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Abstract
Background. Osteoarthritis is a prevalent, debilitating, progressive joint disease 
characterized by articular cartilage degradation, synovial inflammation, and 
subchondral bone remodeling. This study evaluated the local structural and systemic 
oxidative stress effects of intra-articular human-derived micro-fragmented adipose 
tissue (MFAT), administered alone or combined with hyaluronic acid (HA) or 
injectable collagen (COL), in an experimental rabbit osteoarthritis model.  
Methods. Twenty-four rabbits underwent bilateral arthroscopic anterior cruciate 
ligament transection. Twenty-one rabbits were allocated to MFAT, MFAT+HA, or 
MFAT+COL treatment groups and received intra-articular treatment in one knee at 
weeks 8 and 10, with the contralateral knee serving as an untreated internal control. 
An additional pilot cohort of three rabbits (six knees) underwent arthroscopic 
anterior cruciate ligament transection without treatment to characterize untreated 
disease progression. At week 12, outcomes included macroscopic cartilage scoring, 
Picrosirius Red (PSR) collagen birefringence, and serum oxidative stress profiling.
Results. Macroscopically, intra-articular interventions demonstrated a trend 
toward reduced cartilage degeneration relative to paired untreated knees, reaching 
statistical significance in the MFAT+HA and MFAT+COL groups (adjusted p = 
0.047). Additionally, treated cohorts exhibited lower macroscopic degeneration 
scores compared to the untreated pilot control (p = 0.050), with no significant 
structural differences observed among the treatments themselves. Histologically, the 
MFAT+COL group showed an increase in PSR birefringence of thin, loosely-packed 
fibers compared to the paired control (p = 0.047). Systemically, all three MFAT-based 
therapies significantly decreased nitric oxide (NO) production relative to controls 
(p < 0.0001). While total antioxidant response (TAR) remained comparable across 
groups, total oxidative status (TOS), oxidative stress index (OSI) and the systemic 
lipid peroxidation marker were elevated primarily in the MFAT (p=0.024, p=0.023, 
0.0085) and MFAT+HA (p=0.013, p=0.013, 0.0046) cohorts.
Conclusions. In this experimental rabbit model, intra-articular micro-fragmented 
adipose tissue attenuated macroscopic cartilage degeneration in the presence of 
uncorrected mechanical joint instability. Systemic oxidative stress findings were 
mixed: NO was reduced across all treated groups, while TOS, OSI, and the systemic 
lipid peroxidation marker were elevated in MFAT and MFAT+HA relative to control, 
precluding a conclusion of an overall favorable systemic oxidative stress effect. 
The addition of injectable collagen was associated with a shift in PSR birefringence 
patterns and should be regarded as hypothesis-generating rather than confirmatory of 
extracellular matrix remodeling given the semi-quantitative nature of this method, 
whereas hyaluronic acid provided no additional structural benefit under the present 
experimental conditions.
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Introduction
Osteoarthritis (OA) is a highly prevalent, chronic, 

and debilitating joint disorder characterized by the 
progressive degradation of articular cartilage, chronic 
synovial inflammation, and pathological subchondral 
bone remodeling [1]. Clinically, it presents a profound 
global health burden, significantly impairing mobility 
and diminishing patient quality of life [2]. Current 
standard-of-care conservative therapies, including non-
steroidal anti-inflammatory drugs (NSAIDs) and intra-
articular corticosteroid injections, are predominantly 
palliative. While these interventions may offer temporary 
symptomatic relief, they fail to halt or reverse the 
underlying structural progression of the disease, ultimately 
culminating in end-stage joint failure and the necessity for 
surgical joint arthroplasty [3].

In response to the limitations of conservative 
management, the therapeutic paradigm has increasingly 
shifted toward disease-modifying orthobiologic 
interventions aimed at restoring joint homeostasis, 
mitigating inflammation, and promoting tissue repair [4]. 
Adipose tissue is an attractive source for such strategies, 
being abundant, accessible through minimally invasive 
harvesting, and a potent reservoir of mesenchymal 
stem cells (MSCs) and supportive structural matrices 
[5]. Clinical and preclinical interest has focused on two 
principal adipose-derived products: the stromal vascular 
fraction (SVF) and micro-fragmented adipose tissue 
(MFAT) [6]. SVF isolation requires enzymatic digestion 
with collagenase, raising regulatory and safety concerns 
related to residual enzyme contamination [7]. MFAT, 
generated instead through purely mechanical disruption 
and micro-filtration, avoids these risks while preserving 
the intact extracellular matrix and native perivascular 
niche, thereby sustaining cellular viability and paracrine 
secretion of pro-regenerative cytokines and growth 
factors [8].

Because the catabolic microenvironment of an 
osteoarthritic joint can compromise the survival and 
integration of a biological graft, recent strategies have 
explored combining MFAT with structural adjuvants. 
Hyaluronic acid (HA) restores synovial viscoelasticity, 
joint lubrication, and mechanically shields cellular 
grafts from shear forces [9], whereas intra-articular 
collagen provides a direct biomolecular substrate for 
the extracellular matrix and has been shown to stimulate 
chondrocyte proliferation and support structural tissue 
repair [10]. Despite their distinct biomechanical and 
biological rationales, the combined efficacy of purely 
mechanical, human-derived MFAT with either adjuvant 
remains underexplored in established preclinical models.

Furthermore, osteoarthritis is increasingly 
recognized not merely as a localized mechanical pathology, 
but as a condition intimately linked to systemic oxidative 
stress. The progressive degradation of articular cartilage 

is heavily mediated by reactive oxygen species (ROS) 
and lipid peroxidation, which eventually overwhelm 
the endogenous antioxidant defense mechanisms. 
Consequently, chronic localized joint inflammation often 
translates systemically, resulting in altered serological 
profiles of critical oxidative stress biomarkers [11]. While 
the local structural and symptomatic effects of intra-
articular orthobiologics are extensively documented in 
the literature, the influence of these localized, adipose-
derived interventions on the broader systemic oxidative 
stress profile remains poorly characterized.

Therefore, the aim of this in vivo study was 
to evaluate the structural and systemic effects of 
intra-articular human-derived MFAT, administered 
both in isolation and in combination with structural 
adjuvants (hyaluronic acid or injectable collagen), 
using an arthroscopic lapine anterior cruciate ligament 
transection (ACLT) model of OA. It was hypothesized 
that intra-articular MFAT administration would attenuate 
macroscopic cartilage degeneration and alter extracellular 
matrix remodeling. Furthermore, it was hypothesized that 
the addition of targeted structural adjuvants would further 
modulate these localized chondroprotective effects and 
that the effective biological stabilization of the localized 
joint pathology would concurrently result in a measurable 
reduction of systemic oxidative stress parameters.

Methods
Ethical approval
All experimental procedures were approved by 

the Ethics Committee of the Iuliu Hațieganu University 
of Medicine and Pharmacy, Cluj-Napoca, Romania 
(Approval No. 307/13.12.2022), and by the Romanian 
National Sanitary Veterinary and Food Safety Authority 
(Approval No. 347/20.01.2023). 

Human adipose tissue used for MFAT preparation 
was obtained from surgical waste collected during elective 
joint arthroplasty after written informed consent from all 
donors. Tissue collection and processing complied with 
the Declaration of Helsinki.

Animals
Twenty-four skeletally mature New Zealand White 

rabbits (Oryctolagus cuniculus), weighing 3.0–4.0 kg, 
were included in this experimental study. Animals were 
housed individually under controlled environmental 
conditions (20–22°C, 12-hour light/dark cycle) with free 
access to food and water. A one-week acclimatization 
period was allowed before any experimental procedures.

Bilateral arthroscopic ACLT was performed in 
all animals to induce post-traumatic OA. Twenty-one 
rabbits were subsequently randomly allocated to three 
treatment groups (n = 7 per group): MFAT, MFAT+HA, 
and MFAT+COL. One rabbit in the MFAT group died 
following ACLT before receiving treatment because 
of postoperative complications and was not replaced. 
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Consequently, six treated knees were available for analysis 
in the MFAT group. The selection of the intervention joint 
was standardized across all subjects; the left knee of each 
rabbit received the allocated intra-articular treatment, 
whereas the right knee served as the internal untreated 
control.

Eight weeks and ten weeks after ACLT, each rabbit 
from the treatment groups received the unilateral allocated 
intra-articular treatment.

An additional pilot control cohort consisted of 
three rabbits (six knees) that underwent bilateral ACLT 
without receiving any intra-articular treatment. These 
animals were used exclusively to characterize the natural 
progression of the experimental model.

Anesthesia and arthroscopic osteoarthritis 
induction

General anesthesia was induced with intramuscular 
ketamine (35 mg/kg) and xylazine (5 mg/kg). Both knees 
were aseptically prepared following local hair removal. 
With the animals secured in dorsal recumbency and the 
knees partially flexed, a single experienced orthopedic 
surgeon conducted the bilateral arthroscopic procedures.

Arthroscopy was performed using a 2.4-mm, 30° 
viewing angle arthroscope (Karl Storz, Germany). An 
anterolateral viewing portal was utilized for arthroscope 
insertion, accompanied by an anteromedial portal for 
surgical instrumentation. The joint space was distended 
with sterile isotonic saline. After diagnostic arthroscopic 
inspection confirmed normal intra-articular anatomy, the 
anterior cruciate ligament (ACL) was isolated within the 
intercondylar notch and completely transected using a 2.5-
mm motorized shaver (Karl Storz, Germany). Successful 
destabilization was confirmed visually and via a positive 
anterior drawer test in both knees.

Portal incisions were routinely closed. A single 
prophylactic dose of enrofloxacin (5 mg/kg) and 
post-operative analgesic meloxicam (1 mg/kg) was 
administered. Animals resumed unrestricted weight-
bearing within 48 hours without postoperative infection.

Postoperative exercise protocol
One week after ACLT, all rabbits started a 

standardized exercise protocol consisting of one 
10-minute session of unrestricted hopping per week in 
an open enclosure. Animals were gently encouraged to 
maintain continuous locomotion throughout each session 
until euthanasia.

Preparation and administration of intra-
articular treatments

Therapeutic interventions were administered to 
the designated treatment joints at 8 weeks and 10 weeks 
following the initial arthroscopic ACLT surgery. 

MFAT was processed at the time of each injection 
using the Lipogems® system (Lipogems International, 
Milan, Italy) from discarded human surgical adipose 
tissue. Human MFAT was selected to reproduce the 
clinical product currently used in orthopedic practice 
and to evaluate its biological effects in a translational 
experimental model.

Fresh MFAT was prepared immediately before 
each administration. Because freshly processed tissue 
was required, independent donors undergoing elective 
arthroplasty were used at each treatment session. 
This approach also reflects the biological variability 
encountered in clinical practice.

MFAT was prepared using the Lipogems® system 
(Lipogems International, Milan, Italy) according to the 
manufacturer’s instructions. The system mechanically 
processes lipoaspirate in a closed, enzyme-free 
environment through sequential washing, filtration, and 
mild mechanical fragmentation, generating purified 
injectable microfragmented adipose tissue while 
preserving the stromal vascular niche. 

The structural adjuvants utilized for the combination 
groups were Proyal 80 (80 mg/4 mL; high molecular 
weight 2.5–3.5 MDa, non-cross-linked hyaluronic acid) 
(The wave innovation group, Italy) and injectable collagen 
Guna MD-KNEE (type I tropocollagen, 300kDA, 2x10^14 
molecules of tropocollagen/2ml) (Guna, Milan, Italy).

Under sterile conditions, the selected knee of each 
rabbit in the intervention cohorts received the designated 
therapeutic protocol, while the contralateral knee remained 
an internal control. Combination protocols followed the 
manufacturers’ recommended clinical administration 
schedules. Consequently, HA was administered only 
at week 8, whereas collagen was administered at both 
treatment sessions. Injection volumes were selected 
according to the joint capacity of the rabbit knee while 
maintaining the recommended proportions for each 
product (Table I).

Experimental timeline and study groups
The complete timeline for disease induction, 

therapeutic intervention, and evaluation are detailed in 
table II.

                             Table I. Therapeutic formulations and dosing schedule by treatment group.
Group Week 8 Week 10
MFAT 300 μL MFAT 300 μL MFAT
MFAT+HA 300 μL MFAT + 200 μL HA 300 μL MFAT
MFAT+COL 300 μL MFAT + 200 μL COL 300 μL MFAT + 200 μL COL
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Sacrifice and tissue harvesting 
At week 12, peripheral blood samples were 

collected from the marginal ear vein and centrifuged to 
obtain serum, which was stored at −20°C until analysis. 
Animals were subsequently euthanized by anesthetic 
overdose. After macroscopic evaluation, femoral condyles 
and tibial plateaus were harvested and fixed in 10% 
neutral-buffered formalin for histological processing.

Macroscopic evaluation
Following arthrotomy, the articular surfaces of 

the femoral condyles and tibial plateaus underwent 
gross visual inspection. The severity of macroscopic 
cartilage degradation was evaluated independently by 
two independent blinded observers utilizing the Modified 
Outerbridge classification system [12]. Observers were 
blinded to treatment allocation. This framework scores 
cartilage integrity on a 0 to 4 scale, where 0 indicates 
macroscopically intact tissue and 4 denotes full-thickness 
cartilage loss with exposed subchondral bone. Any inter-
observer scoring discrepancies were resolved after joint 
review through collaborative re-evaluation to achieve a 
final consensus.

Histological preparation and morphometric 
analysis

Formalin-fixed osteochondral blocks were 
decalcified for 12 hours using a hydrochloric and formic 
acid solution (Biodec-R; Bio-Optica, Milan, Italy). 
Following decalcification, the specimens were rinsed in 
phosphate-buffered saline (pH 7.4), dehydrated, embedded 
in paraffin wax, and cut into 5-μm sagittal sections. Image 
analysis was performed using identical threshold settings 
for all specimens. Observers were blinded to treatment 
allocation.

To evaluate the extracellular matrix collagen 
organization, sections were stained with Picrosirius Red 
(PSR) and examined under polarized light microscopy 
[13,14]. Digital analysis of the resulting birefringence 
patterns was conducted using Adobe Photoshop software. 
Rather than identifying exact molecular collagen 
subtypes, this semi-quantitative technique was utilized 
to gauge overall matrix maturity based on fiber thickness 
and spatial packing. Micrographs were captured from 

the regions displaying the most profound pathological 
alterations. Orange-red birefringence was interpreted 
as representing predominantly thick, mature collagen 
fibers, whereas green birefringence represented thinner, 
less organized fibers, consistent with the conventional 
interpretation of type I- and type III-predominant collagen 
respectively architecture. The proportional area of each 
fiber architecture was then calculated by dividing the 
specific color pixel count by the total pixel count of 
the region of interest (ROI), expressing the result as a 
percentage. This analytical sequence was replicated to 
quantify both type I and type III collagen fractions. 

Serum oxidative stress profiling
Systemic oxidative stress and antioxidant capacity 

were evaluated from the collected serum samples 
according to previously published methods [15]. Total 
oxidative status (TOS) and total antioxidant response 
(TAR) were quantified and expressed as μmol H2O2 
equivalents/L and mmol Trolox equiv./L respectively. The 
overall oxidative stress index (OSI) was subsequently 
calculated as the ratio of TOS to TAR. To evaluate 
systemic lipid peroxidation, malondialdehyde (MDA) 
concentrations (nmol/mL) were measured using the 
thiobarbituric acid assay. Concurrently, total serum thiols 
(SH) were measured as an index of systemic antioxidant 
reserve, expressed in μmol/L. Lastly, systemic nitric 
oxide (NO) production was indirectly determined by 
quantifying its stable end-products (nitrates and nitrites, 
NOx) via the Griess reaction, with final results reported in 
µmol/L. All spectrophotometric analyses were executed 
in triplicate to ensure reliability.

Statistical analysis 
All statistical analyses were performed using IBM 

SPSS Statistics software, version 20.0 (IBM, Armonk, NY, 
USA). Because macroscopic cartilage scores are ordinal 
and histological extracellular matrix quantifications 
(Collagen I and III percentages) demonstrated non-normal 
distributions, descriptive statistics for these variables are 
presented as the median and interquartile range [Q1, 
Q3]. Oxidative stress parameters are reported as mean 
(± standard deviation). Normality was assessed for each 
continuous variable using the Shapiro–Wilk test, and 

Table II. Experimental timeline of arthroscopic induction, therapeutic intervention and evaluation.
Timepoint Event Details
Week 0 Bilateral arthroscopic ACLT Surgical induction of joint instability
Week 1–12 Continuous mechanical loading Weekly supervised exercise protocol to maintain standardized mechanical 

loading
Week 8 First treatment administration Intra-articular injection (MFAT ± Adjuvants) 
Week 10 Second treatment administration Intra-articular injection (MFAT ± Adjuvants)
Week 12 Euthanasia and endpoint evaluation Tissue harvesting for macroscopic, histological, biochemical, and systemic 

analysis
ACLT = anterior cruciate ligament transection, MFAT=micro-fragmented adipose tissue.
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homogeneity of variance was assessed using Levene’s 
test where relevant. For normally distributed data with 
homogeneous variance, inter-group comparisons were 
performed using one-way analysis of variance (ANOVA), 
followed by Dunnett’s test for comparisons against the 
control cohort and Tukey’s HSD test for all pairwise 
group comparisons. For normally distributed data with 
unequal variance across groups, Welch’s ANOVA was 
used, followed by the Games-Howell post-hoc test. Non-
normally distributed continuous data and ordinal scoring 
systems were analyzed using non-parametric methods: 
the Wilcoxon matched-pairs signed-rank test was applied 
for intra-animal paired-knee comparisons, and for inter-
group analyses the Kruskal-Wallis test, followed by 
pairwise Mann-Whitney U tests for multiple comparisons, 
with Holm-Bonferroni correction. A p-value of p < 0.05 
was considered statistically significant. The matched-
pairs rank-biserial correlation (RBC) was calculated as 
an effect size estimate for the Wilcoxon signed-rank tests, 
based on the proportion of favorable to unfavorable rank 
sums.

The pilot control cohort (3 animals, both knees 
scored) was represented by a single value per animal — 
the higher (worse) of the two knee macroscopic scores 
respectively the mean of the histological extracellular 
matrix quantifications — yielding three independent 
observations for between-group comparisons, avoiding 
pseudoreplication.

Post-hoc statistical power was estimated via 
bootstrap resampling: 10,000 samples were drawn with 
replacement from the observed data and tested using the 
corresponding non-parametric test, with power calculated 
as the proportion of resamples yielding p < 0.05 in Python 
(v3.12.3) using SciPy (v1.17.1) and NumPy (v2.4.4). A 
p-value < 0.05 was considered statistically significant.

Results
Macroscopic evaluation of articular cartilage
Macroscopic evaluation demonstrated an 

overall trend toward reduced cartilage degeneration in 
treated knees relative to their paired untreated controls. 
Representative macroscopic findings are shown in figure 
1. This paired reduction reached statistical significance, 
following correction for multiple comparisons, in the 
MFAT+HA and MFAT+COL groups (Wilcoxon signed-
rank, adjusted p = 0.047 for both); the MFAT group 
showed an identical direction of effect but did not reach 
significance after correction (p = 0.063). RBC was 1.0 in all 
three groups, indicating uniform direction of effect among 
informative pairs; this describes effect consistency, not 
statistical significance, and does not establish a confirmed 
treatment effect in the MFAT group given p = 0.063.

When treated knees were compared against the 
pilot control cohort all three treatment groups showed 

lower macroscopic scores using the Mann-Whitney U test 
(MFAT, p = 0.048; MFAT+HA, p = 0.017; MFAT+COL, p 
= 0.017), and this held after Holm-Bonferroni correction, 
though at the threshold for significance (adjusted p = 
0.050 for all three) (Figure 2).

Post-hoc power for the MFAT comparison was 
34% at the observed sample size (n = 6), compared to 
>99% for MFAT+HA and MFAT+COL (n = 7 each).

No significant differences were observed among the 
three treatment groups (p = 0.57). As this omnibus test did 
not reach significance, pairwise inferential comparisons 
were not performed, and RBC are reported descriptively 
only, to characterize the magnitude of separation between 
arms (MFAT vs. MFAT+HA, RBC=0.19; MFAT vs. 
MFAT+COL, RBC=−0.05; MFAT+HA vs. MFAT+COL, 
RBC=0.29). Untreated knees did not differ significantly 
across groups (p = 0.51), supporting comparable baseline 
severity of osteoarthritic change at the time of evaluation.

A more prominent synovial reaction was 
qualitatively observed in the MFAT+HA group during 
gross examination. Tibial osteophytosis was a prevalent 
macroscopic finding in the untreated joints; in contrast, 
the treated knees exhibited an attenuated osteogenic 
response, characterized by a visible reduction in both 
osteophyte volume and morphological prominence.

Collagen birefringence analysis
Semi-quantitative analysis of representative 

PSR–stained sections under polarized light showed no 
significant differences in %Collagen I between treated 
and untreated knees in any group, nor between treated 
knees and the control cohort. No significant differences 
in collagen III were observed in the MFAT or MFAT+HA 
groups. 

Only the MFAT+COL group demonstrated a 
significant increase in collagen III-positive birefringence 
compared with paired untreated knees (adjusted p = 0.047). 
This increase did not survive correction for multiple 
comparisons when MFAT+COL was instead compared 
against the control cohort (adjusted p = 0.050), and the 
preceding omnibus test for this comparison did not reach 
significance (p = 0.052) (Figure 3). The omnibus test found 
no significant difference among treatment groups for either 
marker. Representative images of the corresponding PSR-
stained sections under polarized light are shown in figure 
4. Post-hoc power was low for %Collagen I across all 
comparisons (3–35%), and for %Collagen III vs. control 
in the MFAT and MFAT+HA groups (9–10%), indicating 
this study was likely underpowered to detect effects of 
this outcome measure at conventional sample sizes, 
independent of whether a true effect exists. For %Collagen 
III, paired-comparison power was 9% for MFAT, 35% for 
MFAT+HA. Power exceeded 95% only for %Collagen 
III in the MFAT+COL group, reflecting the substantially 
larger effect size observed specifically in that comparison.
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Figure 1. Representative macroscopic images of femoral condyles within each group: MFAT (A,B), MFAT+HA (C,D), MFAT+COL 
(E,F), control (G,H). MFAT=microfragmented adipose tissue; HA=hyaluronic acid; COL=collagen.
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​Figure 2. Macroscopic evaluation of cartilage degeneration following intra-articular MFAT-based treatment. (A) Paired macroscopic 
scores of untreated versus treated knees within each treatment group (MFAT(n=6), MFAT+HA(n=7), MFAT+COL(n=7)), the black 
line with diamond markers indicates the group median. (B) Macroscopic scores of treated knees from each group compared with the 
untreated pilot control cohort. Box-plots show median and interquartile range [Q1, Q3]; *p < 0.05. MFAT=microfragmented adipose 
tissue; HA=hyaluronic acid; COL=collagen.

Figure 3. Percentage area of type I (orange) and type III (green) collagen, quantified by polarized-light pixel analysis of Picrosirius 
Red–stained sections, in untreated and MFAT-treated knees for each group and in the pilot control cohort. Box-plots show median [Q1, 
Q3]; *p < 0.05 vs. paired control. MFAT=microfragmented adipose tissue; HA=hyaluronic acid; COL=collagen.
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Serum oxidative stress analysis
For each experimental group, the mean (± standard 

deviation) of oxidative stress parameters is reported in 
figure 5. TOS and OSI were each significantly elevated in 
the MFAT (p=0.024, p=0.023) and MFAT+HA (p=0.013, 
p=0.013) groups relative to control; neither differed 
significantly in MFAT+COL. Total thiols did not differ 
significantly between any treated group and control, but 
were significantly lower in MFAT+HA relative to MFAT 
alone (adjusted p=0.031). MDA was nominally higher in 
the MFAT (p = 0.0085) and MFAT+HA (p = 0.0046) groups 
relative to control by Games-Howell post-hoc following 
Welch’s ANOVA. This did not replicate under the non-
parametric Kruskal-Wallis/Mann-Whitney approach used 

for the other markers, and given the three-animal control 
group, we regard it as a statistically fragile signal rather 
than a confirmed group difference. 

TAR was comparable across groups. Nitric 
oxide was significantly lower in all three treated groups 
relative to control (p<0.0001) — the only marker to reach 
significance across every treatment arm and to remain 
significant after correction across all six markers. No 
significant differences were observed between treatment 
groups for any other marker, with the exception of total 
thiols. Given the small group sizes, particularly the 
three-animal control cohort, these findings should be 
interpreted as directionally consistent signals rather than 
fully confirmed effects.

Figure 4. Representative polarized light microscopy images. Untreated versus treated knee cartilage collagen birefringence across 
MFAT-based treatment groups. Representative Picrosirius Red–stained sections under polarized light microscopy, paired by group: 
untreated (A, C, E) and treated (B, D, F) knees for MFAT (A, B), MFAT+HA (C, D), and MFAT+COL (E, F). Orange-red birefringence 
associated with thick, densely packed fibers; green birefringence associated with thin, loosely packed fibers. MFAT=microfragmented 
adipose tissue; HA=hyaluronic acid; COL=collagen.
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Discussion
Macroscopic evaluation demonstrated an overall 

structural benefit of the interventions, with treated knees 
exhibiting reduced cartilage degeneration relative to their 
paired internal controls. While this paired improvement 
reached statistical significance only in the MFAT+HA and 
MFAT+COL groups, the MFAT-only group followed an 
identical trend. Furthermore, all three treatments produced 
macroscopic cartilage scores that were significantly lower 
than those of the pilot control cohort, though this difference 
remained at the strict threshold of significance following 
correction for multiple comparisons. This result must be 
interpreted with appropriate caution: the control cohort 
comprised only three independent animals, which limited 
the precision of the baseline characterization and inherently 
constrained the achievable statistical power. Nevertheless, 
the directional concordance observed in the intra-animal 
paired analyses—where informative observations 
uniformly moved toward structural improvement —
describes the consistency of effect direction, not statistical 
significance, and does not by itself establish a confirmed 
treatment effect in the MFAT group, where the paired 
comparison did not reach significance. Ultimately, a larger, 
contemporaneously recruited control cohort is needed to 
confirm these findings with greater statistical confidence. 

The magnitude of the pairwise rank-biserial correlations 
between treatment arms (RBC ≤ 0.29) suggests that any 
true difference among the three treatment strategies is, 
at most, modest, and that its reliable detection would 
require substantially larger group sizes. Accordingly, the 
non-significant omnibus result should be interpreted as 
inconclusive with respect to relative treatment efficacy, 
rather than as evidence of true equivalence among the 
MFAT, MFAT+HA, and MFAT+COL groups. At the 
histological level, MFAT combined with injectable 
collagen was distinctly associated with increased thin, 
loosely packed–predominant birefringence relative to its 
paired untreated knee, a pattern not observed with MFAT 
alone or MFAT+HA. NO was significantly lower in all 
three treated groups relative to control, the only oxidative 
stress marker to reach significance across every treatment 
arm, while TOS and OSI were each significantly elevated 
in the MFAT and MFAT+HA groups relative to control.

Minimally manipulated adipose-derived therapies, 
particularly SVF and MFAT, have emerged as prominent 
regenerative interventions [6]. Traditional SVF isolation 
relies on enzymatic digestion via collagenase to separate 
mature adipocytes from stromal cellular components [7]. 
While effective for cell expansion, the potential for residual 
enzyme contamination in injectable clinical products 

Figure 5. Mean levels (± standard deviation) of oxidative stress parameters in serum in MFAT(n=6), MFAT+HA(n=7), and 
MFAT+COL(n=7) groups compared with the pilot control cohort(n=3). *p < 0.05 vs. Control. TOS = total oxidative status; TAR 
= total antioxidant response; OSI = oxidative stress index; MDA = malondialdehyde; SH = total serum thiols; NO = nitric oxide, 
MFAT=microfragmented adipose tissue; HA=hyaluronic acid; COL=collagen.
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poses significant safety risks and can trigger adverse 
patient reactions [8]. To circumvent these safety concerns, 
MFAT is generated utilizing mechanical disruption and 
micro-filtration [8]. Although mechanical extraction was 
historically associated with lower cellular yields due to 
the resilient bonds between adipocytes and collagen, 
contemporary filtration and emulsification protocols 
effectively overcome this limitation, allowing for a high 
cell yield without the risks associated with enzymatic 
digestion [7]. A critical distinction between MFAT and 
enzymatically derived SVF is MFAT’s preservation of 
the native extracellular matrix and intact microvascular 
architecture [16]. Retaining this perivascular niche 
provides a natural structural scaffold that enhances 
cellular survival, migration, and complex intercellular 
signaling [16]. The therapeutic efficacy of these tissues is 
primarily driven by the paracrine and immunomodulatory 
functions of their cellular constituents [17]. Adipose-
derived stem cells (ADSCs) and endothelial progenitors 
within the adipose tissue secrete a robust profile of 
bioactive molecules, cytokines, and growth factors. These 
secretions modulate the local articular microenvironment 
and regulate immune responses, thereby shifting the joint 
ecosystem toward a pro-regenerative, anti-inflammatory 
state [18].

Extensive preclinical in vivo studies consistently 
corroborate the chondroprotective and anti-inflammatory 
capacity of minimally manipulated adipose therapies. In 
rodent models of induced OA, both SVF and MFAT have 
demonstrated the ability to maintain histological cartilage 
integrity by downregulating matrix-degrading enzymes 
(MMPs) and reducing systemic inflammatory cytokines, 
such as IL-1β and IL-6 [19,20]. In rabbit OA models, SVF 
mitigates cartilage degeneration by balancing anabolic 
and catabolic factors, while MFAT specifically promotes 
a robust anti-inflammatory environment characterized, 
prolonged synovial biodistribution and enhanced long-
term cellular survival [21,22]. Furthermore, investigations 
utilizing sheep OA models indicate that while isolated 
ADSCs may offer superior direct cartilage matrix 
production [23], intact adipose fractions (SVF/MFAT) 
demonstrate superior efficacy in actively counteracting 
the inflammatory microenvironment [24].

In healthy joints, endogenous HA exists at a high 
molecular weight, providing essential viscoelasticity 
and mechanical support. However, as osteoarthritis 
progresses, HA undergoes progressive depolymerization, 
significantly compromising the lubrication and shock-
absorbing properties of the synovial fluid [9]. The 
intra-articular administration of exogenous HA aims 
to counteract this decline. Mechanically, HA restores 
the rheological environment; biologically, it modulates 
inflammatory pathways, stimulates proteoglycan 
synthesis, and regulates chondrocyte metabolism [9]. The 
clinical efficacy of exogenous HA is highly dependent on 

its molecular weight. High molecular weight (HMW) and 
cross-linked formulations are associated with superior 
viscoelastic properties, prolonged intra-articular residence 
time, and enhanced interactions with CD44 receptors on 
chondrocytes and synoviocytes [25]. These properties 
allow HMW HA to more effectively downregulate 
catabolic enzymes (such as MMP-13) and inflammatory 
markers, ultimately translating to sustained structural 
protection and durable symptom relief without the need 
for frequent re-administration [10].

Furthermore, emerging evidence highlights 
the synergistic potential of combining HA with 
other biological and regenerative agents. While HA 
effectively stabilizes the viscoelastic environment and 
offers baseline anti-inflammatory benefits, pairing 
it with advanced orthobiologics—such as cellular 
therapies, platelet-rich plasma, or targeted peptides—
amplifies therapeutic efficacy through complementary 
mechanisms. In these combinatorial approaches, HA 
acts as a protective, lubricating scaffold that modulates 
the joint microenvironment and reduces oxidative stress, 
thereby facilitating the active tissue regeneration and 
chondrogenesis driven by the primary biologic agent [25].

While HA predominantly functions by restoring 
the viscoelasticity of the synovial fluid to provide 
mechanical lubrication and anti-inflammatory effects [26], 
intra-articular collagen injections offer a distinct, dual-
mechanism approach by delivering both symptomatic 
relief and delay in cartilage degeneration [27,28]. As the 
primary structural protein comprising up to 75% of the 
cartilage extracellular matrix (ECM) dry weight, collagen 
formulations possess regenerative properties [10]. In vitro 
and preclinical animal studies demonstrate that exposure 
to various collagen preparations directly stimulates 
chondrocyte proliferation, upregulates endogenous HA and 
ECM protein synthesis, and significantly suppresses the 
release of pro-inflammatory mediators [10]. In surgically 
induced rabbit models of osteoarthritis, the intra-articular 
administration of these collagen scaffolds has been shown 
to successfully delay cartilage degeneration and promote 
the histological restoration of the articular surface [28]. 
These biological and structural benefits are increasingly 
corroborated by emerging clinical evidence. Randomized 
controlled trials indicate that collagen therapies deliver 
functional symptom relief comparable to standard HA 
at early intervals, while sustaining significant clinical 
improvements up to 24 weeks post-treatment, positioning 
collagen as a highly viable biological adjuvant for actively 
mitigating cartilage degradation [27].

The strategy of combining minimally manipulated 
adipose tissue with structural adjuvants, such as HA, is 
rooted in the synergistic interplay between biological 
immunomodulation and biomechanical scaffolding. 
As demonstrated by Svolacchia et al. [29] in soft tissue 
regeneration for the correction of deep wrinkles, HA 
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serves as a durable, highly viscous matrix that anchors 
adipose-derived progenitors at the target site, enhancing 
the overall regenerative process. Furthermore, their work 
highlighted the critical importance of tissue microfiltration; 
by actively eliminating fibrous shoots and cellular debris 
from the lipoaspirate, the therapeutic quality of the 
cellular graft is optimized, specifically by preventing 
the activation of inflammatory cascades via the Toll-like 
receptor system. In the context of joint pathology, Lv et al. 
[23] corroborated the clinical utility of this dual approach, 
noting that administration of the heterogeneous cell 
populations of the SVF alongside HA yields significant 
functional improvements, alleviates pain, and promotes 
MRI-confirmed cartilage regeneration in OA patients. 
Their preclinical large-animal model further indicates that 
the addition of an HA scaffold to adipose-derived cellular 
therapies provides a vital supportive niche that effectively 
blocks osteoarthritis progression. Consequently, coupling 
a cell-rich adipose fraction with a robust structural 
biomaterial aims to simultaneously neutralize local tissue 
inflammation while providing the necessary mechanical 
support for sustained structural repair.

Evaluation of the extracellular matrix utilizing 
PSR microscopy revealed a preponderance of thick, 
highly aligned collagen bundles within the untreated 
osteoarthritic lesions in the control, MFAT and 
MFAT+HA groups. This structural profile suggests 
the formation of fibrocartilaginous repair tissue rather 
than the typical architecture of native hyaline cartilage 
[13]. Conversely, the treated joints demonstrated a shift 
toward birefringence patterns typically associated with 
thinner, loosely packed fibers — showing a nominally 
significant paired difference in the MFAT+COL cohort 
that did not survive correction for multiple comparisons 
against the control cohort, with a similar, non-significant 
trend evident in the MFAT and MFAT+HA groups. This 
structural shift might suggest an active, ongoing phase of 
extracellular matrix remodeling, a regenerative process 
potentially amplified by the injectable collagen adjuvant. 
Importantly, the interpretation of these histological 
findings warrants methodological caution. The color 
spectrum produced during PSR birefringence is highly 
sensitive to physical variables, including intrinsic fiber 
thickness, spatial orientation, and optical alignment under 
polarized light [14]. Therefore, this semi-quantitative 
analysis should be regarded as a broad indicator of overall 
matrix architecture and dynamic tissue turnover, rather 
than a definitive molecular quantification of specific 
collagen subtypes.

The modulation of systemic and local oxidative 
stress following joint-specific interventions has been 
previously documented across various preclinical models. 
For instance, in a rabbit model of early temporomandibular 
joint osteoarthritis, Erdayandi et al. [30] demonstrated 
that the intra-articular administration of daidzein (a 

polyphenolic isoflavone structurally similar to mammalian 
estrogen 17-β-estradiol) significantly reduced systemic 
TOS and OSI, while the TAR remained unaltered between 
the experimental and control groups. Similarly, Mehak et 
al. [31] observed a dose-dependent improvement in TOS 
following the administration of a chondroprotective agent 
(pomegranate seed oil) in a papain-induced rat model of 
knee osteoarthritis.

Furthermore, MDA serves as a primary terminal 
byproduct of lipid peroxidation and a widely validated 
biomarker for oxidative stress in joint pathology [32]. 
Elevated MDA concentrations are consistently associated 
with the structural progression of osteoarthritis across 
species, having been observed in canine models by 
Goranov et al [33] as well as in the synoviocytes of human 
osteoarthritic patients compared to healthy controls [34]. 
Targeted therapeutic interventions have been shown to 
successfully inhibit this process; for example, Bai et al. 
[32] reported that a 6-week treatment protocol (Danshen, 
Salvia miltiorrhiza, a traditional Chinese medicine) 
in an osteoarthritic rabbit model markedly depleted 
the abnormally elevated MDA levels within both the 
synovium and articular cartilage, effectively suppressing 
local lipid peroxidation.

Systemic oxidative stress profiling demonstrated 
elevated TOS and OSI in the MFAT and MFAT+HA 
cohorts relative to the untreated baseline control, both 
reaching statistical significance. MDA followed the same 
direction but on weaker footing: the Games-Howell result 
was nominally significant, but as noted above this did not 
replicate under non-parametric testing and likely reflects 
the instability of variance estimates in the three-animal 
control group rather than a robust group difference. We 
therefore treat the MDA signal as suggestive, unlike the 
TOS and OSI findings. This systemic oxidative shift 
may be attributable to the biological integration and 
paracrine activity of the administered human-derived 
xenograft within the joint space. It is hypothesized that 
the introduction of a cross-species tissue matrix could 
initiate a localized immune recognition response, but this 
transient elevation may also be reflective of the active 
cellular remodeling phase initiated by the orthobiologic 
therapies. It is possible that MFAT administration 
promotes local macrophage recruitment for debris 
clearance and matrix synthesis, and that the associated 
ROS generation contributes to the elevated systemic TOS 
observed in treated groups; however, this mechanism 
was not directly assessed, and the present data cannot 
distinguish a functional repair-associated oxidative burst 
from a pathological stress response.

This mechanism remains hypothetical and was 
not directly tested in the present study. The concomitant 
reduction in total serum thiols observed in the MFAT+HA 
group relative to MFAT alone — though not relative 
to control — may be compatible with such a process, 
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but could equally reflect other, unmeasured sources 
of systemic redox perturbation. In the absence of 
immunological or metabolic data specifically designed to 
test this mechanism, it should be regarded as a plausible 
explanation warranting dedicated investigation rather 
than an established finding. Serum thiols function as a 
primary systemic antioxidant reserve, scavenging free 
radicals to maintain redox homeostasis [35]. As noted 
during macroscopic evaluation, the addition of high-
molecular-weight hyaluronic acid provoked a more 
pronounced local synovial reaction. It is hypothesized 
that the enhanced viscoelastic properties and extended 
intra-articular retention of the HA matrix prolonged the 
localized immunomodulatory response. This sustained 
cellular activity may have subsequently increased the 
consumption of the systemic thiol pool required to buffer 
the associated oxidative output.

Despite the observed elevations in TOS, OSI, 
and MDA, the systemic concentration of NO — a potent 
nitrosative and pro-inflammatory mediator implicated 
in osteoarthritis pathogenesis [36] — was significantly 
reduced across all three treatment arms compared to the 
control group. This finding could suggest that localized 
therapeutic intervention may attenuate the primary source 
of joint-derived NO production. Taken together, the 
oxidative stress profile in this study was mixed rather than 
uniformly favorable: NO was the only marker reduced in 
every treated group, while TOS, OSI, and MDA moved 
in the opposite direction in MFAT and MFAT+HA. These 
findings should not be read as evidence of a net beneficial 
systemic oxidative stress effect of MFAT-based treatment. 
Consequently, by reducing the structural disease burden at 
the articular level MFAT-based therapy may exert systemic 
biological effects beyond local cartilage preservation. 
Notably, MFAT+COL did not differ significantly from 
control on any general oxidative markers (TOS, OSI, 
MDA, TAR, or thiols), distinguishing it from MFAT and 
MFAT+HA. This may reflect a distinct biological effect 
localized to collagen-driven matrix remodeling rather 
than a systemic oxidative response, but could also reflect 
its different administration schedule; the present design 
cannot distinguish between these possibilities.

The utilization of human-derived MFAT in a lapine 
osteoarthritis model was selected due to both structural 
and translational considerations. Rabbit adipose tissue 
is characterized by a denser, highly fibrotic stromal 
architecture compared to human fat, which impedes 
standardized mechanical micro-fragmentation and yields 
a product that does not accurately reflect the clinical 
reality of the adipose tissue micro-fragmentation system. 
Furthermore, employing human lipoaspirate enabled 
the targeted evaluation of site-specific tissue depots—
specifically, the knee fat pad and the peritrochanteric 
region—which are known to harbor distinct regenerative 
and cellular profiles. Finally, the intra-articular 

administration of human adipose-derived xenografts is a 
validated approach previously established in preclinical 
literature [37–39].

This study possesses several methodological 
strengths. The implementation of a paired design, utilizing 
the contralateral untreated joint as an internal control, 
significantly minimized inter-subject biological variance 
and strengthened the reliability of the local therapeutic 
outcomes. Additionally, the use of arthroscopic ACLT 
allowed for a standardized, minimally invasive induction 
of the osteoarthritis model, reducing confounding 
periarticular surgical trauma. The research also benefited 
from a multifaceted assessment strategy that integrated 
macroscopic evaluation, histological matrix analysis, 
and systemic biochemical profiling. Furthermore, the 
therapeutic interventions utilized a clinically relevant, 
purely mechanical MFAT preparation protocol derived 
from human lipoaspirate, accurately reflecting real-world 
clinical processing and tissue heterogeneity.

However, several limitations must be 
acknowledged. The primary constraint is the small 
sample size, which limited the statistical power to detect 
subtle inter-group differences, particularly concerning the 
secondary structural adjuvants and the systemic oxidative 
stress correction thresholds. The 12-week follow-up 
duration is relatively short, precluding the assessment of 
long-term graft viability, sustained extracellular matrix 
integration, or late-stage joint degeneration. Furthermore, 
the administration of human-derived MFAT into a rabbit 
model constitutes a xenograft approach. We did not 
perform in this study any direct immunological assessment 
— including immune-cell infiltration, anti-human immune 
responses— and cannot therefore determine whether 
the observed systemic oxidative stress changes reflect 
a xenogeneic immune response, the biological activity 
of the graft itself, or another mechanism. In addition, 
HA and collagen were administered according to each 
product’s manufacturer-recommended clinical schedule, 
resulting in a single administration for HA (week 8) 
versus two administrations for collagen (weeks 8 and 10]. 
This asymmetry can influence direct comparison between 
the MFAT+HA and MFAT+COL groups.

Direct immunological characterization of the 
local and systemic response to xenogeneic MFAT is a 
priority for future studies. Finally, the evaluation of the 
extracellular matrix was restricted to semi-quantitative 
PSR birefringence to assess collagen architecture. 
The absence of histopathological scoring, targeted 
immunohistochemistry and molecular gene expression 
profiling restricts a definitive molecular characterization 
and functional assessment of the load-bearing capacity 
of the repaired articular surfaces. Because osteoarthritis 
is clinically relevant primarily through functional 
impairment, the absence of gait analysis and weight-
bearing distribution limits the translational significance 
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of the structural findings and represents an important 
direction for future studies.

Conclusions
In this experimental rabbit OA model, intra-articular 

MFAT attenuated structural cartilage degeneration in the 
presence of uncorrected mechanical joint instability. The 
systemic oxidative stress profile was mixed rather than 
uniformly favorable: nitric oxide was reduced across 
all treated groups, whereas TOS, OSI, and MDA were 
elevated in the MFAT and MFAT+HA groups relative to 
control. These findings do not support a net beneficial 
systemic oxidative stress effect of MFAT-based treatment 
and warrant further mechanistic investigation. The 
addition of injectable collagen was associated with a shift 
in PSR birefringence patterns that may reflect extracellular 
matrix remodeling, though this did not survive correction 
for multiple comparisons and should be interpreted as 
hypothesis-generating rather than confirmatory, whereas 
hyaluronic acid did not provide additional structural 
benefit under the present experimental conditions. These 
findings support further investigation of MFAT-based 
therapies in larger preclinical studies and carefully 
designed clinical trials.
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