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Summary

Background: Tissue engineering is now increas-

ingly focusing on cell-based treatments as pro -

mising tools to improve tendon repair. However,

many crucial aspects of tendon biology remain to

be understood before adopting the best experi-

mental approach for cell-tissue engineering.

Methods: The role played by Ascorbic Acid (AA)

alone and in combination with thyroid hormone T3
in the viability and proliferation of primary human

tendon-derived cells was investigated. Human

tenocyte viability was detected by Trypan blue ex-

clusion test and cellular proliferation rate was

evaluated by CFSE CellTrace™. In addition, the

potential role of the AA in the production of Nitric

Oxide (NO) was also examined.

Results: In this in vitro model, an increase in

tenocyte proliferation rate was observed as a con-

sequence of progressively increased concentra-

tions of AA (from 10 to 50 µg/ml). The addition of

the T3 hormone to the culture further increased

tenocyte proliferation rate. In detail, the most evi-

dent effect on cellular growth was achieved using

the combined supplementation of 50 µg/ml AA

and 10-7 M T3. 

Conclusion: We showed that the highest concen-

tration of AA (100 and 500 µg/ml) caused cytotoxi-

city to human tenocytes. Moreover, it was shown

that AA reduces NO synthesis. These results

show that AA is a cell proliferation inducer that

triggers tenocyte growth, while it reduces NO

synthesis.

KEY WORDS: ascorbic acid, T3 thyroid hormone, hu-

man tenocytes, nitric oxide, cell proliferation, tendon.

Introduction

Tendon healing is a challenging issue in clinical prac-

tice and there is a broad consensus in the scientific

community that the current methods for surgical re-

pair are insufficient1. As such, cell-mediated engi-

neering therapies are promising alternatives together

with orthopedic surgery and traditional scaffold-based

therapies. Tendons are specialized tissues consisting

of a network of aligned collagen fibrils, which are able

to transmit forces between muscles and joints2. Teno-

cytes are specialized fibroblasts that ensure the

homeostasis of the extracellular matrix (ECM) com-

ponents of tendons through a wide variety of complex

mechanisms3. In normal tissues, tenocytes lie among

collagen fibers along the tendon’s long axis4. Howev-

er, tendon overuse together with genetic predisposi-

tion factors and dismetabolisms expose humans to

tendinopathies. Epidemiological studies report that

about 3 to 5 million patients experience tendon in-

juries each year worldwide4. 

Moreover, since tendon healing is a slow process,

patients morbidity frequently worsens for the develop-

ment of severe consequences, such as poor tendon
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quality, peritendinous adhesions and muscle atrophy.

Tissue replacement using auto- or allografted scaf-

folds is the current surgical reparative approach, de-

spite donor site morbidity, pain and graft failure are

recurring issues consequential to this technique.

Thus, alternative procedures are strongly needed. In

this context, cell-mediated tendon tissue engineering

is a promising therapeutic option for regenerative

medicine aiming at repairing the tendon lesion by

restoring tissue functionality1,5-7. The current cell-

based strategy for tendon regeneration involves the

expansion and differentiation of tenocyte precursors.

Thus, studies finalized at defining standardized proto-

cols to obtain tendon-derived cell culture are neces-

sary. These studies might allow researchers to better

understand the proliferation behavior of tenocyte pre-

cursors and their differentiation pattern, thus improv-

ing the use of cell-based tendon tissue engineering in

a clinical setting.

Ascorbic acid (AA) is a well-known organic compound

provided with antioxidant properties. AA contributes

to prevent oxidative stress through the formation of

the ascorbate ion that usually responds to reactive

oxygen species (ROS), such as hydroxyl radicals.

Since there is clear evidence that AA could help ten-

dons to heal, several studies proposed supplementa-

tion of AA during tendinopathy treatments8,9. It has

been shown that AA improves the rate and the quality

of rat Achilles’ tendon repair. This effect is probably

due to an improved angiogenesis and to the protec-

tion of hamstring-derived tenocytes from oxidative

stress8. Moreover, AA contributes to the synthesis,

maturation, secretion and degradation of colla-

gen7,10,11 and it has been shown to increase collagen

production in tenocyte culture11,12.

Previous studies from our group showed that tendon

expresses thyroid hormones (TH) receptor isoforms

and that T3 and T4 hormones enhance tenocyte prolif-

eration in vitro, being 10-7M the most effective con-

centration for T3. Moreover, T3 and T4 contrast apop-

tosis in healthy tenocytes in a dose- and time-depen-

dent manner13,14. Our previous data suggested a

strong link between TH activation and tenocyte ECM

protein expression, in particular collagen I and bigly-

can secretion, as well as COMP expression15. Fur-

thermore, it has been proven that THs act in associa-

tion with AA on the ECM protein secretion13,15.

Nitric Oxid (NO) is intracellularly synthesized by a

family of isoenzymes that are named nitric oxide syn-

thases (NOSs). So far, three distinct isoforms have

been identified: the endothelial NOS (eNOS), the

neuronal NOS (nNOS) and the inducible NOS (iN-

OS). The first two (eNOS and nNOS) are the consti-

tutive forms that are important in blood pressure reg-

ulation and memory, respectively16-18. The iNOS iso-

form is a highly synthetized enzyme that is involved

in the host defense and that can be induced by bacte-

rial cell wall products and pro-inflammatory cytokines,

such as interferon-gamma (IFN-γ) and tumor necrosis

factor (TNFα). The iNOS isoform has the highest ca-

pacity to generate NO. Previous reports showed that

all three NOS isoforms are expressed in fibroblasts

after tendon injury19. The synthesis of NO is an im-

portant factor to increase tissue production during

tendon healing and it has been suggested that NO

enhances collagen synthesis19.

The main aim of the present study were to clarify

whether the supplementation of AA in combination

with T3 increases the proliferation rate of human

tenocytes and to investigate the role of AA in NO pro-

duction. 

Materials and methods

Patients and methods

All the procedures described in this study were ap-

proved by the Ethical Committee of “Tor Vergata”

University of Rome. All patients gave written informed

consent to be included in this study20. Tendon sam-

ples were harvested from healthy supraspinatus ten-

dons biopsy specimens of 5 patients who were

arthroscopically operated for shoulder instability (4

men, 1 woman, mean age: 29 ± 5 year). Systemic

conditions such as thyroid disorders, diabetes, gyne-

cological condition, neoplasia, rheumatic diseases,

epilepsy and any previous or concomitant rotator cuff

disease were considered as exclusion criteria.

Tendon cell culture

Primary human tendon-derived cells cultures were es-

tablished as previously described13. Briefly, cells were

isolated from tissue sample by washing several times

with Dulbecco’s phosphate-buffered saline (PBS)

without Ca2+ and Mg2+ and supplemented with 1%

penicillin/streptomycin (Invitrogen, Life Technologies,

Carlsbad, CA, USA). Small pieces of fresh isolated

tendon were carefully dissected and mechanically dis-

aggregated with the aid of a fine watchmaker forceps

to maximize the interface between tissue and medi-

um. Finally, the tendons were immediately placed on

Petri dishes of 60 mm of diameter (Greiner CELL-

STAR dish, Sigma-Aldrich, Saint Louis, MO, USA),

containing 5 mL of α-MEM supplemented with 20%

heat-inactivated foetal calf serum (FCS), 1% L-glu-

tamine and 1% penicillin/streptomycin (Gibco, Invitro-

gen, Life Technologies) at 37°C in 5% CO2 and air

with a refresh of medium every 2-3 days. Tenocytes

were harvested with StemProAccutase (Life technolo-

gies Carlsbad, CA, USA) and centrifuged at 1,500 rpm

for 5 min when cells migrated out of tendon pieces

and reached 60-80% of confluence (day 19). Collect-

ed tenocytes were immediately cultured to avoid phe-

notype drift with further in vitro passages21. The teno-

cyte phenotype was confirmed by assessing the mR-

NA expression of a tenocyte-specific gene (scleraxis,

SCX) and of genes coding for collagens α1(I), α2(I)

and α1(III) by quantitative real-time PCR (qRT-PCR)

with validated primers (Bio-Rad) (data not shown).

Cell viability

Tenocyte-like cells were seeded at 2x104/well in 6-

well plates (Greiner CELLSTAR dish, Sigma-Aldrich)

in triplicates. Cells were cultured in α-MEM medium

Muscles, Ligaments and Tendons Journal 2017;7 (1):11-1812

V. di Giacomo et al.

@
 C

IC
 E

di
zi
on

i I
nt

er
na

zi
on

al
i



supplemented with 10% FCS, 1% L-glutamine and

1% penicillin/streptomycin. Every 3 days, half change

of medium was performed. After 24h, cultured cells

were exposed to four different concentration of L-

ascorbic acid (AA) (Sigma Aldrich, Saint Louis, MO,

USA): 10 µg/ml, 50 µg/ml, 100 µg/ml and 500 µg/ml.

Thyroid hormone T3 (10-7 M) (Sigma Aldrich) was

added when required. Fresh aliquots of T3 were

added every 24 h, while AA was refreshed every 3

days. Untreated cells were used as control. After 0,

24, 48 and 72 hours cell viability was assessed by

Trypan blue dye exclusion test. Briefly, tendon-de-

rived cells were seeded at 1x104/well in 24-well

plates (Greiner CELLSTAR dish, Sigma-Aldrich) in

triplicates. Cells were cultured in 1 ml of complete α-

MEM. After 0, 24, and 48 h cells were detached, col-

lected and counted in the Burker chamber by means

of Trypan Blue (Stem Cells Technologies, Vancouver,

Canada) and a light-phase contrast microscope

(Nikon Instruments INC., Melville, NY, USA) to evalu-

ate cell viability.

Cell division assay with CFSE staining

The proliferation rate of human tenocytes was deter-

mined by monitoring the decrease of green fluores-

cence in flow cytometry by means of carboxyfluores-

cein succinimidyl ester (CFSE) (CellTrace™ Cell Pro-

liferation Kits, Invitrogen, CA, USA). Cells (2x104

tenocytes) were cultured in T-25 flasks (VWR Interna-

tional PBI, MI, Italy) in 5ml α-MEM supplemented with

10% FBS, 1% L-glutamine and 1% penicillin/ strepto-

mycin. After 24 h cells were labeled with 2 µM CFSE

for 20 min at room temperature. The CFSE readily

diffuses into cells and binds covalently to intracellular

amines. Five volumes of cold completed α-MEM

medium were then added to stop the staining reac-

tion. The cells were then washed three times with

PBS to remove the excess of the staining. The

stained tenocytes were stimulated as described

above to monitor cell division. After 0, 48 and 72 h

samples were detached and analyzed by a FACSCal-

ibur flow cytometer (BD Biosciences, San Diego, CA,

USA) with a FL1 (FITC) detector in a linear mode.

The CFSE monitors the distinct generations of the

proliferating cells by dye dilution resulting in a de-

crease of green fluorescence. Live cells are covalent-

ly labeled with a very bright and stable dye, while

every generation of cells appears as a different peak

of decreasing fluorescent intensity on a flow cytomet-

ric histogram. The percentages of apoptotic and dead

cells were quantified using Annexin V (BD Pharmin-

gen). The ModFit LT software (Verity Software

House, ME, USA) was used to quantify the prolifera-

tion indexes and to visualize proliferating cells on sta-

tistical histograms.

Estimation of the cell number from cell division

number

On the basis of cell division numbers observed in the

dilution assay of CFSE fluorescence intensity de-

scribed above, the cell number following stimulation

was calculated using the formula below:

A, B, C, and D indicate percentages of cells that un-

derwent 0, 1, 2, and 3 cycles of cell division, respec-

tively22.

Nitric Oxide

NitrixyteTM probe was used for detecting free NO in

tenocytes (Cell Meter™ Fluorimetric Intracellular Ni-

tric Oxide Assay Kit; AAT Bioquest, Inc., Sunnyvale,

CA) by flow cytometry. After 24 h of exposure to

treatments, cells were harvested and processed ac-

cording to the manufacturer’s instruction. Hydrogen

peroxide (H2O2, 0,5mM) and IFN-γ (5ng/ml) were

used as inducers of NO as previously described23,24.

Thereafter, the medium was removed and the cul-

tured cells were treated with or without H2O2 and IFN-

γ in complete α-MEM with or without two different

doses of AA (10 µg/ml, 50 µg/ml) for further 24 h. A

negative control was prepared by incubating cells in

the absence of inducing agents. This kit uses Ni-

trixyte orange that can react with NO to generate a

bright orange fluorescent product that has spectral

properties similar to Cy3 and TRITC. The kit provides

to monitor intracellular NO level in live cells. The

analysis was performed by using a FACSCalibur flow

cytometer (BD Biosciences, San Diego, CA, USA)

with a FL2 (PE) detector in a linear mode. Statistical

histograms were obtained analyzing samples with

FlowJo Software (FlowJo Enterprise, OR, USA) and

FacsDiva Software (BD Biosciences, San Diego, CA,

USA) and are provided to quantify the fluorescence

changes in the phycoerythrin channel.

Statistical Analysis

Data are typical results from a minimum of three inde-

pendent experiments and are expressed as mean ±

SD. One-way Anova was applied for meaning com-

parison. Comparison of individual treatments was

performed using the Student’s t test. Statistical signif-

icance in comparison with the corresponding control

values was indicated by *p<0.05 versus control. 

Results

High concentration of AA affects tenocytes 

viability

In the first set of experiments, the viability of isolat-

ed tenocytes in response to different concentrations

of AA were examined by Trypan blue dye exclusion

test. A 100% of viability was observed in tenocytes

treated with 10 µg/ml of AA or without AA (as con-

trol) after 24, 48 and 72 h. Viability of tenocytes ex-

posed at concentration of 50 µg/ml AA only slightly

dropped after 24, 48 and 72 h (99, 96 and 96%, re-

spectively), whereas, at concentrations higher than

50 µg/ml AA, tenocytes viability was partially or to-

tally inhibited (Fig. 1a). The addition of 100 µg/ml of
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AA in cell culture significantly reduced the viability

of tenocytes after 24 h of exposure (8%). A supple-

mentation of 500 µg/ml of AA was found to be the

most cytotoxic concentration, with a 100% of cells

directly stained by Trypan blue dye after 24 h. Thus,

concentrations of 10 µg/ml and 50 µg/ml were cho-

sen to evaluate the effect of AA in further investiga-

tions (p<00.5).

AA combined with T3 does not affect cell viability

and increases tenocytes cell growth

Based on our previous study, the effect of 10-7 M T3

in combination with AA was tested. Our data showed

that supplementation of AA and T3 increased cell

number in a time-and dose-dependent manner, with-

out affecting tenocytes viability. As reported in Figure

1b, after 24 h of cell exposure the increase in cell

number was statistically significant when 50 µg/ml

AA, 10 µg/ml AA + 10-7 M T3 or 50 µg/ml AA + 10-7 M

T3 were added to the cell culture, in comparison to

untreated control.

Cell division was enhanced in AA+T3 stimulated

tenocytes

To gain more detailed information regarding the effect

of AA, T3 and AA+T3 on cellular proliferative ability, iso-

lated human tenocytes were labeled with a fluorescein-

based dye (short-named CFSE) and cell proliferation

was tracked by flow cytometry. This method not only fa-

cilitates the time-dependent quantitative analysis of

proliferation rate through the different experimental

conditions, but also it enables the acquisition of exten-

sive knowledge regarding each individual cell division

occurring within a parental cell population. Thus, isolat-

ed human tenocytes were stained with the fluorescent

dye and cultured in the presence of: a) 10µu/ml AA; b)

50µu/ml AA; c) 10-7M T3; d) 10µu/ml AA + 10-7M T3

and e) 50µu/ml AA +10-7M T3 Untreated cells were

used as controls. Considering CFSE fluorescence dilu-

tion as a measure of cell proliferation, an increase of

tenocyte proliferation was observed in all the tested

conditions (Fig. 2a), with the highest increase when

50µu/ml AA +10-7M T3 were added to the culture. 
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Figure 1. Trypan blue dye exclusion test on human tenocytes derived from tendon after 24, 48 and 72 h. a) Effect on cell vi-

ability of increasing concentrations of AA. b) Effect on cell viability of 10 µg/ml and 50 µg/ml AA and/or T3 (10-7 M). Untreat-

ed tenocytes derived from tendons were used as control. Values results from 6 independent experiments and are expressed

as the mean ± SD (n=6) (*p >0.05).
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Subsequently, the rate of cell division of tenocytes

stimulated with AA and T3 alone, or in their combina-

tion, was examined by FACS analysis. Untreated

cells were used as controls. As shown in Figure 2b,

cells stained with CFSE and stimulated for 72 h dis-

played nine rounds of division. Moreover, in all tested

conditions, the peak generation phase of cell division

were G4 after 48 h and G6 after 72 h. The histograms of

CFSE assay in all the described conditions showed dif-

ferent patterns when compared to the controls. In more

detail, after 72 h of stimulation with 50µu/ml AA +10-7M

T3 cells progressed up to eight divisions, compared to

all other conditions in which cells progressed up to sev-

en divisions. This result suggests that the number of

cell divisions was higher using a combination of

50µu/ml AA and 10-7M T3, indicating that this type of

treatment may accelerate cell proliferation. 

Inhibition of nitric oxide production by AA

The inhibitory activity of AA on NO production induced

by H2O2 and INF-γ is shown in Figure 3. Supplementa-

tion to the cell culture of 10 µg/ml and 50 µg/ml AA

showed a significant inhibitory activity on NO produc-

tion when compared to positive controls. Moreover, it

should be noted that NO synthesis remained higher if

compared to the untreated control cells (Fig. 3).

Discussion

The results observed in vitro suggest a fundamental

role of AA in the proliferation behavior of tendon-de-

rived cells and in nitric oxide production. It was found

that primary tenocytes exposed to 10 µg/ml and 50

µg/ml of AA were not affected in their cell viability.

Conversely, human tenocytes exposed to 100 µg/ml

and 500 µg/ml of AA underwent cytotoxicity. Such

paradoxal cytotoxic phenomenon was also described

by other researchers25,26, who demonstrated toxicity

of AA at concentrations higher than 150 µg/ml, due to

the high amounts of H2O2 generated as negative

feedback. In our experimental model, the toxicity of
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Figure 2. Cell tracking assay with CFSE CellTrace™. Tenocytes derived from tendon were stained with CFSE CellTrace™

on day 0. Fluorescence intensity was measured by FACS Calibur flow cytometer in FL1 channel at 48 and 72 h. a) Effect of

10µu/ml AA, 50µu/ml AA, 10-7M T3, 10µu/ml AA + 10-7M T3 and 50µu/ml AA +10-7M T3 on cell proliferation. Fluorescence

dilution reflects cell proliferation. A representative histogram shows the highest decrease of CFSE fluorescence adding

50µu/ml AA +10-7M T3 versus control untreated cells. The graph represents the quantification of CFSE median fluorescence

index of three independent experiments. b) Histograms show the mean (± SD) of the successive generations of one experi-

ment out of three. Standard deviations are shown. 
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AA was confirmed starting from lower concentrations

than 150 µg/ml, which eventually caused loss of via-

bility and cell death. 

Our previous reports demonstrated that T3 and T4

thyroid hormones (THs) increase tenocyte prolifera-

tion and synergize with AA inducing the expression of

collagen I15. It is plausible to hypothesize that AA in

combination with THs might affect tenocyte viability

and growth. The reported results not only confirmed

our previous observation but also showed that sup-

plementation of AA in combination with T3 increased

cell number in a time-and dose-dependent manner,

without affecting tenocytes viability.

Isolated human tenocytes showed to respond to all

treatments by increasing their proliferation rate. More

precisely, the highest cell proliferation rate occurred

when AA was used at concentration of 50 µg/ml and

in combination with 10-7 M T3, after 72 h of exposure.

In addition, cell division analysis showed that 50

µg/ml AA+10-7 M T3 enhanced tenocytes division

when compared to all other tested treatments. Con-

sidering all these data, it is plausible that the supple-

mentation of AA + T3 may dictate the functional out-

come of these cells13-15. In this in vitro system, it may

be hypothesized that tenocytes stimulated with AA

and T3 (showing higher cell divisions than untreated

cells) may induce faster cell differentiation giving rise

to an higher number of specialized cells that are able

to produce high-quality collagen type I and ECM pro-

teins, as already showed in our previous study15. 

It is well known that, during tendon repair, several bi-

ological events occur at cellular level such as the re-

lease of nitric oxide27. Although several studies sug-

gest a positive role of NO in the tendon repair pro-

cess28, recently it has been demonstrated that local

NO production can hinder tendon tissue recovery and

that the inhibition of the NO-releasing system in situ

could accelerate tendon recovery27. The present

study shows that the NO release significantly de-

creased when tendon-derived cells were exposed to

10µg/ml and 50µg/ml concentrations of AA. The ob-

served results are consistent with previous studies

showing that AA reduces NO production rate28,29.

Moreover, our data suggest that strengthening its an-

tioxidant activity, AA could play a potential role in the

NO production, probably by modulating iNOS synthe-

sis. According to previous studies30,31, it is reason-

able to hypothesize that, in our in vitro model, the

major fraction of NO is generated from the inducible

isoform of NOS (iNOS) triggered by H2O2 and IFN-γ.

As well, it has been reported that iNOS modulates in-

flammatory cell recruitment and can contribute to the

healing process32,33. On the other hand, if synthe-

sized in excessive amount, NO may have many po-

tential toxic effects. Moreover, it should be noticed

that AA did not affect the entire NO production; in

fact, NO synthesis was still higher if compared to the

controls. We hypothesize that AA affects only the

overproduction of NO isoforms that are toxic for the

cells without affecting the NO physiological mediator

role in tendon healing. Further studies are necessary

to highlight the link between the reduced NO produc-

tion by AA and tendon tissue remodeling.

In conclusion, this study shows that the antioxidant

Muscles, Ligaments and Tendons Journal 2017;7 (1):11-1816
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Figure 3. Detection of NO produc-

tion. Human tenocytes were incu-

bated with H2O2 (0,5 mM) and IFN-γ

(5ng/ml) for 24 h at 37°C to induce

NO. Cells were treated with AA (10

µg/ml and 50 µg/ml). NO was de-

tected as described in Material and

Methods. The analysis was per-

formed by a FACSCalibur flow cy-

tometer. Representative histograms

from flow cytometric analysis illus-

trate the intensity of fluorescence for

the number of cells counted. The val-

ues are presented as means ± SEM

(*p >0,05).
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AA is a proliferative inducing factor that triggers the

proliferation of tendon-derived cells. AA sinergically

induces the increase of tenocyte proliferation when

combined with T3, at a concentration of 50 µg/ml and

10-7 M, respectively. In the present study, a reduction

of NO synthesis by AA was also observed. Translat-

ing these considerations in clinical practice, the sup-

plementation of AA + T3 could be effective on human

tenocytes proliferation in vivo. However, there are

many biological questions that remain unanswered,

as well as, many translational factors to solve. Al-

though this study shows that AA has an effect on

tenocytes proliferation, there are some intrinsic limita-

tions to this in vitro model. First, the presented data

deserve further analyses to fully explain the molecu-

lar pathway underlying the synergistic biological ef-

fect of AA and T3 on primary tenocytes. Then, it will

be fundamental to understand the interplay that oc-

curs between AA and NO production, as well as, to

identify the key features underlying this mechanism.

Therefore, the potential clinical relevance of the ob-

tained results is highly dependent on the evaluation

of the efficacy and toxicity of the combination of AA

and T3 in eventual in vivo studies. 
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