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Abstract

Photobiomodulation (PBM) using red or near-infrared (NIR) light has been used to stimulate the
proliferation and differentiation of adipose-derived stem cells. The use of NIR wavelengths such
as 810nm is reasonably well accepted to stimulate mitochondrial activity and ATP production via
absorption of photons by cytochrome ¢ oxidase. However, the mechanism of action of 980nm is
less well understood. Here we study the effects of both wavelengths (810 nm and 980 nm) on
adipose-derived stem cells in vitro. Both wavelengths showed a biphasic dose response, but 810nm
had a peak dose response at 3J/cm? for stimulation of proliferation at 24 hours, while the peak
dose for 980nm was 10-100 times lower at 0.03 or 0.3 J/cm?2. Moreover, 980nm (but not 810nm)
increased cytosolic calcium while decreasing mitochondrial calcium. The effects of 980nm could
be blocked by calcium channel blockers (capsazepine for TRPV1 and SKF96365 for TRPC
channels), which had no effect on 810nm. To test the hypothesis that the chromophore for 980nm
was intracellular water, which could possibly form a microscopic temperature gradient upon laser
irradiation, we added cold medium (4°C) during the light exposure, or pre-incubated the cells at
42°C, both of which abrogated the effect of 980nm but not 810nm. We conclude that 980nm
affects temperature-gated calcium ion channels, while 810nm largely affects mitochondrial
cytochrome ¢ oxidase.
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Introduction

Photobiomodulation (PBM) uses visible red or near-infrared (NIR) light to produce a range
of beneficial therapeutic effects, which can be used to treat many different diseases and
disorders [1]. PBM (therapy) has recently been introduced as the recommended index term
to replace the technique that was previously known as “low level laser (light) therapy” [2].

There have been many different molecules that have been proposed over the years to act as
the primary photoacceptor or chromophore in PBM [3]. The first law of photobiology states
that a photon must be absorbed by a specific chromophore located inside cells or tissues to
have any biological effect. The primary chromophore which has been most often discussed
in PBM is cytochrome c oxidase (CCO), which comprises unit 1V in the mitochondrial
respiratory chain [4]. CCO has two absorption bands, one in the red spectral region (~660
nm) and another in the NIR spectrum (~800 nm), which happen to match the wavelengths
most often used in PBM. One popular theory is that nitric oxide (which acts as a competitive
inhibitor of oxygen binding) can be photo-dissociated from its binding sites (copper and
heme centers in CCQO), after which electron transport, mitochondrial metabolism and ATP
production will rapidly increase [5]. However the absorption bands of CCO become much
weaker at wavelengths greater than 900 nm, which suggests that alternative chromophores
must exist, in order to absorb long wavelength photons between 900 nm in the NIR region
and all the way out to 20 pm in the far-infrared spectrum [6]. The identity of this long
wavelength chromophore is still uncertain, but water is the obvious candidate based on its
absorption spectrum in the IR spectrum, and its high abundance in biological systems.
Moreover, shorter wavelengths in the blue and green spectral regions may be absorbed by
yet other, different chromophores in cells such as (for instance) flavins [7].

Among many uses of PBM in cell culture, stimulation of the proliferation and differentiation
of adipose derived stem cells (ADSC) or other kinds of mesenchymnal stem cells, has been
frequently investigated [8-13]. Many workers have studied the ability of PBM to encourage
ADSC to differentiate down the osteogenic pathway and become osteoblasts [14-16].
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The present study was designed to compare the mechanisms of action of two different NIR
wavelengths (810 nm and 980 nm) on the proliferation and differentiation of ADSC. We
tested the hypothesis that 980 nm has a different chromophore, and therefore a different
mechanism of action, from those commonly attributed to 810 nm.

Material and Methods

Cell culture

hASCS were purchased from ScienCell Company (San Diego, CA, USA). Cells in the fourth
passage were used for the proliferation and differentiation experiments. All experiments
were repeated at least three times. All materials were purchased from Sigma-Aldrich (St.
Louis, MO) unless stated otherwise. Cells were routinely cultured in proliferation medium
(PM) which contains Dulbecco’s modified Eagle medium (DMEM, Gibco BRL, Grand
Island, NJ) containing 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA),
100 1U/ml penicillin/streptomycin. Osteogenic differentiation medium (OM) for hASCs was
composed of high glucose Dulbecco’s modified Eagle medium (DMEM) containing 10%
fetal bovine serum, 100 IU/ml penicillin/streptomycin, 100 nM dexamethasone, 0.2 mM
ascorbic acid, and 10 mM B-glycerophosphate.

Cell proliferation assay

In cell proliferation assays, cells were cultured in PM with various fluences of
photobiomodulation. Cell number was determined by using the Sulforhodamine B
colorimetric assay (SRB) according to the recommended protocol [17]. SRB measures the
amount of cellular protein and does not rely on mitochondrial activity. Growth curves were
constructed using the OD values of the SRB assay (mean +SD, n=8)

Osteogenic cell differentiation protocol

Cells were seeded in 6-well plates at a density of 2*10%/cm? and cultured in OM with or
without photobiomodulation. Alkaline phosphatase (ALP) activity was measured on the 7th
day of osteoinduction using an ALP kit (#SCR004, Millipore) according to the
manufacturer’s protocol.

To determine the degree of mineralization produced by differentiation, Alizarin red S (AR-
S) staining was used after 21 days of culture. To quantify matrix mineralization, AR-S-
stained samples were treated with 200mM cetylpyridinium chloride for 60 min to solubilize
the calcium-bound AR-S into the solution. The absorbance was measured at 562nm to
determine the quantity of the released calcium-bound AR-S.

Photobiomodulation, pharmacological compounds, cold and heat treatment

The cells were irradiated using two different wavelengths of PBM (810nm and 980 nm), and
for each wavelength a range of different doses (0.03 to 10 J/cm?) were used to find the best
parameters for cell proliferation in each case. For the osteogenic differentiation assay,
3J/cm? was used for 810nm, and 0.3) cm? for 980nm on the first day in OM, and the light
was repeated five times every two days for 10 days in total. During this process, RUNX2
was only detected on day 7 (after 3 applications of PBM) and at 14 days (after 5 applications
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of PBM). Alizarin Red staining assay was carried out at 21 days, and all the other assays
were measured after 14 days. The different light sources are listed in Table 1. The chemicals
were added into the culture medium 10 min before photobiomodulation, and at the end of
light exposure were washed out with PBS.

Capsazepine (CPZ) is a selective inhibitor of transient receptor potential vanilloid 1
(TRPV1) ion channel, and SKF96365 (SKF) is a non-selective inhibitor of transient receptor
potential canonical (TRPC) ion channels. Calphostin C (CC) is a selective inhibitor of
protein kinase C (PKC). CPZ, SKF and CC were dissolved in DMSO at a concentration of
10mM and a final concentration of 5uM (2000 fold dilution) for CPZ and SKF, 100nM
(100,000 fold dilution) for CC were used for the experiments.

In some experiments the cells were subjected to cold or heat treatment. For cold treatment,
the cells were kept in 4°C medium only during the time period needed to deliver the PBM
(out of the incubator); immediately after irradiation the hASCs were changed back to 37 °C
medium and returned to the incubator. For heat treatment, cells were pre-incubated for 1
hour in the 42 °C incubator, and then immediately received laser irradiation, and were
returned to the 37°C incubator.

RNA Extraction, Reverse Transcription, and Quantitative RT-PCR

In order to compare the effects of these two wavelengths of PBM, and to study the effects on
TRP channels and PKC inhibitors on osteogenic markers, quantitative PCR was performed.

Total cellular RNA was isolated with RNeasy Mini Kit (QIAGEN, Valencia, CA) and
reverse transcribed using High-Capacity RNA-to-cDNA™ Kit System (Applied Biosystems,
Foster City, CA). Quantification of all gene transcripts was performed by real-time
polymerase chain reaction (RT-PCR) using a SYBR Green kit (Roche Diagnostics Ltd,
Lewes, UK). GAPDH was used as an internal control. The primers used are listed in Table 2.

Intracellular calcium assay
To monitor changes in the intracellular calcium in hASCs, cells were pretreated with 1uM

Fluo-4 AM for 1 hour before photobiomodulation. Then 810nm or 980nm wavelength light
was applied and confocal imaging or flow cytometry were carried out immediately.

ATP production assay

To measure the ATP generation, CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madision, WI) was used to determine the ATP level after photobiomodulation. According to
the protocol of the manufacturer, luminescence was recorded with a SpectraMax M5 Multi-
Mode Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). The experiment was
repeated 3 times (mean + SD, n=8).

Mitochondrial membrane potential determination

Mitochondrial membrane potential (MMP) was monitored with tetramethylrhodamine
methyl ester (TMRM). TMRM was added to hASCs at a concentration of 25nM at 37°C for
15 min. Cells were then washed with PBS. Live Cell Imaging Solution (LCIS, Invitrogen,
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Darmstadt, Germany) with 10% FBS was used to maintain cell viability in longer time
courses. Cells were analyzed by confocal microscopy or by flow cytometry.

Evaluation of cellular ROS production

To evaluate the production of intracellular ROS, a fluorescent indicator CM-H2DCFDA
(general oxidative stress indicator) was used after PBM. After incubating with 5uM of CM-
H2DCFDA for 15min, cells were washed with PBS. The fluorescence was measured by
confocal microscope or flow cytometry.

Statistical Analysis

Result

All assays were performed in triplicate with n=6 for each sample repetition. Graphpad Prism
6.0 was used to perform Single-Factor ANOVA with a Tukey’s post-hoc test to evaluate the
statistical significance of experimental results (P < 0.05). For multiple comparisons,
Bonferroni was used in all the experiments. The 2°delta delta Ct method was used in relative
gene expression studies.

1. Compared with 810nm, 980nm produces better effects on hASC proliferation at a lower

fluence

We found that both wavelengths showed a biphasic dose response, lower doses of both
wavelengths showed stimulation, but high doses (20J/cm?2) of 810nm and 980nm irradiation,
produced biological inhibition (Figure 1A). However 810nm exhibited a peak dose response
at 3)/cm? for proliferation at 24 hours, while 980nm showed better effects on cell
proliferation at much lower doses (10-100 times lower at 0.03 or 0.3 J/cm?). Figure 1A
shows that 0.3 J/cm? of 980nm laser (proliferation 40% above control) had the best effects
on cell proliferation (P<0.001) compared with other doses of 980nm, and the 810nm groups.
While the ATP level showed the same overall trend (Figure 1B), the dose of 0.3 J/cm? of
980nm had better effects than the other groups.

In both the ATP and SRB experiments, the lasers all showed the phenomenon of bi-
directional regulation. With the increase of the laser dosage, the biological promoting effect
was weakened and the biological inhibition was changed.

2. Effects of 980 nm compared with 810 nm on mitochondrial membrane potential (MMP),
intracellular calcium, time course of intracellular ROS; effects of irradiance and fluence of
980 nm on MMP and ROS

In the following set of experiments, we compared the effects of two doses of 810 nm and
980 nm (0.3J/cm? and 3J/cm?) delivered at 50mW/cm? on MMP (Fig 2A), intracellular
calcium (Fig 2B), and time course of ROS production (Fig 2C). We then compared the
effects of two different power densities (15mW/cm? and 75mW/cm?2), and different doses of
980 nm on MMP (Fig 2D) and on ROS (Fig 2E)

Figure 2A shows that 0.3)/cm? of 810 nm had no significant effect on MMP, while the same
dose (0.3)/cm?) of 980 nm had the largest effect (15% increase). By contrast when the doses
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were increased to 3J/cm? the effects of both wavelengths were similar (about 10% increase)
and were significantly different from both control and 0.3J/cm? of 980nm. In Figure 2B the
effects on intracellular calcium can be seen. Only 0.3)/cm? of 980 produced a large
significant increase while the other three parameters only produced small non-significant
increases. Figure 2C shows the effects of what appeared to be the most effective sets of
parameters (3J/cm? of 810 nm and 0.3)/cm? of 980 nm) on intracellular ROS production. As
both conditions appeared to produce ROS in preliminary experiments we carried out a time
course over 6 hours. In can be seen that while both conditions produced a similar peak in
ROS, the peak occurred faster at 10-20 min with 0.3J/cm? of 980 nm, while the peak was
later at 40 min with 3J/cm? of 810 nm.

We also found a biphasic response of 980 nm with irradiance (comparing 15mW/cm? and
75mW/cm?2) and with fluence (comparing 0.3J/cm? and 3J/cm?). Figure 2D shows that for
MMP the low fluence delivered at the low irradiance produced the biggest increase, while
the high fluence delivered at the low irradiance also produced an increase. By contrast, both
fluences delivered at the high irradiance produced a decrease in MMP, and this was
significant at 0.3J/cm2. When these comparisons were repeated with intracellular ROS as
shown in Figure 2E, an effect of both irradiance and fluence was seen. The low fluence at
the high irradiance produced the biggest increase, while the low fluence at the low irradiance
also produced a significant increase.

3. The ability of 980 nm (but not 810nm) to promote cell proliferation could be abrogated by
TRPV1/TRPC channel inhibitors, and also by cold treatment

To further explore whether 0.3 J/cm? of 980 nm and 3 J/cm? of 810 nm promoted cell
proliferation though the same signaling pathway, we tested the hypothesis that heat-activated
ion channels could be involved. SKF (TRPC channel inhibitor), CPZ (TRPV1 channel
inhibitor) and cold treatment (TRPV1 is also a heat gated ion channel) were used. hASCs
were pretreated with 10uM of SKF and CPZ 10min before PBM. For cold treatment, the
cells were kept in 4°C medium during the time period needed for PBM, immediately after
irradiation the hASCs were changed back to 37 °C medium and returned to the incubator
immediately. Capsaicin, a TRPV1 agonist, which has been reported to activate TRPV1, and
thereby promote cell proliferation and increase ATP production at a concentration of 1M,
was used as a positive control. As expected from the literature, the effects of capsaicin could
be abrogated by the TRPV1 inhibitor CPZ (Figs 3A and 3B). hASCs were incubated with
CPZ for 10 min, then washed with PBS 3 times and then returned to PM. We found that
CPZ, SKF and cold treatment did not affect cell proliferation (Fig 3A) or ATP production
(Fig 3B). The proliferation promoting effects of 980 nm could be abrogated by SKF, CPZ
and by cold treatment, but there was no significant difference between the effect of 810nm
alone and any of the inhibitory treatments (SKF CPZ, cold treatment) (Fig 3A). We found
very similar effects of these three inhibitory treatments on the increase in ATP produced by
0.3 J/em? of 980 nm (all three treatments were effective) and by 3 J/cm? of 810 nm (none of
the three treatments were effective) (Fig 3B).

In order to further elucidate whether 980 nm could promote cell proliferation viaa TRPV1
calcium ion channel pathway, we used Fluo-4 to measure the intracellular calcium and
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Rhod-2 to measure the mitochondrial calcium. We found that the intracellular calcium
showed a sharp increase 30s after PBM. The peak in the 0.3J/cm? 980nm group was higher
than the 3J/cm? 980nm group, and the calcium peak in the 0.3J/cm? 980nm could be
inhibited by SKF, CPZ and cold treatment (Figs 3C and 3D). For mitochondrial calcium (Fig
3E), there was a sharp decrease with both 0.3/cm?2 and 3J/cm? 980nm groups, and the
decrease of mitochondrial calcium in the 0.3/cm2 980nm group could be abrogated by SKF,
CPZ and cold treatment (Fig 3E). There was no significant differences in calcium between
810 nm group and 810 nm + SKF, CPZ, or Cold treatment groups (Data not shown).

4. Heat treatment and the combined effects of heat and PBM on cell proliferation

Studies have shown that incubating cells in 42°C medium could activate heat gated ion
channel TRPV1 [18], and mild hyperthermia could promote cell proliferation in hASC and
other stem cells [19, 20]. To further explore whether PBM using 980nm could promote cell
proliferation via activation of the heat gated ion channel, TRPV1 we incubated hASCs for
one hour in a 42°C incubator, then moved the cells back to the 37°C incubator. We found
that one hour of incubation at 42°C could enhance cell proliferation and increase the
production of ATP, and that these processes could be blocked by TRPV1 channel inhibitors
(CPZ and SKF). If the cells were pre-incubated for 1 hour in the 42 °C incubator, and then
received laser irradiation, we found that cell proliferation in the 0.3 J/cm? 980nm group was
significantly better than the 980nm + 42°C group, while the 3J/cm? 810nm + 42°C group
was better than the 810nm alone group. These results show that the stimulatory effects of
980nm laser on hASC proliferation can be inhibited by mild heat at 42°C, therefore the
mechanisms of 980 nm and 42 °C hyperthermia may have a common pathway. However the
effects of 42°C on the stimulation of proliferation by 810nm laser were additive rather than
inhibited, and therefore 810 nm and 42 °C hyperthermia probably do not share a common
pathway.

5. The ability of 980nm, but not 810nm to promote osteogenic cell differentiation could be
abrogated by TRPV1 and TRPC channel inhibitors

To further explore if the pathways by which 0.3 J/cm?2 of 980 PBM nm and 3 J/cm? of 810
nm PBM can promote hASC differentiation down the osteogenic pathway are different, the
ion channel inhibitors, SKF and CPZ were used to block calcium ion channels. hASCs were
pretreated with 10uM of SKF and CPZ 10min before each of five applications of PBM over
a 14 day period. Alizarin Red staining carried out after 21 days showed that the
differentiation promoting effects of 980 nm PBM could be abrogated by SKF and CPZ, but
there was no significant difference between 810 nm and the 810 nm + CPZ or SKF groups
(Figs 5A, 5B and 5C). We found that both 3 J/cm? of 820nm PBM and 0.3 J/cm? of 980nm
PBM could upregulate osteogenic-related gene expression, and the 980nm laser achieved
better effects than 810nm (Fig 5D). When comparing 810nm alone, and 810nm + CPZ or
SKF groups, there was no significant difference in osteogenic-related gene expression. In
contrast, there was no up-regulation osteogenesis-related genes in 980nm + CPZ or SKF
groups (Fig 5D).
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Discussion

The present study has found interesting and remarkable differences in the mechanisms of
action of the PBM effects using two different NIR wavelengths. The pronounced biphasic
dose response found with both of these wavelengths necessitated the use of a different
fluence of each wavelength (0.3 J/cm? of 980 nm and 3 J/cm?2 of 810 nm) in order to achieve
the optimum stimulation of the various readouts that were employed in the different assays.

Wavelengths in the region of 810 nm (780 nm, 800 nm, 830 nm, 850 nm, 880 nm, etc) have
been one of the most popular ranges of wavelengths used for PBM applications with
hundreds of published studies. It is reasonably well established that photons with these NIR
wavelengths are absorbed by chromophores in CCO, and stimulate mitochondrial
metabolism (shown by raised MMP and more oxygen consumption) and therefore increase
ATP production. The most often cited molecular mechanism for this stimulation of CCO
activity, is the photodissociation of inhibitory nitric oxide that binds to the heme or copper
centers in the enzyme, that prevents oxygen from reaching the active site, and thus limiting
respiration and ATP production [18].

On the other hand, although wavelengths around 980 nm have been less frequently used for
PBM, there have indeed been some reports of these wavelengths being employed in a
diverse range of pathologies including wound healing in vitro [21], oral lichen planus in
humans [22], an adjunct to non-surgical periodontal treatment in humans [23], control of
pain, swelling, and trismus associated with surgical removal of impacted lower third molars
in humans [24]. Moreover Anders et al showed 980 nm light could increase the rate of nerve
regeneration in a rabbit model [25]. In medical applications, 980 nm lasers were originally
developed to target the water absorption peak centered at 975 nm. High power focused 980
nm lasers have been used for tissue coagulation [26] and tissue ablation [27]. This
photothermal targeting of water, combined with the relative lack of absorption peaks due to
CCO at this wavelength (980 nm), does indeed suggest that the primary photoacceptor for
these two wavelengths (810 nm and 980 nm) may indeed be different. There have been a few
clinical reports where two NIR wavelengths such as 810 nm and 980 nm have been
combined together [28, 29]

Nevertheless, most authors (including ourselves) had previously assumed that different NIR
wavelengths (almost anything between 780 nm and 1200 nm) used in PBM, were likely to
operate via the same basic mechanism. The present data suggests that this assumption will
have to be re-addressed.

We wanted to test the hypothesis that 980 nm was absorbed by water in ion channels
(possible some kind of structured water that could form a selectively absorbing cluster on
specific surface structures; this phenomenon has been called “near-surface water” by Pollack
and colleagues [30]). The literature had already suggested that TRPV1 is a candidate ion
channel that could be activated in PBM protocols [31-33]. Therefore we chose to use two
different inhibitors of TRP ion channels (CPZ which is fairly specific for TRPV1 [34], and
SKF which is less specific [35]). Both of these inhibitors blocked many of the effects of 980
nm, but had little to no blocking activity on the cellular effects of 810 nm PBM. Since we
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hypothesized that 980 nm was acting by heating up microscopic regions of water in
important locations within the cell (such as ion channels) we decided to test the effect of
cold and heat on the cellular effects of PBM. The rationale for using cold (4°C during the
PBM) was that very small, microscopic changes in the temperature of protein domains
caused by absorption of 980 nm by near-surface water, would be “lost” when the bulk
temperature was reduced. Likewise, we reasoned that if the temperature was raised to 42°C,
the effect of these microscopic temperature gradients caused by water absorption of 980 nm
would also be ineffective owing to the bulk temperature having been raised. The fact that
both heat and cold treatments abrogated the effects of 980 nm laser, but not the effects of
810 nm suggests that heat-gated ion channels can be activated by 980 nm but not by 810 nm.

The possibility of water acting as a chromophore in PBM studies has previously been
discussed by Santana-Blank [36, 37] and Sommer [38, 39] (among others). Further studies
will be necessary to confirm or refute this hypothesis.

Previously we had carried out studies comparing PBM with four different wavelengths, 660,
730, 810, and 980 nm in a mouse model of healing of partial thickness abrasion wounds
[40]. We delivered the same fluence from all four lasers (4 J/cm?) at a constant irradiance
(10 mW/cm?). We found that 635 nm and 810 nm were significantly effective in promoting
healing, but 730-nm and 980-nm wavelengths showed no improvement in healing. 810-nm
gave the highest decrease in wound area (p < 0.05), enhanced collagen accumulation, and
complete re-epithelialization as compared to other wavelengths and non-illuminated
controls.

Moreover we also tested these same four wavelengths in a mouse model of closed head
(weight drop) traumatic brain injury (TBI) [41]. We applied a single exposure of the closed
mouse head to 36 J/cm2 delivered at 150 mW/cm2, 4 hours after the TBI injury was created.
Again the overall results were somewhat similar, with the 660 nm and 810 nm wavelengths
producing a significant improvement in neurological severity score that increased over the
course of the follow-up compared to sham-treated controls., that was not seen with the 730
nm and 980 nm wavelengths.

How can we explain the fact, that in two separate studies we found 980 nm to be ineffective,
while 810 was highly effective, while in the present study we find that 980 nm has positive
effects in vitro? We believe the answer lies in the biphasic dose response observed for both
810 nm and 980 nm in the present study. The peak response to 980 nm in the SRB assay was
found with 0.3 J/cm2, while with 810 nm the peak response was seen at 3 J/cm2. Therefore
it appears that much lower fluences of 980 nm are required, compared to the fluences of 810
nm needed. It is likely that in the two studies referred to above (mouse wound healing and
closed head TBI) we simply used too high a dose of 980 nm. If we had used a much lower
dose (one tenth) we may well have found that 980 nm did in fact have a positive beneficial
effect.

A group of investigators from Turkey published a series of three papers [42—44], all looking
at the same animal model, in which rats were injected IP with 5-fluorouracil, and then had
the inside of their cheek mucosa scratched with a needle to simulate oral mucositis. They
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treated these rats with four different laser wavelengths, 660 nm, 810 nm, 980 nm and 1064
nm all with a dose of 8J/cm? delivered at different power densities. Overall the two longer
wavelengths (980 nm and 1064 nm) gave more pronounced changes in expression of the
different genes that were measured.

Anders and co-workers reported in 2014 that 980 nm light could inhibit the mitochondrial
activity of human fibroblasts while 810 nm light at the same doses produced stimulation
[25]. They also showed that much lower doses of 980 nm light were required to give the
optimal stimulation of neurite elongation in cultured cortical neurons, than were needed for
810 nm light.

hASCs can be induced to differentiate to osteoblasts when cultured in OM using PBM, as
reported by a number of investigators [14-16]. In agreement with these studies, we found
that the optimum dose of 810 nm (3J/cm?), and to a greater extent, the optimum dose of 980
nm (0.3J/cm?) applied five times once every two days, increased AR staining and gene
expression of RUNX2, OPN and OSX. When each of the 5 applications of PBM was
preceded by a 10-min incubation with the ion channel inhibitors, CPZ and SKF, there was
little difference in the osteogenic differentiation produced by 810 nm laser compared to that
found without inhibitors. In contrast the osteogenic differentiation produced by 980 nm was
substantially abrogated by the use of these pharmacological ion channel inhibitors.

It should be noted that our studies were entirely carried out with human ADSC. Stem cells,
adipocytes and cells in general have differing responses to light and other cellular
environmental perturbations. Heat and cold do alter the biology of adipocytes and have been
discussed as potential means for converting white to beige fat as a way of managing obesity
for example. It is also of note that timing between the PBM intervention and the heat or cold
stress (before, during or after) is likely to play a role. Many complex stress response
pathways have been described that are triggered by heat shock [45] and cold shock [46], and
it will ne necessary to closely examine the effects of these pathways on the PBM response.

In conclusion, we have found evidence that the mechanisms of action of 810 nm and 980 nm
laser appear to have significant differences. A reasonable hypothesis to explain the
mechanism of action of 980 nm relies on the activation of heat (or light)-gated ion channels.
However activation of CCO in mitochondria by 810 nm continues to be the most important
and generally accepted mechanism. Our results raise a host of questions that will need to be
answered by future studies. Do other cell types (in addition to the presently studied hASCs)
behave in a similar manner? Do other wavelengths that are longer than 980 nm (for instance
1064 nm or 1260 nm) behave in a similar manner to 980 nm? Why should activation of heat-
gated ion channels produce increases in ATP and MMP in the same manner as 810 nm. Why
should activation of ion channels produce ROS? Will the much lower optimum fluences of
980 nm that are apparently needed in vitro, translate into greater clinical efficacy when this
wavelength is used in vivo?
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Highlights
Photobiomodulation was tested in adipose-derived stem cells (ADSC)

Both 810nm and 980nm showed a biphasic dose response for proliferation
and ATP

Optimum dose (J/cm?) was 10-10 times lower for 980 nm than for 810nm

Effects of 980nm (but not 810nm) could be abrogated by ion-channel
inhibitors

Effects of 980nm (but not 810nm) could be abrogated by heat and cold
treatment

980nm-mediated differentiation of ADSC into osteoblasts could be
abrogated as above.
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Figure 1. Biphasic dose response of 810 nm and 980 nm
(A) Quantitative analysis of cell proliferation 24 hours after 810nm and 980nm PBM by

SRB assay. Data represent mean + SEM. (B) Quantitative analysis of ATP production level 3
hours after PBM. (n=8; "*P<0.001)
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Figure 2. Effects of 810 nm and 980 nm on MMP, intracellular calcium, and ROS production at
different fluences and power densities

(A) MMP measured 1 hour after photobiomodulation. (B) Intracellular calcium measured
within 1 minute after photobiomodulation. (C) Time course of ROS production. (D) MMP 1
hour after photobiomodulation, comparing 15mW/cm?2, 75mW/cm?2 of 980 nm at doses of
0.3 J/lem? and 3 J/cmZ2. (E) ROS 1 hour after photobiomodulation, comparing 15mW/cm?,
75mW/cm? of 980 nm at doses of 0.3 J/cm? and 3 J/cm?. Data represent mean + SEM. All
data are expressed as percentage above control. (n=6 or 8; "*P<0.01, "**P<0.001)
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Figure 3. Effects of 980 nm photobiomodulation on cytosolic and mitochondrial calcium could be
abrogated by CPZ, SKF and cold treatment

(A) Cell proliferation. (B) ATP production. (C) Time course of intracellular calcium, PBM

was used at 60s, a peak was found within 30 seconds. (D) Intracellular calcium 30 seconds
after PBM. (E) Mitochondrial calcium 30 seconds after PBM. Data represent mean + SEM.
(n=6 or 8; "P<0.05, *"P<0.01, **"P<0.001)
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Flgure 4. The effect of heat treatment TRP inhibitors, and combination of heat and PBM (0.3
Jicm? of 980 nm and 3 J/cm? of 810 nm) on cell proliferation and ATP

(A) Cell proliferation with or without TPRV1 inhibitor before heat treatment. (B) ATP
production with or without TPRV1 inhibitor before heat treatment. (C) Cell proliferation
after combination of heat and PBM. Data represent mean + SEM. (n=6 or 8; “"P<0.001).
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Figure 5. Effects of 810 nm and 980 nm PBM on hASCS differentiation
A. Macroscopic view of Alizarin Red staining after 810 nm and 980 nm PBM on day 21. B.

Microscopic view of Alizarin red staining (scale bar 100 um). C. Quantitative detection of
Alizarin Red staining after 810 nm and 980 nm PBM. D. Quantitative detection of the
expression level of osteogenic-related genes using RT-PCR after 810 nm and 980 nm PBM.
Data represent mean = SEM. (n=6 or 8; ""P<0.001)
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Table 1

Light sources and parameters
Wavelength 810 nm 980 nm
Type Diode laser Diode laser
Manufacture Opto Power Corp., Tucson, AZ, USA  B&W TEK, Newark, DE, USA
Models Model D030-MM-FCTS/B POLAR-980-10
Mode Ccw CwW
Total power (W) 1 1 1 1
Irradiance (mW/cm?) 16 16 16 16
Fluence (J/cm?) 3 0.3 3 0.3
Time of irradiation (S) 188 18.8 188 18.8
Spot size (cm?) 4 4 4 4

The irradiance was adjusted by changing the distance between the laser and the cell culture dish. The cell culture plates were covered with
aluminum-foil, the spot size was defined by the size of window in the aluminum-foil. CW = continuous-wave.
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The primers for g°PCR Analysis

Table 2

Forward primer

Reverse primer

ALP
RUNX2
OCN
0sX
GAPDH
TRPV1
TRPV2
TRPV3
TRPV4
TRPV5
TRPV6

ATGGGATGGGTGTCTCCACA
CCGCCTCAGTGATTTAGGGC
CACTCCTCGCCCTATTGGC
AGCAGCAGTAGCAGAAGCA
GGTCACCAGGGCTGCTTTTA
GATGGCAAGGACGACTACCG
CGCACCGACACCGAATG
CCATCCAATCCCAACAGCC
GCCGTGATGGTCTTTGCC
GTGGCAACCGCACTCATTC
CACCTTCGAGCTGTTCCTTACC

CCACGAAGGGGAACTTGTC
GGGTCTGTAATCTGACTCTGTCC
CCCTCCTGCTTGGACACAAAG
CAGCAGTCCCATAGGCATC
GGATCTCGCTCCTGGAAGATG
TGTCTGCCTGAAACTCTGCTTG
ATGGTAGGCAACAGCGGTG
ACTCTACCAACTCCTCCACGC
AGACGAGCAGGAATCGGAAA
GAGAGGCACCAACCCTGAAG
CCAGTGAGTGTCGCCCATC
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