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ABSTRACT

Introduction: The pathogenesis of Post-traumatic Osteoarthritis
(PTOA) remains incompletely understood. Although Hyaluronic
Acid (HA) is widely used in the clinical management of
Osteoarthritis (OA), its dynamic changes and mechanistic role
in PTOA progression require further investigation.

Aim: To characterise the dynamic changes of HA concentration
in synovial fluid and serum during post-traumatic Knee OA
(KOA) development using a rat model.

Materials and Methods: The present Animal Randomised
Controlled Trial (Animal RCT) was conducted in the laboratory
of Longhua Central Hospital, Shenzhen, Guangdong Province,
China, from August 2022 to July 2024. The present study utilised
36 male Sprague-Dawley rats (two-month-old, 320+20g). Rats
were randomised into a sham control group (n=18; skin incision
only) and Anterior Cruciate ligament Transection (ACLT) model
group (n=18). Six subgroups (A-F) were established according
to observation time points (postoperative days 7, 14, 21, 28,
70, and 98), each comprising three model and three control
rats. Experimental procedures were temporally randomised,
with collection of: Right hind-knee synovial fluid and serum

i

for Enzyme-Linked Immunosorbent Assays (ELISA), right hind-
knee joint specimens for safranin O-fast green staining and
immunohistochemical analysis of CD68* macrophage infiltration.
Statistical analyses employed linear regression curve fitting,
descriptive statistics {mean+Standard Deviation (SD)}, Analysis
of Variance (ANOVA), and Student’s t-test. A p-value <0.05 was
considered significant.

Results: Experimental groups exhibited progressive decline in
synovial HA concentration with disease progression (p=0.028),
reaching nadir levels at postoperative Day 70 (synovial fluid:
5.113+0.2478 ng/mL; serum: 6.671+0.8706 ng/mL), followed
by modest recovery (Days 71-98). HA dynamics demonstrated
significant negative correlations with IL-1 levels expression (r=-
0.5335, p<0.05).

Conclusion: Post-traumatic joint instability induces sustained
HA depletion (<Day 70), potentially accelerating cartilage matrix
degradation through Matrix Metalloproteinases (MMP)-13
upregulation and IL-1-mediated inflammatory cascades. These
findings identify promising therapeutic targets for early PTOA
intervention.
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INTRODUCTION

The OA is a prevalent degenerative joint disease commonly found
in middle-aged and elderly populations. The knee joint is one of the
most frequently affected, with inflammatory responses and cartilage
degeneration leading to severe pain and functional impairment. In
China, OA affects >140 million individuals, with KOA being most
prevalent (46.3% in adults aged >40 years) [1,2]. PTOA, defined
as secondary joint degeneration triggered by articular trauma
(e.g., fractures, cartilage/ligament injuries) [3], is characterised by
progressive cartilage loss, subchondral sclerosis, osteophytes,
and synovitis [4]. Its substantial burden includes 5.6 milion US
patients and $3.2B annual costs from early joint replacements
[5]. PTOA accounts for over 12% of all OA cases, and the knee,
due to its high-load bearing nature, is a predominant site for PTOA
development [6]. Trauma is a significant factor in the progression
of knee PTOA, particularly Anterior Cruciate Ligament (ACL)
ruptures, which often trigger its onset [7,8]. MMP-13 is a core
effector in PTOA pathogenesis, driving joint degeneration via direct
Extracellular Matrix (ECM) degradation [9], HA dysfunction [10], and
inflammatory amplification [11]. The proinflammatory cytokine IL-18
orchestrates catabolic cascades by: 1) inducing synovial release
of TNF-o/IL-6 to promote MMP-13-mediated cartilage destruction
[12,13]; 2) disrupting subchondral bone homeostasis through
aberrant osteoclast activation [14]; and 3) suppressing HA synthesis
via HAS2 downregulation in synoviocytes [15], creating a feed-
forward loop of tissue damage. Previous studies highlight the need

for further research into the mechanisms regulating lubricin and HA
following joint injury, as well as their impact on joint homeostasis-
including whether lubricin could serve as a biomarker for PTOA
[16,17]. Although existing evidence confirms a strong correlation
between HA metabolic dysregulation, proinflammatory cytokine
cascades, and OA progression, the precise regulatory role of HA
dynamics in the early-stage joint microenvironment of PTOA and its
effect on cartilage degeneration remain unclear.

On the other hand, while exogenous HA supplementation is clinically
used to treat OA, the optimal therapeutic time window for delaying
disease progression or preventing further deterioration has not been
established. By establishing temporal correlations between HA
dynamics and disease severity (quantified via cartilage-degrading
enzyme MMP-13 and proinflammatory cytokine IL-1), The present
study further dissect HA-driven degenerative cascades to identify
early biomarkers and elucidate mechanistic underpinnings of PTOA
pathogenesis.

Thus, the present study aimed to dynamically track compartment-
specific changes in HA concentration within synovial fluid (local joint
microenvironment) and serum (systemic circulation) across defined
stages of PTOA progression in a rat model.

MATERIALS AND METHODS

The present animal RCT was conducted in the laboratory of
Longhua Central Hospital, Shenzhen, Guangdong Province, China,
from August 2022 to July 2024. This study was approved by the
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Animal Experimentation Ethics Committee of Guangdong Medical
University with Approval number GDY2102496 and adheres to
the ethical guidelines of the Declaration of Helsinki.This study was
supported by the Scientific Research Projects of Medical and Health
Institutions of Longhua District, Shenzhen, Guangdong Province,
China (Grant No. 2022006).

Inclusion criteria: Subjects were 36 healthy male Sprague Dawley
rats, aged 2 months, weighing (320+20) g.

Exclusion criteria: Female SD rats were excluded. Male SD rats
weighing greater than 340 g or less than 320 g were excluded. Rats
used in previous studies and diseased rats were excluded.

Sample size calculation: Sample size was calculated for the primary
outcome (CD68+ H-Score difference) using Cohen's effect size for
independent samples. Based on a=0.05 (Z, o/,=1.96), 80% power
(B=0.20, Z, p=0.84), pilot data (pooled SD 6=65.2), and a clinically
significant difference (A=70), the formula yielded n~13.6/group.
Accounting for potential attrition, a minimum of 14 rats/group was
required. To ensure power and exceed the recommended 12.5%
safety margin [18], 18 rats/group (Sham/ACLT) were enrolled, with
three rats/subgroup per time point.

Study Procedure

Thirty-six healthy adult male Sprague-Dawley rats (320+20 g),
procured from the Guangdong Medical Laboratory Animal Centre
(Licence SCXK (Yue) 2013-0002), and were maintained under
standard laboratory conditions with unrestricted access to food and
water and a 12-hour light-dark cycle. Using a digital randomisation
method [19], the rats were divided into two primary groups: the
ACLT group (n=18), which underwent ACLT of the right hind knee,
and the Sham group (n=18), which received an identical surgical
procedure without ligament transection to establish a PTOA model.
These groups were further stratified into six subgroups (A-F) based
on postoperative time points via digital random allocation, with each
subgroup containing three rats from the ACLT group and three from
the Sham group (n=6 per subgroup). The postoperative intervals for
sample collection were Day 7 (group A), Day 14 (group B), Day 21
(group C), Day 28 (group D), Day 70 (group E), and Day 98 (group
F). At the designated time points, synovial fluid from the right hind
knee joint and blood from the orbital sinus were collected using
sterile Eppendorf tubes. Following sample collection, the animals
were euthanised, and the right hind limbs were dissected. The knee
joints were isolated and cleared of excess soft-tissue for subsequent
histological sectioning and analysis.

Articular cartilage pathology was evaluated using the Mankin scoring
system [20], which assesses four parameters: cartilage structure
(0-6 points), chondrocyte distribution (0-3 points), proteoglycan loss
based on Safranin O staining intensity (0-4 points), and tidemark
integrity (0-1 point). Tissue sections were fixed in 10% formalin,
paraffin-embedded, and sliced into 4 pm sections, followed by
Safranin O- Fast Green staining for microscopic evaluation.

To assess macrophage infiltration, Immunohistochemistry (IHC)
targeting CD68 protein was performed. Antigen retrieval was
conducted with citrate buffer (pH 6.0) at 95°C for 20 minutes. Sections
were incubated overnight at 4°C with rabbit polyclonal anti-CD68
antibody (clone KP1, Servicebio #GB113109-100; 1:200 dilution in
PBS), followed by HRP-conjugated secondary antibody and DAB
chromogen detection (GB23303 kit). Nuclei were counterstained
using Mayer’s haematoxylin. CD68 expression was quantified via the
H-score method, calculated as H-score=% (ixP), where i denotes
staining intensity (O=negative, 1=weak, 2=moderate, 3=strong) and
P. the percentage of cells at each intensity. The final H-score ranged
from O to 300, based on microscopic evaluation [21].

Two pathologists independently scored five randomly selected
200x magnification fields per section under blinded conditions.
Inter-observer agreement was substantial, as indicated by Cohen's
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k coefficient (k=0.674; 95% Cl: 0.560-0.788; *p*<0.001).

ELISA quantification: Serum and synovial fluid levels of HA,
matrix metalloproteinase-13 (MMP-13), and Interleukin-1 (IL-1)
were quantified using commercial ELISA kits (Shenzhen Leading
Technology) according to the manufacturer's protocols. The specific
kits used were: Rat IL-1(Cat. # ZK-R3136), Rat MMP-13 (Cat. #
ZK-R3198), Rat HA (Cat. # LZ-R6783). All assays were performed
in triplicate. Sample centrifugation steps were carried out using a
Beckman Coulter OPTIMA XE-90 centrifuge.

STATISTICAL ANALYSIS

Statistical analyses used GraphPad Prism 9. Data are mean+SD.
Pre-experiment body weights were compared by One-way ANOVA.
Inter-group comparisons used One-way ANOVA with Tukey’s post-
hoc test (p<0.05 significance).

RESULTS

All groups demonstrated comparable baseline weights (range:
216.33-218.00 g; overall mean=217.06+1.75 g; ANOVA p=0.640);
there were no statistically significant differences between the groups.
HA ELISA standard curves were fitted using a linear regression
model (R2=0.8934, p=0.0153, [Table/Fig-1]), indicating a strong
linear relationship between HA standard concentrations and OD
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[Table/Fig-1]: Title: HA ELISA Standard Curve (OD Values of Rat Serum and
Synovial Fluid).
X-axis: Measured OD Values; Y-axis: HA ELISA Standard Concentration (ug/mL); Regression:

Equation: Y=9.719 x X-12.73, Goodness of Fit: R2=0.8934; Legend: Scatter points represent
measured OD values of standards, Solid line indicates the linear regression. Linear regression
analysis
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[Table/Fig-2]: Title: IL-1 ELISA Standard Curve (OD Values of Rat Serum and
Synovial Fluid); X-axis:

Measured OD Values; Y-axis: IL-1 ELISA Standard Concentration (pg/mL); Regression: Equation:
Y=100.3*X - 5.383, Goodness of Fit: R?=0.9987; Legend: Scatter points represent measured OD

values of standards, Solid line indicates the linear regression fit. Linear regression analysis (solid
line), p<0.0001
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values. IL-1ELISA standard curves followed a linear regression model
(R°=0.9987, p<0.0001.[Table/Fig-2]), demonstrating a robust linear
correlation between IL-1standard concentrations and OD values.
MMP-13 ELISA standard curves were analysed via linear regression
(R2=0.9930, p<0.0001, [Table/Fig-3]), confirming a significant
linear association between MMP-13 standard concentrations and
OD values.
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[Table/Fig-3]: Title: MMP-13 ELISA standard curve (OD values of rat serum and

synovial fluid).
X-axis: Measured OD Values; Y-axis: MMP-13 ELISA Standard Concentration (pg/mL); Regression:

Equation: Y = 205.8*X - 19.64 R?=0.9930, Goodness of Fit: R?=0.9930; Legend: Scatter points
represent.

The measured OD values of standards and the solid line indicate the linear regression fit. Linear
regression analysis (solid line), p<0.0001

A comparative evaluation of synovial fluid concentrations in
Sprague Dawley rats (groups A-F) revealed a statistically significant
difference between ACLT group 1 and Sham group 1 (p=0.028),
indicating distinct biochemical profiles as presented in [Table/Fig-4].
Over time, IL-1 levels in rat knee synovial fluid showed a gradual
increase, with values expressed as mean+SD (pg/mL). Paired t-test
analysis demonstrated notable differences across specific group
comparisons: group A (38.93+5.51 pg/mL) versus group F (p=0.035),
group B (38.81+£3.80 pg/mL) versus group F (p=0.012), and group
E (34.36+1.09 pg/mL) versus group F (p=0.009). Additionally, group
B, compared to group E, yielded a significant difference (p=0.021),
underscoring progressive changes in IL-1 concentrations across
experimental conditions [Table/Fig-5].
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[Table/Fig-4]: Time-dependent changes in HA concentration in synovial fluid of
ACLT-induced OA rats.

ACLT model (n=6/group). Related-samples Wilcoxon signed-rank test. ACLT group (p=0.028 <0.05)
vs sham group.

MMP-13 concentrations exhibited an increase by postoperative day
14, followed by a slight decrease by Day 98, as illustrated in [Table/
Fig-6]. Statistical analysis using the paired t-test revealed significant
differences when compared with the final (F) values across multiple
groups: group A recorded 18.33+14.01 with a p-value of 0.024;
group B showed 16.90+10.30 with a p-value of 0.010; and group E
had 13.19+11.38 with a p-value of 0.036.
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[Table/Fig-5]: Elevated IL-1 levels in rat knee synovial fluid post-ACLT (7-98 days).

&
£ 130
% 120 8 N
S 110 > \
=
g 100
H 90
g 80 | —o— —
© 70
L
Y 60
& O \Y N Ny N\ N\
§ & B oS D N )
- P ) 2 2 % &
) ) " Y Q QO )
2 o ) ) ) © )
X > > & > &
3 & K § & & &
> & K R R R K
Q° 4 o ° o° o
A Q \4 Q N4 Q
A\ AN & A\ A\
S N ° N ) QQ(‘
(7'\0 0\0\) (}0\3 dox\ 600 0\0

X-axis:Postoperative time(days)

-o— Average Concentration of Synovial Fluid in the ACLT group
0= Average Serum Concentration in the ACLT group

[Table/Fig-6]: MMP-13 concentration in rat knee synovial fluid peaked at 14 days

post-ACLT.

HA concentrations reached their lowest point at postoperative day
70 (synovial fluid: 5.273+0.422 ng/mL; serum: 7.047+0.739 ng/
mL; *p*<0.05 by ANOVA), with a mild recovery observed by Day
98 [Table/Fig-7]. One-way ANOVA indicated significant inter-group
differences in HA concentrations for synovial fluid (F5,30=4.374,
pp=0.0033) and serum (F5,30=2.874, pp=0.031). Tukey’s post-hoc
analysis revealed: Synovial fluid: group A > group E.
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[Table/Fig

1: Average concentration of HA in synovial fluid and serum of SD rats
as measured by ELISA.

{A=1.60 pg/mL, 95% CI (0.30, 2.90), pp=0.009};Serum: group A >
group E {A=1.78 pg/mL, 95% ClI (0.28, 3.28), pp=0.014}; group A
showed the highest concentrations in both compartments, group
E the lowest. HA dynamics demonstrated significant negative
correlations with IL-1levels expression (r=-0.5335, p<0.05).

Cartilage proteoglycan loss (Safranin O-Fast Green). ACLT group:
A=1, B=1, C=83, D=5, E=6, F=7. Data points represent individual
samples (n=6/group). p<0.01 vs Sham by Mann-Whitney U test
[Table/Fig-8,9].

Immunohistochemistry (IHC) analysis of CD68* macrophage
infiltration in synovial tissue revealed distinct cellular distribution,
with CD68* cells appearing as brown-stained regions against a
haematoxylin counterstain background. Quantitative assessment
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[Table/Fig-8]: Results of Safranin O-Fast Green staining on cartilage sections from the right hind knee joint in rats of the Sham groups at different time points. Sham group

(receiving identical surgical exposure without ACL transection): Safranin O-Fast Green staining of rat posterior knee joints at postoperative Day 7 (A), Day 14 (B), Day 21 (C),

Day 28 (D), Day 70 (E), and Day 98 (F).Scale bar: 200 y m. Original magnification x5.
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[Table/Fig-9]: Results of Safranin O-Fast Green staining on cartilage sections from the right hind knee joint in rats of the ACLT groups at different time points. ACLT group
(undergoing anterior cruciate ligament postoperative Day 7 (A), Day 14 (B), Day 21 (C), Day 28 (D), Day 70 (E), and Day 98 (F). Scale bar: 200pum. Original magnification

x5.Data points represent individual samples (n=6/group).

*p<0.01 vs Sham by Mann-Whitney U test

was performed using H-Score analysis across various groups
subjected to ACLT. The scores were as follows: group A=33, group
B=39, group C=42, group D=100, group E=210, and group F=100.
Al ACLT groups showed significantly higher H-Scores compared to
the Sham group, with statistical significance marked at p<0.001.

surface defects following ACLT, with degeneration stabilising
between Days 70 and 98, potentially due to reduced weight-bearing
or inflamsmatory feedback. Synovial macrophage infiltration (CD68*)
also increased over time in the ACLT group, while remaining minimal
in sham-treated rats, confirming CD68 as a reliable marker [28,29].
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[Table/Fig-10]: CD68+ macrophage infiltration in cartilage of the right hind knee joint in Sham groups. Sham group: CD68+ macrophages in rat posterior knee joints. (a-f)
Immunohistochemical staining of sham group at postoperative Day 7 (a), Day 14 (b), Day 21 (c), Day 28 (d), Day 70 (g), and Day 98 (f). Scale bar: 200pum. Original magnification x5.
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[Table/Fig-11]: CD68+ macrophage infiltration in cartilage of the right hind knee joint in ACLT. ACLT group :CD68+ macrophages in rat posterior knee joints. (a-f)
Immunohistochemical staining of ACLT group at postoperative Day 7 (a), Day 14 (b), Day 21 (c), Day 28 (d), Day 70 (e), and Day 98 (f). Scale bar: 200um. Original
magnification x5.median H-score: ACLT=71 vs. sham=15; A=56, p<0.001) (Mann-Whitney U=0.0).

Each group comprised six individual samples (n=6), with data
represented as individual values; median and Interquartile Range
(IQR) are indicated by horizontal lines in the corresponding figures
[Table/Fig-10,11].

DISCUSSION

The present study observed that following ACLT in the right hind
knee of rats, the IL-1 concentration in synovial fluid demonstrated
a progressive increase from Day 7 to Day 98. Meanwhile, MMP-13
concentration was elevated in the early postoperative phase, broadly
consistent with the findings of He XF et al., but gradually declined from
Day 15 onward possibly due to restricted mobility in caged Sprague-
Dawley rats, which may slow OA progression [22]. Regulatory
feedback mechanisms could also contribute to these fluctuations.
Additionally, serum MMP-13, likely originating from systemic sources
rather than articular tissues, lacks diagnostic sensitivity and specificity
for PTOA. Prior studies further support that NUMB Endocytic
Adaptor Protein (NUMB) mitigates PTOA by downregulating Beta-
Transducin Repeat Containing E3 Ubiquitin Protein Ligase (BTRC)
and inhibiting the NF-kB pathway, as assessed via Safranin O-Fast
Green staining [23-26], the present study employed this staining
method. However, unlike previous studies [27], the present study
included both experimental and sham-operated control groups,
analysing SD rat knee joint sections from Day 7 to Day 98.

The present study highlights progressive cartilage deterioration
including matrix loss, disorganised chondrocyte alignment, and
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HA levels in synovial fluid and serum dropped sharply to their
lowest point at Day 70, then recovered modestly by Day 98. This
HA depletion likely results from cartilage breakdown, inflammation,
and impaired HA metabolism, aligning with prior findings that HA
inhibits the CB12-I-PIBK/AKT/NF-kB axis and reduces MMP-13
via CD44 [30,31]. Notably, HA concentrations inversely correlated
with IL-1 levels, underscoring IL-1’s role in disease progression. The
data suggest that HA dynamics are key in early PTOA pathogenesis
and that sodium hyaluronate administered at or before Day 70 may
delay or prevent OA advancement, offering a promising therapeutic
strategy [32,33].

However, no optimal treatment window exists. The present study
found that HA nadir occurs at Day 70, suggesting that early sodium
hyaluronate administration (prophylactically or at this critical juncture)
may delay OA progression or prevent worsening. This provides a
theoretical foundation for PTOA management.

Limitation(s)

The study faced several limitations. The sample size was relatively
small due to the subgroup analysis, which may affect the
generalisability of the findings. Its single-laboratory design also raises
the possibility of selection bias, as animal characteristics, genetic
backgrounds, or husbandry conditions might not be representative
of other laboratories. Additionally, the follow-up period was limited,
potentially restricting the ability to capture long-term outcomes or
the natural progression of the condition under investigation.
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CONCLUSION(S)

Progressive joint degeneration was associated with a significant

decline in synovial HA concentration,

reaching its lowest level

during the subacute postoperative phase, followed by partial
recovery in later stages. Critically, HA dynamics demonstrated a
statistically significant inverse correlation with IL-1 expression levels,
establishing that elevated IL-1 contributes fundamentally to HA
depletion during disease progression. These findings highlight IL-
1-driven inflammation as a key pathogenic mechanism underlying

HA

loss in PTOA, suggesting therapeutic strategies targeting this

inflamnmatory pathway may preserve joint homeostasis.
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