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Abstract: Sustained oxidative stress and inflammation have been reported as the major factors
responsible for the failure of tendon healing during rotator cuff tears (RCTs) and rotator cuff disease
(RCD). Although, their therapeutic management remains still challenging. Carbonic anhydrases (CAs)
are involved in many pathological conditions, and the overexpression of both CA9 and 12 in inflamed
joints has been recently reported. Consequently, a selective CA9/12 inhibition could be a feasible
strategy for improving tendon recovery after injury. In addition, since carbon monoxide (CO) has been
proven to have an important role in modulating inflammation, CO releasing molecules (CORMs) can
be also potentially suitable compounds. The present study aims at evaluating five newly synthesized
dual-mode acting CA inhibitors (CAIs)-CORMs compounds, belonging to two chemical scaffolds, on
tendon-derived human primary cells under H2O2 stimulation in comparison with Meloxicam. Our
results show that compounds 2 and 7 are the most promising of the series in counteracting oxidative
stress-induced cytotoxicity and display a better profile in terms of enhanced viability, decreased LDH
release, and augmented tenocyte proliferation compared to Meloxicam. Moreover, compound 7, as a
potent superoxide scavenger, exerts its action inhibiting NF-kB translocation and downregulating
iNOS, whereas compound 2 is more effective in increasing collagen I deposition. Taken together,
our data highlight a potential role of CA in RCTs and RCD and the prospective effectiveness of
compounds acting as CAI-CORM during inflammation.
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1. Introduction

Degenerative non-traumatic rotator cuff tears (RCTs) and rotator cuff disease (RCD)
are a common cause of chronic shoulder pain and disability. Their incidence increases with
age and affects 30 to 50% of individuals starting from the third decade of life, reaching
more than 50% above the fifth one [1]. Intrinsic factors (age or gender), extrinsic factors
(sports activity or occupational exposure), and biological factors were identified in the onset
and progression of RCTs and RCD [2]. Our group has reported evidence of a significant
change in the modulation of pro-inflammatory cytokine secretion and related molecular
cell signaling during rotator cuff tendinopathies [3,4]. In these investigations, it has been
highlighted that tendon-derived cells escape from oxidative stress and consequently from
apoptosis by reducing prostaglandin (PGE2) secretion [4] and by activating the nuclear
factor erythroid 2-related factor (Nrf2)-related pathways [5].
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Many studies suggest that treatment strategies able to counteract inflammation and
improve function would be a potential benefit for RC treatment. To date, there is no
established therapeutic strategy in RCTs and RCD due to a lack of evidence about their
efficacy. The benefits of non-steroidal anti-inflammatory drugs (NSAIDs) in relieving pain
in the acute phase are broadly accepted but their use in chronic tendon-related diseases is
controversial [6].

Under oxidative stress and inflammation, Nrf2 directly transcribes for heme oxygenase-
1 (HO-1), which produces carbonic monoxide (CO) along with ferrous iron and biliverdin
as a crucial cellular stress response that repairs damage and restores cellular homeosta-
sis [7]. The therapeutic significance of a controlled carbon monoxide (CO) delivery at
low doses has recently gained reliability being sustained by a broad amount of litera-
ture [8,9]. It has been reported that CO administered at low doses can mimic many of the
beneficial effects exerted by HO-1 in several experimental models such as inflammatory
conditions [10]. In this context, CO releasing molecules (CORMs) are attracting enormous
interest. Berrino and colleagues [11] reported a series of small-molecule hybrids consist-
ing of a carbonic anhydrase inhibitor (CAI) linked to a CORM tail section (CAI–CORM
hybrids) with properties for the management of rheumatoid arthritis. The metalloenzyme
carbonic anhydrase (CA) is ubiquitously expressed in tissues, playing a crucial role in pH
regulation, but also in several metabolic pathways such as lipogenesis, gluconeogenesis,
and ureagenesis [12]. Carbonic anhydrase type IX (CA9) is known to be expressed in the
cartilage, tendons, ligaments, and striated muscle [13]. Notably, CA9 has been reported
as a potential marker of mechanical stress of joints, ligaments, and tendons during fetal
development [14]. Furthermore, an overexpression of the isoforms 9 and 12 was revealed
in the inflamed synovium [15] and CA9 has been linked to the inhibition of cell migration
by its interaction with several ion transporters and exchangers at the edge of the damaged
site [16]. Consequently, a selective CA9/12 inhibition as well as the administration of exter-
nal CO by means of CORMs could be a feasible strategy for improving tendon recovery
after injury.

In this light, five CAI-CORM hybrids were selected from a series of ten CORMs,
already characterized and biologically evaluated in a cell model of inflammation estab-
lished by lipopolysaccharide (LPS) stimulation on mouse macrophages [17]. These five
compounds are characterized by an organic portion belonging to two different chemical
scaffolds well-known as selective inhibitors of CA9/12 isoforms, namely acesulfame [18]
and coumarin derivatives [19], whereas the CO-releasing group is represented by the di-
cobalt hexacarbonyl. These two moieties are connected by a propargylic linker as reported
in Figure 1. The five compounds, namely compounds 1, 2, 6, 7, and 8 (Cmp 1–8) were here
administered on rotator cuff-derived human tenocytes from three donors under hydrogen
peroxide (H2O2) stimulation. In parallel, the broadly known NSAID Meloxicam was tested
as a term of comparison, being a well-known selective cyclo-oxygenase (COX)-2 inhibitor
and thus a potent anti-inflammatory compound [20] The present work aims at highlighting
a possible involvement of CA during RCTs and RCD and the effectiveness of compounds
acting as CAIs and CO releasers in the inflamed tendon.
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monoxide releasing molecule (CAI-CORM) hybrids selected for this study.

2. Materials and Methods
2.1. Synthesis of CAI-CORM Hybrids

The five CAI-CORM hybrids have been synthesized, purified, and characterized as
reported in [17]. Compounds were stored at −20 ◦C till the biological evaluation.

2.2. Cell Culture

Human tenocytes isolated from rotator cuff tendons, obtained from the same
10 donors after their informed consent, described in our previous work [3–5,21,22], and
cryopreserved in vials in liquid nitrogen, were used. Biopsies were harvested from the
healthy tissue close to the surgical site. Samples were anonymized after surgical proce-
dures and delivered unlabeled to the research laboratory. The cell isolation protocol was
extensively described previously [3]. Briefly, tendons were washed several times with
PBS with 1% penicillin/streptomycin, carefully dissected in small pieces and mechani-
cally disaggregated with the aid of fine watchmaker forceps. Finally, tissue pieces were
immediately placed on Petri dishes of 60 mm in diameter (Greiner CELLSTAR dish, Sigma-
Aldrich, Saint Louis, MO, USA), containing 5 mL of alpha-MEM supplemented with 20%
of heat-inactivated fetal calf serum (FCS), 1% L-glutamine, and 1% penicillin/streptomycin
(Gibco, Invitrogen, Life Technologies, Carlsbad, CA, USA) at 37 ◦C and 5% CO2, changing
the medium every 2–3 days. Tenocytes were then harvested by StemPro Accutase (Life
technologies Carlsbad, CA, USA), and centrifugated at 1500 rpm for 5 min when the cells
migrated out of tendon pieces and reached 60–80% of confluence (19 day). For the present
work, cells at passage 0 from donor 1 (D1), donor 2 (D2), and donor 3 (D3) were thawed
out and promptly cultured to avoid phenotype changes caused by later passages. Tendon-
derived cells were maintained in alpha-MEM (EuroClone, Milan, Italy) supplemented
with 10% heat-inactivated FBS (Gibco, ThermoFisher Scientific, Waltham, MA USA) and
1% penicillin/streptomycin (EuroClone, Milan, Italy) at 37 ◦C and 5% CO2 and used up
to passage 5.

2.3. Cell Metabolic Activity

Cells were seeded in 96 well plates (0.5 × 104/well) (ThermoFisher Scientific,
Waltham, MA USA) and let them adhere overnight at 37 ◦C and 5% CO2. In a first set of
experiments, tendon-derived cells were exposed to loading concentrations of substances
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alone, for instance, Meloxicam (sodium salt hydrate, Sigma Aldrich, Saint Louis, MO, USA)
and CAI-CORM hybrids (compounds 1, 2, 6, 7, and 8 in the range 0–400 µM) for 24 and 72 h,
as well as hydrogen peroxide (0–800 µM, stock solution 30%) (Sigma Aldrich, MA, USA) for
3 and 24 h to obtain dose-response curves. Meloxicam and CAI-CORM compounds were
firstly dissolved in DMSO to obtain a 200 mM stock solution and they were then diluted in
complete alpha-MEM (DMSO final concentration = 0.2%) for further analyses. In a second
set of experiments, cultures were pre-incubated with 100 or 200 µM H2O2 for 3 h. After
that, the pre-incubation medium was discarded and replaced with a fresh one containing
H2O2 and Meloxicam or the proper CAI-CORM hybrid.

At the established time points (24 and 72 h), the incubation medium was harvested for
further analyses and complete alpha-MEM containing 0.5 mg/mL MTT (3-[4,5-dimethylthi
azol-2-yl]-2,5-diphenyl tetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) was
added to each well. Cells were afterwards incubated for 5 h at 37 ◦C. After having dis-
carded the MTT medium, the same volume of DMSO was added to each well and samples
were incubated for 20 min at 37 ◦C and afterwards gently shaken at room temperature
for additional 10 min. The absorbance was measured at 540 nm using a spectrophotome-
ter (Multiscan GO, Thermo Fisher Scientific, Waltham, MA, USA). The percentage of
metabolically active cells was calculated setting the pure untreated control (only complete
alpha-MEM for the H2O2 dose-response curve) or the untreated control containing only
DMSO 0.2% (0 µM) as 100%.

2.4. Cytotoxicity Assay

The release of LDH in cell supernatants was quantified by the CytoTox 96® non-
radioactive assay (Promega Corporation, Fitchburg, WI, USA) to assess cytotoxicity occur-
rence after 24 h. Cell supernatants analyzed were the ones collected from cultures used for
the MTT assay. The percentage of LDH released from tendon-derived cells was therefore
normalized on the OD values generated from the metabolic activity assay. The CytoTox 96®

non-radioactive kit measures the amount of LDH released upon cell lysis using a 30-min
coupled enzymatic assay. The assay was carried out as previously reported [4].

2.5. Quantification of Protein

After having treated cells (1.5 × 104) in 6 well plates (ThermoFisher Scientific,
Waltham, MA USA) for 24 h as previously described for the cytotoxicity assay, cells were
trypsinized, centrifuged (1200 rpm), and collected in cold PBS. Cell pellets were lysed and
proteins were extracted and quantified by the bicinchoninic acid (BCA) assay as reported
elsewhere [23].

2.6. Hematoxylin/Eosin Staining

Tendon-derived cells were seeded (5 x 103 cells/well) in well glasses (Millicell® EZ
slide, Merck Millipore, Burlington, MA, USA). After 24 h from seeding, tenocytes were
pre-incubated with H2O2 100 µM for 3 h and afterwards exposed to compounds 2 and 7 at
25 µM for an additional 24 h. Next, supernatants were removed and cells were washed
twice with PBS with calcium and magnesium (Euro Clone, Milan, Italy). Tenocytes were
fixed in the presence of p-formaldehyde 4% and stained with hematoxylin/eosin as reported
elsewhere [22].

2.7. Cell Cycle Analysis

Aiming to measure the proliferation rate of tendon-derived cells exposed to load-
ing concentrations of Meloxicam and CAI-CORM hybrids, the cell cycle progression
was assessed by flow cytometry. Cells were seeded (1.5 × 104/well) in a 6-well tissue
culture-treated plate (ThermoFisher Scientific, Waltham, MA, USA) and let them adhere for
24 h. Then, growth medium was removed and replaced with fresh medium mixed with
compounds (0–100 µM). After the exposure time (72 h), cells were washed twice with PBS
without calcium and magnesium and harvested with Trypsin EDTA 1X (all purchased by
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EuroClone S.p.a., Milan, Italy) and counted by means of Trypan blue exclusion test (Sigma
Aldrich, Milan, Italy). Approximately 5 × 105 cells/experimental condition were fixed
with cold ethanol 70% v/v and kept overnight at 4 ◦C. Cells were then suspended in the
staining solution made by PBS without calcium and magnesium, 1 mg/mL propidium
iodide (PI) (final concentration 10 mg/mL) and 10 mg/mL RNAse (final concentration
100 mg/mL) and kept overnight at 4 ◦C in the dark. Cell cycle profiles (1× 104 events/sam
ple) were finally analyzed with a CytoFLEX flow cytometer (Beckman Coulter, Indianapolis,
IN, USA) and data were quantified using the ModFit LT™ software (De Novo Software,
Glendale, CA, USA).

2.8. Collagen Type I Secretion

Absolute amounts of collagen type I secreted in supernatants harvested from 6 well
plates were detected by human collagen type 1 ELISA kit (Cosmo Bio Co., Ltd., Tokyo,
Japan; cat. no. ACE-EC1-E105-EX). Samples were pipetted into suitably coated wells as
described elsewhere [23]. The concentration of collagen type I (µg/mL) was calculated
using a standard curve generated with specific standards provided by the manufacturers
by means of the Prism 5.0 software (GraphPad, San Diego, CA, USA).

2.9. Detection of Mitochondrial Superoxide Anions by Flow Cytometry

The intracellular generation of mitochondrial superoxide anions was determined
using the oxidation-sensitive fluorescent probe MitoSOX™ (MitoSOX™ Red Mitochondrial
Superoxide Indicator, Invitrogen, ThermoFisher Scientific, Waltham, MA, USA). Briefly,
after having treated cultures as described above, cells were incubated with MitoSOX Red
at a final concentration of 1 µM (stock solution in DMSO 1 mM) in the exposure medium
for 30 min at 37 ◦C and 5% CO2 in the dark. Next, tendon-derived cells were trypsinized,
harvested, and washed as described for cell cycle analysis. After the final washing in
PBS, 300 µL of PBS were added and fluorescent cell suspensions were analyzed using
a CytoFLEX flow cytometer (Beckman Coulter, Indianapolis, IN, USA) equipped with a
488 nm laser with the fluorescence channel FL-2/PE in a linear mode. Relative fluorescence
emissions of gated cells by means of their forward and side scatter properties (FSC/SSC)
were analyzed with the CytExpert software (Beckman Coulter, Indianapolis, IN, USA) and
they were expressed as mean fluorescence intensity ratios on the unstained control.

2.10. Protein Expression by Western Blot Analysis

Tenocytes were lysed, and 15 µg of each sample was separated on a 4–20% SDS-PAGE
Gel by electrophoresis (ExpressPlus. 10 × 8, GenScript Biotech Corporation, Nanjing,
China). After that, samples were transferred to nitrocellulose membranes, as already
described [22]. Next, membranes were incubated in the presence of mouse monoclonal
anti-β-actin (1:10,000) (Sigma-Aldrich, St. Louis, MO, USA), mouse monoclonal anti-iNOS
(1:200), rabbit polyclonal anti-Nrf2 (1:750) (all from Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and rabbit monoclonal anti-h-TERT (1:500) (ThermoFisher Scientific, Waltham,
MA, USA). After an overnight incubation at 4 ◦C with primary antibodies under gentle
shaking, membranes were then probed with specific IgG horseradish peroxidase (HRP)-
conjugated secondary antibodies and bands were identified by chemiluminescence as
previously described [22]. At least three independent experiments were performed for each
protein. Results are expressed as mean values ± standard deviation (S.D.) of normalized
densitometric values on the loading control (β-actin).

2.11. Immunofluorescence Staining of NF-kB

Tenocytes were seeded in 4-well chamber slides at 2 × 104/well (NuncTM Lab-TekTM
II Chamber SlideTM, Thermo Fisher Scientific, Waltham, MA, USA) in triplicates and
cultured as previously described in this section. After 24 h of exposure, cell supernatants
were discarded and cultures were prepared for the immunofluorescence staining of NF-kB
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(1:100, mouse monoclonal, Santa Cruz Biotechnology, Santa Cruz, CA, USA) as previously
reported [5].

2.12. Statistics

Statistics were performed using one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test by means of the Prism 5.0 software (GraphPad, San
Diego, CA, USA). Results are the mean values ± standard deviations. Values of p ≤ 0.05
were considered statistically significant.

3. Results and Discussion

Today, the management of musculoskeletal pathologies represents a major societal
burden. Among them, rotator cuff tears (RCTs) and rotator cuff disease (RCD) are two of the
most frequent and disabling, reaching percentages between 30 to 70% in the middle-aged
population [1]. To date, the use of NSAIDs in chronic tendinopathies is open to discussion,
despite their use as painkillers in the acute phase being well documented [6]. Thus, an
established and accounted therapeutic strategy for RCTs and RCD is still needed. In this
work, dual-acting CAI-CORM hybrids (Figure 1), obtained as previously reported [11,17],
were tested on human tenocytes from the rotator cuff of three different donors under
H2O2 stimulation in parallel with Meloxicam. The present work was designed with the
aim of demonstrating that the combined properties of both moieties can synergistically
counteract inflammation.

3.1. Establishment of the Inflammatory Cell Model and Preliminary Investigations

With the intention of establishing sub-toxic oxidative stress conditions in vitro, teno-
cytes were firstly exposed to loading concentration of H2O2 (0–800 µM) for 3 and 24 h
(SI-Figure S1A). The best H2O2 concentrations (100 and 200 µM) and incubation-time
(3 h), capable of stimulating oxidative stress-related decrease of metabolic activity, were
chosen accordingly to MTT results and used for further analyses. Briefly, 100 µM H2O2 is
significantly effective on decreasing cell viability already after short exposures (76.83% at
3 h) and 200 µM H2O2 shows a dramatic cytotoxicity over the time (around 35% of metabolic
activity for both the exposure times). In parallel, increasing concentrations of Meloxicam
(SI-Figure S1B) and of all the selected CAI-CORM hybrids (SI-Figure S2) were tested on
tenocytes without H2O2 for showing their behavior under non-oxidative stress conditions.
As expected for Meloxicam alone, it shows only a slight and non-significant effect on cell
metabolic activity up to 200 µM with respect to DMSO alone (vehicle). Contrariwise, the
five CAI-CORM hybrids exert a notable influence on tenocyte metabolic activity and the
effect is dependent on the single donor. In details, for D1 Cmp 7 raises cell percentages
from 117.75% (6.25 µM) up to 145.64% at the highest concentration after 72 h. On the other
hand, Cmp 2 and 6 seem more effective at 24 h on D2. This trend is confirmed after 72 h,
with a dose-dependent increase in cell metabolic activity with Cmp 2 and Cmp 6 (around
169% at 200 µM for both). Surprisingly, the same increase is registered with Cmp 7. Again,
Cmp 2, 6, and 7 disclose percentages of metabolic activity higher than the ones of controls
both at 24 and 72 h in the presence of cells from donor 3 (D3). After 72 h, the increase is
clearly dose-dependent, mainly for Cmp 6 and 7 (SI-Figure S2).

Even if Cmp 6 shows good percentages on two different donors, only Cmp 2 and
7 were chosen for further analyses. Firstly, Cmp 6 and 7 are both coumarins and struc-
tural isomers, thus presumably owning similar biological activity and molecular mech-
anism of action. Secondly, Cmp 7 displays a reasonable Ki on the human CA9 isoform
(8.11 µM), while Cmp 6 inhibits only the isoform 12. Thirdly, Cmp 2 is ineffective on CA9
but it revealed a good biological activity on LPS-stimulated murine macrophages, plausibly
referable to its CO release profile [17]. Lastly, both compounds were characterized by a
slow and medium-efficiency release of CO up to five hours ([MbCO] of 3 µM for Cmp 2
and [MbCO] of 6 µM for Cmp 7), which seems to be an important requisite to ensure a
modulation of the inflammatory process in mouse macrophages [17].
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The role of the macrophage is an area of emerging interest in tendinopathy and tendon
healing [24,25]. Indeed, inflammation appears to be driven by a high number of infiltrating
macrophages at the inflamed tendon site [24]. Furthermore, diseased tendons from patients
with tendinopathy show an abundance of CD14+ and CD68+ activated cells [25]. Thus, Cmp
2 and 7 could be suitable compounds for this purpose, being active both on LPS-stimulated
macrophages and on inflamed tenocytes.

3.2. Cell Metabolic Activity of Tenocytes under H2O2 Stimulation in the Presence of Compounds

After having tested Meloxicam and compounds 2 and 7 alone up to 200 µM, the 3 h
pre-incubation with 100–200 µM H2O2 was performed to mimic inflammation. The maximum
dose of compounds was established at 100 µM, being the effects very similar to the ones
occurring at 200 µM. Again, cell metabolic responses to CAI-CORM hybrids and Meloxicam
show differences depending on the three donors and on the H2O2 concentration (Figure 2).
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Meloxicam and Cmp 2 and Cmp 7. Data are reported as means ± standard deviations of independent experiments with
the three donors separately (n = 9). D1 = donor 1; D2 = donor 2; D3 = donor 3. Bar graphs show the percentages of cell
metabolic activity of tenocytes pre-incubated with H2O2 100 (A) and 200 µM (B) for 3 h and afterwards exposed to loading
concentrations of Meloxicam, Cmp 2, and Cmp 7 for 24 and 72 h. Cells treated with DMSO alone (vehicle) were set as
control (100% of cell metabolic activity). DMSO = cultures pre-incubated with H2O2 and treated with dimethyl sulfoxide
(DMSO) 0.2%. a = p < 0.01; b = p < 0.001; c = p < 0.0001 between samples and DMSO alone; d = p < 0.01; e = p < 0.001;
f = p < 0.0001 between samples and Meloxicam at the same concentration; g = p < 0.01; h = p < 0.001; i = p < 0.0001 between
Cmp 2 and Cmp 7 at the same concentration.

For instance, Cmp 2 is the best compound in the counteraction of the H2O2 stimulation
compared to Meloxicam in cells obtained from D1. Despite initially not effective, cell
metabolic activity is assessed at 108.7% with Cmp 2 50 µM, while is around 100% with
Meloxicam at the same dose after 24 h. In the presence of 200 µM H2O2, cell metabolic
activity is even more significantly increased with Cmp 2 at 24 h, being dose-dependently
raised up to 124.3% with 50 µM compared to 81.7% of Meloxicam at the same concentration.
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After 72 h, a peak is registered also for Cmp 7 at 25 µM (122.5%). Confirming MTT data
obtained from the administration of Cmp 7 alone in tenocytes from D2, cell metabolic
activity is extremely high when this hybrid is added to cultures after a H2O2 stimulation,
mainly at 72 h. At that time point, cell percentages arise in a dose-dependent manner,
from 122.7% at 6.25 µM up to 153.9% at 50 µM with 100 µM H2O2, whereas Meloxicam
failed in counteracting oxidative stress being percentages registered below 100%. The same
trend is maintained also with 200 µM H2O2. Compound 2 can counteract H2O2 effects
but in a lesser extent. Not in line with results on the other two donors, Meloxicam is the
best compound in ameliorating cell metabolic activity of tenocytes from D3 after a 3 h
H2O2 pre-incubation.

3.3. Counteraction of H2O2-Induced Cytotoxicity

After having observed a counteraction of the H2O2 effect in terms of augmented cell
metabolism in the three donors and having showed their wide variability, cytotoxicity
occurrence was investigated in the donor pool after the administration of CAI-CORM
hybrids for 24 h (Figure 3).
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Figure 3. Lactate dehydrogenase (LDH) released from tendon-derived cells pre-incubated with hydrogen peroxide (H2O2)
in the presence of Meloxicam and Cmp 2 and Cmp 7. Data are reported as means ± standard deviations of independent
experiments with the three donors pooled (n = 9). Trend lines show the percentage of LDH released from tenocytes
pre-incubated with H2O2 100 and 200 µM for 3 h and afterwards exposed to loading concentrations of Meloxicam, Cmp 2,
and Cmp 7 for 24 h. Values are normalized on 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) data
obtained from the same experiment. DMSO = cultures pre-incubated with H2O2 and treated with DMSO 0.2% (vehicle).
a = p < 0.01; b = p < 0.001; c = p < 0.0001; between samples and DMSO alone; d = p < 0.01; e = p < 0.001; f = p < 0.0001 between
samples and Meloxicam at the same concentration.

Our group has already reported that rotator cuff-derived tenocytes respond to H2O2
increasing LDH release dramatically, already after short exposure times [5]. As expected,
cells pre-incubated with 100 or 200 µM H2O2 release LDH in a great extent (21.6% and
37.9%, respectively). Meloxicam seems weakly effective in the counteraction of cytotoxicity,
especially after the 100 µM H2O2 pre-incubation. On the other hand, LDH release is
decreased in the presence of Cmp 2 and even more lowered with Cmp 7. More in details,
Cmp 2 is the best compound in counteracting LDH leakage after the 100 µM H2O2 pre-
incubation (15.9% at 25 µM), whereas Cmp 7 starts to be effective only after a dose of 50 µM.
However, Cmp 7 rapidly and significantly decreases lactate released from tenocytes pre-
incubated with 200 µM H2O2 up to 16.7% at 25 µM. Nevertheless, Cmp 2 has a comparable
effect at 50 µM.

The spread of cell metabolism when compounds 2 and 7 were administered without
H2O2 is absent when tenocytes are exposed to Meloxicam alone. Moreover, both the
compounds are capable of better counteracting H2O2-induced cytotoxicity in terms of cell
metabolism and LDH release mainly at 25 and 50 µM compared to Meloxicam. Besides dual
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CAI-CORM hybrids are more effective in the reversal of cytotoxicity with the 200 µM H2O2
pre-incubation, the LDH percentage in the presence of DMSO alone (vehicle) after 24 h is
extremely high. It is therefore plausible to assume that cells are in a pre-necrotic condition
where other molecular mechanisms could be involved beyond oxidative stress [26]. Thus,
only the sub-toxic concentration of 100 µM H2O2 and doses of 25 and 50 µM were used for
further analyses.

3.4. Compounds 2 and 7 Increase the Entrance in the G2 Phase of Tenocytes under Oxidative
Stress Conditions

Since an augmented metabolism is tightly related to cell proliferation and functions,
tenocytes pre-incubated with 100 µM H2O2 and consequently exposed to compounds 2
and 7 up to 50 µM underwent cell cycle analysis after 72 h of exposure. A morphological
observation of tenocytes from the three donors pre-incubated with 100 µM H2O2 and
exposed to compounds at 50 µM for 24 h after haematoxylin/eosin staining (Figure 4),
revealed an increased number of cells in the presence of Cmp 7 with respect to Cmp
2. Likewise, the bicinchoninic acid (BCA) assay measured a spread in terms of the pro-
tein amount with Cmp 7 after 24 h compared to Cmp 2, Meloxicam, and DMSO alone
(546.6 µg/mL), confirming an augmented metabolism. Indeed, the concentration of protein
is assessed at 918.9 µg/mL already with Cmp 7 at 6.25 µM and around 760 µg/mL with 25
and 50 µM (SI-Figure S3).
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Figure 4. Hematoxylin/eosin (H&E) staining of tendon-derived cells pre-incubated with hydrogen peroxide (H2O2) in the
presence of Meloxicam and Cmp 2 and Cmp 7. Light microscopy images show tenocytes isolated from the three donors
(D1 = donor 1; D2 = donor 2; D3 = donor 3), pre-incubated with H2O2 100 µM for 3 h and afterwards exposed to Meloxicam,
Cmp 2, and Cmp 7 50 µM for 24 h, stained with H&E. Magnification 100×. Bar scale represents 1 cm = 100 µm.

As for cell cycle analysis (Figure 5), profiles of tenocytes in the presence of Meloxicam
and CAI-CORM hybrids were compared to T0, which represents proliferating cells from
routine culture, and tenocytes pre-incubated with H2O2 in the presence of DMSO alone
(Figure 5A,B). As expected, tenocytes in the DMSO control display an increased G2 phase
compared to the one of T0 (16.9% and 8.44%, respectively). It is well known indeed that
in response to overuse or inflammation, tenocytes increase their metabolic activity and
multiply [6,27]. In the presence of Meloxicam, percentages of cells in the various phases
of cell cycle are comparable to the ones of the DMSO control. When Cmp 2 is present, a
dose-dependent increase in terms of cell percentage in the G2 phase is registered, being
doubled with respect to DMSO alone at 50 µM (32.9%). As well, tenocytes in the G2 phase
after the administration of Cmp 7 are increased already at 25 µM (24.2%) with respect to
Cmp 2 at the same concentration (21.7%). Cells presumably undergoing mitosis in the
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presence of Cmp 7 at 25 µM are observed also microscopically, as shown in Figure 5C by
red arrows.

Biomedicines 2021, 9, x FOR PEER REVIEW 11 of 19 
 

 
Figure 5. Cell cycle analyzed in tendon-derived cells pre-incubated with hydrogen peroxide (H2O2) in the presence of 
Meloxicam and Cmp 2 and Cmp 7. Data are reported as means ± standard deviations of independent experiments with 
the three donors pooled (n = 9). (A) The bar graph shows cell percentages in the various phases of cell cycle (G1, S, and 
G2) of tenocytes pre-incubated with H2O2 100 µM for 3 h and afterwards exposed to Meloxicam, Cmp 2, and Cmp 7 at 25 
and 50 µM for 72 h. DMSO = cultures pre-incubated with H2O2 and treated with DMSO 0.2% (vehicle). a = p < 0.01; b = p < 
0.001; c = p < 0.0001 between samples and DMSO alone. (B) Cell cycle profiles represented by fluorescence emission peaks 
obtained after the propidium iodide staining (y-axis = cell count; x-axis = propidium iodide fluorescence emission in the 
FL- channel). (C) Hematoxylin/eosin staining of tenocytes pre-incubated with 100 µM H2O2 for 3 h and exposed to Cmp 7 
25 µM for 72 h. Magnification 400x. Bar scale represents 1 cm = 25 µm. Red arrows indicate cells in mitosis. 

3.5. Compound 2 Enhances Collagen Type I Secretion in H2O2-Stimulated Tenocytes 
Distinct cytoprotective roles of CO have been recently elucidated as well as its meta-

bolic effects in terms of ATP production and augmented cell viability under pro-inflam-
matory substances like LPS [28]. Increasing cell metabolism and proliferation are particu-
larly important for tendon tissue repair after the acute inflammatory phase. As a matter 
of fact, tendon healing occurs in different stages, among which the consolidation phase 
involves both high cell metabolism and collagen type I secretion [27]. In this light, collagen 
type I concentration was quantified in cell supernatants of tenocytes in the same condi-
tions of cell cycle analyses (Figure 6). Surprisingly, collagen type I amount is dramatically 
increased with Cmp 2 at 25 µM (22 µg/mL) with respect to the DMSO control (14.8 µg/mL) 
and compared to Meloxicam and Cmp 7. In that experimental condition, microscopic ob-
servations reveal the presence of a network of flattened cell extensions between adjacent 
cells which have been proven to be critical structures that enable matrix remodeling in 
fibroblasts secreting collagen fibers [29] (Figure 6B). Being less efficient as regards the CO 
releasing profile compared to that of Cmp 7 [17] and in counteracting H2O2-related cyto-
toxicity, Cmp 2 is instead extremely active in increasing collagen type I secretion, as if 
tenocytes were in a different stage of the healing. For better understanding molecular 
mechanisms underlying these observations, superoxide anions generation and Nrf2 ex-
pression levels were quantified to verify the modulation of the redox equilibrium whereas 
h-Tert was analyzed as a marker of senescence (Figure 7). 

Figure 5. Cell cycle analyzed in tendon-derived cells pre-incubated with hydrogen peroxide (H2O2) in the presence of Meloxi-
cam and Cmp 2 and Cmp 7. Data are reported as means ± standard deviations of independent experiments with the three
donors pooled (n = 9). (A) The bar graph shows cell percentages in the various phases of cell cycle (G1, S, and G2) of
tenocytes pre-incubated with H2O2 100 µM for 3 h and afterwards exposed to Meloxicam, Cmp 2, and Cmp 7 at 25 and
50 µM for 72 h. DMSO = cultures pre-incubated with H2O2 and treated with DMSO 0.2% (vehicle). a = p < 0.01;
b = p < 0.001; c = p < 0.0001 between samples and DMSO alone. (B) Cell cycle profiles represented by fluorescence emis-
sion peaks obtained after the propidium iodide staining (y-axis = cell count; x-axis = propidium iodide fluorescence emis-
sion in the FL- channel). (C) Hematoxylin/eosin staining of tenocytes pre-incubated with 100 µM H2O2 for 3 h and ex-
posed to Cmp 7 25 µM for 72 h. Magnification 400x. Bar scale represents 1 cm = 25 µm. Red arrows indicate cells
in mitosis.

3.5. Compound 2 Enhances Collagen Type I Secretion in H2O2-Stimulated Tenocytes

Distinct cytoprotective roles of CO have been recently elucidated as well as its
metabolic effects in terms of ATP production and augmented cell viability under pro-
inflammatory substances like LPS [28]. Increasing cell metabolism and proliferation are
particularly important for tendon tissue repair after the acute inflammatory phase. As a
matter of fact, tendon healing occurs in different stages, among which the consolidation
phase involves both high cell metabolism and collagen type I secretion [27]. In this light,
collagen type I concentration was quantified in cell supernatants of tenocytes in the same
conditions of cell cycle analyses (Figure 6). Surprisingly, collagen type I amount is dra-
matically increased with Cmp 2 at 25 µM (22 µg/mL) with respect to the DMSO control
(14.8 µg/mL) and compared to Meloxicam and Cmp 7. In that experimental condition,
microscopic observations reveal the presence of a network of flattened cell extensions
between adjacent cells which have been proven to be critical structures that enable matrix
remodeling in fibroblasts secreting collagen fibers [29] (Figure 6B). Being less efficient as
regards the CO releasing profile compared to that of Cmp 7 [17] and in counteracting
H2O2-related cytotoxicity, Cmp 2 is instead extremely active in increasing collagen type I
secretion, as if tenocytes were in a different stage of the healing. For better understanding
molecular mechanisms underlying these observations, superoxide anions generation and
Nrf2 expression levels were quantified to verify the modulation of the redox equilibrium
whereas h-Tert was analyzed as a marker of senescence (Figure 7).
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of Meloxicam and Cmp 2 and Cmp 7. Data are reported as means ± standard deviations of independent experiments
with the three donors pooled (n = 9). (A) Bar graphs show collagen type I concentration obtained by ELISA assay in cell
supernatants (µg/mL) of tenocytes pre-incubated with H2O2 100 µM for 3 h and afterwards exposed to Meloxicam, Cmp 2,
and Cmp 7 at 25 and 50 µM for 72 h. Values are normalized on MTT data from the same experiment. DMSO = cultures
pre-incubated with H2O2 and treated with DMSO 0.2% (vehicle). b = p < 0.001 and c = p < 0.0001 between samples and
DMSO alone. (B) Hematoxylin/eosin staining of tenocytes pre-incubated with 100 µM H2O2 for 3 h and exposed to Cmp 2
at 25 µM for 72 h. Magnification 200× and 400×. Bar scale represents 1 cm = 75 and 25 µm, respectively.
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Figure 7. Generation of superoxide anions and Nrf2 and h-Tert expression levels in tendon-derived cells pre-incubated
with hydrogen peroxide (H2O2) in the presence of Meloxicam, Cmp 2 and Cmp 7. Data are reported as means ± standard
deviations of independent experiments with the three donors pooled (n = 9). (A) The bar graph shows mean fluorescence
intensity (MFI) ratios related to the emission in the FL-2 channel which are proportional to the generation of superoxide
anions in tenocytes pre-incubated with H2O2 100 µM for 3 h and exposed as indicated for 24 h. Values are the ratios of
the MFI generated from each sample on the unstained control (negative). (B) Western blot analysis of Nrf2 and h-Tert
protein expression in tenocytes in the same indicated experimental conditions of (A). β-actin is used as loading control. Bar
graphs display densitometric values expressed as mean D.O.I normalized on the ones of the loading control. a = p < 0.01;
b = p < 0.001; c = p < 0.0001 between samples and DMSO alone. DMSO = cultures pre-incubated with H2O2 and treated
with DMSO 0.2%.
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3.6. Compound 7 Triggers Nrf2 Expression and Acts as a Superoxide Scavenger

Our previous work reported the involvement of the transcription factor Nrf2 in
the counteraction of H2O2-induced cytotoxicity in tenocytes [5], while h-Tert expression
has been related to tendon development [30]. In the present experimental model, the
MitoSox staining reveals that Cmp 7 acts as a potent superoxide scavenger compared to
Meloxicam and Cmp 2 (Figure 7A). More in details, the superoxide amount with Cmp 7
at 25 µM is 2.1 folds of the negative control (equal to 1, not shown) and 2.6 at 50 µM. It
should be noted that Cmp 7 is the only compound which shows values comparable to
the one of the DMSO control (2.4 folds). Meloxicam fails in decreasing superoxide anion
concentrations even at the highest dose administered of 50 µM (6.7 folds), while Cmp
2 is more effective than Meloxicam but less than Cmp 7 (4.1 folds). The ineffectiveness
of Meloxicam can be ascribed to its inhibitory activity on superoxide dismutase (SOD),
which can cause glutathione depletion [31] and can be responsible for the debated use of
NSAIDs in tendinopathies. Since Meloxicam mechanism of action is broadly known acting
as a preferential COX2 potent inhibitor [20], molecular analyses at the protein level were
performed only on compounds 2 and 7.

As expected, Nrf2 is expressed in tenocytes after the H2O2 pre-incubation (Figure 7B).
In accordance with the superoxide anion decreased production in the presence of Cmp 7,
Nrf2 expression levels are dramatically increased both at 25 and 50 µM as a sign of activated
antioxidant cell response in tenocytes [5]. In addition to the better CO release rate with
respect to Cmp 2, Cmp 7 is a coumarin-derivative and the protective effect of coumarins
against oxidative stress through Nrf2 activation is well established [32]. As for h-Tert is
very well expressed in all the experimental conditions, meaning that tendon-derived cells
still preserve their proliferation potential, and they are not terminally differentiated into
post-mitotic cells [30].

The analyses of molecules related to the redox equilibrium and to senescence have
partly clarified the molecular mechanisms underlying the biological observations obtained
with compounds 2 and 7. It is broadly known that nitric oxide (NO) plays a relevant role in
repairing an injured tendon [33] and our previous work reported a role of inducible nitric
oxide synthase (iNOS) in tenocytes under oxidative stress conditions [4]. Thus, expression
levels of iNOS were quantified in the presence of compounds 2 and 7 (Figure 8).

3.7. iNOS Is Differentially Expressed in the Presence of Compounds 2 and 7

Western blot analysis reveals a robust iNOS expression in the DMSO control, accord-
ingly to our previous results [4]. Intriguingly, the presence of Cmp 2 dramatically raises
iNOS expression whereas it is only weakly expressed in the presence of Cmp 7. It has been
demonstrated that NO favors tendon healing at the molecular level by increasing collagen
synthesis after 7 days of treatment in an in vitro tendon cell culture [34]. The enhanced
expression of collagen type I in the presence of Cmp 2 (Figure 6A) can be therefore ascribed
to the overproduction of nitric oxide through iNOS, an event which has been described
as fundamental in triggering extracellular matrix-related genes, such as collagens I, II,
and IV [35]. It should be also noted that Cmp 2 acts as a human CA12 inhibitor in vitro
(Ki = 3.46 µM) [17] and the interactome of this isoform has been linked to collagen degra-
dation through metalloproteinase 14 (MMP-14) [36]. The involvement of MMP-14 and
its interplay with collagen production has been already reported for rotator cuff-derived
cells [4] and further analyses are required to clarify these speculations.
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Figure 8. Inducible nitric oxide synthase (iNOS) expression levels in tendon-derived cells pre-
incubated with hydrogen peroxide (H2O2) in the presence of Cmp 2 and Cmp 7. Data are re-
ported as means ± standard deviations of independent experiments with the three donors pooled
(n = 9). Western blot analysis of the iNOS expression in tenocytes pre-incubated with H2O2 100 µM for
3 h and exposed as indicated for 24 h. β-actin is used as a loading control. The bar graph dis-
plays densitometric values expressed as mean DOI normalized on the ones of the loading control.
a = p < 0.01; b = p < 0.001; c = p < 0.0001 between samples and DMSO alone. DMSO = cultures
pre-incubated with H2O2 and treated with DMSO 0.2%.

3.8. NF-kB Nuclear Translocation Is Enhanced in the Presence of Compound 2

The formation of NO under pro-inflammatory conditions is mostly a result of NF-
kB enhanced nuclear translocation which regulates expression of NOX2 and iNOS en-
zymes [37]. To confirm iNOS expression data, the immunofluorescence of NF-kB was
performed in the presence of compounds 2 and 7 in the same conditions of protein analyses
(Figure 9). Notably, NF-kB shows a nuclear localization in the presence of Cmp 2, while it
is mostly cytosolic after the Cmp 7 administration. More in details, the number of positive
nuclei significantly decrease in the presence of Cmp 7 50 µM (3 nuclei) compared to Cmp
2 at the same concentration (11 nuclei). Furthermore, the intensity of Nf-kB cytosolic
fluorescence results clearly increased with Cmp 7 at the highest concentration, resembling
the elongated fibroblast-like morphology of tenocytes. The interplay between NF-kB and
Nrf2 in cell responses towards oxidative stress is finely regulated and it has been recently
well elucidated [38,39]. Expression of HO-1 as an antioxidant protein is controlled by
both NF-kB and Nrf2 and links the activities of both transcription factors. It has been
therefore reported that Nrf2-induced expression of HO-1 inhibits NF-kB activity, indicating
its anti-inflammatory function [37]. It is plausible to assume that Cmp 7 acts as a canonical
coumarin-based compound and activates Nrf2-related cell responses towards oxidative
stress while Cmp 2 acts on the counterpart NF-kB.
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Figure 9. NF-kB expression in tendon-derived cells pre-incubated with hydrogen peroxide (H2O2) in the presence of Cmp 2
and Cmp 7. Representative images from three independent experiments of the expression of NF-kB after immunofluores-
cence staining in tenocytes pre-incubated with H2O2 100 µM for 3 h and exposed as indicated for 24 h. NF-kB is stained in
green (Fluorescein Isothiocyanate, FITC) and cell nuclei are highlighted in blue (4′,6-diamidino-2-phenylindole, DAPI). Red
arrows indicate nuclear NF-kB.

4. Conclusions

Five dual CAI-CORM hybrids, previously evaluated in LPS-stimulated macrophages,
have been further investigated for their role in the counteraction of oxidative stress in
human rotator cuff-derived tenocytes under H2O2 stimulation. From our results, it can be
therefore suggested that both compounds counteract oxidative stress-related cytotoxicity
through CO release and thus directly stimulating HO-1-related antioxidant responses, as
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already reported for macrophages in our previous work [17]. The coumarin-derivative
Cmp 7 activates Nrf2, which plausibly transcribes for additional HO-1 and SOD, decreases
superoxide production, and counteracts H2O2-induced oxidative stress. Moreover, Cmp 7
could own a dual function because it inhibits human CA9 in vitro which can be involved
in tendon injuries. On the other hand, Cmp 2 activates NF-kB which transcribes for iNOS,
an event that probably produces massive amounts of NO and is involved in collagen
type 1 production. Moreover, acting as a potential CA12 inhibitor in vitro, the function
of Cmp 2 can be partly ascribed to this CA interactome. Moreover, Cmp 2 is extremely
effective in terms of collagen type 1 deposition, a crucial event for tendon healing after the
counteraction of inflammation.

Taken together, these results lay the grounds for further molecular studies on the
involvement of CA inhibition in the inflamed tendon and on the use of CAI-CORM hybrids
in a clinical situation.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-905
9/9/2/141/s1. Supplementary Materials-Figure S1. Metabolic activity of tendon-derived cells in the
presence of hydrogen peroxide and Meloxicam. Data are reported as means ± standard deviations
of independent experiments with the three donors pooled (n = 9). (A) The bar graph represents the
cell dose-response towards loading concentrations of hydrogen peroxide (0–800 µM) after 3 and
24 h. Untreated cultures (i.e., only complete medium) were set as control (100% of the metabolic
activity). a= p < 0.01 and c= p < 0.0001 between samples and the untreated control. (B) The bar graph
represents the cell dose-response towards loading concentrations of Meloxicam (0–200 µM) after 24
and 72 h. Tenocytes in the presence of 0.2% of DMSO (vehicle) were set as control. Supplementary
Materials-Figure S2. Metabolic activity of tendon-derived cells in the presence of CAI-CORM hybrids.
Data are reported as means ± standard deviations of independent experiments with the three donors
separately (n = 9). D1 = donor 1; D2 = donor 2; D3 = donor 3. Bar graphs show the cell dose-response
towards loading concentrations of compounds 1, 2, 6, 7, and 8 (0–200 µM) after 24 and 72 h. Tenocytes
in the presence of 0.2% of DMSO (vehicle) were set as control (100% of the metabolic activity).
a = p < 0.01; b = p < 0.001; c = p < 0.0001 between samples and DMSO alone. Supplementary Materials-
Figure S3. Total amount of protein in tendon-derived cells pre-incubated with hydrogen peroxide
(H2O2) in the presence of Meloxicam and Cmp 2 and Cmp 7. Data are reported as means ± standard
deviations of independent experiments with the three donors pooled (n = 9). Bar graphs represent the
protein concentration (µg/mL) measured by the BCA assay in tenocytes pre-incubated with H2O2
100 and 200 µM for 3 h and afterwards treated with Meloxicam and compounds 2 (Cmp 2) and 7
(Cmp 7) (0–100 µM, where the 0 µM is named after DMSO) for 24 h. DMSO = cultures pre-incubated
with H2O2 and treated with DMSO 0.2%. a = p < 0.01; b = p < 0.001; c = p < 0.0001 between samples
and DMSO alone; d = p < 0.01; e = p < 0.001; f = p < 0.0001 between samples and Meloxicam at the
same concentration; g = p < 0.01; h = p < 0.001; i = p < 0.0001 between Cmp 2 and Cmp 7 at the same
concentration.

Author Contributions: M.G. and S.C., conceptualization, funding acquisition, investigation, method-
ology, data curation, formal analysis, writing-original draft and writing-review and editing; A.R.,
methodology, data curation and formal analysis; C.A.L.P. methodology and formal analysis; S.Z. and
A.C., methodology, data curation and writing-review and editing; F.O., methodology; F.C., methodol-
ogy, visualization, writing-review and editing; A.C.B., conceptualization, funding acquisition, project
administration, supervision, data curation, writing-original draft and writing-review and editing.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Associazione Laura Bassi ONLUS and Ministry of
Research and University (MUR) grants assigned to Dr. Marialucia Gallorini, Dr. Simone Carradori
and Prof. Amelia Cataldi.

Institutional Review Board Statement: Not applicable

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data are contained within the article.

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

https://www.mdpi.com/2227-9059/9/2/141/s1
https://www.mdpi.com/2227-9059/9/2/141/s1


Biomedicines 2021, 9, 141 16 of 17

References
1. Oliva, F.; Osti, L.; Padulo, J.; Maffulli, N. Epidemiology of the rotator cuff tears: A new incidence related to thyroid disease.

Muscles Ligaments Tendons J. 2014, 4, 309–314. [CrossRef] [PubMed]
2. Cipollaro, L.; Sahemey, R.; Oliva, F.; Maffulli, N. Immunohistochemical features of rotator cuff tendinopathy. Br. Med. Bull. 2019,

1, 105–123. [CrossRef] [PubMed]
3. Oliva, F.; Berardi, A.C.; Misiti, S.; Verga Falzacappa, C.; Iacone, A.; Maffulli, N. Thyroid hormones enhance growth and counteract

apoptosis in human tenocytes isolated from rotator cuff tendons. Cell Death Dis. 2013, 7, e705. [CrossRef] [PubMed]
4. Oliva, F.; Gallorini, M.; Antonetti Lamorgese Passeri, C.; Gissi, C.; Ricci, A.; Cataldi, A.; Colosimo, A.; Berardi, A.C. Conjugation

with Methylsulfonylmethane Improves Hyaluronic Acid Anti-Inflammatory Activity in a Hydrogen Peroxide-Exposed Tenocyte
Culture In Vitro Model. Int. J. Mol. Sci. 2020, 21, 7956. [CrossRef]

5. Gallorini, M.; Berardi, A.C.; Gissi, C.; Cataldi, A.; Osti, L. Nrf2-mediated cytoprotective effect of four different hyaluronic acids by
molecular weight in human tenocytes. J. Drug Target. 2020, 2, 212–224. [CrossRef]

6. Darrieutort-Laffite, C.; Soslowsky, L.J.; Le Goff, B. Molecular and Structural Effects of Percutaneous Interventions in Chronic
Achilles Tendinopathy. Int. J. Mol. Sci. 2020, 19, 7000. [CrossRef]

7. Gallorini, M.; Petzel, C.; Bolay, C.; Hiller, K.A.; Cataldi, A.; Buchalla, W.; Krifka, S.; Schweikl, H. Activation of the Nrf2-regulated
antioxidant cell response inhibits HEMA-induced oxidative stress and supports cell viability. Biomaterials 2015, 56, 114–128.
[CrossRef]

8. Adach, W.; Olas, B. A comparison of multifunctional donors of carbon monoxide: Their anticoagulant, antioxidant, anti-
aggregatory and cytotoxicity activities in an in vitro model. Nitric Oxide 2020, 97, 20–26. [CrossRef]

9. Ryter, S.W. Therapeutic Potential of Heme Oxygenase-1 and Carbon Monoxide in Acute Organ Injury, Critical Illness, and
Inflammatory Disorders. Antioxidants 2020, 11, 1153. [CrossRef]

10. Wilson, J.L.; Fayad Kobeissi, S.; Oudir, S.; Haas, B.; Michel, B.; Dubois Randé, J.L.; Ollivier, A.; Martens, T.; Rivard, M.; Motterlini,
R.; et al. Design and synthesis of new hybrid molecules that activate the transcription factor Nrf2 and simultaneously release
carbon monoxide. Chemistry 2014, 45, 14698–14704. [CrossRef]

11. Berrino, E.; Milazzo, L.; Micheli, L.; Vullo, D.; Angeli, A.; Bozdag, M.; Nocentini, A.; Menicatti, M.; Bartolucci, G.; di Cesare
Mannelli, L.; et al. Synthesis and Evaluation of Carbonic Anhydrase Inhibitors with Carbon Monoxide Releasing Properties for
the Management of Rheumatoid Arthritis. J. Med. Chem. 2019, 15, 7233–7249. [CrossRef] [PubMed]

12. Supuran, C.T. Carbonic anhydrases and metabolism. Metabolites 2018, 8, E25. [CrossRef] [PubMed]
13. Schultz, M.; Jin, W.; Waheed, A.; Moed, B.R.; Sly, W.; Zhang, Z. Expression profile of carbonic anhydrases in articular cartilage.

Histochem. Cell Biol. 2011, 136, 145–151. [CrossRef] [PubMed]
14. Kim, J.H.; Parkkila, S.; Shibata, S.; Fujimiya, M.; Murakami, G.; Cho, B.H. Expression of carbonic anhydrase IX in human fetal

joints, ligaments and tendons: A potential marker of mechanical stress in fetal development? Anat. Cell Biol. 2013, 46, 272–284.
[CrossRef] [PubMed]

15. Margheri, F.; Ceruso, M.; Carta, F.; Laurenzana, A.; Maggi, L.; Lazzeri, S.; Simonini, G.; Annunziato, F.; Del Rosso, M.; Supuran,
C.T.; et al. Overexpression of the transmembrane carbonic anhydrase isoforms IX and XII in the inflamed synovium. J. Enzyme
Inhib. Med. Chem. 2016, 31, 60–63. [CrossRef]

16. Ji, M.J.; Hong, J.H. An overview of carbonic anhydrases and membrane channels of synoviocytes in inflamed joints. J. Enzyme
Inhib. Med. Chem. 2019, 34, 1615–1622. [CrossRef]

17. Berrino, E.; Carradori, S.; Angeli, A.; Carta, F.; Supuran, C.T.; Guglielmi, P.; Coletti, C.; Paciotti, R.; Schweikl, H.; Maestrelli, F.; et al.
Dual carbonic anhydrase IX/XII inhibitors and Carbon Monoxide Releasing Molecules modulate LPS-mediated inflammation in
mouse macrophages. Antioxidants 2021, 10, 1–24. [CrossRef]

18. Guglielmi, P.; Rotondi, G.; Secci, D.; Angeli, A.; Chimenti, P.; Nocentini, A.; Bonardi, A.; Gratteri, P.; Carradori, S.; Supuran, C.T.
Novel insights on saccharin- and acesulfame-based carbonic anhydrase inhibitors: Design, synthesis, modelling investigations
and biological activity evaluation. J. Enzyme Inhib Med. Chem. 2020, 35, 1891–1905. [CrossRef]

19. Aspatwar, A.; Berrino, E.; Bua, S.; Carta, F.; Capasso, C.; Parkkila, S.; Supuran, C.T. Toxicity evaluation of sulfamides and
coumarins that efficiently inhibit human carbonic anhydrases. J. Enzyme Inhib. Med. Chem. 2020, 35, 1765–1772. [CrossRef]

20. Schattenkirchner, M. Meloxicam: A selective COX-2 inhibitor non-steroidal anti-inflammatory drug. Expert Opin. Investig. Drugs
1997, 6, 321–334. [CrossRef]

21. Osti, L.; Berardocco, M.; di Giacomo, V.; Di Bernardo, G.; Oliva, F.; Berardi, A.C. Hyaluronic acid increases tendon derived cell
viability and collagen type I expression in vitro: Comparative study of four different Hyaluronic acid preparations by molecular
weight. BMC Musculoskelet Disord. 2015, 16, 284. [CrossRef] [PubMed]

22. Gallorini, M.; Berardi, A.C.; Berardocco, M.; Gissi, C.; Maffulli, N.; Cataldi, A.; Oliva, F. Hyaluronic acid increases tendon derived
cell viability and proliferation in vitro: Comparative study of two different hyaluronic acid preparations by molecular weight.
Muscles Ligaments Tendons J. 2017, 7, 208–214. [CrossRef] [PubMed]

23. Gissi, C.; Radeghieri, A.; Antonetti Lamorgese Passeri, C.; Gallorini, M.; Calciano, L.; Oliva, F.; Veronesi, F.; Zendrini, A.; Cataldi,
A.; Bergese, P.; et al. Extracellular vesicles from rat-bone-marrow mesenchymal stromal/stem cells improve tendon repair in rat
Achilles tendon injury model in dose-dependent manner: A pilot study. PLoS ONE 2020, 15, e0229914. [CrossRef] [PubMed]

http://doi.org/10.32098/mltj.03.2014.08
http://www.ncbi.nlm.nih.gov/pubmed/25489548
http://doi.org/10.1093/bmb/ldz016
http://www.ncbi.nlm.nih.gov/pubmed/31093655
http://doi.org/10.1038/cddis.2013.229
http://www.ncbi.nlm.nih.gov/pubmed/23828568
http://doi.org/10.3390/ijms21217956
http://doi.org/10.1080/1061186X.2019.1648476
http://doi.org/10.3390/ijms21197000
http://doi.org/10.1016/j.biomaterials.2015.03.047
http://doi.org/10.1016/j.niox.2020.01.010
http://doi.org/10.3390/antiox9111153
http://doi.org/10.1002/chem.201403901
http://doi.org/10.1021/acs.jmedchem.9b00845
http://www.ncbi.nlm.nih.gov/pubmed/31287314
http://doi.org/10.3390/metabo8020025
http://www.ncbi.nlm.nih.gov/pubmed/29561812
http://doi.org/10.1007/s00418-011-0836-9
http://www.ncbi.nlm.nih.gov/pubmed/21739214
http://doi.org/10.5115/acb.2013.46.4.272
http://www.ncbi.nlm.nih.gov/pubmed/24386600
http://doi.org/10.1080/14756366.2016.1217857
http://doi.org/10.1080/14756366.2019.1659791
http://doi.org/10.3390/antiox10010056
http://doi.org/10.1080/14756366.2020.1828401
http://doi.org/10.1080/14756366.2020.1822829
http://doi.org/10.1517/13543784.6.3.321
http://doi.org/10.1186/s12891-015-0735-7
http://www.ncbi.nlm.nih.gov/pubmed/26444018
http://doi.org/10.32098/mltj.02.2017.02
http://www.ncbi.nlm.nih.gov/pubmed/29264330
http://doi.org/10.1371/journal.pone.0229914
http://www.ncbi.nlm.nih.gov/pubmed/32163452


Biomedicines 2021, 9, 141 17 of 17

24. Frich, L.H.; Fernandes, L.R.; Schrøder, H.D.; Hejbøl, E.K.; Nielsen, P.V.; Jørgensen, P.H.; Stensballe, A.; Lambertsen, K.L. The
inflammatory response of the supraspinatus muscle in rotator cuff tear conditions. J. Shoulder Elb. Surg. 2020, 20, 30710–30712.
[CrossRef]

25. Dakin, S.G.; Newton, J.; Martinez, F.O.; Hedley, R.; Gwilym, S.; Jones, N.; Reid, H.A.B.; Wood, S.; Wells, G.; Appleton, L.; et al.
Chronic inflammation is a feature of Achilles tendinopathy and rupture. Br. J. Sports Med. 2018, 52, 359–367. [CrossRef]

26. Benhar, M. Oxidants, Antioxidants and Thiol Redox Switches in the Control of Regulated Cell Death Pathways. Antioxidants 2020,
9, 309. [CrossRef]

27. Sharma, P.; Maffulli, N. Biology of tendon injury: Healing, modeling and remodeling. J. Musculoskelet Neuronal Interact. 2006, 6,
181–190.

28. Figueiredo-Pereira, C.; Dias-Pedroso, D.; Soares, N.L.; Vieira, H.L.A. CO-mediated cytoprotection is dependent on cell metabolism
modulation. Redox Biol. 2020, 32, 101470. [CrossRef]

29. Yuda, A.; Lee, W.S.; Petrovic, P.; McCulloch, C.A. Novel proteins that regulate cell extension formation in fibroblasts. Exp. Cell
Res. 2018, 365, 85–96. [CrossRef]

30. Russo, V.; Mauro, A.; Martelli, A.; Di Giacinto, O.; Di Marcantonio, L.; Nardinocchi, D.; Berardinelli, P.; Barboni, B. Cellular and
molecular maturation in fetal and adult ovine calcaneal tendons. J. Anat. 2015, 226, 126–142. [CrossRef]

31. Villegas, I.; Martín, M.J.; La Casa, C.; Motilva, V.; De La Lastra, C.A. Effects of oxicam inhibitors of cyclooxygenase on oxidative
stress generation in rat gastric mucosa. A comparative study. Free. Radic. Res. 2002, 36, 769–777. [CrossRef] [PubMed]

32. Zhang, J.; Feng, H.; Lv, J.; Zhao, L.; Zhao, J.; Wang, L.A. Protective effect of coumarin-pi against t-BHP-induced hepatotoxicity by
upregulating antioxidant enzymes via enhanced Nrf2 signaling. Mol. Cell Biochem. 2020, 475, 277–283. [CrossRef] [PubMed]

33. Bokhari, A.R.; Murrell, G.A. The role of nitric oxide in tendon healing. J. Shoulder Elb. Surg. 2012, 21, 238–244. [CrossRef]
[PubMed]

34. Xia, W.; Szomor, Z.; Wang, Y.; Murrell, G.A.C. Nitric oxide enhances collagen synthesis in cultured human tendon cells. J. Orthop.
Res. 2006, 24, 159–172. [CrossRef] [PubMed]

35. Millar, N.L.; Murrell, G.A.C.; McInnes, I.B. Inflammatory mechanisms in tendinopathy—Towards translation. Nat. Rev. Rheumatol.
2017, 13, 110–122. [CrossRef]

36. Swayampakula, M.; McDonald, P.C.; Vallejo, M.; Coyaud, E.; Chafe, S.C.; Westerback, A.; Venkateswaran, G.; Shankar, J.; Gao, G.;
Laurent, E.M.N.; et al. The interactome of metabolic enzyme carbonic anhydrase IX reveals novel roles in tumor cell migration
and invadopodia/MMP14-mediated invasion. Oncogene 2017, 36, 6244–6261. [CrossRef]

37. Morgan, M.J.; Liu, Z.G. Crosstalk of reactive oxygen species and NF-κB signaling. Cell Res. 2011, 21, 103–115. [CrossRef]
38. Schweikl, H.; Birke, M.; Gallorini, M.; Petzel, C.; Bolay, C.; Waha, C.; Hiller, K.A.; Buchalla, W. HEMA-induced oxidative stress

inhibits NF-kB nuclear translocation and TNF release from LTA- and LPS-stimulated immunocompetent cells. Dental. Mater.
2021, 37, 175–190. [CrossRef]

39. Sancilio, S.; Marsich, E.; Schweikl, H.; Cataldi, A.; Gallorini, M. Redox Control of IL-6-Mediated Dental Pulp Stem-Cell
Differentiation on Alginate/Hydroxyapatite Biocomposites for Bone Ingrowth. Nanomaterials. 2019, 9, 1656. [CrossRef]

http://doi.org/10.1016/j.jse.2020.08.028
http://doi.org/10.1136/bjsports-2017-098161
http://doi.org/10.3390/antiox9040309
http://doi.org/10.1016/j.redox.2020.101470
http://doi.org/10.1016/j.yexcr.2018.02.024
http://doi.org/10.1111/joa.12269
http://doi.org/10.1080/10715760290032575
http://www.ncbi.nlm.nih.gov/pubmed/12180128
http://doi.org/10.1007/s11010-020-03880-x
http://www.ncbi.nlm.nih.gov/pubmed/32812103
http://doi.org/10.1016/j.jse.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22244067
http://doi.org/10.1002/jor.20060
http://www.ncbi.nlm.nih.gov/pubmed/16435353
http://doi.org/10.1038/nrrheum.2016.213
http://doi.org/10.1038/onc.2017.219
http://doi.org/10.1038/cr.2010.178
http://doi.org/10.1016/j.dental.2020.10.029
http://doi.org/10.3390/nano9121656

	Introduction 
	Materials and Methods 
	Synthesis of CAI-CORM Hybrids 
	Cell Culture 
	Cell Metabolic Activity 
	Cytotoxicity Assay 
	Quantification of Protein 
	Hematoxylin/Eosin Staining 
	Cell Cycle Analysis 
	Collagen Type I Secretion 
	Detection of Mitochondrial Superoxide Anions by Flow Cytometry 
	Protein Expression by Western Blot Analysis 
	Immunofluorescence Staining of NF-kB 
	Statistics 

	Results and Discussion 
	Establishment of the Inflammatory Cell Model and Preliminary Investigations 
	Cell Metabolic Activity of Tenocytes under H2O2 Stimulation in the Presence of Compounds 
	Counteraction of H2O2-Induced Cytotoxicity 
	Compounds 2 and 7 Increase the Entrance in the G2 Phase of Tenocytes under Oxidative Stress Conditions 
	Compound 2 Enhances Collagen Type I Secretion in H2O2-Stimulated Tenocytes 
	Compound 7 Triggers Nrf2 Expression and Acts as a Superoxide Scavenger 
	iNOS Is Differentially Expressed in the Presence of Compounds 2 and 7 
	NF-kB Nuclear Translocation Is Enhanced in the Presence of Compound 2 

	Conclusions 
	References

