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Abstract

Hyaluronic acid (HA) injections are commonly employed in the management of osteoarthri-
tis (OA), yet their therapeutic benefits are often limited by oxidative degradation and
enzymatic breakdown within the joint. This study investigates whether Resolvin D1,
Resolvin D2, and their methyl ester derivatives can enhance the efficacy of HA injections
by acting as dual-function agents with both antioxidant and enzyme inhibitory proper-
ties. A comprehensive series of in vitro assays—including ORAC, FRAP, DPPH, ABTS,
HRS, and SOD—were performed to evaluate antioxidant capacity, using Trolox, Ascor-
bic acid, β-Carotene, and Quercetin as reference standards. The potential to inhibit HA
degradation was assessed through ROS-induced HA fragmentation and hyaluronidase
inhibition assay, with epigallocatechin gallate (EGCG) serving as a positive control. The
results indicate that Resolvin derivatives, particularly the methyl ester form of Resolvin
D1, display mechanism-dependent antioxidant activity, showing pronounced effects in
hydrogen atom transfer-based assays (e.g., ORAC and HRS), as well as in ABTS•+ and
superoxide-related systems, along with protection against ROS and enzyme-induced HA
degradation. These findings suggest that incorporating Resolvin derivatives may represent
a promising strategy to improve HA-based viscosupplementation by enhancing stability
and therapeutic persistence in osteoarthritic joints.

Keywords: viscosupplementation; osteoarthritis; hyaluronic acid; Resolvin derivatives;
antioxidants; enzyme inhibition; hyaluronidase

1. Introduction
Osteoarthritis (OA) is characterized by the progressive degeneration of articular carti-

lage, inflammation of the synovial membrane, and a decline in joint function, often resulting
in pain, stiffness, and reduced mobility [1]. One of key component in maintaining joint
health is hyaluronic acid (HA), a naturally occurring glycosaminoglycan composed of
repeating disaccharide units of N-acetylglucosamine and glucuronic acid (Figure 1) [2,3].
HA plays a crucial role in maintaining joint health, primarily due to its high molecular
weight (average Mw in human synovial ≈ 7 million Dalton), which contributes to the
viscoelastic properties of synovial fluid [4]. In the context of OA and other joint diseases,
HA provides lubrication, shock absorption, and supports cartilage integrity [5]. However,
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in diseased joints, the concentration and molecular weight of HA often decrease, com-
promising its function due to the degradation [6]. The degradation is accelerated by the
enzymes, immune cells, and oxidant substances, which breaks down HA into smaller frag-
ments, reducing its ability to protect the joint [6]. Excessive HA degradation contributes to
inflammation, pain, and cartilage deterioration. For instance, a newly discovered enzyme,
HYBID, which degrades hyaluronan, is found in various human cells. Importantly, HYBID
has been observed at elevated levels in osteoarthritic chondrocytes and fibroblast-like
synoviocytes [7]. This suggests a strong connection between increased HYBID and the
deterioration of cartilage and HA in the joints of individuals with OA.

Figure 1. Schematic representation of the HA structure and its degradation mechanisms. HA
consists of repeating disaccharide units of N-acetyl-D-glucosamine and D-glucuronic acid linked
by alternating β-(1 → 4) and β-(1 → 3) glycosidic bonds. In OA joints, high molecular weight HA
is degraded into low molecular weight fragments through the action of ROS and hyaluronidase
enzymes, leading to reduced viscosity and diminished therapeutic efficacy.

Furthermore, the overproduction of reactive oxygen species (ROS) plays a very crucial
role in the progression of joint degeneration [8]. ROS, including hydrogen peroxide (H2O2),
hydroxy radical (OH−), and superoxide anion (O2

−) are generated by activated chondro-
cytes and synoviocytes in response to mechanical stress and inflammatory cytokines [9].
These reactive molecules can directly damage joint tissues by inducing oxidative stress,
leading to degradation of extracellular matrix components such as collagen and proteo-
glycans [10]. Importantly, ROS also contribute to the depolymerization and degradation
of HA in the synovial fluid, reducing its molecular weight and impairing its viscoelastic
and lubricating properties (Figure 1) [11,12]. This loss of HA function exacerbates joint
inflammation and cartilage breakdown, further accelerating OA progression. Therefore,
protecting HA from degradation is essential for maintaining joint homeostasis and manag-
ing OA symptoms.

Viscosupplementation is a minimally invasive treatment option for OA, most com-
monly used for the knee joint, although it may also be applied to other joints such as the
hip, ankle, or shoulder [13,14]. The procedure involves the intra-articular injection of HA
that plays a critical role in maintaining the viscosity, elasticity, and lubricating properties
of synovial fluid [15]. In OA joints, both the quantity and quality of endogenous HA
are significantly reduced, leading to increased friction, cartilage wear, inflammation, and
pain [16,17]. The primary goal of viscosupplementation is to restore the viscoelasticity
of the synovial fluid, thereby improving shock absorption, joint lubrication, and overall
function (Figure 2) [18,19]. Clinically, this often results in reduced joint pain, increased
mobility, and, in some cases, a delay in the progression of the disease or postponement of
joint replacement surgery. Several FDA-approved HA formulations are currently available
for viscosupplementation, differing in aspects such as molecular weight, origin (e.g., avian-
derived vs. biofermentation-based), cross-linking, and dosage regimen (single injection
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vs. multiple weekly injections). Commonly used products include Hyalgan, Synvisc and
Synvisc-One, Supartz, Orthovisc, and Durolane [16,20]. Some formulations, such as Cingal,
combine HA with a corticosteroid to provide both long-term joint lubrication and immedi-
ate anti-inflammatory relief, offering a potentially cost-effective and efficient solution for
symptomatic management [21,22].

Figure 2. Schematic illustration of viscosupplementation in OA. Intra-articular injection of HA
into the OA joint aims to improve shock absorption, enhance joint lubrication, and reduce pain.
HA-based viscosupplements vary in their formulation, ranging from linear to cross-linked structures
(without additives), or combined with additional components such as corticosteroids, antioxidants,
or glycosaminoglycans to enhance therapeutic effects.

There are several synthetic antioxidants widely used in the food and pharmaceutical
industries to prevent oxidative degradation; however, recent findings have raised safety con-
cerns regarding their potential to inhibit vital enzymes [23]. As a result, there is a growing
demand for safer, biodegradable alternatives with fewer health risks. Among the various
natural compounds under investigation, lipid-derived molecules with anti-inflammatory
and antioxidative properties have attracted considerable attention. One such promising
group includes Specialized Pro-resolving lipid Mediators (SPMs), a class of highly bioactive
compounds known for their potent anti-inflammatory and pro-resolving effects [24,25].
These molecules, which include E-series and D-series Resolvins, protectins, and maresins,
are biosynthesized from polyunsaturated fatty acids such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) [26]. Resolvins of the D-series (RvDs), which are de-
rived from DHA through enzymatic processes involving 15-lipoxygenase (15-LOX) and
5-lipoxygenase (5-LOX), have shown strong potential as natural antioxidants (Figure 3) [27].
Resolvin D1 (RvD1) and Resolvin D2 (RvD2), two well-studied members of this class, not
only regulate ROS levels but also modulate immune responses by inhibiting the production
of pro-inflammatory cytokines and promoting the M2 phenotype in macrophages, which
is associated with tissue repair and inflammation resolution [28–30]. These features make
RvDs attractive candidates for replacing synthetic antioxidants. However, their clinical
application is currently limited by chemical instability and rapid metabolic inactivation.
To address these limitations, researchers are developing stable analogs with enhanced
pharmacological properties, aiming to improve the therapeutic potential of RvDs as safe
and effective natural antioxidant agents [31].
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Figure 3. Biosynthetic pathway of RvDs derived from DHA. DHA is enzymatically converted by
15-LOX to 17(S)-hydroperoxydocosahexaenoic acid, which is then further metabolized by 5-LOX to
form either a 7(S),(8)-epoxide intermediate (pathway A) or a 4(S),(5)-epoxide intermediate (pathway
B). These intermediates lead to the formation of specific RvDs, including Resolvin D1 and D2
(pathway A) and Resolvin D3 and D4 (pathway B). The chemical structures of Resolvin D1–D4 are
also shown.

Currently, there is a limited body of literature on the antioxidant and enzyme inhi-
bition properties of Resolvin derivatives. In this study, we report for the first time the
antioxidant activities of RvD1, RvD2, and their methyl ester derivatives using a range
of in vitro antioxidant assays. To evaluate the total antioxidant capacity and activity
of these molecules, several assays were employed: oxygen radical absorbance capac-
ity (ORAC), hydroxyl radical scavenging (HRS), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
ferric reducing antioxidant power (FRAP), superoxide dismutase (SOD), and 2,2-azobis(2-
amidinopropane) dihydrochloride (ABTS) assays. Additionally, hyaluronidase (HAase)
inhibition assay was performed to investigate their potential role in OA treatment. The
effect of RvD1, RvD2, and their methyl ester derivatives on HA protection was also investi-
gated by incubating HMW HA, with ROS and checked by agarose gel electrophoresis and
gel permeation chromatography.

2. Materials and Methods
2.1. Materials

Chemical reagents including fluorescein sodium salt (NaFluo, BioReagent), 2,2′-
azobis(2-methylpropionamidine) dihydrochloride (AAPH, granules, 97%), 2,2-diphenyl-
1-picrylhydrazyl (DPPH, powder), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS, powder, 98%), potassium tetraborate tetrahydrate, potassium per-
sulfate (powder, 99%), and the Superoxide Dismutase (SOD) Assay Kit were all purchased
from MilliporeSigma Co (St. Louis, MO, USA). The Ferric Reducing Antioxidant Power
(FRAP) Assay Kit (Colorimetric) was obtained from Thermo Fisher Scientific (Frederick,
MD, USA). Antioxidant standards including (±)-6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid (Trolox, 97%), (−)-Epigallocatechin gallate (EGCG), Quercetin, Ascor-
bic acid, and β-Carotene were also obtained from MilliporeSigma Co (St. Louis, MO,
USA). High molecular weight sodium hyaluronate powder (>2000 kDa was obtained
from Albomed GmbH (Schwarzenbruck, Germany). Hyaluronidase (50,000 U; bovine
testes origin; activity ≥300 U mg−1) was obtained from STEMCELL Technologies (Vancou-
ver, BC, Canada). RvD1 (7S,8R,17S-trihydroxy 4Z,9E,11E,13Z,15E,19Z-docosahexaenoic
acid), RvD2 (7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-docosahexaenoic acid), and
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their corresponding methyl ester derivatives were purchased from Cayman Chemical Co.
(Ann Arbor, MI, USA) and stored at −80 ◦C.

Preparation and Handling of Resolvin Derivatives: For all antioxidant assays, aliquots
of Resolvin ethanolic stock solutions were diluted directly into assay-specific buffers to
achieve the target final concentrations. To ensure chemical stability and minimize oxidative
degradation, all procedures were performed under reduced light. Solutions were prepared
fresh, protected from light during incubation, and utilized immediately following dilution
to maintain the integrity of the lipid mediators. For enzyme inhibition assays, ethanol was
removed under a gentle stream of nitrogen prior to reconstitution in acetate buffer.

2.2. Antioxidant Activity Assays
2.2.1. Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC assay was performed as reported literature. In short, a fresh stock solution
of fluorescein (58 nM, in PBS) was prepared in a tube and stored at 4 ◦C. In a 96-well
plate, 20 µL of different concentrations of Resolvins and controls were mixed with 120 µL
of the fluorescein probe and incubated the mixture for 30 min at 37 ◦C. To establish the
background signal, the initial fluorescence intensity (excitation. 485 nm, emission. 520 nm)
was measured by fluorometer. Then, 60 µL of AAPH (40 mM) was added manually to all
wells except for the negative control (fluorescein probe without AAPH). The plate was
scanned in a microplate reader (Polar Star Optima, BMG Labtech, Ortenberg, Germany)
for 250 cycles every 60 s. The final concentrations of all samples in the wells ranged
from 0.625 to 20 µM. The Net AUC for Resolvins and controls were calculated and then
plotted the values against the sample concentrations to create ORAC calibration curves.
Trolox Equivalent (TE) was used to compare the antioxidant activity of all samples. The
experiment was performed in triplicate.

2.2.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay

DPPH method was performed with the method developed by Blois [32,33]. To start
with, a fresh stock solution of DPPH reagent (600 µM) was prepared in methanol and stored
at 4 ◦C. In a 96-well plate, 50 µL of different concentrations of Resolvins and controls were
mixed with 50 µL of DPPH solution followed by incubating in a dark condition at room
temperature for 30 min (final concentrations of all samples in the wells ranged from 0.625 to
20 µM). The absorbance was measured by the UV-Vis spectrophotometer at 517 nm and the
scavenging percentage of all samples were plotted against the antioxidant concentrations
to determine the IC50 (the concentration of the sample required to scavenge 50% of DPPH
free radicals). The experiment was performed in triplicate.

2.2.3. Ferric Reducing Antioxidant Power (FRAP) Assay

This experiment was conducted to measure antioxidant capacity using the FRAP assay
and it was performed according to the FRAP kit protocol (MAK509-1KT Sigma Aldrich,
St. Louis, MO, USA) [34]. In a 96-well plate, 25 µL of various concentrations of Resolvins
and controls (ranged from 0.625 to 20 µM) were mixed with 75 µL FRAP color solution
and incubated at room temperature for 30 min. After incubation, the absorbance of the
mixture was measured at 593 nm using a UV spectrophotometer. According to the FRAP
kit protocol, to quantify the antioxidant capacity, a calibration curve was plotted using a
serial dilution of ferrous chloride (FeCl2) standard.

2.2.4. 2,2-Azobis(2-amidinopropane) Dihydrochloride (ABTS) Assay

ABTS method was based on the method of van den Berg et al. [35] and slightly
modified by Kim et al. [36] with some modification. Briefly, 7 mM of ABTS solution was
prepared in PBS. ABTS radical cation was generated by mixing ABTS solution with the
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final concentration of 2.45 mM of potassium persulfate. The mixture was incubated for
12–24 h at dark at room temperature, then the absorbance of reaction mixture was adjusted
to 0.70 ± 0.02 at 732 nm. In a half-area 96-well plate, 20 µL of different concentrations of
Resolvins and controls were mixed with 80 µL of radical cation ABTS solution for 5 min,
then absorbance of reaction mixture was measured at 734 nm for 20 min. All measurements
were performed in triplicate. The scavenging activity and Trolox equivalent antioxidant
capacity (TE) of samples were determined using the following equations:

ABTS•+ Scavenging% = [(AbsControl − AbsSample)/(AbsControl)] × 100

TE = Slope Sample/Slope Trolox

2.2.5. Superoxide Dismutase (SOD) Assay

This experiment was conducted to measure antioxidant capacity to reduce superoxide
radical and it was performed according to the SOD assay kit protocol (19160-1KT-F Sigma
Aldrich). In a 96-well microplate, 20 µL of the sample solution was added to the designated
Sample and Blank 2 wells, and 20 µL of ultrapure H2O to the Blank 1 and Blank 3 wells.
Subsequently, 200 µL of WST Working Solution was added into all wells and mixed
thoroughly. To Blank 2 and Blank 3 wells, 20 µL of Dilution Buffer was added. Finally,
20 µL of Enzyme Working Solution was added into the Sample and Blank 1 wells and mixed
again. The plate was incubated at 37 ◦C for 20 min and the absorbance was measured
at 450 nm using a microplate reader. The SOD activity was calculated as the percentage
inhibition rate using the formula below:

SOD Activity (inhibition Rate%) = [(AbsBlank1 − AbsBlank3) − (AbsSample −
AbsBlank2)]/(AbsBlank1 − AbsBlank3) × 100

2.2.6. Hydroxyl Radical Scavenging (HRS) Assay

The HRS activity of Resolvins and controls was assessed in 96-well black plate under
acellular conditions in the presence of H2O2 and CuCl2, as described in our previous
study [31]. Briefly, ROS were generated in black 96-well plate by the addition of CuCl2
(10 mM) to the H2O2 (100 mM) prepared in PBS (75 mM, pH 7.4) in the presence or absence
of 10 mM of the test compounds. After incubation for 120 min, the DCFH-DA probe was
added to the mixture at a final concentration of 10 µM. Fluorescence was measured after
an additional 30 min of incubation using a microplate reader equipped for fluorescence
polarization (Polar Star Optima, BMG Labtech) set at an excitation wavelength of 485 nm
and an emission wavelength of 530 nm. Results were expressed as relative fluorescence
units (RFU).

2.2.7. Hyaluronic Acid Degradation Study by Agarose Electrophoresis

The HA degradation assay was performed as described in our previous report, with
minor modifications [31]. Briefly, a solution of HA (1 mg/mL; molecular weight > 2000 kDa)
was treated with 10 µM CuCl2 and 100 µM H2O2 in the presence or absence of Resolvins,
as well as controls, at a final concentration of 10 µM. The reaction mixture was incubated at
37 ◦C for 16 h. Subsequently, 10 µg of HA was loaded onto a 2% agarose gel prepared in
Tris–borate–EDTA (TBE) buffer using a loading buffer containing 0.25% bromophenol blue
dissolved in formamide. Electrophoresis was performed at 60 V for 4 h, and HA bands
were visualized by staining with Stain-All dissolved in 30% ethanol.
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2.2.8. Hyaluronic Acid Analysis by Gel Permeation Chromatography

Gel permeation chromatography/size exclusion chromatography (GPC/SEC) analyses
were conducted using two AquaGel columns (SB-806-M + SB-802; PolyAnalytik, London,
ON, Canada) connected in series. The system consisted of a Viscotek TDA305 coupled
with a GPCmax unit, equipped with an oven housing three detectors: a Refractive Index
(RI) detector, Right-Angle and Low-Angle Light Scattering (RALS/LALS) detectors, and a
four-capillary differential viscometer. Measurements were performed using 8.5 g/L NaCl
in Milli-Q water as the mobile phase at 35 ◦C with a flow rate of 0.7 mL/min. Poly(ethylene
glycol) (PEG, 20 kDa; dn/dc = 0.132 mL/g) and dextran (72 kDa; dn/dc = 0.147 mL/g)
standards at 1.5–3.0 mg/mL were used to establish the calibration curve. Samples were pre-
pared as Section 2.2.5. and then diluted in the mobile phase to approximately 0.25 mg/mL
and filtered through 0.22 µm nylon syringe filters before injection. The original sample
concentration was about 1 mg/mL, and the injection volume was 100 µL.

2.2.9. Anti-Hyaluronidase Assay

Hyaluronidase inhibitory activity was assessed using a modified Morgan–Elson
method [37]. Stock solutions of RvD1, RvD2, and their methyl-ester derivatives in ethanol
were evaporated to dryness under a gentle stream of nitrogen at room temperature to
remove solvent. The dried residues were reconstituted in 0.1 M acetate buffer (pH 3.6) and
serially diluted to the final test concentrations (1.25–10 µM) immediately prior to the assay;
samples were protected from light and handled quickly to minimize oxidation. The assay
was performed using a 1 mg/mL HAase stock (≥300 Units/mL) prepared in 0.1 M acetate
buffer (pH 3.6). For each test, 25 µL of sample was combined with 10 µL of the HAase stock
and incubated at 37 ◦C for 20 min. Next, 20 µL of 12.5 mM CaCl2 was added to activate
the enzyme and incubation continued at 37 ◦C for another 20 min. Subsequently, 25 µL of
3.5 mg/mL HA (in the same acetate buffer) was introduced and the mixture was incubated
at 37 ◦C for 40 min. Reactions were terminated by adding 20 µL of 0.4 N NaOH followed
by 20 µL of 0.4 N potassium tetraborate, and the tubes were heated at 100 ◦C for 3 min.
After cooling to room temperature, 160 µL of 4-(dimethylamino) benzaldehyde reagent
(final concentration 0.335 M) was added. Samples were incubated at 37 ◦C for 10 min and
absorbance was measured at 585 nm. EGCG was used as a positive control. The HAase
inhibition activity of samples was determined using the following equations:

HAase inhibition% = [(Abscontrol − Abssample)/(Abscontrol)] × 100

3. Results and Discussions
In this study, we investigated the antioxidant and enzyme inhibitory properties of

four Resolvin derivatives (RvD1, RvD2, and their methyl ester) in comparison with four
well-known antioxidant compounds (Trolox, β-Carotene, Ascorbic acid, and Quercetin)
(Figure 4). Various in vitro chemical assays were employed to evaluate and compare their
free radical scavenging and ROS reducing capacities. Additionally, we examined the po-
tential of these Resolvins to inhibit key enzymes such as HAase, which is involved in
the degradation of HA. The objective was to assess whether these bioactive lipid media-
tors could serve as promising candidates for protecting HA from degradation caused by
both ROS and enzymatic activity in the synovial fluid—an important consideration for
OA therapy.
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Figure 4. Chemical structure of RvD1, RvD2, and their methyl ester and all controls including Trolox,
Ascorbic acid, β-Carotene, and Quercetin.

3.1. Antioxidants and Radical Scavenging Activities of Resolvin Derivatives
3.1.1. ORAC Assay

The ORAC assay is a widely used method to measure the antioxidant capacity of
samples in various fields such as food analysis (to assess the antioxidant properties of fruits,
vegetables, and other food products), pharmaceutical research (to evaluate the antioxidant
activity of natural compounds and pharmaceutical drugs), and cosmetic industry (to
determine the antioxidant benefits of skincare products) [38,39]. The ORAC assay relies
on free radical damage to a fluorescent probe, most commonly fluorescein (FL), caused
by an oxidizing reagent resulting in a loss of fluorescent intensity over time. This assay
provides a quantitative measure of an antioxidant’s ability to inhibit free radical (peroxyl
radical) which is produced by thermal decomposition of 2,2′-azobis(2-amidinopropan)
dihydrochloride (AAPH) in the presence of oxygen. This process leads to the formation of
nitrogen gas (N2) and two carbon-centered alkyl radicals (R•). Subsequently, these radicals
may either rapidly recombine in a termination reaction or react with oxygen, forming
peroxyl radicals (ROO•). The produced peroxyl radical can oxidize the fluorescein (FL), the
fluorescence of the solution decreases over time. However, in the presence of an antioxidant,
peroxyl radical can be scavenged, and the oxidation of fluorescein can be delayed until the
antioxidant is depleted. Indeed, antioxidants protect fluorescein from ROS attacking via a
hydrogen atom transfer (HAT) process (Figure 5).

Figure 6 illustrates the fluorescence decay of a probe in the absence and presence of
increasing concentrations of RvD1, RvD2, and their corresponding methyl ester derivatives.
All compounds displayed a dose-dependent antioxidant effect, as reflected by a slower
decrease in fluorescence intensity over time. This suggests efficient scavenging of reactive
species by these Resolvins and their derivatives. Notably, the RvD1 methyl ester exhibited
the most antioxidant activity across all tested concentrations, maintaining higher fluores-
cence intensity throughout the experimental period. This effect was particularly at lower
concentrations, indicating that methylation of the carboxylic acid group may enhance the
compound’s lipophilicity, thereby improving its radical-scavenging performance. Similarly,
RvD2 methyl ester showed superior antioxidant activity relative to RvD2, although the
difference between these two was less pronounced than in the case of RvD1. As seen, the
shape of the fluorescence ORAC decays does not present a clear distinction between the
lag time and FL decay periods, which may indicate more complex scavenging kinetics.
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Figure 5. ORAC assay mechanism: (A) Thermal breakdown of AAPH in the presence of oxygen
forms alkoxy radicals (ROS). (B) Without antioxidants, the peroxyl radicals degrade fluorescein,
reducing its fluorescence. (C) Antioxidants neutralize ROS and preserve fluorescein’s fluorescence.

Four controls of antioxidants with different properties and mechanisms of actions,
including Trolox, Quercetin, Ascorbic acid, and β-Carotene were chosen to compare the
results with Resolvins (Figure 6). Trolox and Ascorbic acid, two widely used hydrophilic
antioxidants, demonstrated rapid and potent fluorescence preservation. The occurrence of
a plateau along with the initial fluorescence measurement confirmed that these compounds
were faster reactants towards AAPH-derived radicals compared to FL. Their characteristic
profiles reflect strong free-radical scavenging abilities but with relatively short-lasting
effects, as the fluorescence decays still tended to drop off sharply after the initial stabi-
lization phase. In contrast, β-Carotene, a lipophilic antioxidant, showed a more gradual
and concentration-dependent protective effect, though at higher doses (10.0–20.0 µM), its
efficacy approached that of Trolox and Ascorbic acid. This is consistent with β-Carotene’s
known mechanism of singlet oxygen quenching and its limited solubility, which may slow
its interaction with the fluorescent probe. Quercetin displayed a distinctive antioxidant
profile while its activity was clearly dose-dependent, high concentrations (10.0 and 20.0 µM)
paradoxically led to a reduced protective effect. This might be attributed to Quercetin’s
redox cycling behavior, where it can act as a pro-oxidant under certain conditions [40].

By comparing the controls and all Resolvins, the methyl esters of RvD1 and RvD2
displayed a particularly promising profile. RvD1 methyl ester showed protective activity
comparable to Trolox and Ascorbic acid at concentrations as low as 1.25 µM, but with a
more sustained fluorescence signal over time. This suggests that the methyl ester form
may have longer-lasting radical scavenging capacity. Similarly, RvD2 methyl ester showed
moderately enhanced activity compared to its acid form, though its overall antioxidant
potency was lower than that of RvD1 methyl ester.

In addition to the fluorescence decay kinetics, the antioxidant activity of all compounds
was further quantified using Trolox equivalents (TE), providing a standardized measure
for direct comparison. As summarized in Table 1, among the tested antioxidants, Quercetin
exhibited the highest TE value of 5.48 ± 0.13, confirming its strong radical-scavenging
activity. Trolox, as the reference standard, was assigned a TE value of 1, while Ascorbic
acid and β-Carotene showed lower TE values of 0.65 ± 0.01 and 0.56 ± 0.05, respectively,
reflecting their moderate but consistent antioxidant capacities. Interestingly, RvD1 methyl
ester demonstrated a TE value of 3.49 ± 0.3, ranking second only to Quercetin among all
compounds tested, and significantly surpassing Trolox. This supports its superior perfor-
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mance observed in the fluorescence decay assay. Similarly, RvD2 methyl ester (1.45 ± 0.05)
and RvD2 (1.38 ± 0.02) outperformed Trolox, further emphasizing their promising antioxi-
dant potential. In comparison, RvD1 (1.22 ± 0.1) also exceeded Trolox, although its activity
was lower than its methyl ester derivative and the RvD2 compounds.

Figure 6. Decay curves for ORAC assay: Decay curves for different Resolvin samples (RvD1, RvD2,
and their methyl ester derivatives) and four controls including Trolox, Ascorbic acid, Quercetin, and
β-Carotene at different concentrations ranging from 0.625 to 20 µM.

The ranking of antioxidant capacity based on TE values can therefore be summa-
rized as:

Quercetin > RvD1 methyl ester > RvD2 methyl ester > RvD2 > RvD1 > Trolox >
Ascorbic acid > β-Carotene.
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Table 1. The Trolox Equivalent (TE) values antioxidant samples. Data represent mean ± SD (n = 3).

Antioxidant RvD1 RvD1
Methyl Ester RvD2 RvD2

Methyl Ester β-Carotene Quercetin Ascorbic
Acid Trolox

TE Value 1.22 ± 0.1 3.49 ± 0.3 1.38 ± 0.02 1.45 ± 0.05 0.56 ± 0.05 5.48 ± 0.13 0.65 ± 0.01 1

3.1.2. DPPH Assay

The DPPH assay was included to allow comparison with commonly used reference
antioxidants, despite its known limitations when applied to lipid mediators like Resolvins.
This assay relies on a direct electron- or hydrogen-donating mechanism and is generally
more suitable for small, hydrophilic antioxidants, while lipid-derived mediators often show
poor reactivity due to limited solubility and weak interaction with the DPPH radical. In
our DPPH assay, neither Resolvin D1 nor D2, including their methyl ester derivatives,
showed very low activity against the DPPH radical (not higher than 2.8%) for the highest
final concentration of 20 µM. This low reactivity may be attributed to their poor interac-
tion with the DPPH radical under the tested conditions. Extending the reaction time to
120 min did not result in a significant decrease in DPPH absorbance, further confirming the
absence of interaction. The results are summarized in Table 2. Trolox—used as a positive
control—exhibited radical scavenging percentage of 20.496% at 20 µM. The other controls
were also tested and, both Quercetin and Ascorbic acid demonstrated 42.75, and 13.24%
scavenging activity (at the highest tested concentration of 20 µM). However, surprisingly,
β-Carotene as a control showed lack of activity in scavenging DPPH radical.

Table 2. DPPH Radical Scavenging Activity of Resolvins and Controls at 20 µM concentration. Data
represent mean ± SD (n = 3).

Antioxidant RvD1 RvD1
Methyl Ester RvD2 RvD2

Methyl Ester β-Carotene Quercetin Ascorbic
Acid Trolox

% Inhibition 1.641 ± 0.6 1.998 ± 0.3 2.81 ± 0.8 1.408 ± 0.5 0.0 ± 0 42.75 ± 0.1 13.24 ± 0.3 20.496 ± 0.6

This lack of activity for β-Carotene is consistent with previous findings. For instance,
Müller et al. [41], reported the antioxidant activities of several carotenoids under standard-
ized conditions and surprisingly, neither the carotenes nor the xanthophylls showed any
DPPH radical scavenging activity. Taken together, these findings indicate that the DPPH
assay is not well suited for evaluating the antioxidant potential of lipid mediators such
as Resolvin D1, Resolvin D2, and their derivatives. Their minimal activity is most likely
attributable to limited electron-donating capacity and weak interaction with the DPPH
radical, rather than the absence of antioxidant properties. This underscores the necessity of
employing complementary antioxidant assays that are more compatible with lipid-derived
bioactive molecules.

3.1.3. FRAP Assay

The FRAP assay was employed to assess the electron-donating capacity of the tested
compounds via a single-electron transfer (SET) mechanism. While FRAP is widely used for
phenolic and water-soluble antioxidants, its applicability to lipid mediators is limited due
to structural and mechanistic constraints, including the requirement for efficient electron
transfer under acidic conditions. The FRAP assay evaluates antioxidant capacity by mea-
suring the ability of compounds to reduce the Fe3+-TPTZ (ferric-tripyridyltriazine) complex
to its Fe2+ form, which yields an intense blue color measurable at 593 nm [42]. FRAP
operates via a SET mechanism, offering complementary insight into the electron-donating
properties of antioxidant compounds [43,44]. All compounds were evaluated for their
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FRAP activity over a concentration range of 0.625–20 µM. The results reported in Table 3
reflect Fe2+ concentrations (µM) generated at the highest tested concentration (20 µM)
of each antioxidant, representing their maximal ferric-reducing capacity under the assay
conditions. Trolox and Ascorbic acid, used as positive controls, showed strong reducing
power with Fe2+ equivalent concentration of 229 ± 5.14 and 262 ± 5.46 µM, respectively,
confirming their well-established activities. Quercetin also demonstrated significant reduc-
ing abilities, yielding 618 ± 9.18 µM of Fe2+ equivalents. In contrast, β-Carotene displayed
only negligible antioxidant effects in this assay. Similarly, all Resolvin compounds—RvD1
(6.1 ± 0.32 µM), RvD1 methyl ester (7.5 ± 0.96 µM), RvD2 (5.9 ± 0.64 µM), and RvD2
methyl ester (9.7 ± 0.32 µM)—exhibited minimal ferric-reducing activity at all tested con-
centrations. While Trolox, Quercetin, and Ascorbic acid reacted almost instantaneously,
the Resolvin compounds and β-Carotene showed only a minimal increase in absorbance
over 30 min. Extending the incubation time to three hours did not result in any significant
increase in Fe2+ production, suggesting a genuine lack of reducing capability rather than
slow kinetics.

Table 3. Ferric-reducing antioxidant power (FRAP) of selected compounds at 20 µM concentra-
tion, expressed as Fe2+ equivalents (µM). Higher Fe2+ concentrations indicate stronger ferric reduc-
ing (antioxidant) activity. Resolvin compounds and β-Carotene showed minimal FRAP activity,
while Trolox, Quercetin, and Ascorbic acid exhibited higher reducing capacities. Values represent
mean ± standard deviation from three independent experiments. Data represent mean ± SD (n = 3).

Antioxidant RvD1 RvD1
Methyl Ester RvD2 RvD2

Methyl Ester β-Carotene Quercetin Ascorbic
Acid Trolox

Fe2+ Conc.
(µM) 6.1 ± 0.32 7.5 ± 0.96 5.9 ± 0.64 9.7 ± 0.32 1.5 ± 0.08 618 ± 9.18 262 ± 5.46 229 ± 5.14

Previous studies by Pulido et al. [45] reported that polyphenols, Trolox, Ascorbic acid,
Tannic acid, and several other antioxidants exhibited strong FRAP activity, whereas resver-
atrol showed minimal reducing power, and carotenoids such as β-Carotene and zeaxanthin
lacked ferric-reducing ability. In contrast, Müller et al. [41] demonstrated that several
carotenoids do possess FRAP activity, with lycopene exhibiting higher ferric-reducing
potential than even α-tocopherol. This activity was shown to be strongly dependent on the
extent of the conjugated double bond (CDB) system and the presence of hydroxyl groups,
with structural features such as the β-ionone ring and epoxidation further modulating
activity via steric or electronic effects [41]. The absence of measurable FRAP activity in
Resolvins may be attributed to their structural characteristics, which lack the extensive
conjugated π-electron systems typically required for effective electron transfer. Resolvins
also contain multiple C=C bonds, but they are not conjugated across the molecule. This
interrupted conjugation means “Resolvin radicals intermediate” cannot delocalize charge
over a large π-system. Moreover, the redox potential of a compound influences its ability to
reduce ferric ions. Since the redox potentials of RvD1, RvD2, and their derivatives are not
yet well characterized, further electrochemical studies are required to confirm whether their
inactivity is due to a fundamentally low electron-donating capability or an incompatibility
with the FRAP assay conditions (e.g., acidic pH, presence of organic solvents).

Overall, these results demonstrate that FRAP, like DPPH, is poorly suited for assessing
the antioxidant properties of lipid mediators such as Resolvins. Their minimal activity in
this assay should therefore be interpreted as a limitation of the assay methodology rather
than definitive evidence of low antioxidant potential.
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3.1.4. ABTS Assay

The ABTS antioxidant assay is a widely used method for evaluating the antioxidant
capacity of various substances, including plant extracts, food, clinical fluids [46]. This
technique involves the generation of the stable ABTS•+ radical cation, a blue-green chro-
mophore with absorption maxima at 734 nm. The radical cation is typically produced by
reacting ABTS with a strong oxidizing agent, such as potassium persulfate (K2S2O8) [43,46].
Once formed, ABTS•+ can be readily reduced by antioxidants, leading to a decrease in
absorbance at 734. The extent of decolorization, measured as a percentage inhibition of the
ABTS•+ radical cation, is directly proportional to the antioxidant activity of the sample [47].
Likewise, DPPH assay, the time of various antioxidants quenching ABTS•+ is different
because ABTS•+ could be quenched by both electron (fast) and hydrogen atom transfer
(slow). Our results revealed that ABTS•+ could be quenched very rapidly by Trolox with
an inhibition of 59.7% like Ascorbic acid with an inhibition percentage of 55.94% at the
tested concentration of 20 µM. Quercetin as another control showed a very high inhibition
of 92.41% (Figure 7a, Table 4). On the other hand, β-Carotene showed a moderate scaveng-
ing activity (22.27%, at 20 µM). Interestingly, among the tested Resolvins—RvD1, RvD2,
and their methyl ester derivatives—only RvD1 methyl ester exhibited notable antioxidant
activity, showing a scavenging capacity comparable to that of Trolox (Figure 7a, Table 4).
This result is particularly surprising, given that RvD1 methyl ester, like other Resolvins,
did not show any activity in the DPPH or FRAP assays. This result suggests that RvD1
methyl ester may possess a unique structural feature or mechanism that enables efficient
electron or hydrogen donation in the ABTS•+ assay, despite its lack of activity in two
previous antioxidant assays. Further investigation is warranted to elucidate the underlying
molecular interactions and to better understand their potential as a selective antioxidant in
biological systems.

(a) (b) 

Figure 7. ABTS assay for different Resolvin samples and controls: (a) Concentration-response graph
for ABTS•+ scavenging activity of all Resolvins and controls at 734 nm. (b) Absorbance of ABTS•+

solution mixed with antioxidants (20 µM) at different time. Data are presented as mean ± SD (n = 3).

Table 4. ABTS•+ scavenging activity of all samples and control at highest concentration (20 µM). Data
are presented as mean ± SD (n = 3).

Antioxidant RvD1 RvD1
Methyl Ester RvD2 RvD2

Methyl Ester β-Carotene Quercetin Ascorbic
Acid Trolox

% Inhibition 2.6% ± 1.8 55.3% ± 1.7 2.3% ± 1.1 5.7% ± 1.3 14.3% ± 10.5 92.4% ± 0.5 55.9% ± 2.3 59.7% ± 1.8
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All the above-mentioned observations are also calculated by the Trolox Equivalent
(TE) values (Table 5). Quercetin exhibited the highest TE value (3.65), indicating a much
stronger antioxidant capacity than Trolox (TE = 1.00). Ascorbic acid showed equivalent
antioxidant capacity to Trolox (TE = 1.01), while β-Carotene exhibited a moderate TE value
of 0.47. Among the Resolvins, RvD1 methyl ester showed the highest TE value (0.92),
suggesting moderate antioxidant capacity, whereas RvD1, RvD2, and RvD2 methyl ester
displayed very low TE values (0.02, 0.036, and 0.095, respectively), aligning with their weak
and slow ABTS•+ scavenging behavior observed in the kinetic study.

Table 5. The Trolox Equivalent (TE) values antioxidant samples.

Antioxidant RvD1 RvD1
Methyl Ester RvD2 RvD2 Methyl

Ester β-Carotene Quercetin Ascorbic
Acid Trolox

TE Value 0.02 ± 0.001 0.92 ± 0.02 0.036 ± 0.004 0.095 ± 0.001 0.47 3.65 1.01 1

These observations underscore the need to evaluate ABTS•+ quenching in a time-
dependent manner rather than relying solely on single-point measurements. Dong et al. [48]
suggested that ABTS•+ assay could be measured within 10 min to obtain a rough result;
however, full and accurate evaluation of antioxidant reactivity rather than capacity requires
recording ABTS•+ loss continuously during the whole reaction period. Hence, the ABTS•+

scavenging activity of all samples were determined under different reaction times. As
illustrated in Figure 7b, Trolox, Quercetin, and Ascorbic acid show a steep decline in
absorbance within the first few seconds, indicating fast and efficient ABTS•+ quenching. In
contrast, β-Carotene displays a shallow slope, reflecting its slow reaction kinetics. Among
the Resolvins, RvD1 methyl ester shows a relatively fast initial quenching followed by
a slower phase, suggesting a biphasic reaction. RvD2 and its methyl ester, as well as
RvD1, demonstrate lower scavenging activity, with minor changes in absorbance even after
extended reaction times, highlighting their weak radical quenching ability.

3.1.5. SOD Assay

The superoxide dismutase (SOD) assay is designed to quantify the ability of SOD
or SOD-like antioxidants to neutralize the superoxide radical (O2

−•), a ROS that con-
tributes to oxidative stress and cellular damage. This indirect assay utilizes the water-
soluble tetrazolium salt, WST-1 [2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt], which generates water-soluble formazan dye upon
reduction by superoxide anions [49]. In this system, xanthine oxidase catalyzes the oxida-
tion of xanthine to uric acid, producing superoxide as a byproduct. The rate of this reaction
is directly proportional to the antioxidant activity of samples since they can inhibit yellow
formazan formation by reducing the superoxide anion radical. By measuring the decrease
in color development at 440 nm, the SOD activity of samples can be quantified as an
inhibition rate. The mechanism of reduction of superoxide anion radicals by antioxidants
typically involves a single electron transfer (SET) reaction, where the antioxidant donates
an electron to neutralize the radical.

The results (Figure 8) indicate that Quercetin exhibited the strongest superoxide scav-
enging activity, showing a clear dose-dependent response across all tested concentrations.
This finding aligns with previous reports highlighting Quercetin’s highly efficient radical-
scavenging properties, which are attributed to its polyhydroxylated flavonoid structure
providing multiple active sites for electron donation. Trolox also demonstrated strong
superoxide scavenging activity, further validating the assay and confirming its role as a
reliable positive control. By contrast, Ascorbic acid displayed only modest inhibition at
lower concentrations, but at higher doses its scavenging activity became comparable to
that of Trolox. Although Ascorbic acid is widely recognized for its antioxidant potential,
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its weaker performance in this assay may be explained by its preferential reactivity to-
ward other radicals (such as hydroxyl or peroxyl) rather than superoxide. Furthermore,
β-Carotene exhibited negligible SOD-like activity across all concentrations, which can be
attributed to its poor solubility in aqueous systems and its lipophilic nature, limiting its
ability to interact effectively with the hydrophilic superoxide radical in the assay medium.

 
(a) (b) 

Figure 8. Principle and evaluation of SOD assay kit. (a) Schematic representation of the SOD assay
principle. Superoxide anions (O2

−•) are generated by the enzymatic reaction of xanthine and oxygen
in the presence of xanthine oxidase (XOD). These radicals reduce the tetrazolium salt WST-1 to a water-
soluble formazan dye (λ = 440 nm). Antioxidants inhibit this reduction by scavenging superoxide
radicals, leading to reduced absorbance. (b) SOD radical scavenging activity (% inhibition) of various
compounds, including RvD1, RvD1 methyl ester, RvD2, RvD2 methyl ester, Trolox, Ascorbic acid,
Quercetin, and β-Carotene at different concentrations (0.62–20 µM). Data are presented as mean ± SD
(n = 3).

Among the Resolvin samples, RvD1 methyl ester showed SOD-like activity, compara-
ble to Trolox. In contrast, RvD1, RvD2, and RvD2 methyl ester did not display measurable
SOD-like activity. This outcome is consistent with the ABTS assay results, where RvD1
methyl ester also demonstrated higher radical scavenging activity compared to the other
Resolvin derivatives. These findings suggest that structural modifications, such as ester-
ification, may enhance the radical scavenging properties of certain Resolvin derivatives,
highlighting the unique antioxidant potential of RvD1 methyl ester.

3.1.6. HRS Assay

This experiment was designed to investigate the antioxidant properties of RvD1,
RvD2, and their methyl ester using CuCl2 + H2O2-induced ROS generation in a cell-free
system, as described in our previous study [31]. This model allowed direct comparison
of their radical scavenging activities with established controls. As shown in Figure 9,
exposure to CuCl2/H2O2 markedly increased ROS generation in the control group. The
addition of RvD1, RvD1 methyl ester, RvD2, RvD2 methyl ester, Trolox, β-Carotene, and
Quercetin resulted in significant suppression of ROS formation, reducing ROS levels by
approximately 56%, 67%, 43%, 53%, 82%, 45%, and 88%, respectively. Among the tested
compounds, Quercetin exhibited the highest antioxidant efficacy, followed closely by
Trolox. In contrast, Ascorbic acid did not display a significant inhibitory effect under these
conditions, suggesting limited scavenging efficiency in this specific oxidative model.
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Figure 9. ROS induced by a CuCl2/H2O2 system were treated with RvD1, RvD2, their methyl esters,
and known antioxidant standards (Trolox, Ascorbic acid, β-Carotene, and Quercetin). The intensity
of ROS generation was quantified spectrophotometrically and expressed as a percentage relative to
the ROS control group. All tested compounds reduced ROS formation except Ascorbic acid. Data are
presented as mean ± SD (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001 (vs. CTL); • p < 0.05, � p < 0.01,
(vs. ROS), NS (not significant).

Based on the calculated radical scavenging percentage, the relative antioxidant capac-
ities can be ranked as follows: Quercetin > Trolox > RvD1 methyl ester > RvD1 > RvD2
methyl ester > β-Carotene > RvD2 > Ascorbic acid. Interestingly, the methyl ester deriva-
tives of both RvD1 and RvD2 demonstrated enhanced antioxidant capacity compared to
their acid forms, confirming other radical scavenging tests.

3.1.7. Evaluation of Hyaluronic Acid Oxidative Degradation
Agarose Gel Electrophoresis

In vivo, the limitation use of HA is attributed to its instability and susceptibility to
degradation by the attack of free radicals and the enzymatic action of HAase. To address
this, numerous chemical modification methods have been proposed to reduce the rate
of HA degradation and thus prolong its lifespan in the joint after injection. To further
elucidate the antioxidant properties of RvD1, RvD2, and their methyl ester derivatives,
their ability to protect HA from degradation induced by ROS was investigated. For this
purpose, high–molecular weight HA polymer was first incubated with each compound
and subsequently exposed to a pro-oxidant system composed of CuCl2 and H2O2 for
16 h. This combination generates hydroxyl radicals capable of cleaving HA chains, thereby
serving as a model to assess oxidative degradation. Following treatment, the extent of HA
degradation was analyzed by agarose gel electrophoresis, and the bands were visualized
using stain-all solution, a dye specific for glycosaminoglycans. This method enabled a
qualitative comparison of HA integrity among the different treatment groups.

As shown in Figure 10, the addition of RvD1, RvD2, and their methyl ester forms
attenuated CuCl2/H2O2-induced HA fragmentation, preserving the polymer’s structural
integrity relative to untreated samples. The protective effect observed suggests that these
compounds possess notable ROS-scavenging capability, preventing the oxidative break-
down of HA. Among the tested compounds, Quercetin, a well-known antioxidant, ex-
hibited the highest degree of protection, serving as a positive control and confirming the
reliability of the assay. These findings collectively support the hypothesis that RvD1 and
RvD2, along with their derivatives, exert antioxidant actions capable of mitigating oxidative
damage to extracellular matrix components such as HA.
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Figure 10. Evaluation of hyaluronic acid (HA) protection against reactive oxygen species (ROS)
by RvD1, RvD2, and their methyl esters using agarose gel electrophoresis. HA samples were
incubated with ROS in the presence or absence of Resolvins derivatives and antioxidant controls.
The electrophoresis image shows that RvD1, RvD2, and their methyl esters effectively protected HA
from degradation, maintaining a high molecular weight (HMW HA, low fragmentation). Similar
protective effects were observed with Trolox, β-Carotene, and Quercetin, whereas Ascorbic acid
exhibited moderate HA protection. In contrast, the HA + ROS sample (positive control) displayed
extensive degradation, corresponding to low molecular weight HA (LMW HA, high fragmentation)
migrating toward the bottom of the gel.

We are keeping in mind that the in vitro results are often not representative of the
results observed in vivo. This could be caused by the complexity of the natural biological
environment that is missing in vitro. Thus, this represents one of the inevitable limitations
of the present study. Our obtained data will be completed by investigating, in vitro, the
enzymatic conversion of Resolvins and their derivatives by eicosanoids oxidoreductase and
human liver microsomes as well as the biological activity of their metabolites. Furthermore,
the biological effects of the formulation of HA need to be investigated in our future studies,
including the expression of catabolic and inflammatory mediators in human cartilage
explants and isolated chondrocytes from OA patients. To mimic the in vivo situation,
additional in vitro experiments will be planned to explore the stability of HA mixed or not
with resolvins and incubated with serum or synovial fluid from OA patients.

In physiological and pathological conditions, a number of preclinical and clinical
studies will be performed in the future to determine, first, the biological effects of these
formulations, their physicochemical properties in a biological environment as well as their
biocompatibility, and second, to investigate the pharmacokinetic and pharmacodynam-
ics (PK/PD) properties of the chemical compounds and their effects on the stability of
HA. The findings will enable the use of these molecules to produce a next-generation
viscosupplement for the treatment of OA, featuring excellent biocompatibility, extremely
low toxicity, and efficacy in reducing oxidation and inflammation, while optimizing the
functionalization potential of existing HA.

Gel Permeation Chromatography

The degradation of HA under oxidative conditions was assessed to determine the
protective effects of RvD1, RvD2, and their methyl ester derivatives (Figure 11). GPC/SEC
chromatograms demonstrated a shift in retention volume and a drastic reduction in HA’s
molecular weight when incubated with CuCl2/H2O2 alone, confirming extensive oxidative
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degradation. Quantitative analysis of molecular weight parameters corroborated the
observations (Table 6). Specifically, the average molecular weight (Mw) of HA dropped
from 1,877,000 Da in control to only 19,221 Da upon exposure to CuCl2/H2O2, signifying
near-complete depolymerization. In contrast, the co-incubation with RvD1, RvD2, and their
methyl esters preserved within the 462,000–530,000 Da range, demonstrating substantial
protection against oxidative cleavage. Among the reference antioxidants, Trolox and β-
Carotene provided moderate protection, while Ascorbic acid exhibited relatively lower
efficacy. Quercetin, however, showed particularly significant results in radical scavenging.
Overall, these findings highlight the potent antioxidant activity of Resolvin derivatives
as promising adjuncts for improving the stability and therapeutic durability of HA-based
viscosupplements in OA.

Figure 11. GPC/SEC chromatograms and schematic illustration showing the protective effects of
Resolvin derivatives on HA degradation. The chromatograms compare molecular weight distribu-
tions of HA after oxidative stress induced by CuCl2/H2O2, with or without the presence of RvD1,
RvD2, and their methyl ester derivatives, as well as reference antioxidants (Trolox, Ascorbic acid,
β-Carotene, and Quercetin).

Table 6. Molecular weight parameters of HA after oxidative degradation with H2O2 in the absence
or presence of Resolvins and controls determined by GPC/SEC analysis. The table summarizes
retention volume (Vp), weight-average molecular weight (Mw), number-average molecular weight
(Mn), polydispersity index (Mw/Mn), and refractive index increment (dn/dc). The results indicate
that Resolvin derivatives, particularly their methyl ester forms, preserve HA molecular weight against
complete oxidative degradation.

Samples Vp
(mL)

Mw
(Da)

Mn
(Da)

Mw/Mn
(-)

dn/dc
(mL/mg)

HA 10.91 1,877,000 1,978,000 1.054 0.1292
HA + ROS 13.04 19,221 34,118 1.775 0.1126

HA/RvD1 + ROS 11.38 523,081 726,499 1.389 0.1086
HA/RvD1 methyl ester + ROS 11.38 490,951 681,433 1.388 0.1139

HA/RvD2 + ROS 11.46 466,835 634,524 1.359 0.1286
HA/RvD2 methyl ester + ROS 11.39 497,413 695,645 1.399 0.1123

HA/Trolox + ROS 11.35 588,214 800,961 1.362 0.1138
HA/Ascorbic acid + ROS 12.77 72,566 123,754 1.706 0.1117
HA/β-Carotene + ROS 11.38 478,483 668,886 1.398 0.1202
HA/Quercetin + ROS 11.03 1,034,000 1,282,000 1.240 0.1136
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Multiple antioxidant assays were conducted to provide a comprehensive evaluation of
Resolvins’ radical-scavenging potential. DPPH and FRAP showed no measurable activity,
likely due to limited solubility and weak electron transfer capacity of lipid mediators,
rather than absence of antioxidant potential. Therefore, these assays are not emphasized. In
contrast, activity was observed in ORAC, ABTS+, HRS, and SOD assays. RvD1 methyl ester
exhibited the strongest effects in ORAC and ABTS+ scavenging, as well as in SOD and HRS
assays. These results indicate selective antioxidant activity of Resolvins, particularly for
peroxyl radicals, ABTS+, and superoxide, with minimal electron transfer activity in DPPH
and FRAP assays.

Differences among RvD1, RvD2, and their methyl ester derivatives likely reflect
both intrinsic chemical reactivity and physicochemical properties, including solubility,
dispersion, and stability. The higher activity of methyl esters, especially RvD1 methyl
ester, may result from increased lipophilicity, better dispersion, and reduced ionization
or degradation. Weak responses in electron transfer assays appear assay-dependent, as
similar behavior was observed for β-carotene, underscoring mechanism-specific limitations
of DPPH and FRAP.

3.2. Hyaluronidase Enzyme Inhibition

HA, an abundant glycosaminoglycan in the extracellular matrix (ECM), is critical for
tissue hydration, viscoelasticity, and joint lubrication. In healthy tissue, HA homeostasis
is maintained by a tightly regulated balance between synthesis by HA synthases (HASs)
and degradation by HAases. Excessive HAase activity, however, accelerates HA turnover
and yields low-molecular-weight fragments that promote inflammation, cartilage break-
down, and pain—hallmarks of OA pathology [50]. In the context of intra-articular HA
injection for OA therapy, rapid enzymatic degradation of the injected polymer severely
limits residence time and clinical efficacy. Consequently, co-administration of HAase
inhibitors—including small-molecule antioxidants and targeted enzyme inhibitors—has
emerged as a promising strategy to stabilize HA in the joint space. By suppressing HAase
activity, these compounds prolong the half-life of therapeutic HA, enhance its chondropro-
tective and anti-inflammatory actions, and may improve patient outcomes in OA. In this
study, the inhibitory potency of RvD1, RvD2, and their methyl ester derivatives against
HAase was also evaluated using Morgan-Elson-based colorimetric assay, and their potential
to augment HA injection therapies in OA joints was discussed [51].

As shown in Figure 12, all Resolvin derivatives produced a modest but measurable
reduction in hyaluronidase activity in a concentration-dependent manner. At the highest
tested concentration (10 µM), inhibition ranged from approximately 15% to 21%, with
methyl ester derivatives showing slightly greater inhibition than their corresponding
free acid forms. However, the overall level of inhibition remained below 25% across all
compounds and concentrations tested. EGCG, which was selected as a reference compound
due to its widespread use as an antioxidant and hyaluronidase inhibitor control in the
literature, also exhibited limited inhibitory activity under the present assay conditions.

Overall, these results suggest that Resolvins exert partial inhibition of hyaluronidase
activity rather than acting as potent enzyme inhibitors at the tested concentrations and
pH. While the acidic pH used in this study maximizes enzymatic activity and assay sensi-
tivity, it does not fully reflect the physiological conditions of human joint tissues, where
hyaluronidase isoforms may operate at near-neutral pH and exhibit different kinetic be-
havior. Consequently, these results should be interpreted as a preliminary assessment
of hyaluronidase modulation, and further studies involving multiple enzyme isoforms,
physiological pH conditions will be required to define inhibitory potency and biological
relevance more definitively.
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Figure 12. Schematic representation and experimental analysis of HAase enzyme inhibition by
Resolvin compounds. (Top) Illustration of HA degradation by HAase, with Resolvin molecules
(RvD1, RvD2, and their methyl esters) acting as enzyme inhibitors that prevent the breakdown of HA.
(Bottom) Dose-dependent inhibition of HAase activity by RvD1, RvD2, their methyl ester derivatives,
and EGCG, as a control. Data represent mean ± SD (n = 2).

4. Conclusions
This study demonstrates that RvD1, RvD2, and—most notably—their methyl es-

ter derivatives exert dual protective actions on HA in vitro: (1) antioxidant-/radical-
scavenging activities and (2) inhibition of HA-degrading enzyme activity. Across mul-
tiple antioxidant assays, RvD1 methyl ester consistently showed the strongest activity
(e.g., an ORAC Trolox equivalent of 3.49 ± 0.30 and substantial ABTS- and SOD-like re-
sponses), whereas the RvD1 and RvD2 derivatives produced weaker, assay-dependent
effects. Functionally, co-incubation of HA with ROS plus Resolvin derivatives preserved
HA molecular weight in the 4.6 × 105–5.2 × 105 Da range compared with near-complete
depolymerization (≈1.9 × 104 Da) by ROS alone (positive control); similarly, Resolvin
methyl esters produced greater hyaluronidase inhibition (~20–21%) than the polyphenolic
control EGCG under the conditions tested. These results indicate that Resolvin derivatives
can both reduce oxidative fragmentation of HA and slow enzymatic degradation, two
important mechanisms that limit the residence time and performance of viscosupplementa-
tion. Although RvD1 and RvD2 are structural isomers, differences between them are likely
reflect both intrinsic chemical reactivity and physicochemical properties, including solubil-
ity, dispersion, and stability. The higher activity of methyl esters, especially RvD1 methyl
ester, may result from increased lipophilicity, better dispersion, and reduced ionization
or degradation.

While RvD1 methyl ester demonstrated antioxidant activity in our study, we acknowl-
edge that this effect is specific to certain radical scavenging mechanisms. Our data indicate
superior performance in assays governed by HAT and those targeting superoxide-related
species, rather than SET pathways. Consequently, the antioxidant capacity of RvD1 methyl
ester should not be interpreted as a universal radical-scavenging property, but rather as
a mechanism-specific intervention that may be particularly effective against oxidative
stressors prevalent in the joint environment, such as superoxide anions. Furthermore, our
in vitro results provide evidence that RvD derivatives can enhance HA stability against
oxidative and enzymatic degradation, we acknowledge the inherent limitations of using
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only chemical, acellular, and enzyme-based assays. Specifically, our current findings do
not fully address the complex biological milieu of the joint. Future research is required to
evaluate factors critical for clinical efficacy, including the resident time, cellular clearance
mechanisms, and in vivo pharmacokinetics of these derivatives. Our team is actively pur-
suing a dedicated study on these biological aspects, which will include assays, and these
results will be reported in a separate publication. Taken together, our findings provide
a positive preliminary answer to the central question of this study—whether Resolvin
D1, D2, and their methyl esters can enhance the efficacy of hya-luronic acid injections in
OA—while underscoring the need for further formulation and animal studies to confirm
their therapeutic potential.
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Abbreviations
The following abbreviations are used in this manuscript:

5-LOX 5-Lipoxygenase
15-LOX 15-Lipoxygenase
AANP N-Succinyl-Ala-Ala-Pro-pNA
AAPH 2,2′-Azobis(2-methylpropionamidine) dihydrochloride
ABTS 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
AUC Area Under the Curve
β-Carotene Beta-Carotene
CaCl2 Calcium chloride
CuCl2 Copper (II) chloride
DCFH-DA 2′,7′-Dichlorodihydrofluorescein diacetate
DHA Docosahexaenoic acid
DPPH 2,2-Diphenyl-1-picrylhydrazyl
ECM Extracellular Matrix
EGCG Epigallocatechin gallate
EPA Eicosapentaenoic acid
FL/NaFluo Fluorescein (sodium salt)
FRAP Ferric Reducing Antioxidant Power
GPC Gel Permeation Chromatography
HA Hyaluronic Acid
HAases Hyaluronidases
HASs Hyaluronan Synthases
HMW HA High Molecular Weight Hyaluronic Acid
HNE Human Neutrophil Elastase
HRS Hydroxyl Radical Scavenging
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H2O2 Hydrogen peroxide
HYBID Hyaluronan-binding protein involved in hyaluronan depolymerization
IC50 Half-maximal inhibitory concentration
LMW HA Low Molecular Weight Hyaluronic Acid
Mn Number-average molecular weight
Mw Weight-average molecular weight
OA Osteoarthritis
ORAC Oxygen Radical Absorbance Capacity
PBS Phosphate-Buffered Saline
PEG Poly (ethylene glycol)
PPE Porcine Pancreatic Elastase
RI Refractive Index
RFU Relative Fluorescence Units
ROS Reactive Oxygen Species
RvD1 Resolvin D1
RvD2 Resolvin D2
RvDs Resolvin D series
RvEs Resolvin E series
SOD Superoxide Dismutase
SEC Size Exclusion Chromatography
SPMs Specialized Pro-resolving lipid Mediators
TBE Tris-borate–EDTA buffer
TE Trolox Equivalent
Trolox (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
UV-Vis Ultraviolet–visible spectrophotometry
WST/WST-1 Water-Soluble Tetrazolium Salt
XOD Xanthine Oxidase
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12. Toropitsyn, E.; Pravda, M.; Rebenda, D.; Ščigalková, I.; Vrbka, M.; Velebný, V. A composite device for viscosupplementation
treatment resistant to degradation by reactive oxygen species and hyaluronidase. J. Biomed. Mater. Res. Part B Appl. Biomater. 2022,
110, 2595–2611. [CrossRef]

13. Park, J.; Park, H.J.; Rho, M.C.; Joo, J. Viscosupplementation in the Therapy for Osteoarthritic Knee. Appl. Sci. 2021, 11, 11621.
[CrossRef]

14. Peck, J.; Slovek, A.; Miro, P.; Vij, N.; Traube, B.; Lee, C.; Berger, A.A.; Kassem, H.; Kaye, A.D.; Sherman, W.F.; et al. A
comprehensive review of viscosupplementation in osteoarthritis of the knee. Orthop. Rev. 2021, 13, 25549. [CrossRef] [PubMed]

15. Chavda, S.; Rabbani, S.A.; Wadhwa, T. Role and effectiveness of intra-articular injection of hyaluronic acid in the treatment of
knee osteoarthritis: A systematic review. Cureus 2022, 14, e24503. [CrossRef]

16. Bowman, S.; Awad, M.E.; Hamrick, M.W.; Hunter, M.; Fulzele, S. Recent advances in hyaluronic acid based therapy for
osteoarthritis. Clin. Transl. Med. 2018, 7, 6. [CrossRef] [PubMed]

17. Marinho, A.; Nunes, C.; Reis, S. Hyaluronic Acid: A Key Ingredient in the Therapy of Inflammation. Biomolecules 2021, 11, 1518.
[CrossRef] [PubMed]

18. DeMoya, C.D.; Joenathan, A.; Lawson, T.B.; Felson, D.T.; Schaer, T.P.; Bais, M.; Albro, M.B.; Mäkelä, J.; Snyder, B.D.; Grinstaff,
M.W. Advances in viscosupplementation and tribosupplementation for early-stage osteoarthritis therapy. Nat. Rev. Rheumatol.
2024, 20, 432–451. [CrossRef]

19. Gonzales, G.; Zauscher, S.; Varghese, S. Progress in the design and synthesis of viscosupplements for articular joint lubrication.
Curr. Opin. Colloid Interface Sci. 2023, 66, 101708. [CrossRef]

20. McElheny, K.; Toresdahl, B.; Ling, D.; Mages, K.; Asif, I. Comparative Effectiveness of Alternative Dosing Regimens of Hyaluronic
Acid Injections for Knee Osteoarthritis: A Systematic Review. Sports Health 2019, 11, 461–466. [CrossRef] [PubMed]

21. Belzile, E.L.; Deakon, R.T.; Vannabouathong, C.; Bhandari, M.; Lamontagne, M.; McCormack, R. Cost-Utility of a Single-Injection
Combined Corticosteroid-Hyaluronic Acid Formulation vs a 2-Injection Regimen of Sequential Corticosteroid and Hyaluronic
Acid Injections. Clin. Med. Insights Arthritis Musculoskelet. Disord. 2017, 10, 1179544117712993. [CrossRef] [PubMed]

22. McCormack, R.; Lamontagne, M.; Vannabouathong, C.; Deakon, R.T.; Belzile, E.L. Comparison of the 3 Different Injection Tech-
niques Used in a Randomized Controlled Study Evaluating a Cross-Linked Sodium Hyaluronate Combined with Triamcinolone
Hexacetonide (Cingal) for Osteoarthritis of the Knee: A Subgroup Analysis. Clin. Med. Insights Arthritis Musculoskelet. Disord.
2017, 10, 1179544117725026. [CrossRef] [PubMed]

23. Ji, X.; Liu, J.; Liang, J.; Feng, X.; Liu, X.; Wang, Y.; Chen, X.; Qu, G.; Yan, B.; Liu, R. The hidden diet: Synthetic antioxidants in
packaged food and their impact on human exposure and health. Environ. Int. 2024, 186, 108613. [CrossRef] [PubMed]

24. Valente, M.; Dentoni, M.; Bellizzi, F.; Kuris, F.; Gigli, G.L. Specialized Pro-Resolving Mediators in Neuroinflammation: Overview
of Studies and Perspectives of Clinical Applications. Molecules 2022, 27, 4836. [CrossRef]

25. Basil, M.C.; Levy, B.D. Specialized pro-resolving mediators: Endogenous regulators of infection and inflammation. Nat. Rev.
Immunol. 2016, 16, 51–67. [CrossRef]

26. Ferreira, I.; Falcato, F.; Bandarra, N.; Rauter, A.P. Resolvins, Protectins, and Maresins: DHA-Derived Specialized Pro-Resolving
Mediators, Biosynthetic Pathways, Synthetic Approaches, and Their Role in Inflammation. Molecules 2022, 27, 1677. [CrossRef]

27. Bannenberg, G.L. Therapeutic Applicability of Anti-Inflammatory and Proresolving Polyunsaturated Fatty Acid-Derived Lipid
Mediators. Sci. World J. 2010, 10, 127407. [CrossRef] [PubMed]

28. Julliard, W.A.; Myo, Y.P.A.; Perelas, A.; Jackson, P.D.; Thatcher, T.H.; Sime, P.J. Specialized pro-resolving mediators as modulators
of immune responses. Semin. Immunol. 2022, 59, 101605. [CrossRef] [PubMed]

29. Lopategi, A.; Flores-Costa, R.; Rius, B.; López-Vicario, C.; Alcaraz-Quiles, J.; Titos, E.; Clària, J. Frontline Science: Specialized
proresolving lipid mediators inhibit the priming and activation of the macrophage NLRP3 inflammasome. J. Leukoc. Biol. 2019,
105, 25–36. [CrossRef] [PubMed]

30. Hellmann, J.; Sansbury, B.E.; Wong, B.; Li, X.; Singh, M.; Nuutila, K.; Chiang, N.; Eriksson, E.; Serhan, C.N.; Spite, M. Biosynthesis
of D-Series Resolvins in Skin Provides Insights into Their Role in Tissue Repair. J. Investig. Dermatol. 2018, 138, 2051–2060.
[CrossRef]

31. Kariminezhad, Z.; Rahimi, M.; Fernandes, J.; Maltais, R.; Sancéau, J.-Y.; Poirier, D.; Fahmi, H.; Benderdour, M. Development of
New Resolvin D1 Analogues for Osteoarthritis Therapy: Acellular and Computational Approaches to Study Their Antioxidant
Activities. Antioxidants 2024, 13, 386. [CrossRef] [PubMed]

32. Goldschmidt, S.; Renn, K. Zweiwertiger Stickstoff: Über das α, α-Diphenyl-β-trinitrophenyl-hydrazyl. (IV. Mitteilung über
Amin-Oxydation). Berichte Der Dtsch. Chem. Ges. (A B Ser.) 1922, 55, 628–643. [CrossRef]

33. Blois, M.S. Antioxidant Determinations by the Use of a Stable Free Radical. Nature 1958, 181, 1199–1200. [CrossRef]
34. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.

Anal. Biochem. 1996, 239, 70–76. [CrossRef]
35. van den Berg, R.; Haenen, G.R.M.M.; van den Berg, H.; Bast, A. Applicability of an improved Trolox equivalent antioxidant

capacity (TEAC) assay for evaluation of antioxidant capacity measurements of mixtures. Food Chem. 1999, 66, 511–517. [CrossRef]

https://doi.org/10.3390/antiox15020163

https://doi.org/10.1002/jbm.b.35114
https://doi.org/10.3390/app112411621
https://doi.org/10.52965/001c.25549
https://www.ncbi.nlm.nih.gov/pubmed/34745480
https://doi.org/10.7759/cureus.24503
https://doi.org/10.1186/s40169-017-0180-3
https://www.ncbi.nlm.nih.gov/pubmed/29450666
https://doi.org/10.3390/biom11101518
https://www.ncbi.nlm.nih.gov/pubmed/34680150
https://doi.org/10.1038/s41584-024-01125-5
https://doi.org/10.1016/j.cocis.2023.101708
https://doi.org/10.1177/1941738119861545
https://www.ncbi.nlm.nih.gov/pubmed/31340715
https://doi.org/10.1177/1179544117712993
https://www.ncbi.nlm.nih.gov/pubmed/28638242
https://doi.org/10.1177/1179544117725026
https://www.ncbi.nlm.nih.gov/pubmed/28839449
https://doi.org/10.1016/j.envint.2024.108613
https://www.ncbi.nlm.nih.gov/pubmed/38555663
https://doi.org/10.3390/molecules27154836
https://doi.org/10.1038/nri.2015.4
https://doi.org/10.3390/molecules27051677
https://doi.org/10.1100/tsw.2010.57
https://www.ncbi.nlm.nih.gov/pubmed/20419279
https://doi.org/10.1016/j.smim.2022.101605
https://www.ncbi.nlm.nih.gov/pubmed/35660338
https://doi.org/10.1002/JLB.3HI0517-206RR
https://www.ncbi.nlm.nih.gov/pubmed/29601102
https://doi.org/10.1016/j.jid.2018.03.1498
https://doi.org/10.3390/antiox13040386
https://www.ncbi.nlm.nih.gov/pubmed/38671833
https://doi.org/10.1002/cber.19220550308
https://doi.org/10.1038/1811199a0
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/S0308-8146(99)00089-8
https://doi.org/10.3390/antiox15020163


Antioxidants 2026, 15, 163 24 of 24

36. Floegel, A.; Kim, D.-O.; Chung, S.-J.; Koo, S.I.; Chun, O.K. Comparison of ABTS/DPPH assays to measure antioxidant capacity in
popular antioxidant-rich US foods. J. Food Compos. Anal. 2011, 24, 1043–1048. [CrossRef]

37. Kaessler, A.; Nourrisson, M.-R.; Duflos, M.; Jose, J. Indole carboxamides inhibit bovine testes hyaluronidase at pH 7.0 and indole
acetamides activate the enzyme at pH 3.5 by different mechanisms. J. Enzym. Inhib. Med. Chem. 2008, 23, 719–727. [CrossRef]
[PubMed]

38. Christodoulou, M.C.; Orellana Palacios, J.C.; Hesami, G.; Jafarzadeh, S.; Lorenzo, J.M.; Domínguez, R.; Moreno, A.; Hadidi, M.
Spectrophotometric Methods for Measurement of Antioxidant Activity in Food and Pharmaceuticals. Antioxidants 2022, 11, 2213.
[CrossRef]

39. Chen, L.L.; Wang, S.Q. From the bottle to the skin: Challenges in evaluating antioxidants. Photodermatol. Photoimmunol. Photomed.
2012, 28, 228–234. [CrossRef]

40. Eghbaliferiz, S.; Iranshahi, M. Prooxidant Activity of Polyphenols, Flavonoids, Anthocyanins and Carotenoids: Updated Review
of Mechanisms and Catalyzing Metals. Phytother. Res. 2016, 30, 1379–1391. [CrossRef]

41. Müller, L.; Fröhlich, K.; Böhm, V. Comparative antioxidant activities of carotenoids measured by ferric reducing antioxidant
power (FRAP), ABTS bleaching assay (αTEAC), DPPH assay and peroxyl radical scavenging assay. Food Chem. 2011, 129, 139–148.
[CrossRef]

42. Benzie, I.F.F.; Devaki, M. The ferric reducing/antioxidant power (FRAP) assay for non-enzymatic antioxidant capacity: Concepts,
procedures, limitations and applications. In Measurement of Antioxidant Activity & Capacity; John Wiley & Sons Ltd.: Hoboken, NJ,
USA, 2018; pp. 77–106. [CrossRef]

43. Munteanu, I.G.; Apetrei, C. Analytical Methods Used in Determining Antioxidant Activity: A Review. Int. J. Mol. Sci. 2021, 22,
3380. [CrossRef] [PubMed]

44. Lang, Y.; Gao, N.; Zang, Z.; Meng, X.; Lin, Y.; Yang, S.; Yang, Y.; Jin, Z.; Li, B. Classification and antioxidant assays of polyphenols:
A review. J. Future Foods 2024, 4, 193–204. [CrossRef]

45. Pulido, R.; Bravo, L.; Saura-Calixto, F. Antioxidant activity of dietary polyphenols as determined by a modified ferric reduc-
ing/antioxidant power assay. J. Agric. Food Chem. 2000, 48, 3396–3402. [CrossRef] [PubMed]

46. Cano, A.; Maestre, A.B.; Hernández-Ruiz, J.; Arnao, M.B. ABTS/TAC Methodology: Main Milestones and Recent Applications.
Processes 2023, 11, 185. [CrossRef]

47. Kut, K.; Cieniek, B.; Stefaniuk, I.; Bartosz, G.; Sadowska-Bartosz, I. A Modification of the ABTS• Decolorization Method and an
Insight into Its Mechanism. Processes 2022, 10, 1288. [CrossRef]

48. Dong, J.-W.; Cai, L.; Xing, Y.; Yu, J.; Ding, Z.-T. Re-evaluation of ABTS•+ assay for total antioxidant capacity of natural products.
Nat. Prod. Commun. 2015, 10, 1934578X1501001239. [CrossRef]

49. Peskin, A.V.; Winterbourn, C.C. Assay of superoxide dismutase activity in a plate assay using WST-1. Free Radic. Biol. Med. 2017,
103, 188–191. [CrossRef] [PubMed]

50. Kobayashi, T.; Chanmee, T.; Itano, N. Hyaluronan: Metabolism and Function. Biomolecules 2020, 10, 1525. [CrossRef] [PubMed]
51. Bhatti, M.Z.; Karim, A. A Promising Source of Hyaluronidase Enzyme Inhibitors. In Extracellular Matrix: Developments and

Therapeutics; IntechOpen: London, UK, 2021; p. 135.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox15020163

https://doi.org/10.1016/j.jfca.2011.01.008
https://doi.org/10.1080/14756360802208152
https://www.ncbi.nlm.nih.gov/pubmed/18821259
https://doi.org/10.3390/antiox11112213
https://doi.org/10.1111/j.1600-0781.2012.00674.x
https://doi.org/10.1002/ptr.5643
https://doi.org/10.1016/j.foodchem.2011.04.045
https://doi.org/10.1002/9781119135388.ch5
https://doi.org/10.3390/ijms22073380
https://www.ncbi.nlm.nih.gov/pubmed/33806141
https://doi.org/10.1016/j.jfutfo.2023.07.002
https://doi.org/10.1021/jf9913458
https://www.ncbi.nlm.nih.gov/pubmed/10956123
https://doi.org/10.3390/pr11010185
https://doi.org/10.3390/pr10071288
https://doi.org/10.1177/1934578X1501001239
https://doi.org/10.1016/j.freeradbiomed.2016.12.033
https://www.ncbi.nlm.nih.gov/pubmed/28017897
https://doi.org/10.3390/biom10111525
https://www.ncbi.nlm.nih.gov/pubmed/33171800
https://doi.org/10.3390/antiox15020163

	Introduction 
	Materials and Methods 
	Materials 
	Antioxidant Activity Assays 
	Oxygen Radical Absorbance Capacity (ORAC) Assay 
	2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay 
	Ferric Reducing Antioxidant Power (FRAP) Assay 
	2,2-Azobis(2-amidinopropane) Dihydrochloride (ABTS) Assay 
	Superoxide Dismutase (SOD) Assay 
	Hydroxyl Radical Scavenging (HRS) Assay 
	Hyaluronic Acid Degradation Study by Agarose Electrophoresis 
	Hyaluronic Acid Analysis by Gel Permeation Chromatography 
	Anti-Hyaluronidase Assay 


	Results and Discussions 
	Antioxidants and Radical Scavenging Activities of Resolvin Derivatives 
	ORAC Assay 
	DPPH Assay 
	FRAP Assay 
	ABTS Assay 
	SOD Assay 
	HRS Assay 
	Evaluation of Hyaluronic Acid Oxidative Degradation 

	Hyaluronidase Enzyme Inhibition 

	Conclusions 
	References

