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Low intensity near-infrared light promotes bone regeneration
via circadian clock protein cryptochrome 1
Jinfeng Peng 1,2,3, Jiajia Zhao1,2,3, Qingming Tang1,2,3, Jinyu Wang2,3, Wencheng Song1,2,3, Xiaofeng Lu1,2,3, Xiaofei Huang1,2,3,
Guangjin Chen1,2,3, Wenhao Zheng1,2,3, Luoying Zhang4, Yunyun Han5, Chunze Yan6, Qian Wan7 and Lili Chen 1,2,3✉

Bone regeneration remains a great clinical challenge. Low intensity near-infrared (NIR) light showed strong potential to promote
tissue regeneration, offering a promising strategy for bone defect regeneration. However, the effect and underlying mechanism of
NIR on bone regeneration remain unclear. We demonstrated that bone regeneration in the rat skull defect model was significantly
accelerated with low-intensity NIR stimulation. In vitro studies showed that NIR stimulation could promote the osteoblast
differentiation in bone mesenchymal stem cells (BMSCs) and MC3T3-E1 cells, which was associated with increased ubiquitination of
the core circadian clock protein Cryptochrome 1 (CRY1) in the nucleus. We found that the reduction of CRY1 induced by NIR light
activated the bone morphogenetic protein (BMP) signaling pathways, promoting SMAD1/5/9 phosphorylation and increasing the
expression levels of Runx2 and Osterix. NIR light treatment may act through sodium voltage-gated channel Scn4a, which may be a
potential responder of NIR light to accelerate bone regeneration. Together, these findings suggest that low-intensity NIR light may
promote in situ bone regeneration in a CRY1-dependent manner, providing a novel, efficient and non-invasive strategy to promote
bone regeneration for clinical bone defects.
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INTRODUCTION
Bone defect treatments bring significant medical and socio-
economic challenges involving over two million cases of bone
transplant applied nationwide per year.1,2 Compared with bone
substitutes implantation, in situ bone regeneration can fully
regenerate blood vessels and nerves by utilizing endogenous
biological resources and reparative capacity,3 not limited by donor
shortage, immune rejection or postoperative infection,4–7 which is
an optimal strategy to repair bone defects. However, the repair
capability of in situ bone regeneration is still limited, and the
speed of bone regeneration usually cannot meet clinical needs.8,9

How to improve the efficiency of in situ bone regeneration has
become a research hotspot. Driving a sufficient number of target
stem cells to ossification at the defect site is the key to in situ bone
regeneration.10 Previous studies found that low-intensity near-
infrared (NIR) light was able to improve local circulation, reduce
inflammation and promote cell regeneration,11–14 providing a
promising strategy to accelerate in situ bone regeneration.
Phototherapy has the advantages of less trauma, high biocom-

patibility and fast response speed compared with traditional
therapeutic strategies.15,16 NIR device has been applied to treat
alopecia, myopia and dermatosis with good efficacy in clinical
practice.17 Unlike high-intensity (10-80W·cm−2) and moderate-
intensity (up to 1W/cm2) light, mainly used for cauterization and

cutting in clinics, low-intensity NIR light (usually below
50mW·cm−2) generally does not cause irreversible damage to
biological tissues, but only induces biological responses, promoting
the recovery of tissue structures and functions.18,19 Low intensity
810 nm NIR light showed not only deep tissue penetration, but also
favorable effects on pain relief and bone healing, which was
recognized as an appropriate wavelength for treatment of bone
defects.20–23 It has been reported that low-intensity NIR light
therapy can be regulated by nuclear factor kappa-B (NF-κB)/
hypoxia-inducible factor 1-Alpha (HIF-1α) signaling pathway, but
mainly during activate neurorehabilitation or angiogenesis.24,25 No
obvious evidence was found to support its role in the regulation of
bone tissues. The underlying mechanism of how NIR light promotes
bone regeneration remains to be explored.
Light is the predominant zeitgeber in the circadian rhythm of

biological activities.26 It has been reported that light can be
sensed by local tissues and alter the expression of core circadian
clock genes27,28 in addition to being detected by the retina to
activate the suprachiasmatic nucleus (SCN) and regulate endo-
genous rhythmic oscillations.29 Studies have confirmed that the
circadian clock genes play an important role in bone formation
and development.30–32 Molecules involved in osteoblast differ-
entiation have periodic changes controlled by the circadian
system, and genes associated in mineral deposition occur with
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circadian rhythms.33,34 Our previous studies have shown that
chondrogenesis and intramembranous ossification are tightly
regulated by the circadian clock system.35–37 These phenomena
suggest that NIR light may have the possibility to influence the
circadian clock molecules to regulate bone regeneration.
In this study, we demonstrated that low intensity 810 nm light

significantly accelerated bone regeneration in the rat skull defect
model. The osteogenic effect of NIR light on bone mesenchymal
stem cells (BMSCs) and mouse osteoblastic MC3T3-E1 cells was
associated with the ubiquitination of the core circadian clock
protein Cryptochrome 1 (CRY1) in the nucleus. Bone morphoge-
netic protein (BMP) signaling pathways were found involved
in the osteogenic differentiation mediated by CRY1. Furthermore,
the sodium ion voltage-gated channel Scn4a participates in the
regulation of NIR light on CRY1, which may be a potential
response switch of NIR light for accelerating bone regeneration.
Taken together, our study revealed the mechanism of how NIR
light promotes bone regeneration through a circadian clock
protein, providing new insights to realize a novel, efficient and
non-invasive strategy to promote in situ bone regeneration for
clinical bone defects.

RESULTS
The 810 nm low-intensity NIR light promotes bone regeneration
To determine the effect of 810 nm light on bone defects, we
constructed the Sprague Dawley (SD) rat skull defect model and
treated the rats with or without 810 nm light (810 ± 15) nm,
(25.2 ± 0.1) mW·cm−2, Fig. S1a, b). Micro-CT and 3D reconstruction
revealed that the skull regeneration was significantly accelerated
under the low-intensity NIR light irradiation (Fig. 1a, b). Consistent
with the in vivo results, in vitro experiments showed that NIR light
could promote osteogenic differentiation of BMSCs and MC3T3-E1
cells. At day 7 of osteogenesis induction, alkaline phosphatase
(ALP) expression and activity were significantly increased after
treatment with 810 nm light irradiation in both BMSCs and
MC3T3-E1 cells (Fig. 1c, d, f, g, respectively). Alizarin red staining
images and quantitative analysis indicated that the mineralization
level increased about 5.0-fold in the NIR group compared to the
control group 14-day after osteogenesis induction (Fig. 1e, h). In
these in vitro studies, BMSCs were isolated and identified (Fig. S1c,
d). Live/dead staining of BMSCs showed no significant difference
in living cell counts 30 min after 810 nm light irradiation with
25mW·cm−2 (Fig. S1e). These data suggest that the 810 nm NIR
light has the ability to promote bone regeneration.

The effect of 810 nm NIR light on osteogenic differentiation was
associated with ubiquitination-dependent degradation of CRY1
To investigate the correlation between the core circadian clock
molecules and the regulation of NIR light on osteogenesis, we
performed immunofluorescence staining on BMSCs before and
after 810 nm light irradiation, and found that the CRY1 protein in
the nucleus decreased significantly after NIR irradiation (Fig. 2a).
Brain and muscle ARNT-like 1 (BMAL1), Circadian locomotor output
cycles kaput (CLOCK), and Cryptochrome 2 (CRY2) showed no
significant change between control and light irradiated groups
(Fig. S2a, c, d). We then found that the protein level of CRY1 in the
nucleus and whole cell extract decreased significantly after NIR
irradiation in BMSCs (Fig. 2b), which also was consistent in MC3T3-
E1 cells (Fig. 2c, d). The protein level of CRY2 didn’t show significant
change in the nucleus (Fig. S2b). To determine whether CRY1 plays
an intrinsic role in the osteogenesis of BMSCs under 810 nm light,
we performed knockdown and overexpression of Cry1 in BMSCs
(Fig. S2e, f). There was no significant difference in ALP staining with
or without 810 nm light irradiation with Cry1 knockdown (Fig. 2e).
We noticed that the ALP expression was lower in Cry1-over-
expressed BMSCs, while the NIR light was able to alleviate the
osteogenesis inhibition (Fig. S2g). These data indicated that

810 nm low-intensity NIR light was able to enhance osteogenic
differentiation by promoting CRY1 reduction in the nucleus. It is
reported that CRY1 enters the nucleus to perform its functions after
phosphorylation, and subsequently is degraded by a ubiquitin-
dependent pathway in the nucleus.38–40 To explore how NIR light
reduces CRY1 in the nucleus, we detected the phosphorylation
level and ubiquitination level of CRY1 before and after light
irradiation. The results revealed that the phosphorylation level of
CRY1 in the cytoplasm did not decrease, and the ubiquitination
level in the nucleus was significantly increased (Fig. 2f, Fig. S2h).
We then used KL001, a stabilizer that specifically interacts with CRY
and prevents ubiquitin-dependent degradation of CRY,41 to test
whether the light-induced reduction of CRY1 in the nucleus was
associated with ubiquitination-dependent degradation, and found
that the reduction of CRY1 disappeared when KL001 was used in
both BMSCs and MC3T3-E1 cells (Fig. 2g, Fig. S2i). Our results
suggest that 810 nm low-intensity NIR light may promote the
ubiquitination-dependent degradation of CRY1 in the nucleus, thus
affecting osteogenesis.

CRY1 reduction activates the BMP signaling pathways to promote
osteogenesis
To identify the targets of CRY1 independently, we performed
genome-wide RNA sequencing (RNA-seq) to acquire the transcrip-
tional profile of Cry1-knockdown BMSCs. A total of 1953 genes
were found differentially expressed in Cry1-knockdown BMSCs.
Importantly, many of these genes are osteogenesis-related genes
(Fig. 3a). We further used qRT-PCR to validate these differentially
expressed osteogenesis-related genes in Cry1-knockdown BMSCs,
and the results showed that the expression levels of Bmp2, Bmp6,
and Wnt5a were upregulated (Fig. 3b). We then performed
immunofluorescence staining and found the expression levels of
BMP2, BMP6, and Wnt family member 5 A (WNT5A) around bone
defect areas were more abundant with NIR light exposure
(Fig. 3c–e). qRT-PCR and Western blot showed consistent results
(Fig. 3f, g). Together these data suggested that 810 nm low-
intensity light can promote the expression of key osteogenic
factors including BMP2, BMP6, and WNT5A. The BMP family was
reported to play a central role in bone regeneration.42–44 As a
member of the BMP family, BMP2 and BMP6 regulate bone
development through the SMAD signaling pathways.45–47 Addi-
tionally, the WNT5A signaling pathway is an important component
of BMP2-mediated osteogenesis, independent of SMAD phos-
phorylation dependent pathways.48 Therefore, we examined the
phosphorylation level of SMAD1/5/9 and the expression levels of
Runx2 and Osterix (Osx), and found they were significantly
increased after 810 nm light irradiation (Fig. 3h, i). KL001 was
used to determine whether the activation of BMP pathways was
associated with NIR-induced ubiquitination-dependent degrada-
tion of CRY1, and no changes in the expression levels of BMP2,
BMP6, WNT5A, Runx2, and Osx were observed in KL001 treated
BMSCs after light irradiation (Fig. 3j–l). In summary, these results
suggest that 810 nm low-intensity NIR light induced reduction of
CRY1 may act through the activation of BMP signaling pathways
to regulate the osteogenic differentiation of BMSCs.

The 810 nm NIR light altered the expression of sodium channel
Scn4a, potassium channel Kcna6, and potassium channel Hcn1
To identify the molecules that first respond to 810 nm NIR light
stimulation, BMSCs were collected immediately after light irradiation
and transcriptomic sequencing was performed in the control group
and the light irradiated group. The results revealed that 810 nm NIR
light mainly affected ion transport, especially sodium and potassium
ion voltage-gated channel activity (Fig. 4a, b). We then used qRT-
PCR to confirm that the expression of Sodium voltage-gated channel
alpha subunit 4 (Scn4a) increased, while the expression of Potassium
voltage-gated channel subfamily a member 6 (Kcna6) decreased, and
Hyperpolarization activated cyclic nucleotide gated potassium channel
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1 (Hcn1) decreased after NIR light irradiation (Fig. 4c). Consistent
with the expression data, the intracellular ion concentration
changed obviously after light irradiation. The sodium ion concen-
tration increased while the potassium ion concentration decreased
(Fig. 4d, e). The above results suggest that 810 nm light has the
potential to change the intracellular concentration of sodium ions
and potassium ions, which may be associated with the effect of
810 nm NIR light on CRY1.

The 810 nm light-induced change in sodium channel Scn4a was
associated with CRY1 reduction and osteogenesis
To investigate the correlation between 810 nm light-induced
alterations in ion channels and CRY1 expression level, we used
small molecule compounds Ranolazine or Tolbutamide to inhibit
sodium or potassium channels, respectively. We examined the
intracellular ion concentrations and confirmed no significant change
in the intracellular levels of sodium ions or potassium ions after light
exposure combined with the use of Ranolazine or Tolbutamide
(Fig. 5a, h). With the treatment of Ranolazine, the expression of
Scn4a and Kcna6 showed no significant difference, while the
expression of Hcn1 was still decreased after NIR light irradiation

(Fig. 5b). To determine whether Scn4a participated in the regulation
of NIR light on CRY1, we treated the BMSCs with Ranolazine before
light stimulation, and found there was no significant change in the
amount of CRY1 in the nucleus in the control and light irradiated
groups (Fig. 5c, d). To determine the association of sodium channel
Scn4a and light-induced ubiquitination of CRY1, we detected the
ubiquitination level of CRY1 in MC3T3-E1 cells before and after light
irradiation with the use of Ranolazine. The results revealed that the
ubiquitination level in the nucleus showed no difference (Fig. 5e).
Subsequently, mRNA levels and protein levels of BMP2, BMP6 and
WNT5A were measured and there was no significant difference
after light exposure when the sodium channel Scn4a was blocked
(Figs. S3a, Fig. 5f), nor were the expressions of Osx, Runx2, and ALP
(Figs. S3b, Fig. 5g). After treatment of the potassium inhibitor
Tolbutamide, Scn4a still increased after light irradiation, and CRY1 in
the nucleus decreased significantly (Figs. S3c, d, Fig. 5i). We then
examined BMP pathway-related osteogenic molecules, and
increased expression levels in BMP2, BMP6, WNT5A, SMAD1/5/9
phosphorylation, and ALP were observed in Tolbutamide treated
BMSCs after light irradiation (Figs. S3e, f, Fig. 5j). The above
results revealed that 810 nm NIR light may promote sodium influx
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were quantified from each individual culture plate (right). f, g Representative ALP staining images (f) and quantitative detection of ALP activity
(g) in MC3T3-E1 cells with or without 810 nm NIR light irradiation for 7 days. h At 3 weeks after the induction of osteogenic differentiation in
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through sodium voltage gated channel Scn4a, leading to the
reduction of CRY1 in the nucleus, and ultimately accelerate
osteogenic differentiation and bone regeneration.

DISCUSSION
Bone defects seriously affect quality of life and impact both
physical and mental health.49 In situ bone regeneration is a

relatively safe and ideally optimal repair method, but its efficacy
has not been satisfactory. The combined use of mesenchymal
stem cells (MSCs) and photobiomodulation (PBM) offers strategies
with great therapeutic potential for regenerative medicine.50 In
this study, we successfully demonstrated the effect of 810 nm low-
intensity NIR light on bone regeneration, and elucidated the
mechanism by which light activates the BMP signaling pathways
by promoting the ubiquitin-dependent degradation of CRY1,
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Cluster analysis of differentially expressed genes
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Western blot (g). h At 2 weeks after the induction of osteogenic differentiation in BMSCs with or without 810 nm NIR light irradiation, the
protein expressions of SMAD1/5/9, p-SMAD1/5/9 and GAPDH were analyzed by Western blot (left). Densitometry quantification of p-SMAD1/
5/9 compared to SMAD1/5/9 was represented (right). i qPCR analysis of the mRNA expressions of Osx and Runx2 in BMSCs treated with or
without 810 nm NIR light for 14-day induction of osteogenic differentiation. j, k BMSCs were treated with or without KL001 (1 μg·mL−1) for
2 h before 810 nm light irradiation. The mRNA expressions (j) of Wnt5a, Bmp2, and Bmp6 were analyzed by qPCR, and the protein expressions
(k) of WNT5A, BMP2, BMP6 and GAPDH were analyzed by Western blot. l qPCR analysis of the mRNA expressions of Osx and Runx2 in BMSCs
treated with or without 810 nm NIR light and KL001 (1 μg·mL−1) for the indicated time. Data are presented as the mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001. Scale bar: 20 μm for (c–e)
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providing a novel clinical application of non-invasive NIR
treatment in bone defects (Fig. 6).
The infrared light was reported to have thermal effect.51,52 In

vivo, heat dissipation rate in tissues depends on thermal relaxation
time, irradiation time and irradiation density.53 We have used the
infrared thermal imager to detect the temperature changes during
the light irradiation process, and no significant temperature
increases were found. This may due to the power densities of NIR
light used in the experiments were relatively low (100mW·cm−2

in vivo and 25mW·cm−2 in vitro), which mainly produces
photobiomodulation (PBM) effects. PBM is generally considered
as a non-thermal response due to low power and short acting
time.54 Meanwhile, studies involving the use of the thermal effect
generated by NIR light usually require the addition of materials
with high photothermal conversion efficiency, such as red

phosphorus,55 indocyanine green (ICG),56 and graphene oxi-
de(GO),57 which are mostly used for sterilization or tumor cells
killing. Low intensity NIR light mainly plays the role of PBM effects,
which has the ability to promote tissue regeneration.8 Studies
have pointed out that light with specific wavelengths can directly
affect the function and conformation of photoresponsive receptor
proteins or ion channels through photons,58 such as channelrho-
dopsin and rhodopsin,59,60 to achieve reversible control of target
proteins. Photosensitive ion channels such as photosensitive
chlorine ion pump and photosensitive hydrogen ion pump have
been used to regulate ion transport across membranes to control
cell behaviors.61,62

In this study, we first demonstrated that the 810 nm light was
able to induce osteogenesis effects by promoting the
ubiquitination-dependent degradation of CRY1 in the nucleus. In
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the transcriptional/translational feedback loop (TTFL) model,
CLOCK–BMAL1 heterodimers bind to the E-boxes of Cry1/2
promoters and activate the transcription of these genes, and
increased CRY protein then inhibits its own transcription through
binding to CLOCK–BMAL1 complex.63 In addition to the TTFL
model, F-box and leucine-rich repeat protein 3 (FBXL3) binds to
CRY protein in the nucleus and induces ubiquitination-dependent
degradation.64,65 Glycogen synthase kinase-3 beta (GSK3β)-
induced CRY1 phosphorylation potentiates FBXL3-dependent
CRY1 degradation in the liver.66 In mice, Ser71 and Ser280 of
CRY1 are phosphorylation sites of Adenosine 5‘-monophosphate
(AMP)-activated protein kinase (AMPK), which can regulate the
stability of CRY1, while Ser247 is a phosphorylation site of
Mitogen-activated protein kinase (MAPK), which controls CRY1’s
role as a transcription inhibitor.67 These suggest that the increased
level of CRY1 phosphorylation in cytoplasm may also be related to
the accelerated ubiquitination-dependent degradation of CRY1.
Further studies found that 810 nm low intensity near-infrared light
may promote sodium influx by Scn4a, thus causing CRY1
reduction and accelerating bone regeneration. This may be
related to the intracellular ion concentration, ion signal transduc-
tion, and action potential generation. Sodium ion (Na±) is the
principal extracellular cation and solute, playing an important role
in maintaining the osmotic pressure of extracellular fluid,
regulating acid-base balance and transmitting nerve signals.68 It
has been reported that changes in osmotic pressure can lead to
changes in the distribution of ubiquitin-proteasome system
(UPS).69 The change of intracellular sodium concentration will
affect the osmotic pressure inside the cell,70 which might cause
the activation and aggregation of the UPS, leading to increased
ubiquitination degradation of CRY1 protein. Studies on the
structure of the mammalian CRY1 protein suggest the instability
of CRY1.67,71 With light stimulating, the action potential and the
cell excitability were enhanced, which might directly affect the
translation and degradation of intracellular proteins. Furthermore,
protein stability is affected by pH value and salt concentration.
The increase of intracellular sodium concentration will cause the
change of intracellular pH,72 which may directly cause conforma-
tional changes of CRY1, leading to the exposure of ubiquitination
sites and increased degradation. We found that potassium
channels play a limited role in light-induced CRY1 reduction and
osteogenesis, which may suggest the changes in potassium

channels are secondary to sodium channels in response to 810 nm
NIR stimulation. Therefore, inhibiting the change of potassium
concentration does not completely eliminate the effect of light,
and the detailed mechanism still needs to be explored.
CRY proteins play an essential role in regulating mammalian

circadian rhythms.73 Cry1 or Cry2 mutants mice exhibited no
rhythmic behavior when kept in constant darkness.74 Single Cry1-
knockout mice showed shorter period than that of wild-type
mice.75 In addition to regulating circadian behaviors, CRY1 is
widely involved in many physiological and behavioral processes
such as glucose metabolism, the immune response and bone
remodeling.76–79 Mice lacking Crys display a high bone mass.80

Through transcriptome sequencing and functional validation
tests, we confirmed that the osteogenesis induced by CRY1
reduction was mediated by BMP signaling pathways. BMP is a
member of the Transforming growth factor β (TGF-β) superfamily,
playing a critical role in bone regeneration via the classical BMP/
SMAD pathway and the non-classical MAPK pathway.81–83 Studies
reported that the reduction of CRY1 activated the cyclic
Adenosine monophosphate (cAMP)/Protein kinase A system
(PKA) signaling pathway and the Phosphatidylinositol 3-kinase
(PI3K) pathway,84 which were able to increase the expression of
BMP-related genes and promote fracture healing.85,86 Therefore,
the regulation of CRY1 on BMP-mediated bone regeneration may
also act through cAMP/PKA and PI3K signaling pathways.
Moreover, Cry1 is an important component in the TTFL of
biological clock genes, which limits the activity of CLOCK-BMAL1
heterodimer, and thus inhibits the transcription of corresponding
downstream genes.87 Our previous studies confirmed that BMAL1
was involved in bone development.35,36 The BMP pathways were
found to be closely related to the circadian clock genes.88–91

Reduced CRY1 may also promote osteogenesis by affecting
circadian clock genes. Deeper mechanism still needs to be
studied and discussed in future scientific research.
There is a desperate need for a more effective and less

traumatic way to accelerate bone regeneration. The mild localized
NIR light irradiation can achieve non-invasive, remote, and
spatiotemporally controlled cell differentiation behaviors, provid-
ing a unique strategy for bone tissue regeneration.92–94 However,
it remains challenging to translate preclinical studies into clinical
applications. It is important to fully understand the underlying
pathways of light–cellular interactions and to standardize the
detailed irradiation parameters to achieve better outcomes. Our
study demonstrated a possible target of light-stimulated bone
regeneration, providing novel insights into the mechanisms of NIR
light assisted osteogenesis and the application of non-invasive
phototherapy for clinical bone defects. Further studies are
required to identify appropriate light delivery parameters, as well
as elucidate the photo-signaling mechanisms involved.

MATERIALS AND METHODS
Animals
Male SD rats, aged 7–8 weeks old, weighing 240–260 g were
obtained from Beijing HFK Bioscience (Beijing, China) and fed
antibiotic-free food and water ad libitum. Animal experiments
were performed under a project license (IACUC Number: 2800)
approved by the Institutional Animal Care and Use Committee of
Tongji Medical College. Anesthesia was achieved by intraper-
itoneal injection of pentobarbital sodium (40 mg·kg−1 of body
weight). A linear sagittal incision was made along the midline
of calvaria, followed by a full thickness incision to expose
periosteum. A round defect (~4 mm in diameter) was drilled on
both left and right sides of rat skull using an electric dental bur. A
total of 18 rats were randomly grouped. Light irradiation began
the day after surgery. All groups had 810 nm near-infrared light
irradiation on the right calvarial defect every day, and no light
irradiation was performed on the left as control. The rats were
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Fig. 6 Schematic illustration of the mechanism by which the low-
intensity NIR light promotes bone regeneration via CRY1
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sacrificed and their skull were collected at 7 days, 14 days and
28 days after light treatment.

Micro-computed tomography analysis
The skull specimens were harvested from the rats and fixed in 4%
(w/v) paraformaldehyde. Samples were scanned at a resolution of
9 μm using the Skyscan 1176 micro-computed tomography
scanner (Bruker, Germany). The reconstructed images were used
to generate 3D model of bone structure. Bone mass was evaluated
according to BMD, BV/TV, Tb.Th, BS/BV, and trabecular pattern
factor (Tb.PF) by the DataViewer software (Inveon Multimodality
Scanner, Germany).

Cell isolation and identification
Healthy SD rats aged 3 weeks with SPF grade were sacrificed by
cervical dislocation. Femur and tibia of lower limbs were
isolated, and BMSCs were cultured and purified by whole bone
marrow adherent method. The growth of primary and passaged
cells was monitored by inverted microscope (Nikon, Japan), and
surface markers were used for cell identification by a flow
cytometer (LSRFortessa™ X-20, BD, U.S.A.). For flow cytometry,
cells were harvested and resuspended in ice-cold PBS at a
concentration of 1 × 106 cells per mL, and to identify BMSCs,
CD90, CD44, and CD29 were used as positive markers, while
CD31 and CD45 were used as negative markers (Supplementary
Table 3). Cells were cultured in minimum essential medium α (α-
MEM; Hyclone, Cytiva Corp., Logan, U.S.A.) supplemented with
10% fetal bovine serum (FBS, Gibco, Invitrogen Corp., California,
U.S.A.) and 1% penicillin–streptomycin (Hyclone) in a humidified
incubator at 37°C, 5% CO2 and passaged to the 3rd generation at
a confluency of 70%–80% before use. MC3T3-E1 cells were
obtained from the American Type Culture Collection (ATCC).

Light irradiation
A high uniformity integrated xenon lamp (PLS-FX300HU, Beijing
Perfectlight, China) with monochromatic light band-pass filter
(λ= 810 nm; Beijing Perfectlight, China) was used as the light
source. The wavelength of the emitted light was measured by a
double beam UV-VIS spectrophotometer (UV-8000A, Shanghai
Metash Instruments Co., Ltd., China). In animal experiments, the
right defect of each rat skull was irradiated with 810 nm near-
infrared light for 10min daily with an average power density of
100mW/cm2, and the left defect was left without light irradiation
as the control group. For in vitro tests, cells were irradiated in six-
well plates or 35mm diameter tissue culture dishes in 1 mL of
culture medium in the dark without the lid. The control group was
exposed to darkness at the same time without irradiation.
Irradiation was performed at a distance of 15 cm, which created
a spot size of 16 cm2, completely covering the area of the tissue
culture plate/dish. Irradiation was performed for 10 min a day with
an average power density of 25mW/cm2 measured by an optical
power meter (Beijing Perfectlight, China).

Live/dead cell staining assay
Apoptosis analysis was performed to evaluate the biosafety of light
treatment by using Living/Dead cell double staining kit (HR0444,
Beijing Biolab Technology Co., Ltd., Beijing, China) followed by
confocal imaging. Cells at 1 × 104 were plated in 35mm confocal
dishes. After 810 nm wavelength irradiation, cells were stained by
Calcein-AM (1:1 000) for 30min at room temperature protected
from light and washed out with PBS twice. Then, PI (1:20 000) was
added to each sample for 5min in the dark. Images were taken
immediately using a confocal laser scanning microscope (Nikon,
A1R SI, Japan) with 488 nm and 545 nm laser.

Cell culture and osteogenic induction
BMSCs and MC3T3-E1 cells were maintained in α-MEM
supplemented with 10% FBS and 1% penicillin–streptomycin.

The cells were incubated in a humidified incubator with 5% CO2

at 37 °C, and changed to fresh medium every 2–3 days. For
osteogenic differentiation, cells were seeded at a density of
1 × 104 cells per cm2 in α-MEM supplemented with 10% FBS.
When the cells were at a confluency of 70%–80%, medium was
changed with OriCell® SD rat BMSC osteogenic differentiation
medium (RASMX-90021, Cyagen Biosciences Inc., U.S.A.) to
induce osteoblast differentiation. Osteogenic differentiation
medium was changed every 1–2 days. In addition, a seeding
density of 2 × 103 cells per cm2 was applied for the fluorescent
staining of CRY1.

Alkaline phosphatase (ALP) and mineralization
Cells were cultured for 7 days in differentiation medium, and the
light treatment was repeated once a day for 7 days. ALP activity
was measured using the p-nitrophenyl phosphate (Sigma, U.S.A.)
method as previously described.95 The ALP activity was normal-
ized by DNA content per sample using a QuantiFluor dsDNA
System kit (E2670, Promega Corporation, Madison, U.S.A.). For
ALP staining, cells were fixed with 4% paraformaldehyde for
30 min and stained with the BCIP/NBT alkaline phosphatase
color development kit (C3206, Beyotime, China). For mineraliza-
tion staining, cells were cultured for 14 days in differentiation
medium with or without light irradiation, followed by staining
with the Alizarin red S (ARS) staining kit for osteogenesis
(C0148S, Beyotime, China). Images were taken using an optical
microscope (Nikon, Japan).

RNA-sequencing and analysis
Total RNAs were extracted from BMSCs of SD rat using TRIzol
Reagent (Invitrogen, cat. NO 15596026) following the methods.
DNA digestion was carried out after RNA extraction by DNaseI.
RNA Integrity was measured by Agilent 2100. Total RNAs at 2 μg
were used for stranded RNA sequencing library preparation
using Hieff NGS® mRNA Isolation Master Kit (Yeasen, Cat#12603)
following the kit instruction. PCR products at 200-500 bp were
enriched, quantified and finally sequenced on DNBSEQ-T7
using PE150 model. Raw sequencing data were first filtered
by fastp (version 0.36). Low-quality reads were discarded and
the reads contaminated with adapter sequences were trimmed.
The cleaned data were mapped to the reference genome of
Rattus norvegicus rn6 from https://www.ncbi.nlm.nih.gov/
assembly/GCF_000001895.5 using hisat2 software with default
parameters. Gene expression levels were estimated by StringTie
for each sample. Genes differentially expressed between
groups were identified using DESeq2. SNP and InDel in each
sample were detected by samtools and bcftools. A padj cutoff
of 0.05 and fold-change cutoff of 2 were used to determine
the statistical significance of gene expression differences.
Gene ontology (GO) analysis and Kyoto encyclopedia of
genes and genomes (KEGG) enrichment analysis for differen-
tially expressed genes were both implemented by clusterPro-
filer with a padj cutoff of 0.05 to identify statistically significant
enrichment.

Other methods
Immunofluorescence, viral infection, qRT-PCR analysis, western
blot analysis, immunoprecipitation and detection of intracellular
ion concentration and other methods were described in details in
Supplemental Experimental Procedures.

Statistical analysis
Statistical analyses were performed with GraphPad Prism software
version 9.0. All data were presented as mean ± standard deviation
(SD). The two-tailed Student’s t-test or one-way ANOVA with
Tukey’s post hoc test was used to evaluate the statistical
significance between groups. P-values were considered statisti-
cally significant at <0.05.

Low intensity near-infrared light promotes bone regeneration via. . .
Peng et al.

9

International Journal of Oral Science           (2022) 14:53 

https://www.ncbi.nlm.nih.gov/assembly/GCF_000001895.5
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001895.5


DATA AVAILABILITY
The data generated and/or analyzed during the current study are available from the
corresponding author on reasonable request.

ACKNOWLEDGEMENTS
This work was funded by the National Key Research and Development Program of
China (2021YFC2400404, to L.C.), the Key Program of National Natural Science of
China (82030070, to L.C.), the National Science Foundation for Excellent Young
Scholars of China (31725011, to L.C.), and the Youth Clinical Research Fund of Chinese
Stomatological Association (CSA-O2020-10, to Q.T.).

AUTHOR CONTRIBUTIONS
J.P. and J.Z. designed the study, managed the daily experiments and performed the
acquisition of data and statistical analysis. Q.T., J.W., L.Z., Y.H., C.Y., and Q.W. critically
revised the manuscript. W.S. and G.C. assisted with experimental work. X.L., X.H., and
W.Z. contributed to the animal model construction and data analysis. L.C. conceived,
designed and supervised the study and modified the manuscript.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41368-022-00207-y.

Competing interests: The authors declare no competing interests.

REFERENCES
1. De Santis, R., Guarino, V. & Ambrosio, L. In Bone Repair Biomaterials (eds. Planell,

J.A.et al.) 252–270 (Woodhead Publishing, 2009).
2. Campana, V. et al. Bone substitutes in orthopaedic surgery: from basic science to

clinical practice. J. Mater. Sci. Mater. Med. 25, 2445–2461 (2014).
3. Sun, H. et al. CD271 antibody-functionalized microspheres capable of selective

recruitment of reparative endogenous stem cells for in situ bone regeneration.
Biomaterials 280, 121243 (2022).

4. Holt, B. D., Wright, Z. M., Arnold, A. M. & Sydlik, S. A. Graphene oxide as a scaffold
for bone regeneration. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. https://
doi.org/10.1002/wnan.1437 (2017).

5. Walmsley, G. G. et al. Nanotechnology in bone tissue engineering. Nanomed.
Nanotechnol. Biol. Med. 11, 1253–1263 (2015).

6. Sanders, D. W. et al. Critical-sized defect in the tibia: is it critical? Results from the
SPRINT trial. J. Orthop. trauma 28, 632–635 (2014).

7. Van Heest, A. & Swiontkowski, M. Bone-graft substitutes. Lancet (Lond., Engl.) 353,
Si28–Si29 (1999).

8. Gaharwar, A. K., Singh, I. & Khademhosseini, A. Engineered biomaterials for in situ
tissue regeneration. Nat. Rev. Mater. 5, 686–705 (2020).

9. Yu, X. et al. Mechanically reinforced injectable bioactive nanocomposite hydro-
gels for in-situ bone regeneration. Chem. Eng. J. 433, 132799 (2022).

10. Cipitria, A. et al. In-situ tissue regeneration through SDF-1α driven cell recruit-
ment and stiffness-mediated bone regeneration in a critical-sized segmental
femoral defect. Acta Biomater. 60, 50–63 (2017).

11. Park, I. S., Chung, P. S. & Ahn, J. C. Enhanced angiogenic effect of adipose-derived
stromal cell spheroid with low-level light therapy in hind limb ischemia mice.
Biomaterials 35, 9280–9289 (2014).

12. Nagata, M. J. H. et al. Bone marrow aspirate combined with low-level laser
therapy: a new therapeutic approach to enhance bone healing. J. Photochem.
Photobiol. B Biol. 121, 6–14 (2013).

13. Choi, K. et al. Low-level laser therapy promotes the osteogenic potential of
adipose-derived mesenchymal stem cells seeded on an acellular dermal matrix. J.
Biomed. Mater. Res. B Appl. Biomater. 101, 919–928 (2013).

14. Yang, C. C., Wang, J., Chen, S. C. & Hsieh, Y. L. Synergistic effects of low-level laser
and mesenchymal stem cells on functional recovery in rats with crushed sciatic
nerves. J. Tissue Eng. Regen. Med. 10, 120–131 (2016).

15. Dos Santos, K. W., Hugo, F. N., da Cunha Rodrigues, E., Stein, A. T. & Hilgert, J. B.
Effect of oral exercises and photobiomodulation therapy in the rehabilitation of
patients with mandible fractures: randomized double-blind clinical trial. Lasers
Med. Sci. 37, 1727–1735 (2022).

16. Park, J. H. et al. Effect of photobiomodulation therapy on radiodermatitis in a
mouse model: an experimental animal study. Lasers Med. Sci. 36, 843–853
(2021).

17. Nelidova, D. et al. Restoring light sensitivity using tunable near-infrared sensors.
Science 368, 1108–1113 (2020).

18. Al-Shammari, A. M., Syhood, Y. & Al-Khafaji, A. S., Use of low-power He-Ne laser
therapy to accelerate regeneration processes of injured sciatic nerve in rabbit.
Egypt J. Neurol. Psychiatr. Neurosurg. https://doi.org/10.1186/s41983-018-0047-
6 (2019).

19. Wang, C.-Z. et al. Low-level laser irradiation improves functional recovery and
nerve regeneration in sciatic nerve crush rat injury model. PLoS One 9, e103348
(2014).

20. Salehpour, F. et al. Penetration profiles of visible and near-infrared lasers and
light-emitting diode light through the head tissues in animal and human spe-
cies: a review of literature. Photobiomodul. Photomed. Laser Surg. 37, 581–595
(2019).

21. Metin, R., Tatli, U. & Evlice, B. Effects of low-level laser therapy on soft and
hard tissue healing after endodontic surgery. Lasers Med. Sci. 33, 1699–1706
(2018).

22. Ip, D. & Fu, N. Y. Can combined use of low-level lasers and hyaluronic acid
injections prolong the longevity of degenerative knee joints? Clin. Interv. Aging
10, 1255–1258 (2015).

23. Melo Mde, O. et al. Effects of neuromuscular electrical stimulation and low-level
laser therapy on the muscle architecture and functional capacity in elderly
patients with knee osteoarthritis: a randomized controlled trial. Clin. Rehabil. 29,
570–580 (2015).

24. Bai, J. et al. Low level laser therapy promotes bone regeneration by coupling
angiogenesis and osteogenesis. Stem Cell Res. Ther. 12, 432 (2021).

25. Hashmi, J. T. et al. Role of low-level laser therapy in neurorehabilitation. PM R 2,
S292–S305 (2010).

26. Xie, Y. et al. New insights into the circadian rhythm and its related diseases. Front.
Physiol. 10, 682 (2019).

27. Haltaufderhyde, K., Ozdeslik, R. N., Wicks, N. L., Najera, J. A. & Oancea, E. Opsin
expression in human epidermal skin. Photochem. Photobiol. 91, 117–123 (2015).

28. Campbell, S. S. & Murphy, P. J. Extraocular circadian phototransduction in
humans. Science 279, 396–399 (1998).

29. Dibner, C., Schibler, U. & Albrecht, U. The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu. Rev. Physiol.
72, 517–549 (2010).

30. Xu, C. et al. Circadian clock regulates bone resorption in mice. J. Bone Miner. Res.
Res. 31, 1344–1355 (2016).

31. Lieben, L. Bone: the circadian clock controls bone remodelling. Nat. Rev. Rheu-
matol. 12, 132 (2016).

32. He, Y., Chen, Y., Zhao, Q. & Tan, Z. Roles of brain and muscle ARNT-like 1 and Wnt
antagonist Dkk1 during osteogenesis of bone marrow stromal cells. Cell Prolif. 46,
644–653 (2013).

33. Guntur, A. R. et al. An essential role for the circadian-regulated gene nocturnin in
osteogenesis: the importance of local timekeeping in skeletal homeostasis. Ann.
N. Y. Acad. Sci. 1237, 58–63 (2011).

34. McElderry, J. D. et al. Tracking circadian rhythms of bone mineral deposition in
murine calvarial organ cultures. J. Bone Miner. Res. 28, 1846–1854 (2013).

35. Yu, S. et al. Circadian BMAL1 regulates mandibular condyle development by
hedgehog pathway. Cell Prolif. 53, e12727 (2020).

36. Zhou, X. et al. BMAL1 deficiency promotes skeletal mandibular hypoplasia via
OPG downregulation. Cell Prolif. 51, e12470 (2018).

37. Zhao, J. et al. BMAL1 deficiency contributes to mandibular dysplasia by upre-
gulating MMP3. Stem Cell Rep. 10, 180–195 (2018).

38. Bass, J. & Lazar, M. A. Circadian time signatures of fitness and disease. Science
354, 994–999 (2016).

39. Busino, L. et al. SCFFbxl3 controls the oscillation of the circadian clock by
directing the degradation of cryptochrome proteins. Science 316, 900–904 (2007).

40. Hirano, A., Braas, D., Fu, Y. H. & Ptáček, L. J. FAD regulates CRYPTOCHROME
protein stability and circadian clock in mice. Cell Rep. 19, 255–266 (2017).

41. Hirota, T. et al. Identification of small molecule activators of cryptochrome. Sci-
ence 337, 1094–1097 (2012).

42. Ukon, Y. et al. Prostaglandin EP4 selective agonist AKDS001 Enhances New Bone
Formation by Minimodeling in a Rat Heterotopic Xenograft Model of Human
Bone. Front. Bioeng. Biotechnol. 10, 845716 (2022).

43. Mao, W. et al. Phloretin ameliorates diabetes-induced endothelial injury through
AMPK-dependent anti-EndMT pathway. Pharmacol. Res. 179, 106205 (2022).

44. Wu, Z. et al. Regulating macrophage polarization in high glucose microenviron-
ment using lithium-modified bioglass-hydrogel for diabetic bone regeneration.
Adv. Healthcare Mater. 11, e2200298 (2022).

45. Yu, L. N. et al. Direct modulation of hepatocyte hepcidin signaling by iron. World
J. Hepatol. 13, 1378–1393 (2021).

46. Kim, Y. J., Park, W. R., Choi, B., Choi, H. S. & Kim, D. K. Epigallocatechin-3-gallate
suppresses BMP-6-mediated SMAD1/5/8 transactivation of hepcidin gene by
inducing SMILE in hepatocytes. Antioxidants (Basel) 10, 1590 (2021).

47. Katakawa, Y., Funaba, M. & Murakami, M. Smad8/9 is regulated through the BMP
pathway. J. Cell. Biochem. 117, 1788–1796 (2016).

Low intensity near-infrared light promotes bone regeneration via. . .
Peng et al.

10

International Journal of Oral Science           (2022) 14:53 

https://doi.org/10.1038/s41368-022-00207-y
https://doi.org/10.1002/wnan.1437
https://doi.org/10.1002/wnan.1437
https://doi.org/10.1186/s41983-018-0047-6
https://doi.org/10.1186/s41983-018-0047-6


48. Nemoto, E. et al. Wnt5a signaling is a substantial constituent in bone morpho-
genetic protein-2-mediated osteoblastogenesis. Biochemical Biophys. Res. Com-
mun. 422, 627–632 (2012).

49. Stolzing, A., Jones, E., McGonagle, D. & Scutt, A. Age-related changes in human
bone marrow-derived mesenchymal stem cells: Consequences for cell therapies.
Mechanisms Age. Dev. 129, 163–173 (2008).

50. Mohamad, S. A., Milward, M. R., Hadis, M. A., Kuehne, S. A. & Cooper, P. R. Pho-
tobiomodulation of mineralisation in mesenchymal stem cells. Photochem. Pho-
tobiol. Sci. 20, 699–714 (2021).

51. Okuno, T. Thermal effect of visible light and infra-red radiation (i.r.-A, i.r.-B and i.r.-
C) on the eye: a study of infra-red cataract based on a model. Ann. Occup. Hyg.
38, 351–359 (1994).

52. Cho, S. et al. Effects of infrared radiation and heat on human skin aging in vivo. J.
Investigative Dermatol. Symp . Proc. 14, 15–19 (2009).

53. Glavaš, H., Vukobratović, M. & Keser, T. Infrared thermography as control of
handheld IPL device for home-use. J. Cosmet. Laser Ther. 20, 269–277 (2018).

54. Huang, Y. Y., Sharma, S. K., Carroll, J. & Hamblin, M. R. Biphasic dose response in
low level light therapy—an update. Dose Response 9, 602–618 (2011).

55. Tan, L. et al. Rapid biofilm eradication on bone implants using red phosphorus
and near-infrared light. Adv. Mater. 30, e1801808 (2018).

56. Chen, Q. et al. Photothermal therapy promotes tumor infiltration and antitumor
activity of CAR T cells. Adv. Mater. 31, 1900192 (2019).

57. Ma, L. et al. A novel photothermally controlled multifunctional scaffold for clinical
treatment of osteosarcoma and tissue regeneration. Mater. Today 36, 48–62 (2020).

58. Chow, R. W. & Vermot, J. The rise of photoresponsive protein technologies
applications in vivo: a spotlight on zebrafish developmental and cell biology.
F1000Res. https://doi.org/10.12688/f1000research.10617.1 (2017).

59. Nagel, G. et al. Channelrhodopsin-2, a directly light-gated cation-selective
membrane channel. Proc. Natl Acad. Sci. USA 100, 13940–13945 (2003).

60. Grimm, C., Remé, C. E., Rol, P. O. & Williams, T. P. Blue light’s effects on rhodopsin:
photoreversal of bleaching in living rat eyes. Investigative Ophthalmol. Vis. Sci. 41,
3984–3990 (2000).

61. Tsukamoto, H. & Furutani, Y. Optogenetic modulation of ion channels by pho-
toreceptive proteins. Adv. Exp. Med. Biol. 1293, 73–88 (2021).

62. Paoletti, P., Ellis-Davies, G. C. R. & Mourot, A. Optical control of neuronal ion
channels and receptors. Nat. Rev. Neurosci. 20, 514–532 (2019).

63. Chiou, Y. Y. et al. Mammalian period represses and de-represses transcription by
displacing CLOCK-BMAL1 from promoters in a Cryptochrome-dependent man-
ner. Proc. Natl Acad. Sci. USA 113, E6072–e6079 (2016).

64. St John, P. C., Hirota, T., Kay, S. A. & Doyle, F. J. 3rd Spatiotemporal separation of
PER and CRY posttranslational regulation in the mammalian circadian clock. Proc.
Natl Acad. Sci. USA 111, 2040–2045 (2014).

65. Yumimoto, K., Muneoka, T., Tsuboi, T. & Nakayama, K. I. Substrate binding pro-
motes formation of the Skp1-Cul1-Fbxl3 (SCFFbxl3) protein complex*. J. Biol.
Chem. 288, 32766–32776 (2013).

66. Kim, Y. Y. et al. Hepatic GSK3β-dependent CRY1 degradation contributes to
diabetic hyperglycemia. Diabetes 71, 1373–1387 (2022).

67. Czarna, A. et al. Structures of drosophila cryptochrome and mouse crypto-
chrome1 provide insight into circadian function. Cell 153, 1394–1405 (2013).

68. Prabhakar, S.S. in Medical Secrets 5th edn (ed. Harward, M.P.) Ch. 9 (Mosby, Saint
Louis, 2012).

69. Yasuda, S. et al. Stress- and ubiquitylation-dependent phase separation of the
proteasome. Nature 578, 296–300 (2020).

70. Jaitovich, A. & Bertorello, A. M. Intracellular sodium sensing: SIK1 network, hor-
mone action and high blood pressure. Biochimica et. Biophysica Acta 1802,
1140–1149 (2010).

71. Chaves, I. et al. Functional evolution of the photolyase/cryptochrome protein
family: importance of the C terminus of mammalian CRY1 for circadian core
oscillator performance. Mol Cell Biol 26, 1743–1753 (2006).

72. Levraut, J. et al. Initial effect of sodium bicarbonate on intracellular pH depends
on the extracellular nonbicarbonate buffering capacity. Crit. Care Med. 29,
1033–1039 (2001).

73. Parico, G. C. G. & Partch, C. L. The tail of cryptochromes: an intrinsically disordered
cog within the mammalian circadian clock. Cell Commun. Signal. 18, 182 (2020).

74. van der Horst, G. T. et al. Mammalian Cry1 and Cry2 are essential for maintenance
of circadian rhythms. Nature 398, 627–630 (1999).

75. Vitaterna, M. H. et al. Differential regulation of mammalian period genes and
circadian rhythmicity by cryptochromes 1 and 2. Proc. Natl Acad. Sci. USA 96,
12114–12119 (1999).

76. Okano, S., Akashi, M., Hayasaka, K. & Nakajima, O. Unusual circadian locomotor
activity and pathophysiology in mutant CRY1 transgenic mice. Neurosci. Lett. 451,
246–251 (2009).

77. Hatori, M. & Panda, S. CRY links the circadian clock and CREB-mediated gluco-
neogenesis. Cell Res. 20, 1285–1288 (2010).

78. Yang, L. et al. Overexpression of CRY1 protects against the development of
atherosclerosis via the TLR/NF-κB pathway. Int. Immunopharmacol. 28, 525–530
(2015).

79. Zhou, L. et al. Cryptochrome 1 regulates osteoblast differentiation via the AKT
kinase and extracellular signal-regulated kinase signaling pathways. Cell. Repro-
gram. 21, 141–151 (2019).

80. Fu, L., Patel, M. S., Bradley, A., Wagner, E. F. & Karsenty, G. The molecular clock
mediates leptin-regulated bone formation. Cell 122, 803–815 (2005).

81. Chen, L. et al. A reinforcing HNF4-SMAD4 feed-forward module stabilizes enter-
ocyte identity. Nat. Genet. 51, 777–785 (2019).

82. Antebi, Y. E. et al. Combinatorial signal perception in the BMP pathway. Cell 170,
1184–1196.e1124 (2017).

83. Xue, X. et al. Mechanics-guided embryonic patterning of neuroectoderm tissue
from human pluripotent stem cells. Nat. Mater. 17, 633–641 (2018).

84. Narasimamurthy, R. et al. Circadian clock protein cryptochrome regulates the
expression of proinflammatory cytokines. Proc. Natl Acad. Sci. USA 109,
12662–12667 (2012).

85. Zhou, W. et al. Endogenous parathyroid hormone promotes fracture healing by
increasing expression of BMPR2 through cAMP/PKA/CREB pathway in mice. Cell.
Physiol. Biochem. 42, 551–563 (2017).

86. Wang, C. et al. Defect-related luminescent hydroxyapatite-enhanced osteogenic
differentiation of bone mesenchymal stem cells via an ATP-induced cAMP/PKA
pathway. ACS Appl. Mater. interfaces 8, 11262–11271 (2016).

87. Allada, R. & Bass, J. Circadian mechanisms in medicine. N. Engl. J. Med. 384,
550–561 (2021).

88. Huang, Z. et al. Icariin promotes osteogenic differentiation of BMSCs by upre-
gulating BMAL1 expression via BMP signaling. Mol. Med. Rep. 21, 1590–1596
(2020).

89. Zhu, M. et al. BMAL1 suppresses ROS-induced endothelial-to-mesenchymal
transition and atherosclerosis plaque progression via BMP signaling. Am. J. Transl.
Res. 10, 3150–3161 (2018).

90. Nam, D. et al. The adipocyte clock controls brown adipogenesis through the TGF-
β and BMP signaling pathways. J. Cell Sci. 128, 1835–1847 (2015).

91. Tsukamoto-Yamauchi, N., Terasaka, T., Iwasaki, Y. & Otsuka, F. Interaction of
pituitary hormones and expression of clock genes modulated by bone mor-
phogenetic protein-4 and melatonin. Biochemical Biophysical Res. Commun. 459,
172–177 (2015).

92. Diamantino, A. G. et al. Effect of non-coherent infrared light (LED, λ945 ± 20 nm)
on bone repair in diabetic rats-morphometric and spectral analyses. Lasers Med.
Sci. 32, 1041–1049 (2017).

93. Gunji, H. et al. Effect of high-frequency near-infrared diode laser irradiation on
periodontal tissues during experimental tooth movement in rats. Lasers Surg.
Med. https://doi.org/10.1002/lsm.22797 (2018).

94. Agas, D. et al. Photobiomodulation by near-infrared 980-nm wavelengths reg-
ulates pre-osteoblast proliferation and viability through the PI3K/Akt/Bcl-2
pathway. Int. J. Mol. Sci. 22, 7586 (2021).

95. Liu, Y. et al. Built-in electric fields dramatically induce enhancement of osseoin-
tegration. Adv. Funct. Mater. 27, 1703771 (2017).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium 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) 2022

Low intensity near-infrared light promotes bone regeneration via. . .
Peng et al.

11

International Journal of Oral Science           (2022) 14:53 

https://doi.org/10.12688/f1000research.10617.1
https://doi.org/10.1002/lsm.22797
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Low intensity near-infrared light promotes bone regeneration via circadian clock protein cryptochrome 1
	Introduction
	Results
	The 810&#x02009;nm low-intensity NIR light promotes bone regeneration
	The effect of 810&#x02009;nm NIR light on osteogenic differentiation was associated with ubiquitination-dependent degradation of CRY1
	CRY1 reduction activates the BMP signaling pathways to promote osteogenesis
	The 810&#x02009;nm NIR light altered the expression of sodium channel Scn4a, potassium channel Kcna6, and potassium channel Hcn1
	The 810&#x02009;nm light-induced change in sodium channel Scn4a was associated with CRY1 reduction and osteogenesis

	Discussion
	Materials and methods
	Animals
	Micro-computed tomography analysis
	Cell isolation and identification
	Light irradiation
	Live/dead cell staining assay
	Cell culture and osteogenic induction
	Alkaline phosphatase (ALP) and mineralization
	RNA-sequencing and analysis
	Other methods
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




