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Recently, light emitting diodes (LEDs) have been introduced as a potential physical factor for
proliferation and differentiation of various stem cells. Among the mesenchymal stem cells human
umbilical cord matrix-derived mesenchymal (hUCM) cells are easily propagated in the laboratory and
their low immunogenicity make them more appropriate for regenerative medicine procedures. We
aimed at this study to evaluate the effect of red and green light emitted from LED on the neural lineage
differentiation of hUCM cells in the presence or absence of retinoic acid (RA). Harvested hUCM cells
exhibited mesenchymal and stemness properties. Irradiation of these cells by green and red LED with
or without RA pre-treatment successfully differentiated them into neural lineage when the morphology
of the induced cells, gene expression pattern (nestin, β-tubulin III and Olig2) and protein synthesis
(anti-nestin, anti-β-tubulin III, anti-GFAP and anti-O4 antibodies) was evaluated. These data point for
the first time to the fact that LED irradiation and optogenetic technology may be applied for neural
differentiation and neuronal repair in regenerative medicine.
In the recent years, the physical factors such as light irradiation emitted from different sources including light
emitting diodes (LEDs), have been introduced as a potential physical factor for proliferation and differentiation
of various cell types1–3. Peng et al. reported that proliferation of bone marrow mesenchymal cells can be enhanced
by LED irradiation4. Also, Li Wen et al. have shown that red light promotes osteogenic differentiation of rat
bone marrow mesenchymal cells5. The mechanism involved in cell proliferation and maturation following light
irradiation is not fully revealed, but it has been shown to be associated with an increase in oxidative function of
mitochondria6, 7. In addition to mitochondria enhancement, red and green lights could affect other biological
phenomena and promote cell differentiation8–10.
Mesenchymal stem cells (MSCs) have been introduced as an effective and appropriate source of stem cells for
the treatment of various diseases including neural disease11–13. Human umbilical cord matrix-derived mesenchymal (hUCM) cells show unique features (e.g. ease of isolation, self-renewing properties and shorter population
doubling time compared with bone marrow stem cells) that make them more appropriate for regenerative medicine procedures14–16. Additionally hUCM cells exhibit reduced immunogenicity especially at lower passages17
and can be induced to generate different type of cells, such as adipocytes, osteocytes18, myocytes19, hepatocytes20,
and neurons, oligodendrocytes and other glial cells21–23. These cells have also been successfully used for the treatment of acute myocardial infarction without elevation of immune responses24. Although some studies have been
conducted so far to introduce different biological exogenous factor for neural lineage differentiation25–28, there is
still no extensively accepted method for neural differentiation of mesenchymal stem cells, including hUCM cells.
Retinoic acid (RA) has long been introduced as a powerful exogenous neural inducing factor for neural differentiation with and without other inducing components13, 29, 30.
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Figure 1. Projection of hUCM cells from boundary of the Wharton’s jelly fragment, 12 days after culture (A).
Fibroblast-like and spherical morphology of hUCM cells (B). Adipogenic and osteogenic differentiation of
hUCM cells. (C) Oil Red O staining displayed lipid containing vacuoles, after culture in adipogenic medium.
(D) Formation of calcium deposits via osteogenic induction (Alizarin Red staining). None induced hUCM
cells were used as control for adipogenic (E) and osteogenic (F) differentiation. Immunophenotype of hUCM
cells was examined by flow cytometry. hUCM cells were negative for the hematopoietic marker (CD34), while
strongly positive for mesenchymal stem cell specific markers including CD73, CD90, and CD105. The black
histograms represent antibody labeled cells and colored histograms show isotype control cells.

Enhancement of stem cells differentiation capacity is important for further advance of cell therapy and have a
key role in regenerative medicine31. Thus, we aimed at the present study to investigate the effect of red and green
light irradiations (provided by appropriate LEDs) on the neural lineage differentiation of hUCM cells in the presence or absence of RA as a known chemical inducing factor.

Results

Features of hUCM cells.

After 8–10 days, fusiform and fibroblast-like cells appeared at the boundary of
Wharton’s jelly fragments (Fig. 1A and B), after which the explant segments were removed (at day 12 of culture).
Some of the propagated cells exhibited round shape while the majority was elongated with cytoplasmic processes.
Mitotic index was abundant in the culture (data not shown).

Adipogenic and osteogenic differentiation capacity of hUCM cells.

A Collection of lipid vacuoles in the cytoplasm of induced cells was discovered with Oil Red O staining after 18 days of adipogenic treatment (Fig. 1C). In addition, calcium phosphate deposits in extracellular matrix of osteogenic induced cells were
detected by means of Alizarin red staining (Fig. 1D). No Oil Red O or Alizarin red-positive cells were detected in
the control groups (Fig. 1E and F).

Flow cytometry and surface marker assessment. The isolated cells were assessed for hematopoietic as

well as MSC markers. Results showed that hUCM cells did not express CD34 (as hematopoietic cell marker) while
they strongly expressed MSC markers; CD105, CD90 and CD73 (Fig. 1G).

Immunocytochemistry. At days 0, 7, 14 and 21 after the onset of treatment, the presence of neural specific proteins including nestin, β-tubulin III, GFAP and O4 in all groups was evaluated by immunocytochemical
analysis (Fig. 2). Nestin (an intermediate filament in neural precursor cells) production increased to a significant
level in the induced hUCM cells on day 14 of induction but decreased toward the end of induction period (day
21, Fig. 3A). Highest expression of nestin was observed in Green + RA group followed by RA group. Interestingly,
the cells in the Red and Green groups also exhibited more nestin positive cells compared with the control group.
Expression of β-tubulin III, an intermediate filament which appears in the mature neuron like cells, was also
significantly higher in Red + RA and Green + RA groups on day 14, with a sharp increase in Green + RA group.
It also remained high in Green + RA, Red + RA and RA groups on day 21. The cells in the Green and Red groups
gradually expressed more β-tubulin III during the culture period but did not reach a significant level when compared with the control group (Fig. 3B). GFAP, an intermediate filament specific in glial cells did not express until
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Figure 2. Immunocytochemical analysis of Nestin, β tubulin III, GFAP and O4 proteins after neural induction
of hUCM cells. The cell nuclei were counterstained with Hoechst.
the day 14, after which it was expressed higher than control on day 14 in all the experimental groups and reached
a significant level on day 21 in RA and Green + RA groups (Fig. 3C). O4, an intermediate filament in oligodendroglia cells did not express before day 14 in either of the experimental groups. However it expressed thereafter
and reached a significant level on day 14 in Red + RA, RA and Green + RA groups compared with the control
group but decreased to a lower level on day 21 (Fig. 3D).

Light microscopic study of differentiated hUCM cells. All groups were observed daily by a light
microscope after induction of neural differentiation in hUCM cells. The microscopic examination demonstrated
that after 6–9 days in RA, RA + Green and RA + Red groups and after 14–16 days in Green and Red groups, some
of the cells appeared irregular in shape and subsequently acquired neuronal shape (Fig. 4). However, cells in the
control group exhibited a fibroblast-like shape through the experiments.
Evaluation of neural specific gene expression. We analyzed the gene expression of known neural
markers including nestin, β-tubulin III and Olig2 by qRT-PCR in the induced hUCM cells and controls at days 0,
7, 14 and 21 after LED irradiation. The results, presented in Fig. 5, show that after green and red LED irradiation,
nestin expression increased significantly on day 7 and continued to be high at day 14 but it decreased to a nonsignificant level at day 21. Green LED irradiation also resulted in a profound effect on β-tubulin III expression
on days 7 and 14 compared with the control group. However, prolongation of culture period to 21 days reversed
the effects. Red LED irradiation also caused induced hUCMs to express more β-tubulin III gene at days 7 and 14
but it did not reach a significant level when compared with the control group. Other groups (RA, Green + RA
and Red + RA) did not express β-tubulin III significantly at either time points compared with the control group
(Fig. 5). Green LED irradiation caused hUCM cells to express significantly higher level of Olig2; a gene involved
in motor neuron and oligodendrocyte differentiation, at days 7 and 14 and a nonsignificant level at day 21. A
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Figure 3. Immunofluorescence of neural lineage markers in the different groups. presence of Nestin (A), β
tubulin III (B), GFAP (C) and O4 (D) proteins was evaluated on days 0, 7, 14 and 21 after irradiation. Data
were pooled from three independent experiments and were expressed as the mean ± SD. (*p < 0.05, **p < 0.01,
***p < 0.001).

Figure 4. hUCM cell-derived neuron- like cells (arrow) after 10 days of incubation with RA (A) and after 18
days in the green light irradiated group.

significant increase in Olig2 gene expression was detected in RA, Red + RA and Red groups at day 21 compared
with the control group (Fig. 5).

Discussion

In the current study, the effect of green and red lights on neural differentiation of hUCM cells was investigated.
Some studies have reported that LED irradiation could improve cell proliferation1, 5, 32. Kim et al. have shown
that LED irradiation enhances osteogenic differentiation of mesenchymal stem cells33. We could demonstrate
that LED irradiation with or without RA pre-treatment enhances neural differentiation of hUCM cells, especially
when neural-specific gene expression was considered. In the recent years, studies have introduced different factors and conditions effective in neural differentiation of mesenchymal stem cells, including various concentrations of RA, epidermal growth factor (EGF), fibroblast growth factor (FGF) and utilization of 3D scaffolds13, 34, 35.
Our finding highlights a new interesting strategy for the induction of MSCs into neural lineage that requires more
attention to understand the precise mechanisms involved in neural lineage differentiation.
A previous study reported that green light (530 nm) irradiation increases the neural sprouting in neuroblastoma cells. The proposed method could assist in phototherapy usage for improving sprouting and promoting
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Figure 5. q RT-PCR analysis. Histograms displayed hUCM cells expression of Nestin (A), β tubulin III (B)
and Olig2 (C) markers in Green, Red, RA, RA + Green and RA + Red groups, relative to the control group (on
days 0, 7, 14 and 21 after irradiation). Results are the mean ± SD of three independent experiments (*p < 0.05,
**p < 0.01, ***p < 0.001). Notice that the data were shown in logarithmic scale and the values below the base
line are not actually negative values.

neural network formation36. Our findings demonstrated that red and more specifically green light (530 nm) irradiation, in the absence of retinoic acid, stimulates neural lineage differentiation of hUCM cells.
The way that light emitted by LEDs interacts with the cells and tissues depends on the physical characteristics
of light, mainly the power density, exposure time and wavelength. In addition to the light characteristics, the
type of cell may be impressive3, 9. The mechanisms which are involved in cellular differentiation and proliferation
following LED irradiation is very complicated and yet to be understand well. Some studies have proposed that
it may be associated with an increase in cellular ATP and activation of ERK signaling pathway6, 8. When green
light (530 nm) was applied on mesenchymal stem cells isolated from orbital fat tissue the motility and migration
capacity was altered8. Also, low level laser irradiation (810 nm, 3 and 6 J/cm2) improved differentiation of bone
marrow mesenchymal stem cells into osteoblast and neurons (in the presence of bFGF)37. Compared to lasers,
LED devices are light-weight and cost-effective. Some investigations have claimed that LEDs are more effective
than lasers for photodynamic therapy and photo-stimulation38, 39. However, based on other reports this issue is
controversial and depends on the irradiation parameters, especially dose and wavelength40, 41.
In agreement with Eftekhar-Vaghefi23 and Bagher34 studies we have demonstrated that nestin is a leading
protein in the sequence of neural differentiation (day 7), when compared to the other neural markers. We could
show that induction of hUCM cells by light irradiation improved glial cell differentiation via expression of glial
cell markers; Olig2, GFAP and O4. Deisseroth et al. reported that membrane depolarization and calcium waves
have a vital role in the neural differentiation of adult neural stem/progenitor cells42. Also, Stroh et al. introduced
an optogenetic stimulation method for modulation of stem cells differentiation via control of Ca2+ ion flux43.
Therefore, in our study it is likely that, LED irradiation affected the membrane polarization and/or Ca2+ ion flux.
Previous studies reported that RA by means of several cell signaling pathways including JNK/CREB, AKT/CREB
and phosphorylation of ERK1/2 improved neural differentiation of stem cells44, 45. Also, Park et al. reported that
electromagnetic fields can improve neural differentiation through EGFR activation which is mediated by ROS
production46. However, it is unclear whether LED induced neural-lineage differentiation might follow the same
pathways or not. We suggest that investigation of ATP production, Ca ion changes in the cytoplasm and ROS
production at different time points after irradiation, as well as assessment of phosphorylation of proteins that are
involved in the cell signaling of neural differentiation, might clear the molecular mechanisms underlying stem
cells neurogenic differentiation. With this approach in mind, optogenetic knowledge may highlight appropriate
methods in stem cell biology and cell therapy. Whether, other light wavelengths, single or multiple exposure, and
duration of exposure would change the differentiation capacity of mesenchymal cells needs to be examined in the
further studies.
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Figure 6. A schematic picture of LED device used in this investigation. All the exposures were carried
out inside a CO2 incubator that was used for irradiation only. Each culture plate was exposed to different
irradiations, separately. While other culture plates were incubated in another CO2 incubator.

Conclusions

Together, the results of our study indicate that the given dose of red and especially green LED irradiation on
hUCM cells could successfully enhance neurogenic gene expression. However, when neural lineage differentiation proteins production is considered, red and especially green led irradiation could enhance RA effects on nestin, β-tubulin III and O4 after 14 days and GFAP after 21 days. Because light stimulation is dose dependent and
the penetration of light beam in different tissues is variable, it is not possible to extend in vitro results directly to
in vivo applications. However, as LED irradiation is economic, safe and easy to use, our results suggest that further
studies in the animal models can lead to possible application of LED irradiation as a useful tool for promotion of
neuronal repair and nerve regeneration.

Materials and Methods

All the materials used in this study were purchased from Sigma Company (Sigma-Aldrich, MO, USA) unless
those stated otherwise. Institutional ethical review board of Kerman University of Medical Sciences, Kerman,
Iran, approved the study.

Isolation and culture of hUCM cells. We used a previously reported protocol47 for the isolation and culture of hUCM cells with minor modifications. Briefly, Wharton’s jelly, obtained from fresh human umbilical
cords, was cut into 2 to 3 mm pieces and cultured in DMEM/F12, supplemented with 10% FBS (PA Biologicals,
Sydney, Australia), 100 IU/ml streptomycin, penicillin and 2 µg/ml amphotericin B. The culture Petri dishes
(Falcon BD, Franklin Lakes, NJ, USA) were incubated at 37 °C in the humidified air with 5% CO2. The medium
was refreshed every 72 h. The culture continued until the cells reached 80% confluence. hUCM cells at Passage 2
to 4 were used for the experiments. Also, some of the viable cells were cryopreserved with conventional freezing
protocols.
Cell marker analysis by flow cytometry.

To assess surface antigen expression, 2 × 105 viable cells at passages three were harvested by trypsinization. The cells were washed with PBS and fixed by 10% formaldehyde for
15 min. After centrifugation and washing, the cells were incubated with 10% goat serum in phosphate-buffered
saline (PBS) for 20 min to block nonspecific binding sites48, 49. The cells were incubated for 1 h at 4 °C with following phyco-erythrin (PE)-conjugated antibodies: CD34, CD105, CD73 (Chemicon, Temecula, CA) and CD90
(Dako, Glostrup, Denmark). In the control group, the cells were stained with PE-conjugated mouse IgG isotype
antibody. At least 12,000 measures were recorded for each sample with FACS Canto flow cytometer machine (BD
Biosciences, San Jose, CA) and data were analyzed by WinMDI software (West Lafayette, IN. USA).

Adipogenic and osteogenic differentiation. To assess differentiation capacity of the isolated cells, third
passage hUCM cells at a density of 2.5 × 104 cells/cm2 were seeded onto glass slides with DMEM/F12 supplemented either with adipogenic (50 μg/ml indomethacin and 100 nM dexamethasone) or osteogenic (10 nM dexamethasone, 10 mM β-glycerophosphate and 50 μg/ml ascorbic acid,) differentiation medium for 18 days. The
culture media were refreshed every 72 h. Adipogenic and osteogenic differentiations were detected with Oil red O
and Alizarin red staining, respectively1, 49.
Light irradiation. Handmade LED devices were used as light sources (Fig. 6). Each of these devices consisted

of red (630 nm with 10 nm bandwidth) or green (530 nm with 20 nm bandwidth from SE Electronics, China)
lights. The LED array was planned to fit into 3 cm culture plates. These plates were divided into the control and
treated groups (Green, Red, RA, RA + Green, RA + Red). The power density and distribution of LED array radiation was measured by appropriate meters (Melles-Griot, US) and adjusted to 5.3 mW/cm2. The hUCM cells were
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Light sources

Wavelength

Bandwidth

Power
density/irradiance

Exposure
time

Energy
density/dose

Red LED

630 nm

10 nm

5.3 mW/cm2

1 minute

0.318 J/cm²

Green LED

530 nm

20 nm

5.3 mW/cm2

5 minutes

1.59 J/cm²

Table 1. LED irradiation parameters.

Gene
Nestin
β-tubulin III
Olig2
GAPDH

Primer sequence
F: 5′-CTCAGGTCCTGGAAGGTCG-3′
R: 5′-AAAGCTGAGGGAAGTCTTGGAG-3′
F: 5′-CCCAGCGGCAACTACGTGGG-3′
R: 5′-GTTGTTGCCGGCCCCACTCT-3′
F: 5′-AGACTCTCCTCAACTCGGCT-3′
R: 5′-TGTTGTCGCTCCGACTTCTC-3′
F: 5′-TGCACCACCAACTGCTTAGC-3′
R: 5′-TGCACCACCAACTGCTTAGC-3′

Annealing temp (°C)
64.9
61.6
60.6
60

Table 2. Primers used for qRT-PCR.

irradiated once for five minutes (Green and RA + Green groups, separately), and one minute (Red and RA + Red
groups, separately) at radiation energies of 1.59 J/cm² and 0.318 J/cm², respectively1 (Table 1). The spectrum of the
LED device emission was tested by the spectrometer (Avantes, The Netherlands). All the exposures were carried
out inside a CO2 incubator which was used for irradiation only. After the irradiation time was over, the plates were
transferred into another CO2 incubator under the same conditions as the control samples (non-exposed cells).
The experiments were replicated at least 3 (3–5) times under the same conditions.

Induction of neural differentiation and Immunocytochemistry analysis. At the third passage, the
cells were seeded at a density of 1 × 104 cells/ml onto glass coverslips. After 24 h incubation at 37 °C, the hUCM
cells in RA, RA + red and RA + green groups were treated with RA (10-6 M in 0.5% DMSO)23. Red and green
groups did not receive RA but received irradiation as stated earlier. The induced cells in the different groups were
cultivated for three weeks in DMEM/F12, supplemented with 10% FBS, as the basic medium. The medium was
refreshed every 3 days.
At days 0, 7, 14 and 21 after the onset of treatments, the differentiation of hUCM cells was assessed by immunocytochemistry. The cells were washed with PBS and fixed in 4% paraformaldehyde for 40 min followed by two
times washing in PBS. The cells were then permeabilized with PBS containing 0.1% Triton X-100, 1% bovine
serum albumin and 10% normal goat serum for 40 min. Finally, the samples were washed with PBS and incubated
overnight at 4 °C with anti-nestin (1/200,), anti-β-tubulin III (1/200,), anti-GFAP (1/200,) and anti-O4 (1/200,)
antibodies. Afterward the cells were washed with PBS and incubated with anti-Mouse IgG-FITC for 90 min at
room temperature. The cells were counterstained with Hoechst and the control slides were prepared by omitting
the primary antibodies. Eventually, for each antibody and time point 200 cells were randomly counted and the
proportion of antibody-stained cells was calculated according to the Hoechst-stained cells. Experiments were
repeated three times. The cells were visualized by a fluorescent microscope (IX71, Olympus, Japan) equipped
with a digital camera.
RNA isolation and qRT-PCR.

hUCM cells were cultured in 3 Cm petri dishes as described for immunocytochemistry. At days 0, 7, 14 and 21 of treatment, total RNA was extracted from hUCM cells using RNeasy kit
(Qiagen, Crawley, UK) according to the manufacturer’s protocol. RNA integrity was evaluated and cDNA was
synthesized using Omni script RT Kit (Qiagen). Quantitative polymerase chain reactions (qRT-PCR) were done
in triplicate on each sample of cDNA. The PCR conditions were 10 min at 95 °C, followed by 35 cycles of 95 °C for
20 seconds for denaturation, and 60–65 °C for 50 seconds for annealing/extension. Negative controls (no cDNA)
were used in all experiments. Analysis of relative gene expression data was performed using 2−DDCT method
described previously by Livak et al.50. The primers presented in the Table 2 were used in this study.

Statistical analysis. The data are expressed as mean ± SD. Statistical analysis was performed by One-way
ANOVA followed by Tukey post hoc test. P < 0.05 was considered statistically significant.

References

1. Soltani, S. D. et al. Different effects of energy dependent irradiation of red and green lights on proliferation of human umbilical cord
matrix-derived mesenchymal cells. Lasers in medical science 31(2), 255–261 (2016).
2. Pagin, M. T. et al. Laser and light-emitting diode effects on pre-osteoblast growth and differentiation. Lasers in medical science 29(1),
55–59 (2014).
3. Wu, H.-P. P. & Persinger, M. A. Increased mobility and stem-cell proliferation rate in Dugesia tigrina induced by 880 nm light
emitting diode. Journal of Photochemistry and Photobiology B: Biology 102(2), 156–160 (2011).
4. Peng, F., Wu, H., Zheng, Y., Xu, X. & Yu, J. The effect of noncoherent red light irradiation on proliferation and osteogenic
differentiation of bone marrow mesenchymal stem cells. Lasers in medical science 27(30), 645–653 (2012).
5. Li, W.-T., Leu, Y.-C. & Wu, J.-L. Red-light light-emitting diode irradiation increases the proliferation and osteogenic differentiation
of rat bone marrow mesenchymal stem cells. Photomedicine and laser surgery 28(1), 157–165 (2010).

SCIeNTIfIC Reports | 7: 9976 | DOI:10.1038/s41598-017-10655-w

7

www.nature.com/scientificreports/
6. Li, S., Wang, Q.-L., Chen, X. & Mi, X.-q. Photobiomodulation for Cobalt Chloride-Induced Hypoxic Damage of RF/6A Cells by
670 nm Light-Emitting Diode Irradiation. International Journal of Photoenergy 2014, Article ID 971491, 971495 pages (2014).
7. Wong, R., Margaret, T. T., Bai, X., Buchmann, E. & Whelan, H. T. Light-emitting diode treatment reverses the effect of TTX on
cytochrome oxidase in neurons. Neuroreport 12(14), 3033–3037 (2001).
8. Ong, W.-K. et al. The activation of directional stem cell motility by green light-emitting diode irradiation. Biomaterials 34(8),
1911–1920 (2013).
9. Asai, T. et al. The long-term effects of red light-emitting diode irradiation on the proliferation and differentiation of osteoblast-like
MC3T3-E1 cells. Kobe J Med Sci 60(1), 12–18 (2014).
10. Emelyanov, A. N. & Kiryanova, V. V. Photomodulation of Proliferation and Differentiation of Stem Cells By the Visible and Infrared
Light. Photomedicine and laser surgery 33(3), 164–174 (2015).
11. Frausin, S. et al. Wharton’s jelly derived mesenchymal stromal cells: Biological properties, induction of neuronal phenotype and
current applications in neurodegeneration research. Acta histochemica 117(4), 329–338 (2015).
12. Peng, J. et al. Human umbilical cord Wharton’s jelly-derived mesenchymal stem cells differentiate into a Schwann-cell phenotype
and promote neurite outgrowth in vitro. Brain Res Bull 84(3), 235–243 (2011).
13. Salehinejad, P. et al. Neural differentiation of human umbilical cord matrix-derived mesenchymal cells under special culture
conditions. Cytotechnology 67(3), 449–460 (2015).
14. Batsali, A. K., Kastrinaki, M.-C., Papadaki, H. A. & Pontikoglou, C. Mesenchymal stem cells derived from Wharton’s Jelly of the
umbilical cord: biological properties and emerging clinical applications. Current stem cell research & therapy 8(2), 144–155 (2013).
15. Gao, L. R. et al. Intracoronary infusion of Wharton’s jelly-derived mesenchymal stem cells in acute myocardial infarction: doubleblind, randomized controlled trial. BMC medicine 13, 162 (2015).
16. Watson, N. et al. Discarded Wharton jelly of the human umbilical cord: a viable source for mesenchymal stromal cells. Cytotherapy
17(1), 18–24 (2015).
17. Ding, D.-C., Chang, Y.-H., Shyu, W.-C. & Lin, S.-Z. Human umbilical cord mesenchymal stem cells: a new era for stem cell therapy.
Cell transplantation 24(3), 339–347 (2015).
18. Cheng, H. et al. Replicative senescence of human bone marrow and umbilical cord derived mesenchymal stem cells and their
differentiation to adipocytes and osteoblasts. Molecular biology reports 38(8), 5161–5168 (2011).
19. Kocaefe, Ç., Balcı, D., Hayta, B. B. & Can, A. Reprogramming of human umbilical cord stromal mesenchymal stem cells for
myogenic differentiation and muscle repair. Stem Cell Reviews and Reports 6(4), 512–522 (2010).
20. Liang, X. J. et al. Differentiation of human umbilical cord mesenchymal stem cells into hepatocyte‐like cells by hTERT gene
transfection in vitro. Cell biology international 36(2), 215–221 (2012).
21. Leite, C. et al. Differentiation of Human Umbilical Cord Matrix Mesenchymal Stem Cells into Neural-Like Progenitor Cells and
Maturation into an Oligodendroglial-Like Lineage. PloS one 9(10), e111059 (2014).
22. Jin, W., Xu, Y.-P., Yang, A.-H. & Xing, Y.-Q. In vitro induction and differentiation of umbilical cord mesenchymal stem cells into
neuron-like cells by all-trans retinoic acid. International journal of ophthalmology 8(2), 250–256 (2015).
23. Eftekhar-Vaghefi, S. H., Zahmatkesh, L., Salehinejad, P., Totonchi, S. & Shams-Ara, A. Evaluation of Neurogenic Potential of Human
Umbilical Cord Mesenchymal Cells; a Time-and Concentration-Dependent Manner. Iranian biomedical journal 19(2), 82–90
(2015).
24. Gao, L. R. et al. Intracoronary infusion of Wharton’s jelly-derived mesenchymal stem cells in acute myocardial infarction: doubleblind, randomized controlled trial. BMC medicine 13(1), 162–164 (2015).
25. Tohill, M., Mantovani, C., Wiberg, M. & Terenghi, G. Rat bone marrow mesenchymal stem cells express glial markers and stimulate
nerve regeneration. Neuroscience letters 362(3), 200–203 (2004).
26. Chen, Y.-S. & Hsiue, G.-H. Directing neural differentiation of mesenchymal stem cells by carboxylated multiwalled carbon
nanotubes. Biomaterials 34(21), 4936–4944 (2013).
27. Liang, J. et al. Human umbilical cord mesenchymal stem cells derived from Wharton’s jelly differentiate into cholinergic-like
neurons in vitro. Neuroscience letters 532, 59–63 (2013).
28. Tu, J. et al. Light‐controlled astrocytes promote human mesenchymal stem cells toward neuronal differentiation and improve the
neurological deficit in stroke rats. Glia 62(1), 106–121 (2014).
29. Yim, E. K., Pang, S. W. & Leong, K. W. Synthetic nanostructures inducing differentiation of human mesenchymal stem cells into
neuronal lineage. Experimental cell research 313(9), 1820–1829 (2007).
30. Kim, M. et al. Regulation of mouse embryonic stem cell neural differentiation by retinoic acid. Developmental biology 328(2),
456–471 (2009).
31. Tabar, V. & Studer, L. Pluripotent stem cells in regenerative medicine: challenges and recent progress. Nature Reviews Genetics 15(2),
82–92 (2014).
32. Holder, M., Milward, M., Palin, W., Hadis, M. & Cooper, P. Effects of red light-emitting diode irradiation on dental pulp cells.
Journal of dental research 91, 961–966 (2012).
33. Kim, H. K. et al. Red light of 647 nm enhances osteogenic differentiation in mesenchymal stem cells. Lasers in medical science 24(2),
214–222 (2009).
34. Bagher, Z. et al. Differentiation of Wharton’s Jelly-Derived Mesenchymal Stem Cells into Motor Neuron-Like Cells on ThreeDimensional Collagen-Grafted Nanofibers. Molecular neurobiology 53(4), 2397–2408 (2016).
35. Farivar, S., Mohamadzade, Z., Shiari, R. & Fahimzad, A. Neural Differentiation of Human Umbilical Cord Mesenchymal Stem Cells
by Cerebrospinal Fluid. Iranian journal of child neurology 9(1), 87–93 (2015).
36. Alon, N. et al. Promotion of neural sprouting using low-level green light-emitting diode phototherapy. Journal of biomedical optics
20(2), 20502–20503 (2015).
37. Soleimani, M. et al. The effects of low-level laser irradiation on differentiation and proliferation of human bone marrow
mesenchymal stem cells into neurons and osteoblasts–an in vitro study. Lasers Med Sci 27(2), 423–430 (2012).
38. De Sousa, A. P. C. et al. Laser and LED phototherapies on angiogenesis. Lasers in medical science 28(3), 981–987 (2013).
39. Sampaio, S. C. P. O. et al. Effect of laser and LED phototherapies on the healing of cutaneous wound on healthy and iron-deficient
Wistar rats and their impact on fibroblastic activity during wound healing. Lasers in medical science 28(3), 799–806 (2013).
40. Chaves, M. Ed. A., Araújo, A. Rd, Piancastelli, A. C. C. & Pinotti, M. Effects of low-power light therapy on wound healing: LASER x
LED. Anais brasileiros de dermatologia 89, 616–623 (2014).
41. Buravlev, E., Zhidkova, T., Vladimirov, Y. & Osipov, A. Effects of laser and LED radiation on mitochondrial respiration in
experimental endotoxic shock. Lasers in medical science 1–6 (2013).
42. Deisseroth, K. et al. Excitation-neurogenesis coupling in adult neural stem/progenitor cells. Neuron 42(4), 535–552 (2004).
43. Stroh, A. et al. Tracking stem cell differentiation in the setting of automated optogenetic stimulation. Stem cells 29(1), 78–88 (2011).
44. Shan, Z. Y. et al. pCREB is involved in neural induction of mouse embryonic stem cells by RA. The Anatomical Record 291, 519–526
(2008).
45. Li, Z., Theus, M. H. & Wei, L. Role of ERK 1/2 signaling in neuronal differentiation of cultured embryonic stem cells. Development,
growth & differentiation 48, 513–523 (2006).
46. Park, J.-E. et al. Electromagnetic fields induce neural differentiation of human bone marrow derived mesenchymal stem cells via
ROS mediated EGFR activation. Neurochemistry international 62, 418–424 (2013).

SCIeNTIfIC Reports | 7: 9976 | DOI:10.1038/s41598-017-10655-w

8

www.nature.com/scientificreports/
47. Salehinejad, P. et al. Comparison of different methods for the isolation of mesenchymal stem cells from human umbilical cord
Wharton’s jelly. In Vitro Cellular & Developmental Biology-Animal 48(2), 75–83 (2012).
48. Salehinejad, P., Alitheen, N. B., Mandegary, A., Nematollahi-mahani, S. N. & Janzamin, E. Effect of EGF and FGF on the expansion
properties of human umbilical cord mesenchymal cells. In Vitro Cellular & Developmental Biology-Animal 49(7), 515–523 (2013).
49. Kaviani, M. et al. Evaluation of gametogenic potential of vitrified human umbilical cord Wharton’s jelly–derived mesenchymal cells.
Cytotherapy 16(2), 203–212 (2014).
50. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2–ΔΔCT method.
Methods 25(4), 402–408 (2001).

Acknowledgements

This work was supported by a grant from Neuroscience Research Centre of Kerman University of Medical
Sciences, Kerman, Iran.

Author Contributions

S. Dehghani-Soltani: collection of data, data analysis and interpretation, manuscript writing. M. Shojaee:
Conception and design, provision of study materials, data analysis and interpretation. M. Jalalkamali:
Conception and design, manuscript writing. A. Babaee: collection of data, data analysis and interpretation,
manuscript writing. S.N. Nematollahi-mahani: Conception and design, administrative support, data analysis and
interpretation, manuscript writing, final approval of manuscript.

Additional Information

Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2017

SCIeNTIfIC Reports | 7: 9976 | DOI:10.1038/s41598-017-10655-w

9

