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Abstract

Acute renal failure has a 50% - 80% mortality rate. Currently, treatment options for this life-
threatening disease are limited. Low-level laser therapy (LLLT) has been found to modulate bio-
logical activity. The aim of the present study was to investigate the possible beneficial effects of
laser application to stem cells in the bone marrow, on the kidneys of rats that had undergone
ischemia-reperfusion injury (IRI). IRI was induced by occlusion of the renal artery to 3- and
7-month-old rats for 15 or 30 minutes. In an additional experiment IRI was applied to both kid-
neys for 20 min each in 2-3-month-old rats. Rats were then divided randomly into two groups of
control and laser-treated. Laser therapy (Ga-Al-As 810 nm, 200 mW output for 2 min) was applied
to the bone marrow 1 and 7 days post-IRI to the kidneys, and rats were sacrificed 2 weeks later.
Histomorphometry and immunohistochemistry were performed on Kkidney sections and blood
markers for Kidney function. Quantitative histomorphometric analysis revealed a reduction in di-
latation of the renal tubules, restored structural integrity of the renal tubules, and reduced necro-
sis in the laser-treated rats as compared to the control, non-laser-irradiated group. C-Kit positive
cell density in kidneys post-IRI and laser-treatment was significantly (p = 0.015) 3.2-fold higher
compared to the control group. Creatinine and blood urea nitrogen content were significantly
lower in the laser-treated rats as compared to control. It is concluded that LLLT application to the
bone marrow (BM) causes a significant increase in the density of mesenchymal stem cells in the
kidneys post-IRI, probably by induction of stem cells in the BM, which subsequently migrate to the
IRI kidney, significantly reducing the pathological features of the kidney and increasing kidney
function post IRI.
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1. Introduction

Acute kidney injury (AKI) is a common clinical issue with high morbidity and mortality. Cell-based therapy of-
fers an exciting potential for kidney regeneration [1]-[10]. In both mice and humans there is evidence that cells
of bone marrow (BM) origin take part in tubular epithelium regeneration [1]. Injury to a target organ can be
sensed by BM stem cells, which subsequently migrate to the site of damage, undergo differentiation, and pro-
mote structural and functional repair. Recent studies have demonstrated that hematopoietic stem cells were mo-
bilized following ischemia/reperfusion injury (IRI) to the kidney, engrafted onto the kidney, and differentiated
into tubular epithelium in the areas of damage [2] [3]. The evidence that mesenchymal stem cells, by virtue of
their reno-protective property, restore renal tubular structure and renal function during experimental acute renal
failure, offers the potential for therapeutic intervention [1]. In addition to the contribution to kidney repair by
bone-marrow-derived stem cells, and putative renal tubular epithelial stem cells, the original hypothesis still
stands that viable tubular epithelial cells that have survived the ischemic insult, proliferate and thereby generate
new tubular epithelial cells that replace the damaged ones [4]. Moreover, injection of stem cells to rats post
ischemic insult resulted in a reno-protective capacity of mesenchymal stem cells and indicates the possibility of
a cell-based paradigm shift in the treatment of IRI [10]. Wang et al. [5] demonstrated that administration of
bone-marrow-derived stem cells suppresses cellular necrosis and apoptosis induced by reperfusion of the
ischemic Kidney in rats [5]. Stokman et al. [6] demonstrated that in a hypoxia in-vitro model of renal ischemia,
stimulation of tubular epithelial cells with cytokine stem cell factor (SCF) activated survival signaling and re-
duced apoptosis. The involvement of c-kit in the above processes was also established.

Low-level laser therapy (LLLT) has been found to modulate various biological processes, such as increasing
mitochondrial respiration and ATP synthesis, facilitating wound healing, and promoting the process of skeletal
muscle regeneration and angiogenesis [11]-[16]. In an experimental model of the ischemic/infarcted heart in rats
and dogs, it was demonstrated that LLLT application directly to the ischemic area in the heart at optimal power
parameters significantly reduced scar tissue formation [17]-[19]. This phenomenon was partially attributed to a
significant elevation in ATP content, heat shock proteins, vascular endothelial growth factor (VEGF), inducible
nitric oxide (NO) synthase, and angiogenesis in the ischemic zone of the laser-irradiated rats, as compared to
non-irradiated rats [20]. The effect of LLLT on chronic kidney disease has not been extensively studied. Oli-
veire et al. [21], in a model of unilateral obstruction demonstrated that LLLT has a protective effect regarding
renal interstitial fibrosis through attenuating inflammation. There are also several reports on the effects of pho-
tobiostimulation on stem cells or progenitor cells. LLLT application to normal human neural progenitor cells
significantly increased ATP production in these cells [22]. LLLT delivery to mesenchymal stem cells (MSCs)
and cardiac stem cells in vitro caused a significant enhancement in their proliferation rate [23] [24] and also in-
creased the proliferation rate of adipose-derived stem cells in vitro [25]. Recently, it was demonstrated that
LLLT application to autologous BM can induce proliferation and recruitment of MSCs to the infarcted rat heart,
markedly reduce scarring [26] [27], and induce cardiogenesis along the border line of the infarcted area [28].

The aim of the present study was to investigate the possibility that induction of stem cells in the BM of rats by
LLLT also has beneficial effects following IRI to the kidneys.

2. Materials and Methods

2.1. Experimental Procedure

Rats were obtained from Harlan Inc. (Rehovot, Israel) and were kept at 12 hrs light/12 hrs dark conditions. They
were fed on Purina and water was given ad libitum. A total of 42 Wistar male rats were divided into two groups:
one group (29 rats) of 2-3-month-old rats (weighing 200 - 250 gr); and another group (13 rats) of 7-month-old
rats (weighing 400 gr). The rationale of using different ages was to explore whether induction of stem cells in
the BM by LLLT takes place in old rats and in young rats.
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All the experimental procedures were approved by the Animal Care Committee of Tel-Aviv University. Rats
were anesthetized with Avertin (1 ml/100g body weight 1.P.) and a longitudinal (2 cm) incision was performed
in the lateral pelvic part of the body through the skin and muscles. Left or right kidney (randomly selected) of
each rat was exposed, as well as the renal artery. Ischemia-reperfusion injury (IRI) was performed by clamping
the renal artery about 5 mm from its entry into the kidney. The contra-lateral kidney in each rat remained intact.
Occlusion was verified by observation of no blood flow in the artery and cyanotic color of kidney, compared to
the intact kidney. Following ischemia, while rats were still under anesthesia, reperfusion was performed by gen-
tle removal of the clamp and visualization (under a microscope) of the resumption of blood flow in the renal ar-
tery. The rats were then divided randomly into two groups. In the group of 2-3-month-old rats 17 animals un-
derwent IRI for 15 min, while in 12 animals IRI was induced for 30 min. In each group 8 rats received LLLT to
the bone marrow 1 and 7 days post-IRI, and all rats were sacrificed 2 weeks later. In the group of 7-month-old
rats, 8 animals served as control and 5 received LLLT.

In order to track kidney injury markers in the blood we performed IRI to 47 rats (of the total 89) for 20 min to
each kidney and applied laser application as described above. Blood samples were collected from the tail vein
under anesthesia for determination of creatinine, blood urea nitrogen (BUN), leukocytes, and c-kit+ cells in the
blood at 1, 2, and 7 days post-IRI. The blood tests for creatinine and BUN were performed by American Medi-
cal Laboratories (Herzeliya, Israel).

2.2. Laser Application

Following induction of IRI rats were randomly assigned to a laser-treated or control, non-laser-treated, group. A
diode (Ga-Al-As) laser, wavelength 804 nm with a tunable power output of maximum of 400 mW was used
(Lasotronic Inc., Zug, Switzerland). The laser device was equipped with a metal-backed glass fiber optic (1.5
mm diameter). An infrared viewer (Lasotronic Inc. Zug, Switzerland) and infrared-sensitive detecting card
(Newport, Inc., Irvine, CA) were used to determine the irradiation area.

In all groups 1 and 7 days post-IRI induction, the left or right tibia bone (chosen randomly) was exposed. In
the laser-irradiated group the distal tip of the fiber optic was applied to the flat medial aspect of the exposed tibia
(5 mm distal to the knee joint) delivering a power output of 10 mW/cm? for 100 sec (power density of 1 J/cm?)
to the BM. Control rats underwent the same procedure as the laser-irradiated group but the laser was not turned
on. It should be noted that we specifically timed application of the LLLT for 24 hrs post-IRI, in order to deter-
mine the ability of LLLT to induce stem cells in the BM for the benefit of the kidney, when treatment post-
kidney IRI is delayed. Thus, one can assume that treating the BM with laser application may, at least in part,
mimic treatment of chronic renal failure and not treatment suitable only for immediate application following
acute renal failure. Two weeks post-IRI to the kidney the rats were sacrificed and IRI and intact kidneys were
removed. The kidneys were separated by longitudinal sectioning at the mid-plane of each kidney into two iden-
tical halves. One half was taken for histology (cold fixation in 4% neutral buffered formalin for 48 hours) and
the other half was stored at —70°C for biochemical analysis.

2.3. Histology and Immunohistochemistry

For histopathological evaluation sections were stained with hematoxylin-eosin, and histopathological changes
were evaluated by quantitative measurements of tubular necrasis, loss of cell brush borders, and mononucleated
cell infiltration. For each rat a total of 36 randomly selected areas (500 x 500 um; 6 areas from each of the 6
sections taken from the rat) were examined at X40 objective using a Zeiss microscope. Each area was assigned
one of four levels of numerical scoring. Score 0, no damage (normal histology); score 1, tubular cell swelling,
loss of brush border, and 1/3 of the examined area defined as tubular necrosis and mononucleated cell infiltra-
tion; score 2, as score 1, but between 1/3 and 2/3 of the examined area demonstrate necrosis and mononucleated
cells infiltration; score 3, as score 2, but necrosis and mononucleated cell infiltration occupying more than 2/3 of
the examined area. The scoring of the histopathological data was performed by two independent observers
blinded to control or laser-treated samples. Score values were expressed as mean value of score levels 1, 2 or 3
for each rat. The scores from all rats of each group (control and laser-treated) were then statistically analyzed for
differences in scoring levels between the groups.

For immunohistochemistry, 8-micron thick paraffin sections were prepared from the tissue samples of each
(right and left) kidney and stained using hematoxylin-eosin staining. C-kit immunohistochemical staining was
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performed on random paraffin sections in order to detect MSCs as described previously (26). Two observers,
blinded to control or treated rats, analyzed the section stained for c-kit+ cells. The c-kit+ cell density was calcu-
lated by dividing the number of c-kit+ cells counted by the unit area in the total section of each kidney. The
measurements were performed on six randomly selected sections of each kidney.

2.4. Enzymatic Determinations

Ten percent (w/v) homogenates were prepared in 0.01 M Tris buffer containing, 0.01% Triton, 2 mM CaCl, and
protease inhibitor cocktail (Sigma, Sant Luis, USA) from each IRI kidney or intact kidney. Succinate dehydro-
genase enzymatic activity assay was determined using 0.2 M succinate as a substrate, 0.5 mM dichloropheno-
lindophenol (DCIP), and 0.1% solution of phenazin methosulfate (PMS) in 0.1M Tris buffer. Absorbance was
read at 630 nm in a microplate reader spectrophotometer adjusted to zero with the blank sample (saline instead
of homogenate sample).

2.5. Flow Cytometry Analysis

Blood samples were taken 2 and 7 days post-IRI for fluorescence-activated cell sorting (FACS) analysis. 100 pul
of blood were mixed with different antibodies: anti-mouse CD117 (c-kit), PE (eBioscience San Diego, USA),
and rat 1gG2b isotype control PE (eBioscience San Diego, USA), and used for the FACS analysis according to
the manufacturer’s guidelines. Forty-five min post incubation of the whole fresh blood with the relevant antibo-
dies, 2 ml of Fix/Lyse solution (eBioscience, San Diego, USA) were added. After mixing the suspended cells
were left for 60 min in the dark at room temperature. Centrifugation was performed for 10 min, supernatant was
removed, and washing of the pellet was performed with 2 ml of Flow Cytometry Staining Buffer Solution
(eBioscience, San Diego, California, USA). After another centrifugation for 10 minutes the supernatant was de-
canted. The pellet, containing mononucleated cells, was resuspended in 200 ul of flow stain buffer for FACS
analysis.

2.6. Statistical Analysis

The SigmaStat 2.0 (Sigma, St Luis, USA) software was used for statistical analysis. Tests were performed first
for normality distribution, followed by parametric (student’s t-test) test.

3. Results

In the group of 2-3-month-old rats the histopathological changes visible in the control, non-laser-treated, histo-
logical sections consisted mainly in tubular dilatation, loss of contour of those tubules, and necrosis, as well as
some blood cells in the interstitial tissue of the kidney (Figure 1). However, in those rats that received LLLT to
the BM post-IRI to the kidney, the contour of renal tubules remained clear, almost no tubular dilatation was ob-
served, and necrosis was barely discernible. Overall, necrotic (cell infiltration) areas, tubular dilatation, and de-
generative epithelium was much more prominent in the control IRI-kidneys, compared to the laser-treated
IRI-kidneys. The quantitative histopathological analysis of the 15 min IRI indicated significantly higher (p <
0.001) 3.6-fold scores in the control, non-laser-treated rats as compared to the laser-treated rats (Figure 2(a)). It
should be noted that in this group (15 min IRI) none of the histological sections of the laser-treated rats) =
reached a score of 3; while in the control, non-laser-irradiated rats, some sections did reach a score of 3. Quan-
titative histopathological analysis of the 30 min IRI indicated significantly higher (p < 0.01) 2.37-fold scores in
the control, non-laser-treated rats compared to the laser-treated rats (Figure 2(b)). The quantitative histopatho-
logical analysis of the IRI (to one kidney for a duration of 30 min) in the 7-month-old rats indicated significantly
higher (p < 0.002) 2.14-fold scores in the control as compared to the laser-treated rats (Figure 2(c)).

C-kit+ cell density in the laser-treated group of 2 - 3 month-old-rats that underwent IRI for 15 min was sig-
nificantly (p = 0.015) 3.2-fold higher than in the control group (Figure 3(a)). In the intact kidney of these rats
there was no significant elevation in the c-kit+ cells density over blank-control immune-stained sections (data
not shown). C-kit+ cell density in the laser-treated group (2 - 3-months-old) and for 30 min IRI group was sig-
nificantly (p = 0.02) 2.5-fold higher compared to the control group (Figure 3(b)). C-kit+ cell density in kidneys
of the laser-treated group of 7-month-old rats that underwent IRI for 30 min was significantly (p = 0.045)
1.8-fold higher than in the control group (Figure 3(c)).
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Figure 1. Representative light microscope micrographs of renal tissue in intact (a) laser-
treated (b, d, f) and non laser-treated to the bone marrow (c, €) rats, 14 days post-30 min
ischemic injury and reperfusion. Note a marked dilatation (arrows) of the renal tubules and
necrotic areas with infiltration of mononucleated cells in control microscopic slides as
compared to a minor dilatation of the renal tubules in the laser-treated rats. Magnifications
are a, b, e and f are x180 and c, d x100.
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Figure 2. Effect of LLLT application to the bone marrow on the histopathological features of the kidney as reflected in the
arbitrary score in non laser (open column) and laser-treated (solid column) rats. Results from 2-3-month-old rats that under-
went 15 and 30 min IRI are presented in (a) & (b) respectively. Results from 7-month-old rats are presented as (c).  p < 0.01.
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Figure 3. Effect of LLLT application to the bone marrow on the density of c-kit+ in the 15 min (a) or 30 min (b) injured IR
kidneys in the non laser treat groups (open column), and laser-treated 3-month-old rats (solid column). In (c) are results from
7-month-old rats (15 min of IR-injury). Results are mean + SEM of 8 rats in each column. “p < 0.05.

In the 2-3-month-old rats the SDH results indicate that following 15 min of IRI, laser application to the BM
caused a significant (p = 0.02) 1.5-fold elevation in electron transfer as compared to the control group (Figure
4(a)); while following 30 min of IRI, laser application to the BM caused a significant (p = 0.04) 1.5-fold eleva-
tion in electron transfer as compared to the control group (Figure 4(b)). In the 7-month-old rats the SDH results
indicate that following 30 min of IRI, laser application to the BM caused a significant (p = 0.02) 2-fold elevation
in SDH activity as compared to the control group (Figure 4(c)).

In the 20 min IRI, in the two-kidneys experiment, the creatinine levels in the blood of the control, non-laser-
treated rats was high at 1 and 2 days post-IRI and decreased to a level of 0.5 + at 7 days post-IRI (Figure 5). In
the laser-treated rats the level of creatinine was low (0.6 and 0.65 mg/dl) at 1 and 2 days post-IR, respectively;
and further decreased to 0.42 mg/dl at 7 days post-IRI. At the latter time interval the creatinine level was signif-
icantly (p = 0.04) 1.23-fold lower than in the control group. The nitrogen urea content (BUN) in the blood dem-
onstrated a similar trend to creatinine (Figure 6). It was significantly (p = 0.04) lower in the laser-treated rats
already at 2 days post-IRI to the kidneys, and highly significant (p < 0.005) at 7 days post-IRl compared to the
levels of BUN in the non-laser-treated rats. The reduction comprised 2.2-fold and 1.5-fold that of the control rats
at 2 and 7 days post-1RI respectively.

FACS analysis of the blood of the rats that underwent 30 min of IRI showed that total percentage of C-kit+
cells in the blood out of the total mononucleated nuclei in the blood was 2.1-fold significantly (p > 0.01) higher
in the laser-treated groups compared to the control 5 days post-IRI (Figure 7).

4. Discussion and Conclusion

The present study indicates that LLLT has reno-protective effects post moderate IRI to the rat kidney. The find-
ings corroborate our recent study on the beneficial effects of induction of stem cells in the BM by LLLT to the
rat post-myocardial infarction (MI) [26] [27]. The results of the current study also demonstrate that LLLT to the
BM caused a significant increase in cell density of immuno-positive c-kit cells in the targeted injured organ
(kidney). This is in accordance with a similar phenomenon following LLLT to BM in the infarcted area of the
rat heart 3 and 6 weeks post-Ml.

It can be hypothesized that LLLT induced proliferation of MSCs in the BM, as shown by us previously [2].
These cells subsequently migrated via the blood circulation to the kidney and populated it to a higher extent than
in the non-laser-treated rats. Indeed, the results of the FACS analysis in the present study indicate that the den-
sity of c-kit+ cells in the blood of the laser-treated rats was significantly higher post-LLLT application than in
the control, non-laser-treated rats. It is suggested that at least some of the stem cells may secrete various growth
factors that may contribute to a better restoration and preservation of the cells in the kidneys following the
ischemic insult. This mechanism of paracrine secretion by stem cells used in a cell-based therapy approach for
the ischemic heart has been previously suggested [29]. The higher SDH activity in the IR-injured kidney that
received the laser treatment to the BM, as compared to control non-laser-treated rats, may indicate a better pre-
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servation of mitochondria in these kidneys. Furthermore, a better mitochondrial function and higher production
of ATP in the kidney of the laser-treated rats as found in the ischemic heart and brain post-LLLT [18] [22] may
contribute to restoration of kidney function post-IRI. The possibility that BM progenitor cells can induce endo-
genous stem cells in an ischemic organ was also recently found following injection of progenitor cells into the
ischemic heart [29] [30]. All the above processes could contribute in conjunction to the restoration of renal tu-
bular function post-renal-failure. Indeed, in those rats that were laser-treated to the BM, the quantitative analysis
of histopathological features showed a significantly lower score as compared to the non-laser-treated rats, fol-
lowing IRI to the kidney. The overall beneficial effect of LLLT to the BM on the IRI rats was evident also in the
blood tests for kidney function. The levels of BUN in the blood of laser-treated rats were significantly 55% and
38% lower than in the non-treated rats at 2 days and 7 days respectively post-IRI to the kidney. Accordingly,
creatinine level in the blood was 20% significantly lower (p = 0.04, 1.2-fold) in the laser-treated group as com-
pared to the control. This difference in creatinine level was evident only at 7 days post-IRI, since the effect of
the laser-induced stem cells on the recovery of glomerular filtration may be delayed in the IRI kidneys. Indeed a
similar delayed effect was found in rat hearts treated by LLLT to the BM post-myocardial infarction (MI). Ele-
vated blood vessels density was observed only 7 days post-MI [20].

10 -
- 9 *
71 " 6-
& 8
6- —~ 54 * =
& e X 7
S s S E
x X 44 a 6
£ 4 T £ T C s i
a S 34 e
S ;. e s 4
> > ©
= 2 24 3 1
S 24 > <
B s 2 1
< 4 < 1 11
0 0 0 :
Control Laser Control Laser Control Laser
(a) (b) (©)

Figure 4. Effect of LLLT application to the bone marrow on SDH enzymatic activity in the 15 min (a) and 30 min (b) IRI
kidneys of 2-3-month-old (a, b) or 7-month-old (c) rats in the non laser treated (open column) and laser-treated groups to the
BM group (solid column). Results are mean + SEM of 8 rats in each column. “p < 0.05.
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Figure 5. Effect of LLLT application to the bone marrow on

creatinine levels at different time intervals in the 30 min IRI

kidneys of 2-3-month-old rats. Control groups (open column)
and laser-treated to the BM groups (solid column). Results
are mean + SEM of 7 - 8 rats in each column. “p < 0.05.
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Figure 6. Effect of LLLT application to the bone marrow on
blood urea nitrogen (BUN) levels in the 30 min IRI kidneys
of 2-3-month-old rats at different time intervals. Control groups
(open column) and laser-treated to the BM groups (solid col-
umn). Results are mean = SEM of 7 - 8 rats in each column.
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Figure 7. Effect of LLLT application to the bone marrow on
CD-117 levels in circulating blood in the 30 min IRI kidneys
of 2-3-month-old rats in non laser (open column) and laser-
treated rats (solid column) 5 days post IRI. Results are mean +
SEM of 7 - 8 rats in each column. ~p < 0.01.

Another aspect of the present study is the ability of LLLT to induce stem cells even in the BM of mature
(7-month-old) rats relative to the 3-month-old ones, resulting in a beneficial effect to the IRI kidney. It is known
that the number of stem cells in general decreases with age in the BM of long bones in rats, where the fat content
increases [31]. Here we have demonstrated that the number of c-kit cells that homed in on the kidney in the
7-month-old laser-treated rats was significantly higher than in those that did not receive the laser treatment to
their BM. Furthermore, the quantitative histopathology analysis indicated significant structural preservation of
the IRI in the kidneys of the laser-treated older rats over the non-laser-treated ones, similar to the phenomenon
shown in the 3-month-old rats. Thus it can be postulated that applying LLLT to the entire cell population in the
BM contributes to the beneficial effects even in older rats.

The results of the present study reinforce our recent study on the effect of LLLT application to the BM of in-
farcted rats, as well as the concept that induction of stem cells by LLLT to the BM may offer a novel approach
in stem-cell therapy to ischemic/injured organs. It may also be suggested that following application of the LLLT
to the BM, several types of stem cells or progenitor cells are induced, and that these cells act in concert when
they home in on the targeted injured organ to attenuate healing processes post-injury in those organs. This ap-
proach, of the induction of several types of stem cells in the BM that will act (differentiate and/or secrete growth
factors) on the targeted organ, may prove advantageous over the introduction of a single type of stem cell into an
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organ, as currently common in stem-cell therapy.

The current study may also have clinical relevance. Many pathological disorders of the kidney are associated
with dysfunction of the kidney components, similar to those observed following IRI to the kidney. It may be
postulated that recruitment of photobiostimulated stem cells from the BM to the pathologically impaired kidney,
as described in the present study, may offer a new approach to improving kidney function. We also applied
LLLT to the BM in the present study 24 hrs post moderate IRI to the kidney, in order to determine whether
LLLT could reverse already ongoing degenerative/inflammatory processes. It should be noted that the applica-
tion of LLLT at similar power densities as given in this study (and at even higher and more frequent doses) was
found to be safe both in experimental animals [32] and in humans post-acute-stroke [33], when the LLLT was
applied directly to the brain. In addition, we have recently demonstrated in a long-term study in mice that LLLT
to the BM does not have a histopathological effect on the BM and other organs [34]. It can thus be assumed that

In conclusion, to the best of our knowledge the present study demonstrates for the first time a significant
beneficial effect of LLLT (applied to the BM of rats) to the kidney post-moderate-IRI. The precise mechanism
by which the photobiostimulated stem cells affect the kidney is not yet known, or clearly understood, but re-
mains to be elucidated by further studies.
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