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Abstract: Hyaluronic acid (Hy) is a natural linear polymer that is widely distributed in different
organisms, especially in the articular cartilage and the synovial fluid. During tissue injury due to
oxidative stress, Hy plays an important protective role. All the beneficial properties of Hy make the
polymer attractive for many biomedical uses; however, the low stability and short biological half-life
limit Hy application. To overcome these problems, the addition of small antioxidant molecules to
Hy solution has been employed to protect the molecular integrity of Hy or delay its degradation.
Carnosine (β-alanyl-L-histidine, Car) protects cells from the damage due to the reactive species
derived from oxygen (ROS), nitrogen (RNS) or carbonyl groups (RCS). Car inhibits the degradation
of hyaluronan induced by free radical processes in vitro but, like Hy, the potential protective action
of Car is drastically hampered by the enzymatic hydrolysis in vivo. Recently, we conjugated Hy to
Car and the derivatives (HyCar) showed protective effects in experimental models of osteoarthritis
and rheumatoid arthritis in vivo. Here we report the antioxidant activity exerted by HyCar against
ROS, RNS and RCS. Moreover, we tested if the covalent conjugation between Hy and Car inhibits
the enzymatic hydrolysis of the polymer and the dipeptide backbone. We found that the antioxidant
properties and the resistance to the enzymatic hydrolysis of Hy and Car are greatly improved by
the conjugation.

Keywords: hyaluronan; carnosine; antioxidant; enzymatic hydrolysis

1. Introduction

The redox homeostasis in healthy cells and tissues is guaranteed by the balance
between the production of oxidants and antioxidant agents; this equilibrium hinders the
damage to biological systems caused by oxidative stress, which involves reactive species
derived from oxygen (ROS) and nitrogen (RNS) [1–3]. These species not only contribute to
oxidative stress but can also act as signaling agents [4]. The weak oxidant O2

•− participates
in RNS generation as a precursor of ONOO− formation, whereas the nitric oxide (NO)-
derived reactive species are formed mainly from L-arginine and NO synthase (NOS)
reactions [5]. The ROS-induced peroxidation of lipids generates several reactive carbonyl
species (RCS), including malondialdehydes, methylglyoxal, 4-hydroxy-trans-2-nonenal
and acrolein [6,7]. To improve our understanding of oxidative stress phenomena, the need
to consider ROS, RNS and RCS together has been highlighted [8]. The term reactive species
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interactome (RSI) has been recently coined to denote the dynamic interactions between
reactive species and downstream biological targets [9].

Redox dyshomeostasis leads to many degenerative disorders [10,11] even though
organisms have developed enzymatic [12,13] and non-enzymatic molecules to defend
against oxidative stress [14]. Diverse non-enzymatic processes give raise to RCS by ox-
idative stress inducing amino acid changes and protein glycation through the reduction
of carbohydrates [6]. The formation of advanced glycation products (AGE) [15] is mainly
involved in the development of neurodegenerative disorders [16].

An important physiological molecule that could be damaged through oxidative stress
is hyaluronic acid (Hy). This is a natural polymer characterized by repeated disaccharide
units of D-glucuronic acid and N-acetyl-D-glucosamine, linked by alternating β-1,3 and
β-1,4 glycosidic bonds [17,18]. It belongs to the glycosaminoglycan heteropolysaccharides,
which are the main components of the extracellular matrix (ECM) [19] and is physiologically
present in the articular cartilage and the synovial fluid [20]. Hy is synthesized by hyaluro-
nan synthases that exist as three isoforms in humans [21–24]. Hy polymers with High Molec-
ular Weight (HMW) are present in healthy tissues, while low MW polymeric forms promote
different injuries [25,26]. The physiological degradation of HMW Hy (6000–7000 kDa) into
Low MW (LMW) Hy (500–1000 kDa) [27] is due to hyaluronidases [28,29]. Hy behaves as a
polyelectrolyte [30] and an extracellular lubricant [31]. Moreover, the interactions of Hy
with ECM molecules and cell surface receptors give raise to the signaling effects [19,32,33]
that are mainly regulated by hyaladherins [34–36].

The important action of Hy during tissue injury (anti-inflammatory, immunomodula-
tory, anti-proliferative, anti-diabetic, anti-aging, wound healing and tissue regeneration,
skin repair, and cosmetic properties), makes the polymer attractive for biomedical applica-
tions [37–39]. Furthermore, Hy represents a carrier of great interest due to its features, such
as: (i) biodegradability, (ii) biocompatibility, (iii) non-immunogenicity, (iv) ease of chemical
modification, (v) high hydrophilicity, and (vi) its exclusive rheological behavior [40,41].
However, its low stability and short biological half-life limit its application; in addition,
reactive oxidative radical species may both inhibit the Hy biosynthesis and induce the
depolymerization of the already biosynthesized Hy polymers [42–45]. To overcome these
problems, small antioxidant molecules have been employed in a mixture with Hy to protect
its molecular integrity and inhibit its degradation [46,47]. The synthesis of bioconjugates
of this natural polymer with protective moiety has been also performed to improve Hy
stability and obtain derivatives with better performance properties [48–50].

Carnosine (β-alanyl-L-histidine, Car) induces significant protective and biological
activities of Hy when it is mixed or covalently conjugated to the polymer [47,51]. This
natural dipeptide [52] is primarily found in skeletal muscle, but it is also present at millimo-
lar concentrations in the olfactory bulb of mammals [53]. Car protects cells from damage
promoted by ROS, RNS and RCS [54–57] by quenching these harmful species [58–60].
Car shows different protective abilities in vitro and in vivo [61–67], but the mechanism
of action is not entirely understood. However, the potential protective action of Car is
drastically hampered by the hydrolysis due to serum [68,69] and tissue [70,71] carnosinase
enzymes. Conversely, the Car conjugation with different polysaccharides inhibits the
dipeptide hydrolysis [72–75].

Recently, we conjugated Hy to Car and the derivatives (HyCar) showed protective
effects in experimental models of osteoarthritis and rheumatoid arthritis in vivo [51,76].
Moreover, HyCar inhibits the self-induced aggregation and the oligomer-promoted toxicity
of amyloid-β [48], whose dyshomeostasis is involved in the onset and progression of
Alzheimer’s disease [77]. Here we report the antioxidant activity exerted by some HyCar
derivatives (Figure 1) against ROS, RNS and RCS. Moreover, we tested if the covalent
conjugation between Hy and Car inhibits the enzymatic hydrolysis of the polymer and the
dipeptide backbone. We found that the antioxidant properties and the resistance to the
enzymatic hydrolysis of Hy and Car are greatly improved by the conjugation.



Antioxidants 2022, 11, 664 3 of 18Antioxidants 2022, 11, x FOR PEER REVIEW 3 of 18 
 

 

Figure 1. Schematic structure the HyCar derivatives. The n and m are the average number of repeat 

units conjugated or not to Car, respectively. 

2. Materials and Methods 

Commercially available reagents were purchased from Sigma-Aldrich (Milan, Italy), 

unless otherwise noted. Hyaluronidase Grade I (HyAse) and carnosinase were obtained 

from AppliChem and Origene, respectively. The absorbance and fluorescence measure-

ments were carried out by using a multi-well plate reader (Varioskan Flash, Thermo 

Fisher, Milan, Italy). 

HyCar derivatives were previously synthesized [48]. The starting Hy MW was 200 

kDa, and the final Car loading percentage ranged from 7% to 35% (HyCar7 and HyCar35, 

respectively). The chemical conjugation between Hy and Car was proved by NMR stud-

ies, and other molecular information (molecular weight distribution and intrinsic viscos-

ity) was also obtained [48]. 

2.1. Hyaluronidase-Mediated Digestion 

The enzymatic reaction due to the hyaluronidase action was performed in formic 

acid/formate buffer (0.1 M, pH 4.0). The reaction mixture, containing Hy or HyCar deriv-

atives (10 µM), HyAse (100–1000 U/mL) and BSA (0.5 mg/mL), was incubated at 37 °C for 

24 h. The samples were heated at 90 °C for 4 min to inhibit the enzymatic reaction; after 

cooling at room temperature, they were analyzed by Liquid chromatography coupled to 

Mass Spectrometry (LC-MS) and/or assayed to determine the extent of the hydrolysis pro-

cess, as previously reported [78]. The samples were diluted 1:1 with an aqueous solution 

of sodium tetraborate (Na2B4O7, 0.4 M) and heated to 90 °C for 3 min. The mixed solutions 

were then diluted 1:4 with 4-(Dimethylamino)benzaldehyde (DMAB, 25 mg/mL in 

CH3COOH:HCl, 99:1, v/v). After 20 min at 37 °C, the absorbance of all the samples was 

measured at 546 and 585 nm. 

2.2. Carnosinase-Mediated Hydrolysis 

The resistance of the HyCar to the enzymatic digestion mediated by carnosinase was 

assayed as previously reported [48]. Briefly, the HyCar derivatives (10 µM) were incu-

bated in Tris/HCl buffer (50 mM, pH 8.0) at 37 °C with carnosinase [71]. Several aliquots 

were removed after 5, 10, 30, 60 and 90 h, and the enzymatic reaction was stopped upon 

addition of trichloroacetic acid (TCA). The amount of released histidine was quantified by 

means of a fluorogenic assay [79] adapted to detection on multi-well plates [80]. 

2.3. LC-MS Measurements 

LC-MS analyses were performed by ultra-high performance liquid chromatography 

(UHPLC)-high resolution mass spectrometry (HRMS). The instruments were composed 

by Ultimate 3000 HPLC RSLCnano system (Dionex Thermo Scientific, Milan, Italy) cou-

pled to Q-Exactive (Thermo Scientific, Milan, Italy) as the detector, a hybrid quadrupole-

O

O

O

NH

O
OH

OH

O

OH

OH

OOH

CH3

O

O
OH

NH

O
OH

OH

O

OH

OH

ONH

CH3

O

NHO

OH

O

N
H

N

H

nm

Figure 1. Schematic structure the HyCar derivatives. The n and m are the average number of repeat
units conjugated or not to Car, respectively.

2. Materials and Methods

Commercially available reagents were purchased from Sigma-Aldrich (Milan, Italy),
unless otherwise noted. Hyaluronidase Grade I (HyAse) and carnosinase were obtained
from AppliChem and Origene, respectively. The absorbance and fluorescence measure-
ments were carried out by using a multi-well plate reader (Varioskan Flash, Thermo Fisher,
Milan, Italy).

HyCar derivatives were previously synthesized [48]. The starting Hy MW was 200 kDa,
and the final Car loading percentage ranged from 7% to 35% (HyCar7 and HyCar35,
respectively). The chemical conjugation between Hy and Car was proved by NMR studies,
and other molecular information (molecular weight distribution and intrinsic viscosity)
was also obtained [48].

2.1. Hyaluronidase-Mediated Digestion

The enzymatic reaction due to the hyaluronidase action was performed in formic
acid/formate buffer (0.1 M, pH 4.0). The reaction mixture, containing Hy or HyCar
derivatives (10 µM), HyAse (100–1000 U/mL) and BSA (0.5 mg/mL), was incubated at
37 ◦C for 24 h. The samples were heated at 90 ◦C for 4 min to inhibit the enzymatic
reaction; after cooling at room temperature, they were analyzed by Liquid chromatography
coupled to Mass Spectrometry (LC-MS) and/or assayed to determine the extent of the
hydrolysis process, as previously reported [78]. The samples were diluted 1:1 with an
aqueous solution of sodium tetraborate (Na2B4O7, 0.4 M) and heated to 90 ◦C for 3 min.
The mixed solutions were then diluted 1:4 with 4-(Dimethylamino)benzaldehyde (DMAB,
25 mg/mL in CH3COOH:HCl, 99:1, v/v). After 20 min at 37 ◦C, the absorbance of all the
samples was measured at 546 and 585 nm.

2.2. Carnosinase-Mediated Hydrolysis

The resistance of the HyCar to the enzymatic digestion mediated by carnosinase was
assayed as previously reported [48]. Briefly, the HyCar derivatives (10 µM) were incubated
in Tris/HCl buffer (50 mM, pH 8.0) at 37 ◦C with carnosinase [71]. Several aliquots were
removed after 5, 10, 30, 60 and 90 h, and the enzymatic reaction was stopped upon addition
of trichloroacetic acid (TCA). The amount of released histidine was quantified by means of
a fluorogenic assay [79] adapted to detection on multi-well plates [80].

2.3. LC-MS Measurements

LC-MS analyses were performed by ultra-high performance liquid chromatography
(UHPLC)-high resolution mass spectrometry (HRMS). The instruments were composed by
Ultimate 3000 HPLC RSLCnano system (Dionex Thermo Scientific, Milan, Italy) coupled to
Q-Exactive (Thermo Scientific, Milan, Italy) as the detector, a hybrid quadrupole-Orbitrap
mass spectrometer. The chromatographic column (C18, 150 µm × 15 cm, 200 Å) was
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connected to the detector through an EASY-Spray source (Thermo Scientific, Milan, Italy).
The flow rate was 300 nL/min and the sample components were separated by using a
linear gradient (20 min) between water (eluent A) and water:acetonitrile 20:80 (eluent B).
All the mass spectra were acquired in negative mode. All the other MS parameters were
set up as previously reported [81]. The MS spectra were deconvoluted by using MagTran
software [82]. Full scan (MS) and tandem (MS/MS) spectra were used to identify the
hydrolytic fragments of both Hy and HyCar derivatives.

2.4. Antioxidant Assay

The decoloration assay of the 2,2′-azinobis(ethylbenzothiazoline-6-sulphonic acid)
radical cation (ABTS) [83] was adapted for using a microplate reader (Varioskan Flash,
Thermo, Milan, Italy). ABTS (7 mM) was dissolved in water with potassium persulphate
(2.5 mM). The mixture was kept at room temperature in the dark for 12–16 h. The stock
solution was diluted to obtain an absorbance value close to 0.7 at 734 nm on the plate
reader. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) (0–600 µM) and
tested compounds dissolved in phosphate buffer (1 mM pH 7.4) were added to the wells
containing the ABTS solution. The absorbance at 734 nm was monitored after 1, 3 and 6 min
of reaction. The absorbance variation was plotted as a function of the concentration of the
tested compounds. The fitted linear slope was normalized with respect to that obtained for
Trolox within the same concentration range to obtain the Trolox-Equivalent Antioxidant
Capacity (TEAC) value for each time point (1, 3, 6 min). Three independent experiments
were carried out, and the mean data with standard deviations were reported.

In order to test the antioxidant activity of HyCar upon enzymatic digestion, HyCar20
(10 µM) and hyaluronidase (200 U/mL) were incubated at 37 ◦C for 48 h. The reaction was
inhibited by flash freezing. The samples were properly diluted and tested by using the
ABTS assay as reported above.

2.5. Antiglycation Activity

Freshly prepared acrolein (ACR) solution (2 mM) was added with a carnosine deriva-
tive with biotin (BioCar) (50 µM), Hy or HyCar35 (1–10 µM) in phosphate buffer (100 mM,
pH 7.4). The mixtures were incubated at 37 ◦C for 140 min. The reaction was stopped by
incubating the samples with NaBH4 (20 mM) for 10 min at 37 ◦C. The final volume was five-
fold diluted with an aqueous solution containing 5% acetonitrile and 0.05% TFA before the
analysis by Matrix-Assisted Laser Desorption/Ionization-mass spectrometry (MALDI-MS).
The analysis by MALDI-MS was performed by using the protocol already reported [84].
To structurally characterize the ACR adducts, precursor selection for MS/MS analysis
was made using the following criteria: minimum S/N ratio, 20; precursor mass tolerance
between spots, ±200 ppm. All MS/MS spectra were acquired using collision-induced
dissociation (CID) with 1 kV collision energy and air as collision gas, by an accumulation
of 5000 laser shots.

2.6. RNS Assay

3-[[nitroso(oxido)amino]-propylamino]propylazanium (Papanonoate) (5 mg, 29 µmoles)
was solubilized in 50 mL of borate buffer (50 mM pH 9.0). Sulfonylamide (6 mg, 35 µmol)
and N-(1-Naphthyl)-ethylenediamine (26 mg, 0.1 mmol) were solubilized in 250 mL of
phosphate buffer (0.1 N, pH 7.4) to a final concentration of 0.14 mM and 0.4 mM, respec-
tively. Samples containing Hy and its derivatives were prepared at a final concentration
of 0.1% w/v. Samples containing carnosine were prepared at a final concentration of
1 mM. The general procedure involved the addition of a proper amount of the Papanonoate
solution (final concentration 58 µM) to a solution containing the sample to be analyzed.
After incubation at 25 ◦C for 10 min, all the samples were subjected to diafiltration using
centrifugal concentrators (Vivaspin 6 mL, 5 kD cut-off, Sartorius, Turin, Italy) in order to
remove the hyaluronic acid. A volume of the eluate was added to the solution containing
N-(1-Naphthyl)-ethylenediamine and sulfonylamide. Then, the pH was adjusted to 3.0 by
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the addition of H3PO4. The reaction extent was monitored at 540 nm. Three independent
series of measurements were carried out for each experimental condition.

3. Results
3.1. The Carnosine Conjugation Slows down the Hydrolytic Degradation of HyCar Mediated
by HyAse

The hydrolytic degradation mediated by HyAse was first performed in order to
evaluate if and how the carnosine derivatization affected the enzymatic breakdown of
the hyaluronic scaffold. The quantification of the hydrolytic fragments was carried out
by using a well-known chromogenic Morgan–Elson reaction [78]. Briefly, the HyAse-
mediated hydrolysis of Hy (conjugated or not with Car) produces fragments with N-
acetyl-D-glucosamine (GlcNAc) at the reducing end. Under alkaline conditions and the
subsequent treatment with a mixture of CH3COOH and HCl, GlcNAc forms a furan
derivative that binds to a reactive aldehyde (DMAB) to form a red-colored product. This
final product shows two absorbance peaks (546 and 585 nm), and both these wavelengths
could be used to monitor the hydrolysis process. The higher the HyAse activity, the greater
the number of GlcNAc reducing residues, and consequently, the higher the absorbance
after the chromogenic reaction. For this reason, the Morgan–Elson reaction can be used to
monitor the extent of the hydrolysis of the hyaluronic scaffold.

Figure S1 shows the HyAse-mediated hydrolysis of HyCar20 as a function of the
enzyme content (100–1000 U/mL). The absorbance did not significantly change when the
substrate (HyCar20) was incubated alone (CTRL sample), meaning that the hyaluronan
backbone is not hydrolyzed in the absence of HyAse. The addition of the enzyme clearly
promoted a visible degradation, even after 1 h. The absorbance increment over the re-
action time followed a hyperbolic trend and the plateau point was reached after 6 h of
incubation. The reaction rate, especially within 2–3 h of reaction, clearly depended on the
HyAse concentration. In particular, the extent of the hydrolysis in the presence of HyAse
500 or 1000 U/mL was significantly higher than that in the presence of a lower enzyme
concentration (100 U/mL) after 2 and 3 h of incubation. However, the final extent of the
hydrolysis process did not significantly differ among all of the samples.

In order to investigate the effect of the percentage of the carnosine loading on the
enzymatic hydrolysis of the hyaluronic backbone, we monitored the digestion of Hy,
HyCar20 and HyCar35 catalyzed by the same amount of HyAse (Figure 2).
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Figure 2. Enzymatic hydrolysis of HyCar20, HyCar35 and their parent polymer (Hy) (10 µM),
catalyzed by HyAse (50 U/mL). (* p < 0.005 vs. Hy and HyCar20; ** p < 0.01 vs. Hy and HyCar20;
*** p < 0.005 vs. Hy).

It is worth noting that the degradation of the polymer samples follows a similar
trend within 5 h of incubation; thereafter, the hydrolytic products formed by the func-
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tionalized polymers (HyCar20 and HyCar35) significantly differ from those of the parent
polymer compound. Hy is degraded faster than the conjugates; moreover, at the end of
the monitored reaction period, the absorbance value produced by the digestion of Hy is
almost double that recorded in the presence of both HyCar20 and HyCar35. Indeed, the
final inhibition percentage is 42% and 44% for HyCar20 and HyCar35, respectively. This
clearly means that Hy forms a greater number of fragments than those obtained from the
related Car conjugates. As a natural consequence, the hydrolytic fragments formed by
Hy are smaller than those originating from the hydrolysis of the tested HyCar derivatives.
Finally, these results underline that the formation rate of the hydrolytic fragments from
HyCar35 is lower than that from HyCar20. Therefore, the inhibition effect of carnosine on
the enzymatic process is proportional to the peptide loading of the polymer.

The samples coming from the complete digestion (24 h) of HyCar20 were also analyzed
by LC-MS. The chromatographic separation of the hydrolytic fragments and the subsequent
attribution of the molecular weight using HRMS is an important tool to characterize the
hydrolytic pattern of the HyCar derivatives. The species that were detected are reported in
Table S1, based on the number of the repetitive units (HA) and that of carnosine (Car). The
accuracy of the attribution (≤20 ppm), as well as the sequence assignment by using the
MS/MS spectra, confirms the quality of the data.

Among all of the detected hydrolytic fragments, only two (HA3 and HA4) did not
contain carnosine moieties; all the other detected species were Hy fragments functionalized
by Car. This could mean that the complete hydrolysis of the Hy backbone catalyzed by
HyAse produces species containing no less than three or four repetitive units. On the other
hand, the hydrolytic fragments containing Car units are bigger, with the longest detected
fragment containing 17 repetitive units. The presence of Car grafted on to the Hy sequence
inhibits the HyAse activity (as reported by the colorimetric assay) and therefore promotes
the formation of hydrolytic fragments that are bigger than those obtained in the absence of
carnosine. Indeed, the extensive HyAse-mediated hydrolysis of hyaluronic acid produced
hydrolytic fragments containing only two or three repetitive units [85].

It is worth noting that the Car content in the hydrolytic fragments is not higher than the
half number of repetitive units. This interesting finding could account for the homogeneous
distribution of carnosine moieties all over the Hy backbone.

Figure 3 shows representative deconvoluted spectra, obtained from the average MS
spectra acquired during the LC-MS analysis within specific ranges of retention times (RT).

As the retention time increases, hydrolytic fragments with an ever-increasing MW (and
then with a higher percentage of carnosine units), came out from the column. Furthermore,
isobaric fragments were detected at different retention times, indicating the presence of
structure isomers of these fragments. This result is ascribed to the random involvement of
different Hy reaction sites in the carnosine conjugation.

In order to get information about the relative amount of the hydrolytic fragments, we
compared the relative intensities of the most abundant fragments in the samples containing
different amount of enzyme (100, 500 and 1000 U/mL) (Figure S2).

The graphs highlight that the distribution pattern is almost the same for all analyzed
samples; in all cases, in fact, the fragment distribution is centered on HA10Car4. As for the
trend in the relative intensity, there are small differences between the samples containing
100 and 500 U/mL of HyAse, whereas using 500 or 1000 U/mL of hyaluronidase leads to
the same intensity in the distribution of hydrolytic fragments.
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Figure 3. Deconvoluted spectra obtained from the average MS spectra acquired during the LC-MS
analysis within specific RT ranges (5–10, 15–20 and 20–22 min). The species show the number of
the repetitive units (HA) and that of carnosine (Car). The sample was obtained by the hydrolysis of
HyCar20 catalyzed by HyAse (500 U/mL).

3.2. The Conjugation to Hyaluronan Prevents the Carnosinase-Mediated Degradation of Car

The main dipeptidase that degrades histidine-containing dipeptides in the blood
stream is carnosinase (CN1). The chemical derivatization of Car has been proposed as
a successful strategy to reduce or prevent the hydrolytic digestion of the dipeptide [86].
Several HyCar derivatives have already been tested. In particular, the smallest and the
largest HyCar derivatives we synthesized to date (HyCar(200)7 and HyCar(700)35) are
resistant to the carnosinase action [48].

Therefore, the other HyCar conjugates in this paper were assayed to investigate their
stability in relation to the carnosinase action. The time-dependent stability of HyCar20
and HyCar35 towards CN1, compared with that of Car, was determined by incubating
each compound with the enzyme. A fluorogenic reaction was used to quantify the content
of the histidine released [68]. As reported in Figure 4, carnosine was hydrolyzed to 80%
within 80 min. On the contrary, the extent of the hydrolysis of all the HyCar derivatives
assayed was less than 10%, meaning that HyCar20 and HyCar35 are almost resistant to the
CN1-mediated hydrolysis of the Car moiety.
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Figure 4. Carnosinase-mediated hydrolysis of Car, HyCar20 and HyCar35. The fluorescence inten-
sity (proportional to the histidine content) is reported over reaction time. RFU: Relative Fluores-
cence Units.

3.3. HyCar Derivatives Outperform Both Hy and Car as Antioxidant Agents

The antioxidant activity of the HyCar derivatives was tested by using a spectrophoto-
metric assay based on the absorbance of the radical cation ABTS. Any compound that exerts
scavenger activity towards ABTS reduces the absorbance of ABTS in proportion to the
scavenger capacity. All the antioxidant activities of each tested compound were reported as
a ratio of a standard solution with the same concentration. Trolox, a water-soluble Vitamin
E analogue, was used as a standard.

In Table 1, the TEAC values are listed for all the HyCar derivatives and the mixture
containing the equivalent amount of the parent compounds (Hy and Car). The activity was
recorded after 1, 3 and 6 min of reaction.

Table 1. TEAC values for all the HyCar derivatives and for the corresponding mixtures containing
equivalent amounts of the parent compounds (Hy and Car). Car (x) means carnosine whose concen-
tration is the same in the corresponding conjugate HyCar (x). Numbers in parentheses represent the
statistical error (SD).

Compound 1 min 3 min 6 min

HyCar7 0.32 (2) 0.37 (2) 0.38 (3)
HyCar10 0.53 (2) 0.65 (3) 0.66 (2)
HyCar14 1.4 (1) 1.5 (2) 1.6 (1)
HyCar20 2.05 (2) 3.45 (4) 3.76 (3)
HyCar35 2.37 (4) 1.92 (3) 2.79 (3)

Hy 0.22 (2) 0.23 (2) 0.23 (1)
Hy + Car (7) 0.21 (3) 0.20 (2) 0.21 (3)

Hy + Car (10) 0.18 (2) 0.20 (1) 0.20 (2)
Hy + Car (14) 0.20 (3) 0.21 (2) 0.21 (3)
Hy + Car (20) 0.23 (5) 0.24 (4) 0.22 (3)
Hy + Car (35) 0.26 (2) 0.25 (2) 0.24 (5)

The antioxidant capacity of Hy is quite low and is not significantly different from the
related mixtures with Car. Moreover, it did not change during the reaction within 6 min.
On the other hand, when Car is covalently linked to Hy, the antioxidant activity increases
as a function of the loading percentage, meaning that the Car conjugation to Hy is an
important step to outperform the scavenger activity of the both parent compounds. Indeed,
HyCar7 is slightly more active than the corresponding mixture of the parent compounds
(Hy + Car (7)). As for the other HyCar derivatives, the higher the carnosine content,
the better the scavenger capacity. HyCar20 and HyCar35 obtained the highest TEAC
values. They are almost twice as active as Trolox. Such a synergistic effect makes the Hy
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derivatives excellent antioxidant compounds that can be exerted both in vitro and in vivo.
The antioxidant capacity of the HyCar derivatives, which is higher than that showed by the
mixture of the parent compounds (Hy + Car), could be reasonably ascribed to the role of
the hyaluronic scaffold on the interaction with the radical species. The hydroxyl residues
of Hy can give rise to a dense network of hydrogen bonds with ROS and RNS, thus easing
the direct interaction with the imidazole group of carnosine and the consequent scavenger
activity. Such a behavior has been taken into account to rationalize the activity of carnosine
derivatives with oligosaccharides [87].

In physiological media, the hyaluronic backbone is hydrolyzed by hyaluronidase. In
order to monitor the effect of the enzymatic digestion on the scavenger activity of HyCar
(if any), we also tested the antioxidant activity of one of the most active HyCar derivatives
(HyCar20) as a function of the hydrolysis extent.

We first verified that the enzyme alone does not affect the absorbance of ABTS
(Figure S3). As reported in Figure 5, HyCar20 showed notable time-dependent scavenging
ability, with the TEAC value being more than 3.5 after 6 min of reaction. The kinetic trends,
as well as the TEAC values, did not significantly change after short (3 h) or long (24 and
48 h) periods of time with hyaluronidase. Therefore, the mixtures of all the hydrolytic
fragments have the same antioxidant ability as the entire HyCar derivative, meaning that
the scavenging ability is mainly due to the Hy-linked Car moiety, whose molecular integrity
is not affected by the hyaluronidase action.
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Figure 5. TEAC values of HyCar20 at different incubation times at 37 ◦C after the addition of
hyaluronidase (* p < 0.005 vs. 1 min; ◦ p < 0.01 vs. 3 min; ** p < 0.005 vs. 3 min).

3.4. HyCar Shows Anti-Glycating Activity towards Acrolein (ACR)

The beneficial properties exerted by Car include the antiglycant activity towards
reactive carbonyl species (RCS), such as 4-hydroxynonenal and malondialdehyde [55]. As
for ACR, this harmful RCS is also scavenged by Car both in vitro and in vivo [88]. For this
reason, we investigated the capacity of HyCar35 to react with ACR. In order to test such an
activity, we used a carnosine derivative with biotin (BioCar) [89] as an indirect reporter of
the antiglycant activity of HyCar. Indeed, the formation of BioCar-ACR adducts (analyzed
by MALDI MS measurements) was monitored in the absence and in the presence of HyCar
in order to monitor the antiglycant activity of the latter.

Figure 6 shows the time-dependent formation of the mono-carbonylated species
between Car and the reporter ([BioCar-ACR]H+ and [BioCar-ACR]Na+), both in the absence
(CTRL) and in the presence of Hy (Figure 6A) or HyCar35 (Figure 6B). The relative intensity
of the BioCar-ACR adduct increases over the time, as expected. Moreover, the kinetic trend
did not significantly change when Hy was added to the reaction mixture (Figure 6A). On the
other hand, the formation of the BioCar-ACR species was clearly inhibited in the presence
of HyCar35 (Figure 6B). At the longer incubation time (140 min), the dose-dependent effect
of the HyCar derivative on the formation of the carbonylated species was particularly
evident. The capacity of HyCar (absent for Hy) to reduce the carbonylation of BioCar
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can be reasonably ascribed to the reaction of ACR with the Car moiety linked to Hy, thus
proving the antiglycant activity of HyCar.
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Figure 6. Time-dependent formation of the ACR-reporter adduct (1:1) in the absence (CTRL) and
in the presence Hy (A) or HyCar (B), the concentration of the latter ones ranging from 1 to 10 µM.
(* p < 0.005 vs. HyCar35 2 µM; ** p < 0.005 vs. HyCar35 1 µM).

3.5. HyCar Conjugates Quench RNS

The scavenger properties of the HyCar at different loading of Car against reactive
nitrogen species (RNS) were also investigated. The radical species most used to carry out
this kind of test is the radical NO.

In the experimental methods we used, NO radical species is produced in solution by a
nitrosylate precursor (Papanonoate), and the concentration of NO is measured before and
after the addition of the scavenger compound tested. The quantitative determination of NO
is carried out through the Griess reaction [90], an assay commonly used to determine the
concentration of the nitrite ion NO2

−, by means of a spectrophotometric quantification of
the diazo dye obtained as a reaction product. The Griess reaction can also be used to dose
the NO because the latter in the presence of oxygen dissolved in the water, quantitatively
converts into the nitrite ion [91].

Carnosine exerts scavenger activity towards NO [56]. Therefore, we tested the ability
of HyCar to react with NO, compared to that showed by the parent compounds. In order
to avoid any interference of substances containing histidine residues during the Griess test,
the polymeric compounds were removed by centrifugal diafiltration after the reaction with
NO and before the Griess reaction.

Figure 7 shows the residual amount of NO after the incubation of the NO-donor
without (CTRL) or with HyCar and the parent compounds. Car showed a good percentage
of inhibition (just over 50%). The mixture containing Car and Hy displayed a very low
percentage of inhibition (less than 20%), and this would seem to indicate that the presence
of hyaluronic acid disfavored the scavenger action of carnosine. The HyCar conjugate,
at various loading percentages in carnosine (7, 20 and 35%, corresponding to 0.18, 0.52,
0.96 mM, respectively, in Car), showed an inhibition proportional to the loading (and
therefore to the concentration) of Car itself. The scavenger action was proportionally
greater in conjugates than the Car alone, even for the conjugates whose loading in Car
produced a final concentration of the peptide in the test that was significantly lower than
that used in the test with carnosine alone. These results indicate an increased inhibitory
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action of Car against RNS when it is conjugated with hyaluronic acid (this did not happen
with the Hy and Car mixture).
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Figure 7. Residual amount of nitric oxide (NO) after the incubation of the NO-donor without (CTRL)
or with HyCar and the parent compounds (Hy and Car). (* p < 0.005 vs. Hy; ** p < 0.005 vs. Hy + Car;
*** p < 0.005 vs. Car and HyCar7; ◦ p < 0.01 vs. HyCar20).

4. Discussion

Different body fluids and extracellular matrix contain a significant amount of Hy,
which guarantees the fluid viscoelasticity and connective tissue elasticity, including carti-
lage [92]. Fast turnover of Hy is provided by the enzymatic synthesis and degradation [93];
the resulting amount and dimensions of the polymer leads to different biological activi-
ties [94]. Though the reasons for this rapid metabolism are still unknown, the intrinsic abil-
ity of Hy to act as a scavenger of ROS represents a key factor in this rapid turnover [93]. Hy
reduces levels of ROS [95], inducing protective effects in different cellular systems [96–98],
tissues [99] and pathological conditions [38,95,100], while the polymer injection increases
the endogenous synthesis in patients affected by inflammatory and oxidative injuries [101].

The reactive oxidative radical species may inhibit the Hy biosynthesis, and lead to the
depolymerization of the already formed Hy chains [42,102], thus decreasing the average
MW [18]. Two ways of Hy degradation can be invoked: enzymatic depolymerization,
which produces fewer molar fragments, and oxidative degradation, due to the ROS and
RNS action [44,103]. Different studies [104] report that the generation of OH radical(s) by
means of the so-called Weissberger biogenic oxidative system can produce a continual
flux of hydroxyl radicals [105] that can react with the D-glucuronic acid and N-acetyl-
D-glucosamine functional moieties by opening the alkyl rings [106] without breaking
the Hy chain. The hydroxyl radicals working together with the C-centered hyaluronan
radicals pursue their ensuing self-perpetuating free-radical degradative activity until the
reaction with an antioxidant system. The peroxynitrite-induced degradation of Hy has been
reported [106–108]. The over-expression of NO synthase (NOS) is common in inflammatory
diseases, such as rheumatoid arthritis and osteoarthritis. The NO-mediated degradation of
glycosaminoglycans has two pathways. The first one begins with the conversion of nitric
oxide to nitrous acid, while the second one includes the peroxynitrite ion (ONOO−). While
heparin and heparan sulfate are degraded via nitrous acid, hyaluronan is cleaved via the
hydroxyl (•OH) radical, the product of ONOO− decomposition [44].

Based on these data, the stability of Hy in both the enzymatic and oxidative degrada-
tion could be greatly improved through the chemical derivatization of the polymer with
molecules exerting antioxidant and anti-inflammatory properties. For this reason, Hy has
been conjugated to well-known natural antioxidant compounds, such as retinoic acid [109],
catechol [110], curcumin [111], Epigallocatechin gallate (EGCG) [112], resorcinol [113] and
other polyphenols [114]. The Hy derivative with methotrexate has been also used for the
treatment of arthritis in vivo [49,115].
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Carnosine is a natural, abundant and widely distributed dipeptide that exerts several
beneficial properties both in vitro and in vivo, including antioxidant and anti-inflammatory
activities [116]. To avoid the dipeptide degradation by carnosinase, different conjugates of
Car have been synthesized. Some of them showed increased antioxidant activities such
as Trolox (a water-soluble analog of vitamin E) [50]. A novel fullerene-Car derivative
(C60-Car) exhibited excellent •OH scavenging ability [117]. Carbohydrate derivatives of
Car with similar features have also been reported [72,118,119].

Oxidative stress is involved in a wide range of diseases including inflammatory disor-
ders, atherosclerosis, neurodegeneration and cancer, suggesting the multiple mechanisms
by which oxidants contribute to cellular damage [120]. However, the extent to which
oxidative stress takes part in pathologic disorders is quite variable; as a consequence, the
effectiveness of increasing antioxidant defense by the simple addition of small molecules
has been disappointing, largely due to incorrect assumptions about how antioxidants
work [121]. It has been highlighted that hydroxyl radicals and peroxynitrite react very
rapidly with membrane lipids, proteins, carbohydrates and nucleic acids to be effectively
scavenged by exogenous small molecules. Unfortunately, many erroneous claims have
been made for •OH scavengers. Although oxidative stress involves the generation of •OH,
the proposed scavenging of these radicals in biological systems by exogenous molecules is
unsound. All organic compounds react with •OH with similar rate constants approaching
diffusion limitation [122]. Therefore, investigating the reaction properties of the antioxidant
compounds with several oxidative species represents an important step in the correct use
of antioxidant systems for the treatment of specific pathologies.

Carnosine protects Hy from oxidative degradation [47] due to •OH and/or peroxy-
type radicals. However, the mixture of Hy and Car should not prevent the enzymatic
degradation of both the compounds. The design and synthesis of the HyCar derivatives [48]
have been investigated in order to overcome this limitation and use the conjugates to protect
the dipeptide and the polymer from both the enzymatic degradation and the oxidative stress
in vivo. Several HyCar derivatives have been synthesized, based on the Hy dimension
(200 or 700 kDa) and the loading percentage of carnosine (from 7% to 35%) [48]. Many of
these HyCar derivatives outperformed the parent compounds in terms of inhibition of the
amyloid-type aggregation of amyloid-β (Aβ), a natural peptide whose dyshomeostasis
is involved in Alzheimer’s disease. The HyCar derivatives are also able to reduce the
Aβ-induced toxicity in vitro [48].

The findings reported in this paper provide an assessment of how the chemical con-
jugation of Hy and Car inhibits the enzymatic degradation of both the polymer and the
dipeptide. The Car conjugation not only slows down the HyAse-mediated hydrolysis of the
Hy backbone, but it also affects the dimensions of the final hydrolytic fragments. Indeed,
the extensive HyAse-mediated hydrolysis of Hy leads to the formation of fragments con-
taining two or three repetitive units [85], whereas the hydrolytic products of the enzymatic
degradation of HyCar encompass up to 17 repetitive units. The chemical derivatization of
Hy also prevents the carnosinase-mediated hydrolysis of Car, as already reported for other
HyCar derivatives [48].

The antioxidant properties of the HyCar derivatives tested were assessed in relation
to a stable radical (ABTS), and a nitrogen (NO) reactive species. In all cases, the HyCar
conjugates outperformed both the single parent compounds, as well as their non-covalent
mixture, meaning that the chemical conjugation promotes the synergistic effect of Hy
and Car. Interestingly, the enzymatic degradation of HyCar catalyzed by HyAse did not
significantly affect the antioxidant activity of the derivatives: the hydrolytic products were
still able to exert their antioxidant properties. Finally, HyCar, and not Hy, keeps the ability
of Car to quench acrolein, a harmful carbonyl species and a product of the oxidative stress.

The stability of the HyCar derivative in regard to enzymatic and oxidative degra-
dation is the reason for the anti-inflammatory activity showed by HyCar derivatives in
experimental models of osteoarthritis [51,76].
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5. Conclusions

Our findings elucidate the molecular aspects of the antioxidant properties exerted by
the HyCar derivatives towards specific reactive oxidative species. Moreover, the mutual
protection of the peptide and polymer components towards their own enzymatic degra-
dation paves the way for a new class of Hy derivatives that could play a role in all of the
pathological conditions characterized by extensive oxidative stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox11040664/s1, Table S1: List of the hydrolytic fragments formed by the HyAse-mediated
digestion (24 h) of HyCar20. Figure S1: Enzymatic hydrolysis of HyCar20 (10 µM) catalyzed by
HyAse (100–1000 U/mL). CTRL sample refers to the incubation of HyCar20 alone. Figure S2: Relative
intensities of the detected fragments formed by hydrolysis of HyCar20 catalyzed by HyAse 100 (A),
500 (B) or 1000 (B) U/mL. Figure S3: Absorbance at 734 nm of solutions containing ABTS alone (blue
circle) or co-incubated with hyaluronidase (200 U/mL, orange circle), monitored at room temperature
for 300 s.

Author Contributions: V.L. performed the antioxidant assay; V.G. and S.S. synthesized the com-
pounds and performed RNS assay; E.B. performed the mass spectrometry-based analysis; R.I.,
S.V. and L.M. characterized the compounds; F.B. suggested, designed and performed the mass
spectrometry-based analysis and the antiglycation activity; E.R. conceived the main idea of the study,
contributed to the data analysis, revised the drafts and the final version of the manuscript. V.L., V.G.,
F.B., S.S. and E.R. wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Italian Ministero dello Sviluppo Economico, PON I&C
2014–2020 grant number R.0003512.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and supplementary files.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef]
2. Ferreira, C.A.; Ni, D.; Rosenkrans, Z.T.; Cai, W. Scavenging of reactive oxygen and nitrogen species with nanomaterials. Nano Res.

2018, 11, 4955–4984. [CrossRef] [PubMed]
3. Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.; Dmitriev, A.A. ROS

Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxidative Med. Cell. Longev. 2019, 2019, 6175804.
[CrossRef] [PubMed]

4. Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363–383. [CrossRef] [PubMed]

5. Kapil, V.; Khambata, R.S.; Jones, D.A.; Rathod, K.; Primus, C.; Massimo, G.; Fukuto, J.M.; Ahluwalia, A. The Noncanonical
Pathway for In Vivo Nitric Oxide Generation: The Nitrate-Nitrite-Nitric Oxide Pathway. Pharmacol. Rev. 2020, 72, 692–766.
[CrossRef]

6. Semchyshyn, H.M. Reactive Carbonyl SpeciesIn Vivo: Generation and Dual Biological Effects. Sci. World J. 2014, 2014, 417842.
[CrossRef]

7. Fuloria, S.; Subramaniyan, V.; Karupiah, S.; Kumari, U.; Sathasivam, K.; Meenakshi, D.; Wu, Y.; Guad, R.; Udupa, K.; Fuloria,
N. A Comprehensive Review on Source, Types, Effects, Nanotechnology, Detection, and Therapeutic Management of Reactive
Carbonyl Species Associated with Various Chronic Diseases. Antioxidants 2020, 9, 1075. [CrossRef]

8. Malard, E.; Valable, S.; Bernaudin, M.; Pérès, E.; Chatre, L. The Reactive Species Interactome in the Brain. Antioxid. Redox Signal.
2021, 35, 1176–1206. [CrossRef]

9. Cortese-Krott, M.M.; Koning, A.; Kuhnle, G.G.C.; Nagy, P.; Bianco, C.L.; Pasch, A.; Wink, D.A.; Fukuto, J.M.; Jackson, A.A.; Van
Goor, H.; et al. The Reactive Species Interactome: Evolutionary Emergence, Biological Significance, and Opportunities for Redox
Metabolomics and Personalized Medicine. Antioxid. Redox Signal. 2017, 27, 684–712. [CrossRef]

10. Guo, Y.; Zhuang, X.; Huang, Z.; Zou, J.; Yang, D.; Hu, X.; Du, Z.; Wang, L.; Liao, X. Klotho protects the heart from hyperglycemia-
induced injury by inactivating ROS and NF-κB-mediated inflammation both in vitro and in vivo. Biochim. Biophys. Acta-Mol.
Basis Dis. 2018, 1864, 238–251. [CrossRef]

https://www.mdpi.com/article/10.3390/antiox11040664/s1
https://www.mdpi.com/article/10.3390/antiox11040664/s1
http://doi.org/10.1146/annurev-biochem-061516-045037
http://doi.org/10.1007/s12274-018-2092-y
http://www.ncbi.nlm.nih.gov/pubmed/30450165
http://doi.org/10.1155/2019/6175804
http://www.ncbi.nlm.nih.gov/pubmed/31467634
http://doi.org/10.1038/s41580-020-0230-3
http://www.ncbi.nlm.nih.gov/pubmed/32231263
http://doi.org/10.1124/pr.120.019240
http://doi.org/10.1155/2014/417842
http://doi.org/10.3390/antiox9111075
http://doi.org/10.1089/ars.2020.8238
http://doi.org/10.1089/ars.2017.7083
http://doi.org/10.1016/j.bbadis.2017.09.029


Antioxidants 2022, 11, 664 14 of 18

11. An, Z.; Yan, J.; Zhang, Y.; Pei, R. Applications of nanomaterials for scavenging reactive oxygen species in the treatment of central
nervous system diseases. J. Mater. Chem. B 2020, 8, 8748–8767. [CrossRef] [PubMed]

12. Halliwell, B.; Gutteridge, J.M.C. Oxygen toxicity, oxygen radicals, transition metals and disease. Biochem. J. 1984, 219, 1–14.
[CrossRef] [PubMed]

13. Rodriguez-Rocha, H.; Garcia-Garcia, A.; Pickett, C.; Li, S.; Jones, J.; Chen, H.; Webb, B.; Choi, J.; Zhou, Y.; Zimmerman, M.C.; et al.
Compartmentalized oxidative stress in dopaminergic cell death induced by pesticides and complex I inhibitors: Distinct roles of
superoxide anion and superoxide dismutases. Free Radic. Biol. Med. 2013, 61, 370–383. [CrossRef] [PubMed]

14. Cenini, G.; Lloret, A.; Cascella, R. Oxidative Stress in Neurodegenerative Diseases: From a Mitochondrial Point of View. Oxidative
Med. Cell. Longev. 2019, 2019, 2105607. [CrossRef] [PubMed]

15. Schalkwijk, C.G.; Stehouwer, C.D.A. Methylglyoxal, a Highly Reactive Dicarbonyl Compound, in Diabetes, Its Vascular Compli-
cations, and Other Age-Related Diseases. Physiol. Rev. 2020, 100, 407–461. [CrossRef] [PubMed]

16. Gabbita, S.P.; Lovell, M.A.; Markesbery, W.R. Increased nuclear DNA oxidation in the brain in Alzheimer’s disease. J. Neurochem.
1998, 71, 2034–2040. [CrossRef]

17. Meyer, K.; Palmer, J.W. The polysaccharide of the vitreous humor. J. Biol. Chem. 1934, 107, 629–634. [CrossRef]
18. Valachová, K.; Šoltés, L. Hyaluronan as a Prominent Biomolecule with Numerous Applications in Medicine. Int. J. Mol. Sci. 2021,

22, 7077. [CrossRef]
19. Fallacara, A.; Baldini, E.; Manfredini, S.; Vertuani, S. Hyaluronic Acid in the Third Millennium. Polymers 2018, 10, 701. [CrossRef]
20. Lin, W.; Liu, Z.; Kampf, N.; Klein, J. The Role of Hyaluronic Acid in Cartilage Boundary Lubrication. Cells 2020, 9, 1606. [CrossRef]
21. Qiu, Y.; Ma, Y.; Huang, Y.; Li, S.; Xu, H.; Su, E. Current advances in the biosynthesis of hyaluronic acid with variable molecular

weights. Carbohydr. Polym. 2021, 269, 118320. [CrossRef] [PubMed]
22. Shinohara, T.; Izawa, T.; Mino-Oka, A.; Mori, H.; Iwasa, A.; Inubushi, T.; Yamaguchi, Y.; Tanaka, E. Hyaluronan metabolism in

overloaded temporomandibular joint. J. Oral Rehabil. 2016, 43, 921–928. [CrossRef] [PubMed]
23. Siiskonen, H.; Oikari, S.; Pasonen-Seppã¤Nen, S.; Rilla, K. Hyaluronan Synthase 1: A Mysterious Enzyme with Unexpected

Functions. Front. Immunol. 2015, 6, 43. [CrossRef] [PubMed]
24. Faust, H.J.; Sommerfeld, S.D.; Rathod, S.; Rittenbach, A.; Banerjee, S.R.; Tsui, B.M.; Pomper, M.; Amzel, M.L.; Singh, A.; Elisseeff,

J.H. A hyaluronic acid binding peptide-polymer system for treating osteoarthritis. Biomaterials 2018, 183, 93–101. [CrossRef]
[PubMed]

25. Wang, C.-T.; Lin, Y.-T.; Chiang, B.-L.; Lin, Y.-H.; Hou, S.-M. High molecular weight hyaluronic acid down-regulates the
gene expression of osteoarthritis-associated cytokines and enzymes in fibroblast-like synoviocytes from patients with early
osteoarthritis. Osteoarthr. Cartil. 2006, 14, 1237–1247. [CrossRef] [PubMed]

26. Inokoshi, Y.; Tanino, Y.; Wang, X.; Sato, S.; Fukuhara, N.; Nikaido, T.; Fukuhara, A.; Saito, J.; Frevert, C.W.; Munakata, M. Clinical
significance of serum hyaluronan in chronic fibrotic interstitial pneumonia. Respirology 2013, 18, 1236–1243. [CrossRef]

27. Iturriaga, V.; Vásquez, B.; Bornhardt, T.; del Sol, M. Effects of low and high molecular weight hyaluronic acid on the osteoarthritic
temporomandibular joint in rabbit. Clin. Oral Investig. 2021, 25, 4507–4518. [CrossRef]

28. Kaul, A.; Short, W.D.; Wang, X.; Keswani, S.G. Hyaluronidases in Human Diseases. Int. J. Mol. Sci. 2021, 22, 3204. [CrossRef]
29. Csoka, A.B.; Frost, G.I.; Stern, R. The six hyaluronidase-like genes in the human and mouse genomes. Matrix Biol. 2001, 20,

499–508. [CrossRef]
30. Stern, R.; Kogan, G.; Jedrzejas, M.J.; Šoltés, L. The many ways to cleave hyaluronan. Biotechnol. Adv. 2007, 25, 537–557. [CrossRef]
31. Bohaumilitzky, L.; Huber, A.-K.; Stork, E.M.; Wengert, S.; Woelfl, F.; Boehm, H. A Trickster in Disguise: Hyaluronan’s Ambivalent

Roles in the Matrix. Front. Oncol. 2017, 7, 242. [CrossRef]
32. Sze, J.H.; Brownlie, J.C.; Love, C.A. Biotechnological production of hyaluronic acid: A mini review. 3 Biotech 2016, 6, 67. [CrossRef]

[PubMed]
33. Passi, A.; Vigetti, D. Hyaluronan as tunable drug delivery system. Adv. Drug Deliv. Rev. 2019, 146, 83–96. [CrossRef] [PubMed]
34. Queisser, K.A.; Mellema, R.A.; Petrey, A.C. Hyaluronan and Its Receptors as Regulatory Molecules of the Endothelial Interface. J.

Histochem. Cytochem. 2021, 69, 25–34. [CrossRef] [PubMed]
35. Bayer, I.S. Hyaluronic Acid and Controlled Release: A Review. Molecules 2020, 25, 2649. [CrossRef]
36. Nikitovic, D.; Kouvidi, K.; Kavasi, R.-M.; Berdiaki, A.; Tzanakakis, G. Hyaluronan/Hyaladherins—A Promising Axis for Targeted

Drug Delivery in Cancer. Curr. Drug Deliv. 2016, 13, 500–511. [CrossRef]
37. Chen, L.H.; Xue, J.F.; Zheng, Z.Y.; Shuhaidi, M.; Thu, H.E.; Hussain, Z. Hyaluronic acid, an efficient biomacromolecule for

treatment of inflammatory skin and joint diseases: A review of recent developments and critical appraisal of preclinical and
clinical investigations. Int. J. Biol. Macromol. 2018, 116, 572–584. [CrossRef]

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

39. Karbownik, M.S.; Nowak, J.Z. Hyaluronan: Towards novel anti-cancer therapeutics. Pharmacol. Rep. 2013, 65, 1056–1074.
[CrossRef]

40. Gupta, R.C.; Lall, R.; Srivastava, A.; Sinha, A. Hyaluronic Acid: Molecular Mechanisms and Therapeutic Trajectory. Front. Vet. Sci.
2019, 6, 192. [CrossRef]

http://doi.org/10.1039/D0TB01380C
http://www.ncbi.nlm.nih.gov/pubmed/32869050
http://doi.org/10.1042/bj2190001
http://www.ncbi.nlm.nih.gov/pubmed/6326753
http://doi.org/10.1016/j.freeradbiomed.2013.04.021
http://www.ncbi.nlm.nih.gov/pubmed/23602909
http://doi.org/10.1155/2019/2105607
http://www.ncbi.nlm.nih.gov/pubmed/31210837
http://doi.org/10.1152/physrev.00001.2019
http://www.ncbi.nlm.nih.gov/pubmed/31539311
http://doi.org/10.1046/j.1471-4159.1998.71052034.x
http://doi.org/10.1016/S0021-9258(18)75338-6
http://doi.org/10.3390/ijms22137077
http://doi.org/10.3390/polym10070701
http://doi.org/10.3390/cells9071606
http://doi.org/10.1016/j.carbpol.2021.118320
http://www.ncbi.nlm.nih.gov/pubmed/34294332
http://doi.org/10.1111/joor.12443
http://www.ncbi.nlm.nih.gov/pubmed/27627706
http://doi.org/10.3389/fimmu.2015.00043
http://www.ncbi.nlm.nih.gov/pubmed/25699059
http://doi.org/10.1016/j.biomaterials.2018.08.045
http://www.ncbi.nlm.nih.gov/pubmed/30149233
http://doi.org/10.1016/j.joca.2006.05.009
http://www.ncbi.nlm.nih.gov/pubmed/16806998
http://doi.org/10.1111/resp.12144
http://doi.org/10.1007/s00784-020-03763-x
http://doi.org/10.3390/ijms22063204
http://doi.org/10.1016/S0945-053X(01)00172-X
http://doi.org/10.1016/j.biotechadv.2007.07.001
http://doi.org/10.3389/fonc.2017.00242
http://doi.org/10.1007/s13205-016-0379-9
http://www.ncbi.nlm.nih.gov/pubmed/28330137
http://doi.org/10.1016/j.addr.2019.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31421148
http://doi.org/10.1369/0022155420954296
http://www.ncbi.nlm.nih.gov/pubmed/32870756
http://doi.org/10.3390/molecules25112649
http://doi.org/10.2174/1567201813666151109103013
http://doi.org/10.1016/j.ijbiomac.2018.05.068
http://doi.org/10.3390/biom11101518
http://doi.org/10.1016/S1734-1140(13)71465-8
http://doi.org/10.3389/fvets.2019.00192


Antioxidants 2022, 11, 664 15 of 18

41. Domingues, R.; Silva, M.; Gershovich, P.; Betta, S.; Babo, P.; Caridade, S.; Mano, J.F.; Motta, A.; Reis, R.L.; Gomes, M.E.
Development of Injectable Hyaluronic Acid/Cellulose Nanocrystals Bionanocomposite Hydrogels for Tissue Engineering
Applications. Bioconjug. Chem. 2015, 26, 1571–1581. [CrossRef] [PubMed]

42. Greenwald, R.A.; Moy, W.W. Effect of oxygen-derived free radicals on hyaluronic acid. Arthritis Rheum. 1980, 23, 455–463.
[CrossRef] [PubMed]

43. Carlin, G.; Djursäter, R.; Smedegård, G.; Gerdin, B. Effect of anti-inflammatory drugs on xanthine oxidase and xanthine oxidase
induced depolymerization of hyaluronic acid. Agents Actions 1985, 16, 377–384. [CrossRef] [PubMed]

44. Hrabarova, E.; Juranek, I.; Soltes, L. Pro-oxidative effect of peroxynitrite regarding biological systems: A special focus on
high-molar-mass hyaluronan degradation. Gen. Physiol. Biophys. 2011, 30, 223–238. [CrossRef]

45. Yusupov, M.; Privat-Maldonado, A.; Cordeiro, R.M.; Verswyvel, H.; Shaw, P.; Razzokov, J.; Smits, E.; Bogaerts, A. Oxidative
damage to hyaluronan–CD44 interactions as an underlying mechanism of action of oxidative stress-inducing cancer therapy.
Redox Biol. 2021, 43, 101968. [CrossRef]

46. Valachová, K.; Mach, M.; Šoltés, L. Oxidative Degradation of High-Molar-Mass Hyaluronan: Effects of Some Indole Derivatives
to Hyaluronan Decay. Int. J. Mol. Sci. 2020, 21, 5609. [CrossRef]

47. Drafi, F.; Bauerova, K.; Valachova, K.; Ponist, S.; Mihalova, D.; Juranek, I.; Boldyrev, A.; Hrabarova, E.; Soltes, L. Carnosine
inhibits degradation of hyaluronan induced by free radical processes in vitro and improves the redox imbalance in adjuvant
arthritis in vivo. Neuro Endocrinol. Lett. 2010, 31, 96–100.

48. Greco, V.; Naletova, I.; Ahmed, I.M.M.; Vaccaro, S.; Messina, L.; La Mendola, D.; Bellia, F.; Sciuto, S.; Satriano, C.; Rizzarelli, E.
Hyaluronan-carnosine conjugates inhibit Aβ aggregation and toxicity. Sci. Rep. 2020, 10, 15998. [CrossRef]

49. Tamura, T.; Higuchi, Y.; Kitamura, H.; Murao, N.; Saitoh, R.; Morikawa, T.; Sato, H. Novel hyaluronic acid–methotrexate conjugate
suppresses joint inflammation in the rat knee: Efficacy and safety evaluation in two rat arthritis models. Arthritis Res. Ther. 2016,
18, 79. [CrossRef]

50. Poništ, S.; Slovák, L.; Kuncírová, V.; Fedorova, T.; Logvinenko, A.; Muzychuk, O.; Mihalova, D.; Bauerova, K. Inhibition of
oxidative stress in brain during rat adjuvant arthritis by carnosine, trolox and novel trolox-carnosine. Physiol. Res. 2015, 64,
S489–S496. [CrossRef]

51. Siracusa, R.; Impellizzeri, D.; Cordaro, M.; Peritore, A.F.; Gugliandolo, E.; D’Amico, R.; Fusco, R.; Crupi, R.; Rizzarelli, E.;
Cuzzocrea, S.; et al. The Protective Effect of New Carnosine-Hyaluronic Acid Conjugate on the Inflammation and Cartilage
Degradation in the Experimental Model of Osteoarthritis. Appl. Sci. 2020, 10, 1324. [CrossRef]

52. Gulewitsch, W.; Amiradžibi, S. Ueber das Carnosin, eine neue organische Base des Fleischextractes. Ber. Dtsch. Chem. Ges. 1900,
33, 1902–1903. [CrossRef]

53. Boldyrev, A.A.; Aldini, G.; Derave, W. Physiology and Pathophysiology of Carnosine. Physiol. Rev. 2013, 93, 1803–1845. [CrossRef]
[PubMed]

54. Pavlov, A.R.; Revina, A.A.; Dupin, A.M.; Boldyrev, A.A.; Yaropolov, A.I. The mechanism of interaction of carnosine with
superoxide radicals in water solutions. Biochim. Biophys. Acta 1993, 1157, 304–312. [CrossRef]

55. Aldini, G.; Facino, R.M.; Beretta, G.; Carini, M. Carnosine and related dipeptides as quenchers of reactive carbonyl species: From
structural studies to therapeutic perspectives. BioFactors 2005, 24, 77–87. [CrossRef]

56. Nicoletti, V.G.; Santoro, A.M.; Grasso, G.; Vagliasindi, L.I.; Giuffrida, M.L.; Cuppari, C.; Purrello, V.S.; Stella, A.M.G.; Rizzarelli, E.
Carnosine interaction with nitric oxide and astroglial cell protection. J. Neurosci. Res. 2007, 85, 2239–2245. [CrossRef]

57. Tamba, M.; Torreggiani, A. A pulse radiolysis study of carnosine in aqueous solution. Int. J. Radiat. Biol. 1998, 74, 333–340.
58. Hipkiss, A.R.; Brownson, C. Carnosine reacts with protein carbonyl groups: Another possible role for the anti-ageing peptide?

Biogerontology 2000, 1, 217–223. [CrossRef]
59. Rubtsov, A.M.; Schara, M.; Sentjurc, M.; Boldyrev, A.A. Hydroxyl radical-scavenging activity of carnosine: A spin trapping study.

Acta Pharm. Jugosl. 1991, 41, 401–407.
60. Aldini, G.; Carini, M.; Beretta, G.; Bradamante, S.; Facino, R.M. Carnosine is a quencher of 4-hydroxy-nonenal: Through what

mechanism of reaction? Biochem. Biophys. Res. Commun. 2002, 298, 699–706. [CrossRef]
61. Bellia, F.; Vecchio, G.; Cuzzocrea, S.; Calabrese, V.; Rizzarelli, E. Neuroprotective features of carnosine in oxidative driven diseases.

Mol. Asp. Med. 2011, 32, 258–266. [CrossRef] [PubMed]
62. Zhao, J.; Posa, D.K.; Kumar, V.; Hoetker, D.; Kumar, A.; Ganesan, S.; Riggs, D.W.; Bhatnagar, A.; Wempe, M.F.; Baba, S.P. Carnosine

protects cardiac myocytes against lipid peroxidation products. Amino Acids 2019, 51, 123–138. [CrossRef] [PubMed]
63. Cuzzocrea, S.; Genovese, T.; Failla, M.; Vecchio, G.; Fruciano, M.; Mazzon, E.; di Paola, R.; Muià, C.; La Rosa, C.; Crimi, N.; et al.

Protective effect of orally administered carnosine on bleomycin-induced lung injury. Am. J. Physiol. Lung Cell. Mol. Physiol. 2007,
292, L1095–L1104. [CrossRef]

64. Oppermann, H.; Faust, H.; Yamanishi, U.; Meixensberger, J.; Gaunitz, F. Carnosine inhibits glioblastoma growth independent
from PI3K/Akt/mTOR signaling. PLoS ONE 2019, 14, e0218972. [CrossRef] [PubMed]

65. Miceli, V.; Pampalone, M.; Frazziano, G.; Grasso, G.; Rizzarelli, E.; Ricordi, C.; Casu, A.; Iannolo, G.; Conaldi, P.G. Carnosine
protects pancreatic beta cells and islets against oxidative stress damage. Mol. Cell. Endocrinol. 2018, 474, 105–118. [CrossRef]

66. Boakye, A.A.; Zhang, D.; Guo, L.; Zheng, Y.; Hoetker, D.; Zhao, J.; Posa, D.K.; Ng, C.K.; Zheng, H.; Kumar, A.; et al. Carnosine
Supplementation Enhances Post Ischemic Hind Limb Revascularization. Front. Physiol. 2019, 10, 751. [CrossRef]

http://doi.org/10.1021/acs.bioconjchem.5b00209
http://www.ncbi.nlm.nih.gov/pubmed/26106949
http://doi.org/10.1002/art.1780230408
http://www.ncbi.nlm.nih.gov/pubmed/6245661
http://doi.org/10.1007/BF01982876
http://www.ncbi.nlm.nih.gov/pubmed/3840323
http://doi.org/10.4149/gpb_2011_03_223
http://doi.org/10.1016/j.redox.2021.101968
http://doi.org/10.3390/ijms21165609
http://doi.org/10.1038/s41598-020-72989-2
http://doi.org/10.1186/s13075-016-0971-8
http://doi.org/10.33549/physiolres.933211
http://doi.org/10.3390/app10041324
http://doi.org/10.1002/cber.19000330275
http://doi.org/10.1152/physrev.00039.2012
http://www.ncbi.nlm.nih.gov/pubmed/24137022
http://doi.org/10.1016/0304-4165(93)90114-N
http://doi.org/10.1002/biof.5520240109
http://doi.org/10.1002/jnr.21365
http://doi.org/10.1023/A:1010057412184
http://doi.org/10.1016/S0006-291X(02)02545-7
http://doi.org/10.1016/j.mam.2011.10.009
http://www.ncbi.nlm.nih.gov/pubmed/22020110
http://doi.org/10.1007/s00726-018-2676-6
http://www.ncbi.nlm.nih.gov/pubmed/30449006
http://doi.org/10.1152/ajplung.00283.2006
http://doi.org/10.1371/journal.pone.0218972
http://www.ncbi.nlm.nih.gov/pubmed/31247000
http://doi.org/10.1016/j.mce.2018.02.016
http://doi.org/10.3389/fphys.2019.00751


Antioxidants 2022, 11, 664 16 of 18

67. Caruso, G.; Fresta, C.G.; Musso, N.; Giambirtone, M.; Grasso, M.; Spampinato, S.F.; Merlo, S.; Drago, F.; Lazzarino, G.; Sortino,
M.A.; et al. Carnosine Prevents Aβ-Induced Oxidative Stress and Inflammation in Microglial Cells: A Key Role of TGF-β1. Cells
2019, 8, 64. [CrossRef]

68. Teufel, M.; Saudek, V.; Ledig, J.-P.; Bernhardt, A.; Boularand, S.; Carreau, A.; Cairns, N.J.; Carter, C.; Cowley, D.J.; Duverger, D.;
et al. Sequence Identification and Characterization of Human Carnosinase and a Closely Related Non-specific Dipeptidase. J. Biol.
Chem. 2003, 278, 6521–6531. [CrossRef]

69. Bellia, F.; Vecchio, G.; Rizzarelli, E. Carnosinases, their substrates and diseases. Molecules 2014, 19, 2299–2329. [CrossRef]
70. Lenney, J.F.; Peppers, S.C.; Kucera-Orallo, C.M.; George, R.P. Characterization of human tissue carnosinase. Biochem. J. 1985, 228,

653–660. [CrossRef]
71. Bellia, F.; Calabrese, V.; Guarino, F.; Cavallaro, M.; Cornelius, C.; De Pinto, V.; Rizzarelli, E. Carnosinase Levels in Aging Brain:

Redox State Induction and Cellular Stress Response. Antioxid. Redox Signal. 2009, 11, 2759–2775. [CrossRef] [PubMed]
72. Bellia, F.; Vecchio, G.; Rizzarelli, E. Carnosine derivatives: New multifunctional drug-like molecules. Amino Acids 2012, 43,

153–163. [CrossRef] [PubMed]
73. Stvolinsky, S.L.; Bulygina, E.R.; Fedorova, T.N.; Meguro, K.; Sato, T.; Tyulina, O.V.; Abe, H.; Boldyrev, A.A. Biological Activity of

Novel Synthetic Derivatives of Carnosine. Cell. Mol. Neurobiol. 2010, 30, 395–404. [CrossRef] [PubMed]
74. Kim, E.S.; Kim, D.; Nyberg, S.; Poma, A.; Cecchin, D.; Jain, S.A.; Kim, K.A.; Shin, Y.J.; Kim, E.H.; Kim, M.; et al. LRP-1

functionalized polymersomes enhance the efficacy of carnosine in experimental stroke. Sci. Rep. 2020, 10, 699. [CrossRef]
75. Menini, S.; Iacobini, C.; Fantauzzi, C.B.; Pugliese, G. L-carnosine and its Derivatives as New Therapeutic Agents for the Prevention

and Treatment of Vascular Complications of Diabetes. Curr. Med. Chem. 2020, 27, 1744–1763. [CrossRef]
76. Impellizzeri, D.; Siracusa, R.; Cordaro, M.; Peritore, A.F.; Gugliandolo, E.; D’Amico, R.; Fusco, R.; Crupi, R.; Rizzarelli, E.;

Cuzzocrea, S.; et al. Protective effect of a new hyaluronic acid-carnosine conjugate on the modulation of the inflammatory
response in mice subjected to collagen-induced arthritis. Biomed. Pharmacother. 2020, 125, 110023. [CrossRef]

77. Ono, K.; Condron, M.M.; Teplow, D.B. Structure-neurotoxicity relationships of amyloid beta-protein oligomers. Proc. Natl. Acad.
Sci. USA 2009, 106, 14745–14750. [CrossRef]

78. Takahashi, T.; Ikegami-Kawai, M.; Okuda, R.; Suzuki, K. A fluorimetric Morgan–Elson assay method for hyaluronidase activity.
Anal. Biochem. 2003, 322, 257–263. [CrossRef]

79. Lenney, J.F.; George, R.P.; Weiss, A.M.; Kucera, C.M.; Chan, P.W.; Rinzler, G.S. Human serum carnosinase: Characterization,
distinction from cellular carnosinase, and activation by cadmium. Clin. Chim. Acta 1982, 123, 221–231. [CrossRef]

80. Lanza, V.; Bellia, F.; D’Agata, R.; Grasso, G.; Rizzarelli, E.; Vecchio, G. New glycoside derivatives of carnosine and analogs
resistant to carnosinase hydrolysis: Synthesis and characterization of their copper(II) complexes. J. Inorg. Biochem. 2011, 105,
181–188. [CrossRef]

81. Bellia, F.; Lanza, V.; García-Viñuales, S.; Ahmed, I.M.M.; Pietropaolo, A.; Iacobucci, C.; Malgieri, G.; D’Abrosca, G.; Fattorusso,
R.; Nicoletti, V.G.; et al. Ubiquitin binds the amyloid β peptide and interferes with its clearance pathways. Chem. Sci. 2019, 10,
2732–2742. [CrossRef] [PubMed]

82. Zhang, Z.; Marshall, A.G. A universal algorithm for fast and automated charge state deconvolution of electrospray mass-to-charge
ratio spectra. J. Am. Soc. Mass Spectrom. 1998, 9, 225–233. [CrossRef]

83. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

84. Bellia, F.; Grasso, G.I.; Ahmed, I.M.M.; Oliveri, V.; Vecchio, G. Carnoquinolines Target Copper Dyshomeostasis, Aberrant
Protein–Protein Interactions, and Oxidative Stress. Chem. A Eur. J. 2020, 26, 16690–16705. [CrossRef]

85. Jin, P.; Kang, Z.; Zhang, N.; Du, G.; Chen, J. High-yield novel leech hyaluronidase to expedite the preparation of specific
hyaluronan oligomers. Sci. Rep. 2014, 4, 4471. [CrossRef]

86. Grasso, G.I.; Bellia, F.; Arena, G.; Vecchio, G.; Rizzarelli, E. Noncovalent interaction-driven stereoselectivity of copper(II)
complexes with cyclodextrin derivatives of L- and D-carnosine. Inorg. Chem. 2011, 50, 4917–4924. [CrossRef]

87. Bonomo, R.P.; Bruno, V.; Conte, E.; De Guidi, G.; La Mendola, D.; Maccarrone, G.; Nicoletti, F.; Rizzarelli, E.; Sortino, S.; Vecchio,
G. Potentiometric, spectroscopic and antioxidant activity studies of SOD mimics containing carnosine. Dalton Trans. 2003, 23,
4406–4415. [CrossRef]

88. Baba, S.P.; Hoetker, J.D.; Merchant, M.; Klein, J.B.; Cai, J.; Barski, O.A.; Conklin, D.J.; Bhatnagar, A. Role of Aldose Reductase in
the Metabolism and Detoxification of Carnosine-Acrolein Conjugates. J. Biol. Chem. 2013, 288, 28163–28179. [CrossRef]

89. Bellia, F.; Oliveri, V.; Rizzarelli, E.; Vecchio, G. New derivative of carnosine for nanoparticle assemblies. Eur. J. Med. Chem. 2013,
70, 225–232. [CrossRef]

90. Griess, P. Bemerkungen zu der Abhandlung der HH. Weselsky und Benedikt Ueber einige Azoverbindungen. Ber. Dtsch. Chem.
Ges. 1879, 12, 426–428. [CrossRef]

91. Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its metabolites in biological samples. Free Radic. Biol. Med. 2007, 43,
645–657. [CrossRef]

92. Masuko, K.; Murata, M.; Yudoh, K.; Kato, T.; Nakamura, H. Anti-inflammatory effects of hyaluronan in arthritis therapy: Not just
for viscosity. Int. J. Gen. Med. 2009, 2, 77–81. [CrossRef] [PubMed]

93. Heldin, P.; Basu, K.; Olofsson, B.; Porsch, H.; Kozlova, I.; Kahata, K. Deregulation of hyaluronan synthesis, degradation and
binding promotes breast cancer. J. Biochem. 2013, 154, 395–408. [CrossRef]

http://doi.org/10.3390/cells8010064
http://doi.org/10.1074/jbc.M209764200
http://doi.org/10.3390/molecules19022299
http://doi.org/10.1042/bj2280653
http://doi.org/10.1089/ars.2009.2738
http://www.ncbi.nlm.nih.gov/pubmed/19583493
http://doi.org/10.1007/s00726-011-1178-6
http://www.ncbi.nlm.nih.gov/pubmed/22143429
http://doi.org/10.1007/s10571-009-9462-7
http://www.ncbi.nlm.nih.gov/pubmed/19798566
http://doi.org/10.1038/s41598-020-57685-5
http://doi.org/10.2174/0929867326666190711102718
http://doi.org/10.1016/j.biopha.2020.110023
http://doi.org/10.1073/pnas.0905127106
http://doi.org/10.1016/j.ab.2003.08.005
http://doi.org/10.1016/0009-8981(82)90166-8
http://doi.org/10.1016/j.jinorgbio.2010.10.014
http://doi.org/10.1039/C8SC03394C
http://www.ncbi.nlm.nih.gov/pubmed/30996991
http://doi.org/10.1016/S1044-0305(97)00284-5
http://doi.org/10.1016/S0891-5849(98)00315-3
http://doi.org/10.1002/chem.202001591
http://doi.org/10.1038/srep04471
http://doi.org/10.1021/ic200132a
http://doi.org/10.1039/B308168K
http://doi.org/10.1074/jbc.M113.504753
http://doi.org/10.1016/j.ejmech.2013.10.002
http://doi.org/10.1002/cber.187901201117
http://doi.org/10.1016/j.freeradbiomed.2007.04.026
http://doi.org/10.2147/IJGM.S5495
http://www.ncbi.nlm.nih.gov/pubmed/20360891
http://doi.org/10.1093/jb/mvt085


Antioxidants 2022, 11, 664 17 of 18

94. Litwiniuk, M.; Krejner, A.; Speyrer, M.S.; Gauto, A.R.; Grzela, T. Hyaluronic Acid in Inflammation and Tissue Regeneration.
Wounds 2016, 28, 78–88. [PubMed]

95. Nicholls, M.A.; Fierlinger, A.; Niazi, F.; Bhandari, M. The Disease-Modifying Effects of Hyaluronan in the Osteoarthritic Disease
State. Clin. Med. Insights Arthritis Musculoskelet. Disord. 2017, 10, 1179544117723611. [CrossRef] [PubMed]

96. Wu, W.; Jiang, H.; Guo, X.; Wang, Y.; Ying, S.; Feng, L.; Li, T.; Xia, H.; Zhang, Y.; Chen, R.; et al. The Protective Role of Hyaluronic
Acid in Cr(VI)-Induced Oxidative Damage in Corneal Epithelial Cells. J. Ophthalmol. 2017, 2017, 3678586. [CrossRef] [PubMed]

97. Grishko, V.; Xu, M.; Ho, R.; Mates, A.; Watson, S.; Kim, J.T.; Wilson, G.L.; Pearsall, A.W. Effects of Hyaluronic Acid on
Mitochondrial Function and Mitochondria-driven Apoptosis following Oxidative Stress in Human Chondrocytes. J. Biol. Chem.
2009, 284, 9132–9139. [CrossRef] [PubMed]

98. Abdallah, M.M.; Fernández, N.; Matias, A.A.; do Rosário Bronze, M. Hyaluronic acid and Chondroitin sulfate from marine and
terrestrial sources: Extraction and purification methods. Carbohydr. Polym. 2020, 243, 116441. [CrossRef]

99. Trabucchi, E.; Pallotta, S.; Morini, M.; Corsi, F.; Franceschini, R.; Casiraghi, A.; Pravettoni, A.; Foschi, D.; Minghetti, P. Low
molecular weight hyaluronic acid prevents oxygen free radical damage to granulation tissue during wound healing. Int. J. Tissue
React. 2002, 24, 65–71.
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