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Abstract: The treatment of bone injuries must be timely and effective to improve the chances of full
recovery. In this respect, a mix of hyaluronic acid and an amino acidic pool has been marketed to
promote soft tissue healing, fastening recovery times. Several studies have reported the in vitro and
in vivo influence of hyaluronic acid and amino acids on fibroblasts and keratinocytes, highlighting
the enhancement of cell proliferation, motility and cytokines synthesis. Even though the effective-
ness of this combination of molecules on bone repair has been described in vivo, to the best of our
knowledge, its in vitro effects on osteoblasts still need to be investigated. Therefore, this work de-
scribes for the first time osteoblast metabolism, proliferation and in vitro differentiation in the pres-
ence of hyaluronic acid and amino acids, aiming at understanding the mechanisms underlying their
effectiveness in injured tissue repair. The reported results demonstrate the enhancement of osteo-
blasts” metabolic activity and the fastening of cell cycle progression. Furthermore, gene expression
studies show a significant increase in differentiation markers, i.e., osteoprotegerin and osteonectin.
Finally, alkaline phosphatase activity is also boosted by the combination of hyaluronic acid and
aminoacids, confirming the ability of in vitro cultured cells to properly differentiate through the
osteogenic lineage.

Keywords: Normal Human Osteoblast (NHOst) cells; sodium hyaluronate; amino acids; osteoblast
differentiation; alkaline phosphatase

1. Introduction

The aging population is challenged by the spreading of bone diseases, arising from
traumatic events, cancers and other age-related pathologies [1-3]. Sometimes, full recov-
ery can be achieved through proper surgical treatment, as well as exploiting the most ef-
fective medical devices to support tissue repair. Natural polysaccharides are valuable
tools to mimic the native extracellular matrix, providing suitable viscoelastic properties
to the injured tissue [4,5]. In particular, sodium hyaluronate is one of the main polysac-
charides composing the extracellular matrix and is widely exploited as dermal filler, in-
jectable gel for cartilage repair and surgical aid for ophthalmic interventions [6-8]. A high
molecular weight sodium hyaluronate has been combined with a pool of four amino acids
(i.e., proline, lysine, leucine and glycine) in a commercial product able to support the de-
manding metabolic activity of cells involved in healing processes [9]. Indeed, tissue repair
requires the deposition of newly synthesized collagen and proteoglycans to remodel the
extracellular matrix; thus, the availability of amino acids within the injured site is partic-
ularly helpful [10]. For these reasons, the combination of sodium hyaluronate and amino
acids (HA+AA) represents an effective tool to treat wounded tissues, such as oral mucosae
[11-13]. In addition, the mechanisms underlying the benefits elicited by HA+AA on
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keratinocytes have been widely explored in previous studies, highlighting that, in the
presence of HA+AA, cell migration and synthesis of keratinocyte-derived neuromodula-
tors are significantly improved [14,15]. Moreover, HA+AA is able to induce angiogenic
processes, as well as enhance fibroblast proliferation, collagen deposition and biosynthe-
sis of growth factors [16,17]. Concerning bone diseases, the advantages of using HA+AA
have been reported through in vivo studies, showing that the consolidation of hand frac-
tures is sped up by HA+AA application immediately after wounding [18]. Furthermore,
the clinical efficacy of HA+AA has been proved after tooth extraction, reducing pain and
promoting healing [19]. However, the cellular and molecular mechanisms elicited by
HA+AA on osteoblast cells still need to be investigated. Hence, in this work, the in vitro
effects of HA+AA on normal human osteoblast cells (NHOst) have been explored for the
first time. The metabolic activity and the cell cycle of NHOst cells have been analyzed
through the MTT assay and flow cytometry techniques, respectively. Then, the gene ex-
pression of specific markers of osteoblasts’ maturation has been studied, as well as
changes in cell morphology and alkaline phosphatase activity.

2. Materials and Methods
2.1. Materials

Sodium hyaluronate (HA) and amino acid (AA) powders were kindly gifted by
Errekappa Euroterapici S.p.A. (Milan, Italy), which commercializes Aminogam® formula-
tions. NHOst cells (CC-2538), as well as cell culture media (Basal Growth Medium and
Osteoblast Differentiation Medium) were purchased from Lonza (Siena, Italy). Fetal bo-
vine serum, trypsin EDTA solution 0.25%, MTT and ALP assay reagents were supplied
by Sigma-Aldrich (Milan, Italy), while L-glutamine was provided by Euroclone Ltd. (Mi-
lan, Italy). The TRIZol™ reagent, SuperScript™ III First-Strand Synthesis System, Quant-
iT™ PicoGreen® dsDNA Assay kit, poly-lysine coated T-25 flasks, 6-well plates and 96-
well plates were purchased from ThermoFisher Scientific (Milan, Italy). The ALP staining
kit (ab242286) was supplied by Abcam plc (Cambridge, UK).

2.2. HA+AA Solution Composition

The HA+AA solution was made of sodium hyaluronate (HA, 1.33% w/v; MW 1.64 -
106 Da) and a pool of amino acids (AA, 2% w/v) in sterile distilled water [17]. The pool of
AA consisted of 1% w/v glycine, 0.75% w/v proline, 0.15% w/v leucine and 0.1% w/v lysine
HCL. Then, the prepared solution was serially diluted in sterile distilled water.

2.3. Cell Culture

Human primary osteoblast cells (NHOst) were cultured as recommended by the sup-
plier (Lonza s.r.l, Rome, Italy) and as described by Rajzer and coworkers [20]. Briefly,
cells were seeded in T-25 flasks and cultured at 37 °C and 5% CO:2 in Osteoblast Growth
Medium, supplemented with 10% of fetal bovine serum, 25.5 ug/mL ascorbic acid and a
mix of 30 pg/mL gentamicin and 15 ng/mL amphotericin-B. Furthermore, when confluent,
NHOst cells were detached with trypsin and split in new flasks. For all of the experiments,
cells were exploited at the sixth passage. For NHOst cell gene expression experiments, the
basal Osteoblast Growth Medium was supplemented with 200 nM hydrocortisone-21-
hemisuccinate and 7.5 mM (-glycerophosphate. NHOst cell synchronization was pro-
moted by adding 2% fetal bovine serum to the Osteoblast Growth Medium.

2.4. Metabolic Activity of NHOst Cells

NHOst cells (3 x 10° per well) were seeded in 96-well plates and cultured for 24 h.
Then, six dilutions of the HA+AA solution were added in triplicate. After three and four
days, the medium with HA+AA was removed and replaced with fresh culture medium
containing 10 pL of MTT solution (5 mg/mL), as described elsewhere [21]. The plates were
incubated for 3 h at 37 °C; then, the formazan crystals were dissolved adding a solution
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of HC10.01 M and SDS 10% and incubated for 24 h at 37 °C. The Bio-Rad microplate reader
model 680 (Bio-Rad Laboratories, Segrate, M1, Italy) was exploited to measure the absorb-
ance at 570 nm. The results are reported as mean * standard deviation and were obtained
via six independent assays.

2.5. Cell Cycle Analyses

Flow cytometry experiments were performed using the Epics XL-MCL® Flow Cytom-
eter (Beckman Coulter S.p.A., Milan, Italy) on NHOst DNA to gain insights into the dy-
namics of cell cycle progression of NHOst cells exposed to Aminogam® solution. Briefly,
3 x 10° NHOst cells were cultured in the presence of HA+AA solution up to three days;
then, cell culture medium was replaced with PBS and cells were detached with trypsin
0.025%. The harvested cells were washed with cold PBS and fixed in 70% ethanol for 1 h
at 4 °C, as reported in [22]. Then, fixed cells were centrifuged at 850x g and stained with a
propidium iodide solution of 50 pg/mL, prepared in PBS containing 20 mg/mL of RNase
A and 0.05% Triton X-100. Collected data were analyzed using the ModFit LT™ software
version 6.0 (Verity Software House, Topsham, ME, USA).

2.6. Gene Expression Studies via RI-PCR

For 23 days, NHOst cells (3 x 10%) were cultured in T-25 flasks containing basal or
supplemented medium and exposed to HA+AA solution. Then, cells were washed thrice
with cold PBS and lysed with 2.5 mL of TRIzol™ reagent. Briefly, after 5 min of incubation,
cell lysates were harvested and exposed to 0.5 mL of chloroform, and were then centri-
fuged at 12,000x g for 15 min at 4 °C. Then, the upper aqueous phase was transferred in a
new tube and mixed with 1.25 mL of isopropyl alcohol. After another centrifugation step,
the RNA pellet was resuspended in 75% ethanol. Spectrophotometric measurements were
performed to assess the RNA concentration and to choose the proper volume for the re-
verse transcription of 2 pug of RNA [23]. In this respect, the SuperScript™ III First-Strand
Synthesis System was exploited as recommended by the manufacturer. PCR experiments
were performed with 1 pL of the synthetized cDNA as a template, following the thermal
cycles reported in Table 1. The PCR products were loaded on 4% agarose gels and stained
with ethidium bromide. Gel pictures were captured by the Gel Doc 2000 system (Bio-Rad
Laboratories, Segrate, MI, Italy) and analyzed using the Quantity One Software v. 4.6.7
(Bio-Rad Laboratories, Segrate, M, Italy).

Table 1. Primer sequences exploited for gene expression studies.

mRNA Primers No. of Cycles

GAPDH For: 5-TTGGTATCGTGGAAGGACTCA-3' 30
Rev: 5-TGTCATCATATTTGGCAGGTTT-3’

IGF-1 For: 5-TGCCAATGTGGTGCTATTGT-3' m
i Rev: 5-GAAAGGTGGTGGTGGCTAGA-3'

Collagen I For: 5-CTGGCAAAGAAGGCGGCAAA-3' -
orag Rev: 5-CTCACCACGATCACCACTCT-3'

Fibronectin For: 5-GCCTGGTACAGAATATGTAGTG-3' -
© Rev: 5-ATCCCAGTGATCAGTAGGCTGGTG-3'

Osteonectin For: 5-GTGCAGAGGAAACCGAAGAG-3' .
steonectt Rev: 5-TCATTGCTGCACACCTTCTC-3'

Osteoproteserin  FOT: 5-CGCAACACAGCTCACAAGAA- -
SICOPTOLEEEIN  Rev: 5-CTGGGTTTGCATGCCTTTAT-3'

Ot y For: 5-ACAGCCAGGACTCCATTGAC-3' %0
steopontin Rev: 5-ACACTATCACCTCGGCCATC-3'

Osteocalcin For: 5"GGCAGCGAGGTAGTGAAGAG-3 30
Rev: 5-CTGGAGAGGAGCAGAACTGG-3'

2.7. Assessment of ALP Activity and Staining
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The activity of alkaline phosphatase was assessed after 4, 7, 11, 14, 19 and 23 days of
culture on NHOst cell lysates. Briefly, 40 mg of substrate (p-nitrophenylphosphate diso-
dium) was added to 500 uL of alkaline buffer solution and incubated at 37 °C for 1 h. The
production of p-nitrophenol was evaluated through absorbance measurements at 410 nm,
performed using the Bio-Rad microplate reader model 680 (Bio-Rad Laboratories, Segrate
MLI, Italy). ALP absorbance values were normalized with the DNA amount evaluated for
each tested sample using the PicoGreen® dsDNA assay kit, as reported in [24]. Briefly,
NHOst cell lysates were added in 96-well plates containing 100 puL of PicoGreen® reagent,
diluted 1:200 in TE buffer. After 5 min of incubation in the dark, fluorescence intensity
was measured through a microplate reader (excitation wavelength 485 nm, emission
wavelength 525 nm) and compared to a standard curve built with the dsDNA sample
provided by the manufacturer. The results were obtained through six independent exper-
iments.

The ALP staining kit (ab242286; Abcam plc, Cambridge, UK) was performed on
NHOst cells, untreated or exposed to HA+AA solution, after 19 and 23 days of culture in
Differentiation Medium. Cells were cultured in 6-well plates, fixed with a solution of for-
maldehyde 4% v/v, washed with Tris buffered saline solution 0.05% w/v and stained in the
dark for 15 min. Images were captured using an Axioplan II microscope (Zeiss, Ober-
kochen, Germany) and analyzed using Fiji software [25]. The latter was used to calculate
the percentage of the substrate area covered by NHOst cells. Briefly, RGB images were
converted to grayscale and met the threshold [26]. Then, the area covered by cells was
calculated using Fiji’s measurement tool and expressed as a percentage of the overall area.
The analysis was repeated on at least three different microscopy fields per each sample
type and the results are reported in Figure S2 as mean + standard deviation.

2.8. Statistical Analyses

ANOVA and the post hoc Bonferroni test were exploited to analyze the results of the
MTT assay, as well as those of the cell cycle study, ALP activity and staining. Statistical
analyses were performed using R software, version 4.0.1. [27].

3. Results
3.1. Metabolic Activity of NHOst Cells

Cell metabolism was assessed using the MTT assay, performed on untreated NHOst
cells, as well as on NHOst cells exposed to six different concentrations of HA+AA solu-
tions. Figure 1 shows the results relevant to 3 and 4 days of culture, expressed as percent-
ages of metabolic activity over untreated cells. A slight decrease in cell metabolism, but
not statistically significant, was recorded after 4 days of culture in the presence of the
lowest concentration of HA and AA. All of the HA+AA solutions have positive effects on
NHOst cells” metabolism, in particular on those solutions where HA amounts range from
0.0083% to 0.0332% w/v and AA concentrations range between 0.0125% and 0.050% w/v.
These solutions significantly enhance the metabolic activity of NHOst cells after 3 and 4
days of culture (* p < 0.03). Between the three most effective solutions, no statistically sig-
nificant differences were detected. Therefore, the Aminogam® solution with the lowest
concentrations of HA and AA (0.0083% and 0.0125% w/v, respectively), able to elicit an
advantageous biological effect, was chosen to perform the following experiments.
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Figure 1. MTT assay performed on NHOst cells after 3 or 4 days of culture, in the presence of dif-
ferent concentrations of HA+AA solutions. Data are expressed as percentage over control, i.e., un-
treated NHOst cells. Each bar represents the mean of six independent experiments. * p < 0.03. HA:
sodium hyaluronate, AA: amino acids.

3.2. Cell Cycle Analyses

Figure 2 shows the cell cycle analyses of untreated NHOst cells, as well as of NHOst
cells cultured in the presence of HA+AA solution. The exposure to the solution results in
a faster cell cycle progression (also see Figure S1). Indeed, after 48 h in the presence of
HA+AA solution, NHOst cells in the Go-G1 phase are significantly higher than in the un-
treated group (from 44% to 56% for untreated NHOst cells, from 42% to 60% in the pres-
ence of HA+AA, p < 0.05). Similarly, after 56 h, the shift from the S to Gz-M phase is sig-
nificantly higher (from 20% to 28% for the untreated NHOst cells; from 22% to 34% in the
presence of HA+AA, p < 0.05), while the percentage of cells in the Go-G1 phase is signifi-
cantly lowered (from 56% to 52% for the untreated NHOst cells; from 60% to 44% in the
presence of HA+AA, p < 0.05). According to the literature, these findings suggest that
Aminogam® promotes the proliferation of NHOst cells, likely because of containing high-
molecular-weight sodium hyaluronan molecules [17,28-30]. Furthermore, the enhance-
ment of osteoblasts’ proliferation herein reported agrees with the results obtained in vivo,
showing a faster consolidation of fractures and tissue healing in the presence of HA+AA
[18,19].

60 O NHOst cells @ NHOst cells HA + AA
P o
T
50 | ;l_
40
30
T
20
10
o |
o 9 O [ORNO]
S6% £5% £§5% £55 £6%
S s 0 ) - )
¢ 2= ¢ 23 U ¢ 22 ¢ %=
¢ © g © o © & © o ©

Figure 2. Cell cycle analysis resulting from flow cytometry experiments relevant for untreated
NHOst cells and for NHOst cells exposed to HA+AA.
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3.3. Gene Expression Studies

The assessment of gene expression markers in NHOst cells exposed to HA+AA was
performed via RT-PCR after 23 days of culture, comparing the obtained results with those
related to untreated NHOst cells cultured in basal or supplemented medium (letter C vs.
A in Figure 3). Considering GAPDH as the housekeeping gene, in NHOsts cells exposed
to HA+AA in basal medium, an enhanced expression of adhesion proteins (i.e., fibron-
ectin, osteopontin) and osteonectin, as well as of the main osteoclast-regulating protein,
osteoprotegerin, is observed (Figure 3a,b). As far as the cells cultured in supplemented
medium are concerned, the levels of osteoprotegerin, as well as those of genes associated
with mineralization processes (i.e., osteocalcin, osteonectin and bone sialoproteins, such
as osteopontin), are significantly higher in NHOst cells exposed to HA+AA (Figure 3¢,d).
The obtained results highlight that the combination of sodium hyaluronate and amino
acids significantly improves NHOst cells” differentiation in vitro, leading to mature oste-
oblasts expressing the late markers of the osteogenic process [31,32]. The proper cell mat-
uration in the presence of HA+AA guarantees the deposition of the extracellular matrix,
which is essential during tissue repair. In addition, the inhibition of osteoclasts’ activity
through the pathway involving osteoprotegerin is responsible for the reduction in bone
resorption, with subsequent recovery of bone mass observed in vivo [18,19,33].

(@ (b) [J NHOst cells B NHOst cells and HA+AA

NHOst cells after 23
days in basal medium

cappH [ 8
1GF-1 | 20
Collagen | m
Fibronectin m
Osteonectin m
Osteprotegerin m A 1 1 ; 1
Ostepontin [ 05 I
Ostecalcin [

Fold change
o
*
*

0.0

IGF-1 Collagen | Fibronectin O 1 Osteoproteg o o

(c) (d)
NHOst cells after 23 days
in supplemented medium *

GAPDH [
IGF-1 30
Collagen | [y .
Fibronectin [
Osteonectin [ 15 *
Osteprotegerin = 1 }
Ostepontin [ I I |

0.5 I

Ostecalcin [ ;

0.0

~

0

20

Fold Change

IGF-1 Collagen | Fibronectin  Osteonectin  Osteoprotegerin  O: i o

Figure 3. Gene expression of markers of osteoblasts’ differentiation, evaluated via RT-PCR after 23
days of culture in basal medium and in medium supplemented with 200 nM hydrocortisone-21-
hemisuccinate and 7.5 mM B-glycerophosphate, with or without HA+AA solution. Panels (a) and
(c) report the gel bands for the markers, assessed in NHOst cells cultured in basal (left) or supple-
mented medium (right). GAPDH represents the housekeeping gene. Panels (b) and (d) report the
fold change values for each marker of osteoblasts” differentiation (* p <0.05).

3.4. Assessment of ALP Activity and Cell Morphology

The ALP activity has been evaluated in NHOst cells cultured in basal or supple-
mented medium, exposed or not to HA+AA solution, for up to 23 days (Figure 4). After
14 days of culture and up to 23 days, the presence of HA+AA elicits a significant enhance-
ment of ALP activity (* p < 0.05), in agreement with the literature data which report an
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ALP activity increase as being indicative of early-stage osteogenesis [34]. The images ob-
tained through ALP staining provide a representation of the same trend observed with
the ALP activity assay (Figure 5). Indeed, the intensity of the red color increases over time,
as well as in the presence of the HA+AA solution. The ALP staining also allows one to
appreciate differences in cell morphology. Indeed, after 19 and 23 days, NHOst cells ex-
posed to HA+AA increase in cell number and result in being more spread out and elon-
gated as compared to control cells (also see Figure S2). In particular, by Day 19, untreated
NHOst cells still display the cuboidal shape typical of low-density cultures. Conversely,
in the presence of HA+AA, cells assume a fibroblastic spindle-shaped morphology, con-

tacting each other via elongated cytoplasmic processes.

1.0+

Basal Supplemented ® HA+AA % d

0.81 medium medium
i I
0.6 I
I
0.4 I
I

0.2 II I
0.0+ - = - — —

4 7 11 14 19 23

Time (days)

ALP Activity

Figure 4. ALP activity assay. The reported data represent the means of three independent experi-
ments. The HA+AA group is significantly different from the supplemented medium group after 19

and 23 days of culture (* p <0.05).
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Figure 5. Representative images of ALP staining, performed after 19 or 23 days of culture, on un-
treated NHOst cells and on cells exposed to HA+AA.
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4. Discussion

In this work, the in vitro effects of HA+AA solution on NHOst cells have been inves-
tigated, explaining the mechanisms underlying the positive impact of HA+AA already
observed in vivo. Other authors have described the effects of hyaluronate on osteoblast
cells, highlighting an enhancement in cell proliferation, ALP activity and osteocalcin gene
expression [35]. Meanwhile, other researchers have focused on the impact of selected
amino acids on bone formation [36]. Herein, for the first time, the combination of HA+AA
has been evaluated. After 3 and 4 days of culture, the MTT assay highlights the enhanced
metabolic activity of NHOst cells cultured in the presence of HA+AA. Thus, the most ad-
vantageous HA+AA solution has been further tested with NHOst cells in vitro to shed
light on the molecular machineries determining HA+AA effectiveness. The reported find-
ings point out that, after 56 h in the presence of HA+AA, cell cycle progression is sped up,
in particular from the S to G>-M phase. Furthermore, HA+AA also improves the expres-
sion of genes relevant to osteoblasts” differentiation, even in basal medium. In addition,
the ALP activity of NHOst cells increases significantly after 23 days of culture with
HA+AA. Igarashi and coworkers pointed out the pivotal role of ALP in osteoblasts’ mat-
uration, reporting its expression from the early stages of differentiation, with a continuous
increase over 21 days of culture, until mineralization [37]. Therefore, our data are in agree-
ment with the literature findings [38], although it must be taken into account that they
refer to in vitro assessments. Indeed, a substantial gap between in vivo conditions and the
experimental setup cannot be excluded [39]. For these reasons, the work has been carried
out on primary osteoblasts, which could resemble more closely the real clinical scenario,
as stated by Pagani and coworkers [40]. Cell lines could actually be easier to use and could
provide more reproducible results. However, it has been reported that they might display
an expression of genes coding for bone proteins (i.e., osteopontin) that are significantly
different from that of primary osteoblast cells [41].

Beyond the limitations of in vitro cell culture experiments, this work focuses on the
cellular and molecular response of NHOst cells to HA+AA. This combination positively
affects the expression of several markers of osteoblasts” differentiation and could be re-
sponsible for subsequent changes at the protein level, as well as at the final stages of new
bone matrix deposition. Nevertheless, several cell types are involved in these processes
(i.e., osteoclasts, osteoblasts, osteocytes and endothelial cells) and they should be studied
as a whole complex system, i.e., the basic multicellular unit [42]. For this reason, further
work will shed light on these points, dissecting the cross-talk between osteoblasts and
osteoclasts in vitro.

5. Conclusions

The main findings of this work shed light on the mechanisms underlying HA+AA
effectiveness reported in vivo, explaining the advantages of this formulation to treat inju-
ries of bone and of the surrounding soft tissues. Future studies will investigate the cross-
talk between osteoblasts and osteoclasts co-cultured in the presence of HA+AA, as well as
its impact on models of bone diseases.

Taken together, the results presented in this work have demonstrated a positive in
vitro effect of HA+AA solution on NHOst cells” metabolism, proliferation and differenti-
ation. Furthermore, the composition of the HA+AA solution allows one to prepare a wide
range of formulations (i.e., injectable gel, spray and mouthwash), which could be valuable
tools to face surgical and rehabilitation challenges in all clinical situations requiring bone
regeneration.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/article/10.3390/biomedicines11030751/s1: Figure S1: Flow cytometry analyses per-
formed on untreated NHOst cells (a) or on NHOst cells exposed to HA+AA (b). Cell cycle phases
have been studied using ModFit LT™ software (Verity Software House, Topsham, ME, USA);
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Figure S2: Percentage area covered by NHOst cells stained with Fast Red. Data are expressed as
mean + standard deviation and are referred to as three different optical fields per sample type.
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