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Vitamin C Improves Therapeutic Effects of Adipose-derived
Stem Cell Transplantation in Mouse Tendonitis Model
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Abstract. Background/Aim: We hypothesized that combined
therapy using adipose-derived stem cells (ASCs) and vitamin C
might improve tendon regeneration in tendonitis. To determine
combined effects of ASC transplantation with vitamin C, we used
senescence marker protein 30 (SMP30)-knockout (KO) mice that
cannot biosynthesize vitamin C by themselves. Materials and
Methods: SMP30-KO were divided into four groups: Control,
vitamin C, ASCs, and vitamin C plus ASCs. Tendonitis was
induced in the achilles tendons via injection of collagenase type
1. After 1 week, ASCs were injected into the intratendonal region.
After 30 days, all mice were sacrificed and Achilles tendons were
isolated. Results: Gross and microscopic findings showed mice
treated with combination of ASC transplantation and vitamin C
showed better tendon regeneration than those in other groups.
This combination led to higher serum vitamin C levels than use
of vitamin C alone. This indicates that the vitamin C-treated
group used more vitamin C as a precursor to collagen synthesis,
whereas vitamin C was in excess in the combination group
because of the added effect of ASCs on tendon healing.
Conclusion: This study showed that vitamin C improved the
effect of ASC transplantation on tendonitis by inducing a better
stem cell niche.

Tendons are tough bands of dense and fibrous regular
connective tissue that usually connect muscle to bone and
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are capable of withstanding tension (1). Tendons comprise
of collagen bundles similar to those seen in ligaments (1).

Tendinopathy is the most frequent tendon disorder (2-4)
and is usually described as an over-use of tendons (5).
Tendinopathy can develop in any tendon, but is most
frequently found in the following tendons: Achilles, patellar,
shoulder rotator cuff, and forearm extensor tendons (6).
Tendonitis, a type of tendinopathy, is an inflammatory
process in the tendon (5). Tendonitis often occurs in daily
life and through sports, but tendon repair requires a long
period of time because tendons have a low blood supply
compared with other organs (7).

Many challenging therapies, such as the use of non-
steroidal anti-inflammatory medications, eccentric exercises,
topical glyceryl trinitrate, and shock-wave therapy, are
performed to treat tendinopathy (8-11). Cell therapy is a new
type of therapy for tendinopathy that occurs after tendon
injury (12, 13). Recently, mesenchymal stem cell therapy,
especially that using adipose-derived stem cells (ASCs), has
emerged as a new therapeutic option for tendinopathy (14-16).

Vitamin C is known to be a potent antioxidant (17) and
can increase the viability of transplanted cells by reducing
oxidative and inflammatory stress. Previous studies have
revealed that vitamin C promoted tendon healing by
stimulating extracellular matrix remodeling as a precursor of
collagen synthesis (18, 19). In addition, vitamin C increased
the therapeutic effects of combination stem cell therapy in a
muscle laceration model (20). However, there has been no
study as far as we are aware on the therapeutic effects of
combination stem cell therapy and vitamin C administration
on tendinopathy.

We hypothesized that combined therapy using ASCs and
vitamin C might improve tendon regeneration in
tendinopathy. To determine the combined effects of ASCs
transplantation with vitamin C, we used senescence marker
protein 30 (Smp30)-knockout mice that cannot biosynthesize
vitamin C by themselves (21).
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Materials and Methods

Animals. Ten-week-old male Smp30 gene-knockout mice were used
in this study. The mice were maintained in a room at 22+2°C with
a relative humidity of 50+10% and a 12-h light-dark cycle. The
mice were fed pellets and water ad libitum. The genotypes were
identified by polymerase chain reaction using the primers TA4 (5°-
CAAGTAACTCTAGGTATGGAC-3"), TS3 (5’-CTAGCCATGG
TGGATGAAGAT-3’), and NEO (5’-TCGTGCTTTACGGTATCG
CCGCTCCCGATT-3") to detect Smp30 alleles (21). Animal
experiments were performed in accordance with the National
Institutes of Health guidelines for the care and use of laboratory
animals and with approval from the Institutional Animal Care
AND Use Committee of Kyungpook National University (KNU
2014-0167).

Isolation and culture of ASCs. ASCs were isolated from C57BL/6J
mice (Jackson Laboratory, Bar Harbor, ME, USA) that were
younger than 1 year. Abdominal fat tissues were isolated from the
inguinal fat pads of mice. Fat tissues were disinfected with 70%
ethyl alcohol, washed with Dulbecco’s phosphate-buffered saline
(PBS), and digested with 0.2% collagenase type I (Worthington
Biochemical, Lakewood, NJ, USA) at 37°C for 10 min. The
digested tissues were filtered through a 70 um nylon cell strainer to
separate the dissociated cells and then centrifuged at 3,000 rpm for
3 min. The pellet in the bottom layer was collected and washed
twice with PBS. The cells were plated onto a culture dish with
medium consisting of low-glucose Dulbecco’s modified Eagle's
medium (Gibco, Waltham, MA, USA), 10% fetal bovine serum
(Gibco, Waltham, MA, USA), and 1% penicillin/streptomycin
solution (WelGENE, Kyungsan, Korea). Cells were contained in a
37°C incubator with 5% CO,, and ASCs were incubated at passage
5 before transplantation.

Establishment of mouse collagenase-induced tendonitis model.
C57BL/6J mice (Jackson Laboratory,USA) were anesthetized with
Zoletil (Virbac, Carros, France) and xylazine (Bayer, Leverkusen,
Germany). Hair on the hind limbs of mice was shaved and then
further removed with a hair remover lotion before collagenase
injection. Collagenase type I (Sigma-Aldrich, St. Louis, MO, USA)
(125 units/20 pl) was administered via intratendonous injection into
the Achilles tendons using a 31G needle.

Experimental design. Smp30-knockout mice were divided into four
groups: Negative control without any treatment (n=7), ASC
transplantation without feeding vitamin C (n=7), vitamin C
supplementation without cell therapy (n=7), and co-administration
of ASC transplant and vitamin C supplementation (n=7). One week
before experimentation, all groups were supplied with tap water and
autoclaved pellet to equally induce vitamin C deficiency. In the
groups treated with ASCs, ASCs (2x105 cells/30 ul) were
transplanted by intratendonous injection into the Achilles tendons
using a 31G needle during anesthesia with zoletil and xylazine. In
the control group and group treated with ASCs, vitamin C
deficiency was induced by feeding tap water and autoclaved pellet.
In the groups treated with vitamin C, vitamin C (L-ascorbic acid,
Sigma-Aldrich) was supplied in the drinking water (1.5 g/l). After
4 weeks, all mice were sacrificed, and their Achilles tendons and
blood were collected. The experimental schedule are shown in
Figure 1.
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Figure 1. Experimental schedule. One week before experimentation, all
groups were fed tap water. After adipose-derived stem cell (ASCs)
transplantation, the control group and the group treated with ASCs were
supplied with tap water, while the vitamin C-treated groups were
supplied with water containing vitamin C (1.5 g/l) for 4 weeks. All mice
were then sacrificed and specimens were collected.

Gross and histopathology. After sacrifice, the Achilles tendons were
firstly exposed and evaluated by gross examination. For
histopathological analysis, specimens were fixed in 10% neutral
buffered formalin (DC Chemical Co., Seoul, Korea), processed by
standard methods, and embedded in paraffin wax. Tissue sections
were cut to a thickness of 4 pm; then hematoxylin and eosin (H&E)
staining was performed. After staining, all areas of the tendon that
were visible at the original magnification of 40-400x in the injured
portions were captured with the Leica Application Suite program
(Leica Biosystems, Wetzlar, Germany). Histopathological analysis
of tendons was performed using a semi-quantitative pathological
scoring system, the Bonar scoring system (0-12, in direct proportion
to the injury of tendons), as previously described (22).

Measurement of serum vitamin C. The vitamin C level in the serum
was measured with high-performance liquid chromatography-
electrochemical detection method as previously described (23).
Blood samples from the sacrificed mice were centrifuged at 3,000
x g for 10 min to collect the serum. The serum was carefully
separated and 100 pl of serum was mixed with 450 pl of 3%
metaphosphoric acid. After centrifugation at 10,000 x g for 10 min,
the supernatant was isolated and the serum vitamin C level was
measured with a Shodex-5SIL-4E column (4.6x250 mm; Showa
Denko, Tokyo).

Statistical analysis. All values are presented as the mean+S.E.M.
Statistical analyses were performed using Student’s z-test. The value
of statistical significance was set at p<0.01.

Results

Establishment of mouse collagenase-induced tendonitis
model. In gross morphology, collagenase-treated tendons
showed swelling and an abundant secretion of mucus
compared with the control tendons. In the microscopic
lesions, regular collagen fibers, normal tenocytes (elongated
spindle-shaped nuclei with scarce cytoplasm), and low cell
density were observed in the control tendons. However,
collagenase-treated tendons exhibited a complete loss of
architecture, irregular fibers, infiltration of inflammatory
cells, abnormal tenocytes (round nuclei with an abundant
cytoplasm and lacuna formation), and neovascularization
(Figure 2).
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Figure 2. Establishment of mouse collagenase-induced tendonitis model. Control tendons exhibited histological features of normal tendons, but
tendons in collagenase-induced tendonitis exhibited histopathological lesions of tendonitis (loss of architecture, irregular fibers, infiltration of
inflammatory cells, abnormal tenocytes with round nuclei and an abundant cytoplasm, and lacuna formation) Gross view: Frontal; histopathology:
Hematoxylin and eosin staining, magnification x400.
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Figure 3. Gross and microscopic features of tendons. Gross view: The vitamin C depletion groups exhibited more neovascularization, swelling, and
mucus secretion than the groups supplied with vitamin C. Histopathology: The control group exhibited worsened lesions, indicated by separation of
fibers with loss of bundle demarcation, high cell density, tenocytes with round nuclei, and infiltration of inflammatory cells. Tenocytes with round nuclei
and immature collagen fibers were observed in the group treated with vitamin C, but demarcated bundles were maintained. The group treated with
adipose-derived stem cells (ASCs) exhibited local tendon healing (upper part). The combination group exhibited nearly normal tendon features, such
as well-demarcated collagen bundles, elongated tenocytes, mature collagen fibers, and low cell density. Gross view: Front and lateral views;
histopathology: Hematoxylin and eosin staining, magnification x100.

Gross morphology of tendons from experimental groups. The
gross morphological features of tendons are shown in Figure
3. The vitamin C-depletion groups showed more
neovascularization, swelling, and mucus secretion than the
vitamin C-treated groups Additionally, better tendon
regeneration was observed in the group treated with vitamin
C and ASCs than in the other groups.

Microscopic features of tendons from experimental groups.
The histopathological features of tendons are shown in
Figure 3. The control group displayed a separation of fibers
with a loss of bundle demarcation, high cell density,
tenocytes with round nuclei, and infiltration of inflammatory
cells. The group treated with vitamin C alone also exhibited
tenocytes with round nuclei and immature collagen fibers,
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Figure 4. Bonar score: Semi-quantitative tendon pathological scoring
system was used to assess tendons in all groups were evaluated for the
degree of histopathological change using the Bonar scoring system: 0,
normal state, to 12, worst state). N: Negative (control), V: vitamin C
supplementation, C: adipose-derived stem cells (ASCs), and VC:
vitamin C supplementation and ASCs transplantation. Data are shown
as the mean+SD (¥*p<0.01).

but demarcated bundles were maintained. The group treated
with ASCs alone showed partial healing (upper part) of the
tendons, and the group treated with ASCs and vitamin C
exhibited normal tendon features (well-demarcated collagen
bundles, elongated tenocytes, mature collagen fibers, and
low cell density). The histopathological count scores by the
Bonar scoring system are shown in Figure 4.

Serum vitamin C level. The vitamin C-treated groups had
higher vitamin C levels in the serum than the vitamin C
depletion groups (Control=4.76 uM, ASCS only=4.35 uM).
The group treated with of combination vitamin C and ASCs
had a higher serum level of vitamin C (34.85 uM) than the
group treated with vitamin C alone (22.69 uM). A graph of
the data is shown in Figure 5.

Discussion

Stem cells can be used to repair tissues and treat diseases
based on their self-renewal and multi-lineage cell
differentiation abilities. There has been a wide range of
reports on the application of adult stem cell therapy to
various diseases (24-27), and many studies have been
conducted on tendinopathy stem cell therapy in various
species (e.g. horse, rabbit, rat) (28-30). However, there has
been no study on co-administration of stem cell therapy with
a particular compound (e.g. vitamin C or losartan) known to
improve the stem cell niche in tendinopathy (20, 31). The
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Figure 5. Vitamin C levels in serum. Groups supplied with vitamin C
exhibited higher vitamin C levels in the serum than groups with limited
vitamin C supply. Despite the equal supplementation of vitamin C, the
combination group had higher vitamin C levels than did the group
supplemented with vitamin C alone. N: Negative control, C: adipose-
derived stem cells (ASCs) transplantation, V: vitamin C supplementation,
and VC: vitamin C supplementation and ASC transplantation. Data are
shown as the mean+SD (*p<0.01).

aim of this study was to determine the combined effects of
stem cell therapy and vitamin C in the treatment of
tendinopathy.

In this study, we induced a tendonitis model in Smp30-
knockout mice and treated them with a combination of
vitamin C and local transplantation of ASCs. We investigated
the therapeutic effect of ASC transplantation for tendon
healing, and we used these vitamin C-deficient mice to
examine the effects of vitamin C in tendon healing in
combination with stem cell transplantation.

Animal models for tendonitis have been developed for
various species (e.g. horse, rabbit, rat) using different
methods (e.g. mechanical overloading, chemical induction)
(32). The mouse tendonitis model is rare because mice are
too small and are not suitable for the tendonitis model.
However, genetically modified models are required for
studying the mechanism of tendonitis, causing an increased
demand for the establishment of a mouse tendonitis model.
In this study, we established a collagenase-induced mouse
tendonitis model showing pathological features similar to
those of tendonitis. The mouse tendonitis model might be
presented as a basis for various studies on the mechanism of
tendonitis.

Grossly, the groups supplied with vitamin C exhibited
better morphological recovery than the groups that were
subjected to vitamin C depletion). In particular, less
neovascularization, swelling, and mucus secretion were
observed. Vitamin C plays a crucial role in the hydroxylation
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of proline, which is a precursor of collagen synthesis (33).
Collagen is a prominent structural protein found in
connective tissues such as tendons, ligaments, and blood
vessels (33) and is essential for the reconstruction of
damaged tissues. The differences in gross morphology
indicate that vitamin C plays a crucial role in tendon healing
by aiding the reconstruction of damaged tissue.

Histopathologically, the group treated with ASC and
vitamin C showed the best healing and the control group
showed the worst. Comparison of the group treated with
vitamin C with the control group showed that vitamin C
accelerated the healing process in tendonitis. This result was
also shown in a previous study (18). On comparing the group
treated with ASCs alone with the N group, the former was
found to have local healing in the upper region of the tendon,
which might be a result of the high density fiber bundle in the
tendon structure (34). Further studies on cell transplantation
methodologies in local tendons would be required for wide
application involving stem cells. Comparison of the
combination group with the single therapy groups showed that
the co-administration of ASC and vitamin C yielded more
beneficial effects than the administration of each separately.
The results indicated that vitamin C increased the effect of
stem cells in tendon healing. In addition, a previous study
reported that vitamin C supported cell transplantation by
preventing oxidative stress (20).

Because Smp30-knockout mice cannot synthesize
vitamin C naturally (21), the serum vitamin C level in the
vitamin C-depleted groups was low, but groups supplied
with vitamin C had higher vitamin C levels. Comparison of
the combination group with the vitamin C-treated group
showed that although both groups were equally supplied
with vitamin C, the group treated with vitamin C had a
lower vitamin C level than did the combination group. This
result indicates that the vitamin C-treated group used more
vitamin C as a precursor to collagen synthesis, whereas
vitamin C was in excess in the combination group because
of the added effect of ASCs on tendon healing. Thus, the
co-administration of stem cell therapy and vitamin C is
more effective in tendonitis than the administration of each
separately.

In conclusion, this study shows that vitamin C improved
the effect of ASC transplantation for the treatment of
tendonitis by inducing a better stem cell niche. These
results might provide a basis for clinical applications of
such therapy.
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