR SYBR Green Master Mix (Cat#
11201ES03) were obtained from Yeasen (Shanghai, China).
Safranin O (Cat# G1371), Alcian blue (Cat# G2541), and tolui-
dine blue (Cat# G2543) were purchased from Solarbio (Beijing,
China). 5XEvo M-MLV RT Master Mix (Cat#AG11603) was
derived from Accurate Biology (Hunan, China). The enhanced
BCA protein assay kit (Cat#P0009), RIPA lysis buffer (Cat#
P0013E), phosphatase inhibitor cocktail (Cat## P1091), PMSF
(Cat#t ST506), and Triton X-100 (Cat# ST797) were supplied by
Beyotime Biology (Shanghai, China). PVDF membrane (Cat#
1620256) was purchased from Bio-Rad (California, USA). HRP
AffiniPure goat anti-mouse IgG (H + L) (Cat# FDMO007), HRP
AffiniPure goat anti-rabbit 1gG (H + L) (Cat# FDR007), and
DyLight 594 AffiniPure goat anti-rabbit IgG (H + L) (Cat#:
FD0129) were obtained from Fude Biological Technology
(Hangzhou, China). ATDC5 cells (Cat# IM-M049) were obtained

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

from the National Collection of Authenticated Cell Cultures
(Shanghai, China). Table 1 shows all antibodies used herein.

2.2 Chondrocyte culture

Three-day-old C57BL/6 mouse knee joint cartilage was minced
and digested with collagenase type II for 8-12 hours. The
remaining cartilage was filtered out, and the cells were cul-
tured in 10 cm dishes with DMEM supplemented with 10%
serum. The culture medium was refreshed every 48 hours until
the density of the cells reached 80-90%.** Cell harvesting
involved removing the culture medium, washing the cells with
PBS three times, and trypsinizing for dissociation. On a 6-well
plate, chondrocytes were plated at a density of 4 x 10> cells per
well. After 24 hours of incubation at 37 °C in a 5% CO, incuba-
tor, the cells were stimulated with 10 ng m1™* IL-1p and 50 ng
ml™" TNF-« to induce inflammation.*>*® The culture medium
was replaced every two days. After four days of cultivation, the
cells were collected and used for subsequent analyses such as
western blotting or quantitative real-time PCR.

It is worth noting that there are significant differences in
the physiological functions between aged and young chondro-
cytes. Compared to young mice, aged mouse chondrocytes are
more susceptible to systemic or local inflammation stimuli,
making them more representative of the actual disease con-
dition. However, current studies predominantly utilize imma-
ture murine articular chondrocytes for in vitro experiments,
which have been validated by multiple research groups.’”*®
Previous findings indicate that primary chondrocytes from
young mice exhibit increased production of PGE2 and NO
when stimulated with IL-1f, but this sensitivity decreases with
passaging.***° Therefore, cultivating primary chondrocytes
from immature mice remains an effective method for studying
the physiological function and pathogenesis of osteoarthritis
in vitro. However, using aged mouse chondrocytes is also
equally significant in investigating the mechanisms of osteoar-
thritis. This requires a reasonable selection based on different
experimental conditions.

Table 1 Antibody sources and identifiers

Dilutions
Antibodies Species  Source Identifier (WB/IF)
iNOS Rabbit Abcam ab178945 1:1000
COX-2 Rabbit Abcam ab179800 1:1000
MMP13 Rabbit Abcam ab39012 1:1000/
1:100
ADAMTS5 Rabbit Abcam ab41037 1:1000
B-Actin Mouse Abcam ab8226 1:10000
GAPDH Rabbit Proteintech 10 494-1-AP 1:10 000
Histone 3 Rabbit Proteintech 17168-1-AP 1:5000
Aggrecan Mouse Abcam ab3778 1:1000
COL2a Rabbit Proteintech/ 28459-1-AP/ 1:1000/
Biorbyt orb182930 1:100
P65 Rabbit Cell signaling #8242 1:1000/
technology 1:400
Ikb-a/p-Ikb- ~ Rabbit Cell signaling ~ #4812/#2859  1:1000
a(S32) technology
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2.3 Cell viability assay

100 pL mouse chondrocytes were seeded in a 96-well plate at a
density of 8 x 10° cells per well. After 24 hours of incubation,
different concentrations of UB (0, 0.3125, 0.625, 1.25, 2.5, 5,
10, 20 pM), IL1-p (0, 0.625, 1.25, 2.5, 5, 10, 20, 40 ng ml™), and
TNF-a (0, 3.125, 6.25, 12.5, 25, 50, 100, 200 ng ml™) were
added to the cells and incubated for 48 h, 96 h, or 7 days. The
CCK-8 buffer was diluted with a serum-free culture medium,
and 100 pL of the diluted solution was added to each well. The
plate was then incubated at 37 °C for 2 hours. After incubation,
the optical density (OD) at 450 nm was measured using an
ELX800 absorbance microplate reader (BioTek Instruments,
Winooski, VT, USA) to assess the impact of UB, IL1-B, and
TNF-o on chondrocyte viability.

2.4 Chondrocyte micromass culture

20 pL of chondrocyte suspension containing 4 x 10° cells were
added to the center of the 12-well plate and allowed to settle
for 4 hours at 37 °C.** After the cells had fully adhered to the
plate, 1 ml fresh culture medium was added, and the cells
were cultured for 24 hours. Thereafter, the cells were treated
with 10 ng ml™" IL-1p or 50 ng ml™" TNF-a to induce inflam-
mation. The culture medium was changed every two days.
Following 7 days of culture, the medium was removed, and the
cells were then fixed with 4% paraformaldehyde for
15 minutes and used for safranin O, Alcian blue, and toluidine
blue staining.”” The images were captured using an EPSON
scanner (Seiko Epson Corporation, Japan).

This assay was used to assess the deposition of extracellular
matrix at the macroscopic level. The 7-day incubation period
allowed chondrocytes to produce a greater amount of extra-
cellular matrix, thereby resulting in more visually prominent
staining results.

2.5 Nuclear-cytoplasmic protein separation

ATDCS5 cells were seeded into a 6-well plate at a density of 4 x
10° cells per well to ensure uniform distribution. Following a
24-hour incubation, the cells were subjected to a 2 h pre-treat-
ment using a serum-free medium with or without UB.
Subsequently, the cells were exposed to a medium containing
10% serum, and supplemented with 10 ng ml™" IL1-f or 50 ng
ml™" TNF-a for 30 minutes. After removing the medium, the
cells were washed three times with PBS. The isolation of
nuclear and cytoplasmic proteins was performed according to
the instructions provided with the cytoplasmic-nuclear protein
separation kit (Beyotime Biology Cat# P0027). The obtained
protein samples were quantitatively analyzed using the BCA
assay kit. Then, western blotting was used to investigate the
distribution of NF-kB P65 protein within the cytoplasm and
nucleus.

2.6 Western blotting

Chondrocytes were seeded at a density of 4 x 10° cells per well.
After 24 hours of cultivation in an incubator at 37 °C and 5%
CO,, chondrocytes were treated with IL-1B (10 ng ml™") or TNF-a
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(50 ng ml™") for 4 days.*> Cells were lysed using RIPA lysis
buffer supplemented with PMSF and phosphatase inhibitor.
After centrifugation, the supernatant was collected as the total
protein extract. Protein concentrations were measured using the
BCA Kkit. The extracted proteins were separated by SDS-PAGE
and transferred to a PVDF membrane. Non-specific binding was
blocked with 5% skimmed milk for 60 minutes at room temp-
erature. Specific primary antibodies were incubated with the
membrane overnight at 4 °C. After washing, the membrane was
incubated with HRP-conjugated secondary antibodies for
60 minutes at room temperature. Following additional washes,
the membrane was visualized using the Amersham Imager 600
(GE, USA). Quantitative analysis of protein bands was performed
using Image] in a blinded manner.

2.7 Quantitative real-time PCR

Mouse chondrocytes were seeded at a density of 4 x 10> cells
per well in a 6-well plate and cultured at 37 °C under a 5% CO,
atmosphere for 24 hours to allow for complete adhesion.
Subsequently, the cells were treated with IL-f (10 ng ml™") or
TNF-a (50 ng ml™"), along with varying concentrations of UB
(0, 5, 10 pM) for 48 h. mRNA was extracted using an mRNA
extraction kit (AG, Hunan, China) from treated cells. The con-
centration was determined using a Nano-Drop2000 spectro-
photometer. The RNA purity data are shown in ESI Table 1.}
cDNA was synthesized using reverse transcription reagents
from AG. For qRT-PCR, the reaction mixture included SYBR
Green qPCR Master Mix (5 pL), distilled water (3 pL), cDNA
(1 pL), and forward and reverse primers (1 pL). The ABI Prism
7500 system (ABI, Foster City, CA, USA) was used to quantify
target gene expression, with p-actin as the reference gene for
normalization. See Table 2 for primer sequences of target and
reference genes.

2.8 Molecular docking

Due to the unavailability of the complete crystal structure of
NF-kB p65, we employed Protein Data Bank (PDB ID: 1IKN)
and UniProt databases to predict the full-length sequence of
NF-kB p65, with the AlphaFold ID: Q04207. This sequence
encompasses the DNA-binding domain, dimerization domain,
nuclear localization signal, and transcriptional activation
domain. We obtained the chemical structure of UB and JSH-23
from  PubChem  (https:/pubchem.ncbi.nlm.nih.gov/com-
pound/5380406#section=Structures) and (https:/pubchem.
ncbi.nlm.nih.gov/compound/16760588).

Molecular docking of the NF-kB p65 protein with JSH-23
and UB was performed using the Dock module in MOE
v2022.02."" We specifically targeted the nuclear localization
signal (NLS) motif (**'KRKR***) of P65 for molecular docking
with UB and JSH-23. MOE v2022.02 was used to determine
specific docking sites, interaction modes, binding free ener-
gies, and binding images.

2.9 Anterior cruciate ligament transection (ACLT) models

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Zhejiang

This journal is © The Royal Society of Chemistry 2024
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Table 2 Primer sequences
Genes Forward primers (5’-3') Reverse primers (5'-3')
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
COX-2 TTCAACACACTCTATCACTGGC AGAAGCGTTTGCGGTACTCAT
MMP3 ACTGTGTCCCAAGGAGAGGAG AAACCATCTACACAGTTCAGACAC
MMP13 CAAGCAGTTCCAAAGGCTACA TAGGGCTGGGTCACACTTCT
ADAMTSS ATGCAGCCATCCTGTTCACC AAGGCCAAGTAGATGCCCAATTT
SOX9 TAATTCCCCAGGCTCTTGGAT GCAGCCGGGATTTAAGGCTC
COL2a TGGCTTAGGGCAGAGAGAGA CGTCGTGCTGTCTCAAGGT
Aggrecan CACTGTCAAAGCACCATGCC TAGGCTGGCTCCCATTCAGT
B-actin GCAGGAGTACGATGAGTCCG ACGCAGCTCAGTAACAGTCC
University and approved by the Animal Ethics Committee of Table 3 The recommended semi-quantitative scoring system
Sir Run Run Shaw Hospital (affiliated with Zhejiang University,
Hangzhou, Zhejiang). Grade Osteoarthritic damage
15 male mice (C57BL/6, 8 weeks old) were obtained from Normal
Ziyuan Experimental Animal Technology Co., Ltd (Hangzhou, 0.5 Loss of safranin-O without structural changes
. . . . i1 1 Small fibrillations without loss of cartilage
China). The mice were hOL'ls.ed mn 2} controlled barrier facility 2 Vertical clefts down to the layer immediately below the
under pathogen-free conditions with regulated temperature, superficial layer and some loss of surface lamina
humidity, and a 12-hour light/dark cycle. They had unrest- 3 Vertical clefts/erosion to the calcified cartilage extending to
. . 9 i

ricted access to food and water. A double-blind method was <25% of the articular surface . .

o 4 Vertical clefts/erosion to the calcified cartilage extending to
used to randomly allocate the mice into three groups: Sham, 25-50% of the articular surface
ACLT, and ACLT + UB. Before surgery, the mice were anesthe- 5 Vertical clefts/erosion to the calcified cartilage extending to

. . o . 50-75% of the articular surface

tized with 4% chloral hydrate. Measures were taken to monitor 6 Vertical clefts/erosion to the calcified cartilage extending

and maintain the mice’s temperature and respiration during
the procedure. The ACLT group and the ACLT + UB group
underwent anterior cruciate ligament transection (ACLT) on
their right knee joint, while the Sham group underwent sham
surgery. After the surgery, any mice showing severe signs of
wound inflammation that affected their vital signs were
excluded from the study. One week after the surgery, the ACLT
+ UB group received intraperitoneal injections of UB at a dose
of 50 mg kg™ every two days.”” The Sham group and the ACLT
group were administered a placebo. After 8 weeks, the mice
were euthanized, and their knee joints were collected for ana-
lysis using micro-CT scanning, immunofluorescence, and
safranin O/fast green staining. For counting the osteophytes,
we employed a double-blind method to manually count the
number of osteophytes per field.

2.10 Histology and immunofluorescence

The knee joint specimens from mice were fixed with 4% paraf-
ormaldehyde for 48 hours. Then, a 10% ethylenediaminete-
traacetic acid (EDTA) solution was immediately used for decal-
cification until complete softening of the bone tissue.
Subsequently, the softened tissues were embedded in paraffin
and cut into 3 pm thick sections. After complete deparaffiniza-
tion, the sections were stained with the fast green solution for
5 minutes. Afterward, the sections were briefly rinsed with an
acid solution for 15 seconds and then subjected to safranin O
staining for 5 minutes. The extent of cartilage damage in the
mouse knee joints was assessed using a triple-blind method,
as per the Osteoarthritis Research Society International
(OARSI) scoring criteria (see Table 3).

This journal is © The Royal Society of Chemistry 2024

>75% of the articular surface

For immunofluorescence assay, paraffin sections were
deparaffinized and subjected to antigen retrieval by heating in
a 0.01 M sodium citrate solution (pH = 6) at 95-100 °C for
20 minutes. After cooling, permeabilization was achieved by treat-
ing the sections with 0.1% Triton X-100 for 30 minutes, followed
by blocking with 5% BSA for 60 minutes to minimize non-
specific binding. Then, sections were incubated overnight at 4 °C
with specific primary antibodies against MMP13 and COL2a.
After PBS washing, the sections were incubated with a secondary
antibody for 60 minutes at room temperature in the dark. The
sections were then rinsed with PBS, stained with DAPI (1: 1000
dilution in PBS) for 15 minutes to counterstain cell nuclei, and
thoroughly cleaned. The fluorescence intensity of the target pro-
teins was detected using the Magscanner KF-PRO-120 system.
Image] was employed for quantitative analysis.

2.11 Statistical analysis

The experiments were performed in triplicate to ensure repro-
ducibility. Statistical analysis was carried out using Prism 9
software (GraphPad Software, Inc., San Diego, CA, USA). The
results were expressed as mean + SD. Student’s ¢-test was used
to compare two groups, while one-way or two-way ANOVA fol-
lowed by Tukey’s post hoc analysis was applied for comparisons
between multiple groups, as appropriate. The threshold for
statistical significance was set at P < 0.05. Significance levels
were indicated by asterisks (*P < 0.05, **P < 0.01, or ***P <
0.001).
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3. Results

3.1 Urolithin B reduces the inflammation of chondrocytes

in vitro

The chemical structure of UB is depicted in Fig. 1A. Initially,
the viabilities of the chondrocytes, treated with various con-
centrations of UB, IL1-f, and TNF-a, were assessed using the
CCK-8 assay. The results revealed no significant effects of UB,
IL1-B, and TNF-o on chondrocyte viability, indicating that
these factors were safe for further investigations (ESI Fig. 17).
To simulate the inflammatory microenvironment in OA, IL-1f
and TNF-a were used. The impact of UB on the inflammation
was explored by stimulating chondrocytes with 10 ng ml™
IL-1B or 50 ng ml~* TNF-a for 2 or 4 days. QPCR and western
blotting analyses revealed that IL-1p and TNF-a dramatically
induced the expression of iNOS and COX-2, crucial pro-inflam-
matory factors involved in anabolic and catabolic processes in
chondrocytes, whereas UB significantly inhibited this phenom-
enon in a dose-dependent manner (Fig. 1B-K).

3.2 Urolithin B restrains the degradation of the extracellular
matrix

Under inflammatory conditions, the enhanced rate of catabo-
lism and decreased anabolism in chondrocytes lead to ECM
degradation. Therefore, it is crucial to explore the effects of UB
on the expression of critical genes associated with metabolic
processes. As shown in Fig. 2, IL-1p and TNF-a significantly
promoted the transcriptional activity of catabolism-related
genes, such as MMP3, MMP13, and ADAMTS5, while the
expression of anabolism-related genes, including SOX9,
COL2a, and aggrecan, was inhibited. However, UB treatment
efficiently reversed these changes in a concentration-depen-
dent manner.

The visual assessment of collagen II and proteoglycans in
the ECM was performed using safranin O, Alcian blue, and
toluidine blue staining which revealed that inflammatory
factors significantly suppress the anabolism in chondrocytes,
which is characterized by light staining with safranin O, Alcian
blue, and toluidine blue. However, UB restrains the degra-
dation of ECM, and this effect was enhanced with increasing
concentrations of UB (Fig. 3A and B). Similarly, an immuno-
fluorescence assay demonstrated that UB significantly upregu-
lates COL2a synthesis and inhibits MMP13 expression in an
inflammatory microenvironment (Fig. 3C and D, ESI Fig. 2A
and BfY). Furthermore, UB inhibits the expression of MMP13
and ADAMTS5 and increases the synthesis of COL2a and
aggrecan at the protein level. These results are consistent with
the qPCR data (Fig. 3E-H). Collectively, these results indicated
that UB reduces the degradation of the chondrocyte matrix
induced by inflammatory factors.

3.3 Urolithin B restrains the NF-kB pathway activation

Phosphorylation of IkB-o majorly regulates the NF-kB signaling
pathway. IL1-p and TNF-a stimulation significantly upregulates
the phosphorylation of IkB-a, which can be restrained by UB
(Fig. 4A and B, ESI Fig. 3A and BY). The nuclear translocation
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of NF«xB P65 is necessary for its transcriptional activity.
Therefore, nuclear-cytoplasmic protein separation assays were
conducted to investigate the effects of UB on P65 nucleocyto-
plasmic shuttling. We found that UB inhibits the inflamma-
tory factor-induced nuclear translocation and the transcrip-
tional activity of NF-xB P65 (Fig. 4C and D, ESI Fig. 3C and
D). Similarly, immunofluorescence assays indicated that UB
significantly suppresses the nuclear translocation of NF-kB P65
(Fig. 4E, ESI Fig. 3E1).

In summary, due to the inhibition of the phosphorylation
of IkB by UB, ubiquitination-mediated degradation of IxB was
avoided. The dissociation of IkB and P50/P65 is restricted,
leading to the sequestration of P50/P65 in the cytoplasm, pre-
venting their translocation into the nucleus to activate the
transcription of inflammation-related genes. As a result, UB
exerts its anti-inflammatory effect by suppressing the phos-
phorylation of IxB-a and blocking the nuclear translocation of
NF-xB P65.

3.4. Urolithin B delays the progression of osteoarthritis
induced by anterior cruciate ligament transaction

We constructed a mouse model of ACLT to explore the effects
of UB on OA in vivo (Fig. 5A). The micro-CT results indicated
significant symptoms, including narrow joint spaces, periarti-
cular hyperosteogeny, and osteophyte formation, in the knee
joints of ACLT mice compared to those in the sham group.
However, the UB treatment exhibited remarkable efficacy in
ameliorating periarticular hyperosteogeny and inhibiting
osteophyte formation (Fig. 5B and D). Safranin O-fast green
staining revealed significant erosion of articular cartilage in
ACLT mice, whereas UB treatment efficiently delayed degra-
dation of the cartilage matrix. Additionally, immunofluores-
cence staining revealed a substantial expression of MMP13
and a small amount of COL2a in the articular cartilage of the
ACLT group. Strikingly, UB reduced MMP13 levels and pro-
moted COL2a expression (Fig. 5C-G). Furthermore, H&E stain-
ing of organs demonstrated that UB exhibited excellent safety
(ESI Fig. 4At). These results suggest that UB plays a crucial
role in reducing cartilage degradation. In vivo data indicate
that UB improves osteoarthritis, which highlights its potential
as a therapeutic approach.

4. Discussion

OA is a complex disease with limited therapeutic options. In
the advanced stages of the disease, severe pain and joint
stiffness significantly affect the quality of a patient’s life; more-
over, expensive joint replacements pose a substantial econ-
omic burden on both patients and society*®*” Therefore, in
recent research, the mechanisms underlying OA and the devel-
opment of safe, efficient, and cost-effective therapeutic strat-
egies have been primarily focused on. In this study, we con-
ducted a series of experiments to validate the anti-inflamma-
tory and anti-osteoarthritic effects of UB and elucidate the
underlying mechanisms.

This journal is © The Royal Society of Chemistry 2024
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Previously, OA has been defined as a degenerative disease
caused by cartilage erosion. It is a complex condition involving
various joint pathologies, with inflammation playing a key role
in these pathologies.*®*° Inflammatory markers, such as CRP,
IL-6, and TNF-a, are reported to increase with age. Previous

This journal is © The Royal Society of Chemistry 2024

epidemiological research has established a correlation of elev-
ated inflammatory markers with pain and functional limit-
ations in elderly patients with OA.*’ In obese populations, the
adipose tissue releases adipokines that induce proinflamma-
tory cytokines in the synovium and cartilage, thus intensifying
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joint inflammation.>® Mechanical stresses on joints activate

mechanoreceptors on chondrocyte surfaces, triggering intra-
cellular inflammatory pathways.”® The NF-xB signaling
cascade, a downstream pathway stimulated by these inflamma-
tory and mechanical signals, plays a critical role in the pro-
duction of inflammatory factors. The activation of this

3558 | Food Funct., 2024, 15, 3552-3565

pathway accelerates ECM degradation via enhanced expression
of iNOS and COX-2. Hence, investigating the association
between UB and the NF-«xB signaling pathway can significantly
aid in understanding the anti-inflammatory mechanism of
UB. Moreover, activated chondrocytes enhance catabolism and
reduce anabolism, causing disrupted cartilage homeostasis

This journal is © The Royal Society of Chemistry 2024
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and ECM degradation; thereby, OA progression is promoted.>
Consequently, anti-inflammatory agents can efficiently allevi-
ate these symptoms and suppress joint deterioration in
patients with OA. In our study, we have demonstrated that UB

This journal is © The Royal Society of Chemistry 2024

significantly inhibits the excessive upregulation of iNOS and
COX-2 induced by IL-1p and TNF-a, demonstrating potent anti-
inflammatory properties of UB. Furthermore, in vitro analyses
revealed that UB significantly suppresses the expression of
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genes related to cartilage matrix degradation, such as MMP3,
MMP13, and ADAMTSS, thereby delaying ECM degradation.
Additionally, UB treatment increased the synthesis of ECM
components, including type II collagen and proteoglycans,
which reflects the ECM repair process. These findings suggest
that UB blocks the ECM degradation caused by inflammation
in vitro. Notably, the anti-inflammatory and cartilage-protective
effects of UB can be attributed to its inhibitory effect on the
NF-kB signaling pathway. Our results demonstrate that UB
efficiently suppresses the phosphorylation of IkB-o at ser-32
and hampers the nuclear localization of NF-kB P65.
Consequently, the release of iNOS and COX-2 from chondro-
cytes is reduced and the synthesis of MMPs is restrained;
hence, the loss of ECM is inhibited.

Although we have proved that UB restrains the activation of
the NF-kB pathway, the mechanism has not been illustrated.
Based on our current results, we speculate that UB may inhibit
the phosphorylation of IkB by suppressing the activation of the
NEMO complex (IKKa/IKKB/IKKy). By inhibiting the activity of
this kinase, UB prevents the transfer of the y-phosphate of ATP
or GTP onto the serine residues of IkB,>® consequently inhibit-
ing the phosphorylation of IkB. Due to this inhibition, ubiqui-

3560 | Food Funct, 2024, 15, 3552-3565

tination-mediated degradation of IkB was limited. The dis-
sociation of IkB from P50/P65 is restricted, leading to the
detention of P50/P65 in the cytoplasm, preventing their trans-
location into the nucleus to activate the transcription of
inflammation-related genes.

Furthermore, we conducted a molecular docking experi-
ment between UB and NF-kB P65 to reveal the binding sites
and modes, providing supplementary evidence for the inhi-
bition of NF-kB P65 nuclear translocation by UB. In this experi-
ment, we take the nuclear localization signal (NLS) motif of
NF-kB P65 as the docking site. The nuclear localization signal
(NLS) motif (**’KRKR***) plays a crucial role in facilitating NF-
kB P65 nuclear localization through binding with importin a;
(ESI Fig. 5A%), an important protein involved in mediating
nuclear translocation.’® We compared the docking between UB
and NF-kB P65 with the docking between JSH-23 (an inhibitor
of NF-kB P65 nuclear translocation) and NF-kB P65.°>°°
Notably, our analysis revealed that both UB and JSH-23 can
bind to the NLS motif, forming hydrogen bonds with the
amino acid residue ARG302 (ESI Fig. 5B-ET). The calculated
lowest binding energy was determined as —4.37794542 kcal
mol™" and —4.8580966 kcal mol™", respectively. UB exhibited

This journal is © The Royal Society of Chemistry 2024
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slightly weaker binding affinity compared to JSH-23. UB inter-
acts with NLS by forming two hydrogen bonds with bond
lengths of 4.30 and 3.57 A, contributing energies of —0.5 and
—0.8 kcal mol™", respectively. JSH-23 interacts with NLS by

This journal is © The Royal Society of Chemistry 2024

forming one hydrogen bond with a bond length of 3.83 A, con-
tributing an energy of —0.5 kcal mol™" (ESI Fig. 5D and Gf¥). It
is important to highlight that previous studies have indicated
that any mutations in the cluster of basic amino acid residues
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within the NF-kB P65 NLS motif can disrupt its interaction
with importin a3, leading to the inhibition of NF-kB P65
nuclear translocation.’’”® Consequently, our results provide
evidence that both UB and JSH-23 can interact with the
ARG302 residue in the NLS motif. This interaction potentially
impedes the binding of importin a; with NF-kB P65, thereby
hindering the nuclear entry of NF-kB P65.

Similarly, the molecular mechanism underlying the
impacts of NF-kB on the release of downstream inflammatory
factors remains unclear. E74 like ETS transcription factor 3
(ELF3), belonging to the ETS transcription factor family, plays
a crucial regulatory role in cell differentiation and prolifer-
ation.”® Normally, ELF3 is exclusively expressed in the epi-
thelial tissues; however, in the inflammatory microenvi-
ronment, it is expressed in chondrocytes.®® The transcriptional
activation of ELF3 depends on the nuclear translocation of NF-
kB, and the activated ELF3 can upregulate iNOS and
COX-2 genes at the transcript level by directly binding to ETS
binding sites of their promoters.®"®* Interestingly, ELF3 acts
as an endogenous regulator of MMP13 promoter activity
induced by IL-1f and TNF-a. Moreover, activated ELF3 inhibits
the transcription of COL2a through downregulated promoter
functions.®® Collectively, ELF3, a downstream signaling mole-
cule of NF«B, plays a significant role in promoting inflam-
mation and regulating the metabolic balance of chondrocytes.
Therefore, further research on whether UB affects the
expression of ELF3 in chondrocytes is required for the compre-
hensive knowledge of mechanisms underlying its anti-inflam-
matory and cartilage-protective effects.

Previous clinical trials have demonstrated that the con-
sumption of ellagic acid-rich foods can lower blood lipids,
exert neuroprotective effects, alleviate brain damage, improve
cognition, and enhance plasma antioxidant capacity.
Unfortunately, there are no direct clinical trials on UB. Most
clinical studies have focused on the pharmacological effects of
ellagic acid and the microbiota involved in ellagic acid metab-
olism. We think several difficulties impede the clinical appli-
cation of UB: (1) UB’s biological distribution varies among
organs due to the influence of transport proteins. (2) The
extraction and purification of UB are costly, making large-scale
production challenging in the short term. (3) The metabolic
pathways, toxicity, and side effects of UB in the human body
have not been fully elucidated. Further research is needed to
overcome these issues.

5. Conclusions

In conclusion, in this study, we demonstrated that UB, a
metabolite of ellagic acid found in common dietary sources,
exhibits potent anti-inflammatory effects and cartilage-protec-
tive properties. UB inhibits IL-1f8 and TNF-a-induced inflam-
mation in vitro and restricts the expression of matrix-degrading
enzymes produced by activated chondrocytes. Notably, UB
decreases ECM degradation; moreover, it promotes the syn-
thesis of type II collagen and proteoglycans to repair ECM

3562 | Food Funct., 2024, 15, 3552-3565

View Article Online

Food & Function

damage. In the mouse model of ACLT, UB significantly amelio-
rated OA joint pathology by inhibiting articular cartilage
erosion, periarticular osteophyte formation, and subchondral
bone sclerosis. UB alleviates chondrocyte inflammation by
suppressing the activation of the NF-«xB signaling pathway and
reduces associated adverse events. Considering the safety and
efficacy, UB is proposed as a potential therapeutic agent for
the effective management of OA.
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