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Abstract
Background Adequate sunlight exposure helps reduce bone loss and is important to bone health. Currently,
about 90% of the world population spends a major portion of daily life under arti�cial lighting. Unlike
sunlight, LED white light, the main source of arti�cial lighting, has no infrared radiation, which is known to
be bene�cial to human health. In arti�cial lighting environments, infrared supplementation may be used to
simulate the effects of sunlight on bone metabolism.

Results Here, we supplemented white LED exposure with infrared light in normal and ovariectomized rats
for three consecutive months and examined bone turnover, bone mass, and bone density. We also analyzed
the structure and function of gut microbiota in the rats. Infrared supplementation signi�cantly reduced the
abundance of Saccharibacteria and increased the abundance of Clostridiaceae 1 and Erysipelotrichaceae
bacteria. Our results indicate that changes in the gut microbiome correlate well with bone mass and bone
metabolism.

Conclusions Our work demonstrates that infrared supplementation can have a positive effect on rat bone
metabolism by affecting gut microbiota. Our �ndings will be important considerations in the future design
of healthy lighting environments that prevent or possibly ameliorate osteoporosis.

Introduction
In present times, the majority of individuals spend more than 90% of their time indoors under arti�cial
lighting. Working and living in an arti�cially illuminated environment for long durations are known to have a
negative impact on bone health, leading to bone loss, osteomalacia, and osteoporosis [1]. For example,
young submarine crews completing long-haul missions exhibit signi�cant decreases in bone strength [2].
Several studies have shown that these negative effects on bone metabolism are a result of the lack of
bene�cial spectra in arti�cial light sources compared to full spectrum sunlight [3]. Ultraviolet irradiation
(UVR) and infrared radiation (IR) are considered the major healthy light regions in the sunlight spectrum [4];
however, white light-emitting diodes (LED), one of the current main indoor lighting sources, does not include
these two types of light for energy saving reasons. Developing healthy and cost-effective arti�cial lighting
strategies is needed to maintain human bone health for the vast number of individuals who spend
signi�cant durations indoors.

Most recent studies on improving arti�cial lighting have focused on the positive effects of supplemental
UVR on bone metabolism. Several of these reports have demonstrated that UVR plays a critical role in
maintaining bone health through increasing the endogenous generation of vitamin D [2,5.6]. Interestingly, a
recent study showed that UVB light can rapidly modulate the gut microbiome in response to increases in
vitamin D [7]. Photobiomodulation has a therapeutic effect on in�ammation and neurological disorders [8].
Exposure to UVB radiation is likely to �rst change the skin microbiome, leading to local changes in innate
and adaptive immune cells. These cells are then transported to more systematic sites, including the gut,
where the media they release in turn form the composition of the gut microbiome [7,9,10]. This indicates that
light may be used to affect intestinal homeostasis and subsequently in�uence bone metabolism.
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Pinheriro et al.11] found that IR therapy has a positive effect on bone defect healing, regeneration and repair.
Ueda et al. [12] showed that a low frequency pulsed IR source can signi�cantly stimulate bone nodule
formation in rat calvarial cells. In addition, the combination of IR and treadmill training can work
synergistically to enhance muscle performance and mitigate decreases in femoral bone density, preventing
osteoporosis and its related health consequences [13]. Thus, the studies mentioned above suggest that IR
can also play an important role in bone health. However, there is no information available in the literature on
IR supplementation to white light LED to simulate the effect of sunlight irradiation on bone. Moreover, it is
unclear whether IR supplementation may modulate the gut microbiota-associated bone metabolism.

Here we investigated the effects of long-term IR supplementation to white LED light on the bones using
normal and ovariectomized rats. Using 16s amplicon analysis, we found that IR light altered gut microbiota
composition and consequently improved bone metabolism. Based on our results, we propose mechanism
of skin-gut-bone axis-regulated bone metabolism under IR supplementation. Our �ndings not only provide a
promising strategy for developing arti�cial lighting that improves bone health, but also reveal that IR
supplementation can exert its bene�ts on bone health by regulating the gut microenvironment of humans.

Methods

Animals and experimental design
Forty 8-week-old female Sprague-Dawley (SD) rats (Beijing Weitong Lihua Animal Experiment Technology
Co., Ltd.) weighing 200 ± 20 g were used in this study. Half of the rats were ovariectomized to establish a
rat model of bone loss. During the experiment, each group of rats was housed in a plastic squirrel cages (n
= 10 per group). The cage covers were light-permeable, breathable iron mesh. Ordinary feed and drinking
water were available ad libitum. The animals were maintained under controlled conditions (12-h light-dark
cycle, 24 ± 2°C, 30–55% relative humidity). The weights of the rats were monitored once a week.

The rats were randomly divided into four groups: Normal, ovariectomized (Ovx), Normal+IR, and Ovx+IR.
The experiment was started after the rats in each group were adaptively fed for two weeks, at which time all
four groups were provided illumination from 10:00 to 22:00. The Normal and Ovx rats conducted all
physiological activities under LED white light, while the Normal+IR and Ovx+IR rats were illuminated with
LED white light, supplemented with a low-dose IR light exposure. The IR supplementary light irradiation was
carried out from 14:00 to 14:30 every day. The experiment lasted for three months. The light intensity and IR
light intensity of the active area of the rats were detected by optical �ber spectrometry every week. The
illuminance of the active area in the feeding box was 1000 lux. The peak of the IR supplementary light was
830 nm and the intensity was about 100 mW/cm2 (Fig. 1b). During the experiment, serum was taken once
in a month, and the total body bone mass content (BMC) and bone mineral density (BMD) of each rat were
measured.

Serum metabolite determination
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At each stage of the experiment, blood samples were drawn from the tail vein of each rat after 12 hours of
fasting and immediately collected in a centrifuge tube. The samples were then centrifuged at 4200× g for
15 minutes using a cryogenic centrifuge. The plasma supernatant was collected and stored at –20℃ until
analysis to avoid repeated freeze-thaw cycles. The concentration of bone metabolism markers, including
1,25-dihydroxyvitamin D3 (1,25-(OH)2-D3), bone-speci�c alkaline phosphatase (BALP), and tartrate-resistant
acid phosphatase (TRACP), were detected using an ELISA kit (Beijing Ruigebo Technology Development
Co., Ltd.) according to the manufacturer’s protocol.

Dual energy X-ray (DXA)
The rats were deeply anesthetized with pentobarbital sodium solution at a mass fraction of 1% by
intraperitoneal injection. The rats were then scanned with a dual-energy X-ray bone densitometer (Hologic
Discovery A). The BMC and BMD of each rat were measured using the method described by Zhuang et
al.14]. Before measurements, a tissue calibration scan was performed with a Hologic phantom. All
measurements were performed by the same operator, followed by software analysis of the DXA data.

DNA extraction, bacterial enumeration, and Illumina
sequencing
Fresh stool was collected from the colon of rats at sacri�ce and immediately frozen and stored at –80°C.
Bacterial genomic DNA was extracted from the frozen stool samples with a DNA extraction kit, according to
the manufacturer’s instructions. The V3‐V4 region of the 16S rRNA (341F‐805R, F:
GATCCTACGGGAGGCAGCA; R: GCTTACCGCGGCTGCTGGC) was ampli�ed by thermal cycling consisting of
initial denaturation at 98℃ for 1 min, followed by 30 cycles of denaturation at 98℃ for 10 s, annealing at
50°C for 30 s, and elongation at 72°C for 60 s, and, �nally, holding at 72°C for 5 min. High-throughput
pyrosequencing of the PCR products was performed on an Illumina MiSeq/HiSeq2500 platform (Biomarker
Technologies Co., Ltd., Beijing, China), and 250 bp paired end reads were generated. Approximately 2.02 GB
of raw reads were generated by Illumina sequencing.

Bacterial community analysis and functional prediction
Vsearch 2.8.1 software [15] was used to merge the two ends of the original data obtained by high-
throughput sequencing, and remove the primers and redundancy. Non-cluster denoising was performed on
the data using Usearch10 software. A high-quality �ltered sequence with more than 97% consistency was
clustered to obtain operational taxonomic units (OTUs), standardized with the minimum sample data
amount. The OTUs were then annotated based on the SILVA taxonomy database[16].

The corr.test function (from the psych package) in the R language was used to separately calculate the
Spearman correlation coe�cients of the OTUs with relative abundance > 100 in a single group and to
obtain the correlation coe�cient matrix and P-value matrix. Next, based on the Spearman correlation matrix
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and the corrected P-value matrix, an intestinal �ora interaction network was established. We used
thresholds of 0.7 and 0.05 for the Spearman correlation coe�cient and P-value, respectively. To describe
the topology of the resulting network, a set of metrics (average, network diameter, graph density, modularity,
average clustering coe�cient, and average path length) were calculated [17]. Using the interactive platform
Gephi [18] and Fruchterman Reingold layout, the network structure was explored and visualized using an
undirected network.

An open-source R package, Tax4Fun, was �rst used to analyze the enrichment of functional genes of the
microbiome of each group [19]. The output from QIIME2 software with the SILVA database extension was
used for this analysis. Tax4Fun can survey the functional genes of bacterial communities based on the 16S
rRNA sequencing data and provide an accurate approximation of the gene pro�les obtained from
metagenomic shotgun sequencing methods [20].

Statistical analysis
All statistical analysis of the data was processed and statistically analyzed using R (https://www.r-
project.org) [21]. Based on the number of OTUs observed, the chao1 and Shannon_e index were used to
assess the richness and diversity of bacteria. Two-way ANOVA was used to assess group differences in
alpha diversity measurements of major effects (bone loss and light) and interaction terms. Analysis of
similarity (ANOSIM), to assess differences in community composition [22], and principal coordinate analysis
(PCoA), to assess ordination, were performed using unweighted Unifrac dissimilarity matrices. The
correlation between bone metabolism indexes and bacteria was assessed by Spearman’s correlation
coe�cient.

Differences in the relative abundance of bacteria, serum metabolites, bone mass, and bone density between
treatment groups were compared using one-way ANOVA and the Wilkerson rank sum test for multiple
comparisons. P < 0.05 was considered statistically signi�cant. Signi�cant differences are noted as *p <
0.05, **p < 0.01, and ***p < 0.001.

Results

Changes in BMC, BMD, and serum bone metabolism markers
after IR supplementation
To examine changes in rat bone health, we measured the BMC and BMD of the whole body, femur, and tibia
by dual-energy X-ray absorptiometry (DXA; Fig. 2a). As shown in Fig. 2a, the whole-body BMC (n = 6, p =
0.000895) and tibia BMC (n = 6, p = 0.00149) increased signi�cantly in normal rats after supplementation
with IR light. Although the femoral BMC failed to show a signi�cant difference, it showed an increasing
trend (n = 6, p = 0.0575). For ovariectomized rats, the BMC of the whole body (n = 6, p = 2.55e–05)
increased signi�cantly after IR supplemental light, with the tibia BMC (n = 6, p = 0.0522) also showing an
increasing trend, while the femur BMC did not change signi�cantly. This indicates that long-term, low-energy

http://%28https//www.r-project.org
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IR supplementary light has a positive effect on whole body bone and tibial bone mass in both normal and
ovariectomized rats.

The rat BMD measurements are provided in Fig. 2b. Inconsistent with the BMC results, the changes in
femoral BMD were the most apparent; all signi�cantly increased after IR supplementation (n = 6, Normal: p
= 0.00229, Ovx: p = 0.00149). In contrast, the tibial BMD exhibited an increasing trend after IR
supplementation, but was signi�cant only in the normal rat group (n = 6, p = 0.000276). No signi�cant
changes in whole-body BMD were observed. These data indicate that long-term, low-energy IR
supplementation has a positive effect on the local BMD, in both normal and ovariectomized rats, and can
promote bone formation. Through micro-CT scanning to obtain the cross-sectional image of the distal
femur, we can visualize the increase in trabecular bone density after infrared supplementation (Fig. 2c).

We also examined the changes in serum bone metabolism markers in the rats. The ovariectomized rats
exhibited signi�cant increases in 1,25(OH)2D3 (n = 6, p = 0.0324) and BALP (n = 6, p = 2.26e–06)
concentrations after exposure to the IR supplementary light (Fig. 2d). There was also an increasing trend in
the normal rats, indicating that IR supplementation can increase the concentration of 1,25(OH)2D3 and
BALP in rats and has a positive effect on vitamin D synthesis and bone metabolism. Meanwhile, we
observed increases in TRACP concentrations in both the normal + IR and ovariectomized +IR groups,
suggesting that IR supplementation can increase the bone resorption rate in rats, regardless of the health of
the bone.

Effects of IR supplementation on alpha diversity, beta
diversity, and the microbial network
To evaluate the effects of IR irradiation on the richness and diversity of the gut microbiota, we compared
the richness index (Chao1) and diversity index (Shannon_e) in each treatment group. The species
abundance of the gut microbiota in both normal and ovariectomized rats signi�cantly decreased after
irradiation with the IR light (Fig. 3a). The Shannon_e index estimation indicates that IR irradiation and bone
loss did not affect the gut microbiota diversity of the rats (Fig. 3b).

Based on the unweighted UniFrac distances of the OTU levels, we used Principal Coordinate Analysis
(PCoA) to determine the effect of IR supplementation on the distribution of gut microbiota. As shown in Fig.
3c, we observed a separation of the microbiota between the white light-irradiated rats and IR-supplemented
rats, whereas there was no apparent separation between the ovariectomized rats and normal rats. Similarity
analysis between the different groups showed that IR supplementation had a highly signi�cant effect on
the composition of gut bacterial communities (ANOSIM, R = 0.8433, p = 0.001), and the effect is far greater
than that of ovariectomy (ANOSIM, R = –0.011, p = 0.44).

We selected OTUs with relative abundance > 100 and used Spearman correlation coe�cients to construct
microbial interaction networks. Species analysis indicates that the four groups of networks are composed
of bacteria from 4 phyla: Bacteroidetes, Firmicutes, Saccharibacteria, and Proteobacteria (Fig. 4). Table 1
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presents the structural characteristics of the microbial networks in the different treatment groups. The
microbial networks in both the normal and ovariectomized rats, after supplementation of IR, were
signi�cantly increased in degree and closeness centrality (Additional �le 1: Figure S1). Meanwhile,
supplementation with IR resulted in a larger average aggregation coe�cient and a smaller average path
length in both the normal and ovariectomized rats.

Taxon-based analysis of bacterial communities
To understand the types of bacteria in the rat intestine that could be affected by IR exposure, we analyzed
the composition of the gut microbiota at the phylum and family levels (Fig. 3d, e). As shown in Fig. 3d, nine
phyla of bacteria were detected in all four groups of rats, regardless of bone metabolism and IR exposure.
Speci�cally, bacteria such as Firmicutes and Bacteroides were found as the dominant �ora in the rat
intestine. Saccharibacteria were found to be dramatically reduced in both normal and ovariectomized rats
(Ovx: p = 0.005, Normal: p = 0.002) exposed to the IR light. The ratio of Firmicutes to Bacteriodetes showed
a tendency to decrease (Additional �le 1: Figure S2a). A total of 44 families have been annotated, of which
13 signi�cantly changed. Fig. 3e shows the proportions of gut microbiota in each group at the family level.
Interestingly, IR supplementation had a substantial impact on the gut microbiota, while ovariectomy did not
(Additional �le 1: Figure S3). We found that the relative abundance of Clostridiaceae_1, Erysipelotrichaceae,
Peptostreptococcaceae, Porphyromonadaceae, and Alcaligenaceae all increased signi�cantly after
exposure to IR, while the relative abundance of Desulforibrionaceae decreased signi�cantly (Additional �le
1: Figure S2b). Meanwhile, there was a greater abundance of Prevotellaceae and Lactobacillaceae after
exposure to IR, although these differences did not reach statistical signi�cance.

We also assessed signi�cant difference in genus after exposure to infrared. The IR exposure in both the
normal and ovariectomized groups led to a decrease in Candidatus_Saccharimonas and an increase in
Clostridium_sensu_stricto_1, Turicibacter and ParabacteroidesFig. 3f and g).

Functional prediction of metabolic pathway
The metabolism, genetic information processing, environmental information processing, cellular processes,
organismal systems, and human disease pathways associated with the rat gut microbiota compositions
were examined using the Tax4Fun software (Fig. 5, Additional �le 2: Supplemental Table S1). The pathways
annotated to metabolism accounted for the vast majority, of which Energy metabolism, Lipid metabolism,
and metabolism of terpenoids and polyketides changed signi�cantly in both ovariectomized and normal
rats (p < 0.05). Next, we selected the top 60 pathways of relative abundance in metabolism, according to the
KEGG pathway database (Additional �le 1: Figure S4). IR supplementation signi�cantly enriched the
Butanoate metabolism, Propanoate metabolism, and Fatty acid biosynthesis pathways.

Correlation analysis between bone metabolism and the gut
microbiome

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
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In order to explore the relationship between gut microbiota and host physiology, we conducted Spearman
correlation analysis, which revealed a signi�cant correlation between the gut microbiota and bone
metabolism. We selected the top 30 microorganism families, based on their relative abundance, and the
families exhibiting signi�cant differences between the different light treatment conditions all correlated well
with bone metabolism (Fig. 6). Erysipelotrichaceae, Clostridiaceae_1, Peptostreptococcaceae,
Alcaligenaceae, and Porphyromonadaceae positively correlated with bone indicators, while
Desulfovibrionaceae negatively correlated with bone indicators. Erysipelotrichaceae and Clostridiaceae_1
signi�cantly correlated with all indexes except for whole-body BMD and Femur BMC (p < 0.05, r > 0.4)
(Additional �le 1: Figure S5). The remaining families exhibited relatively low abundances.

Discussion
Over the past decade, solid-state lighting sources based on white light-emitting diodes (LEDs) has gradually
replaced incandescent and �uorescent lamps, becoming the main type of arti�cial light sources. Meanwhile,
interest in the use of LED white lighting in human health has grown rapidly, as the concept of “healthy light”
has developed [23,24]. Healthy lighting needs to take into account spectral regions outside the visible range,
which have physiological and psychological impacts on humans, such as infrared radiation (IR), that is
present in daylight but not white light-emitting LEDs [25]. Previous studies have demonstrated the potential
value of infrared radiation from laser light in the prevention of bone loss in animal models [26,27] or in elderly
osteoporosis patients [28]. These studies suggest that IR supplementation to white LEDs may be bene�cial
in creating an arti�cial lighting environment conducive to the maintenance of bone health. Motivated by
this, in the present study, we investigated the effect of IR supplementation to white LEDs on the bone health
of rats. We found some degree of increase in the BMC and BMD in both normal and ovariectomized rats
after IR supplementation (Fig. 2). These results are in agreement with a previous report that IR laser therapy
improves bone synthesis in osteoporotic as well as in normal rats [29]. Interestingly, serum bone metabolism
biomarkers, including 1,25 (OH) 2D3, BALP, and TRACP, were signi�cantly increased, especially in
ovariectomized rats (Fig. 3), indicating that IR promotes not only bone formation but also bone resorption.

The mechanisms involved in the bene�ts of IR exposure to bone health have been widely investigated. It is
generally accepted that IR can effectively increase the activity of cytochrome oxidase and mitochondrial
ATP production, and accelerate bone formation by increasing local vascularization and the organization of
collagen �bers [28,30]. However, these processes are not just manifested in bone tissue to explain the
mechanism. IR can produce signi�cant systemic effects, whereby the bene�cial effects on bone tissue may
occur via other tissues.

In recent years there has been accumulating evidence that the gut microbiome is a key regulator of bone
health [31–33]. To better understand the role of gut �ora in the improvement of bone through IR exposure, we
analyzed the effect of IR irradiation on gut microbiota and analyzed the correlation between microbiota
changes and bone morphology and metabolism.

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
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Diversity analysis and network analysis are valuable tools in quantifying the bacterial composition and
interaction of speci�c bacterial communities. Our investigation of alpha diversity revealed a decreasing
trend of diversity estimators in both the normal and ovariectomized groups after IR supplementation (Fig.
4a-b). Similarly, PCoA analysis of beta diversity was able to discriminate the IR supplementary groups from
the non-IR supplementary groups (Fig. 4c). These results suggest that a less diverse gut microbiome after IR
exposure may be related to the increase in bone mass. Previous studies have demonstrated a negative
association between gut microbiota biodiversity and BMD in humans [34–36]. We also found that IR-induced
co-occurrence networks of gut microbiota in both normal and ovariectomized rats were characterized by
properties that indicate higher compactness, stronger aggregation, and larger transmission e�ciency, such
as high degree and closeness centrality, large average aggregation coe�cients, and small average paths
(Additional �le 1: Figure S1, Table 1). Therefore, we speculate that chronic IR exposure can induce the
emergence of a distinct, stable community underpinned by more complex interaction networks and faster
communication between nodes [37].

Table 1
Network structure characteristics

  No. of
nodes

No.
of
edges

Average
degree

Diameter Density Modularity
class

Average
clustering
coe�cient

Average
path
length

Normal 46 76 3.304 12 0.073 2.539 0.413 4.538

Normal+IR 51 143 5.508 8 0.112 1.624 0.558 3.411

Ovx 52 83 3.192 11 0.063 1.998 0.48 4.795

Ovx+IR 54 164 6.074 8 0.115 1.944 0.557 2.988

With respect to the phylum level of the gut microbial community in rats, we found that the quantity
Saccharibacteria (formerly TM7) [38] was signi�cantly reduced after IR supplementation (Fig. 3d). Volcano
plot results further show that both the normal and ovariectomized rats exhibited a signi�cant decrease in
the content of a bacterium (i.e., Candidatus_Saccharimonas, the major genus of Saccharibacteria) after IR
supplementation (Fig. 3f-g). In addition, the ratio of Firmicutes to Bacteroidetes showed a decreasing trend.
Previous studies have shown that Saccharibacteria is related to the body’s immune response [39] and the
occurrence of some in�ammatory mucosal diseases, such as vaginosis and in�ammatory bowel disease
[40–42], while the ratio of Firmicutes to Bacteroidetes gut microbiota is indicative of dysregulation of various
biological processes, such as maintenance of bone volume [43]. As this ratio increases, intestinal
permeability may be altered, leading to greater susceptibility to disease.

At the family level, supplemental IR increases the abundance of speci�c classi�cation operating units,
including Clostridiaceae 1, Erysipelotrichaceae, Peptostreptococcaceae, Porphyromonadaceae and
Prevotellaceae (Additional �le 1: Figure S2). Clostridiaceae and Peptostreptococcaceae are involved in
maintaining the intestinal barrier [44]. Moreover, some bacteria in the Clostridiaceae family have been shown
to be involved in the production of butyric acid and the degradation of mucin, thus contributing to improved

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
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gut health [45]. Butobaric acid producers, including Allobaculum and Turicibacter,account for the vast
majority in the family Erysipelotrichaceae [46]. Prevotellaceae is also considered to be related to the
synthesis of short-chain fatty acids (SCFAs) [47]. Butyrate is a short-chain fatty acid (SCFA) that has been
used to treat metabolic disorders, such as obesity, insulin resistance, and postmenopausal osteoporosis
[48,49]. It has been found that modulating the gut microbiome to increase butyric acid production can
enhance the integrity and function of the intestinal barrier, thereby improving periodontal bone loss [50].
Other studies have shown that the metabolite, butyrate, can stimulate bone formation through regulatory T
cell-mediated WNT10B expression [51]. Additionally, Porphyromonadaceae have been negatively correlated
with TNF-α expression [52]. TNF-α plays an important role in the regulation of bone homeostasis, mainly by
stimulating complex signaling pathways to induce the transcription and expression of bone homeostasis
regulators [53]. Increased levels of TNF-α can inhibit the osteogenic differentiation of bone marrow
mesenchymal stem cells, resulting in osteoporosis [54]. Parabacteroides is an important genus in the
Porphyromonadaceae family, which has also been shown to negatively correlate with some in�ammatory
diseases and may play a positive regulatory role in the metabolism of glycolipids [55].

The abundance of Desulfovibrionaceae decreased signi�cantly after exposure to IR. These bacteria can
induce the production of H2S from sulfate compounds during anaerobic respiration [56]. H2S interferes with
the energy metabolism of intestinal epithelial cells, eventually causing cell death and an accompanying
intestinal in�ammation [57]. We present our working model in Fig. 7, which is a schematic of the effect of
light exposure on the gut-bone axis. We propose that changes in the gut microbiota mediated by IR affects
the expression of intestinal immune factors and microbial metabolites, such as short-chain fatty acids and
H2S, which may be bene�cial to bone metabolism and have relevance in the treatment of osteoporosis.
Finally, we found Erysipelotrichaceae, Clostridiaceae_1, and Porphyromonadaceae to be signi�cantly
positively correlated with the increase in BMC and BMD in rats (Fig. 6), suggesting that the IR-induced
increase of these bacteria also aid in bone formation.

Changes in bacterial community function can help us further understand the effects of gut microbiota on
bone metabolism in rats treated with IR supplementation. In both normal and ovariectomized rats,
butanoate metabolism, propanoate metabolism, and fatty acid biosynthesis pathways were all enriched
after IR supplementation (Additional �le 1: Figure S4). Butyric acid and propionic acid are SCFAs and
secondary metabolites produced by gut microbiota during carbohydrate fermentation. Previous studies
have shown that supplementation with SCFAs, especially propionic acid and butyric acid, can balance bone
homeostasis, increase bone mass, and prevent bone loss, which lends further support to our conclusions
[49].

Conclusion
In summary, our report is the �rst to identify compositional and functional alterations in the gut microbiota
in both normal and ovariectomized rats by IR supplementation to white LED exposure. The induction of key
gut microbes by IR supplementation is associated with improved bone metabolism through a reduction in
in�ammation and an increase in butyrate production. In addition to suggesting a previously unappreciated

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00845-6
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mediatory role of gut microbiota between IR and bone metabolism, our �ndings may be immediately
relevant to the design of healthy lighting environments for the prevention of osteoporosis. Of note, our
results were obtained in an experimental rat model, and it will be necessary to perform intensive
investigations in human subjects. The gut microbiota-mediated molecular mechanisms behind the
bene�cial bone health effects of IR must be further elucidated, and the identi�ed bacterial markers in the
gut are deserving of future validation.
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Figures

Figure 1

(a) Experimental design for the three-month LED exposure experiment. The red arrows indicate the monthly
serum collection, while the blue arrows represent the monthly bone mass and density measurements. At the
end of the experiment, fecal samples were acquired for high-throughput sequencing. (b) LED white light
spectrum and LED white light plus IR spectrum.
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Figure 2

Measurements of (a) BMC and (b) BMD in the whole body, femur, and tibia of rats. (c) Representative
images of the trabecular bone density from the distal metaphyseal region of the femur. (d) The
concentration changes in serum bone metabolism markers: 1,25(OH)2D3, BALP, TRACP. *p<0.05, **p<0.01,
***p<0.001.
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Figure 3

Comparison of bacterial OTUs (operational taxonomic units) between the normal and ovariectomized (Ovx)
rats: (a) Alpha diversity based on Chao1 index; (b) Alpha diversity using the Shannon_e index; (c) Principal
Coordinate Analysis (PCoA) of weighted UniFrac distances of gut microbiota. Analysis of the microbial taxa
composition after the indicated treatments, based on 16S rRNA gene sequencing at the (d) phylum and (e)
family levels. Genera showing signi�cant differences in (f) normal and (g) ovariectomized rats with and
without IR treatment.
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Figure 4

Bacterial network of the indicated treatment groups. Nodes represent OTUs; node size represents
connectivity; colors represent different phylum levels. Edges (connections): red represents positive
correlation, green represents negative correlation (Spearman). (| r | > 0.7, p<0.05).
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Figure 5

Predictive functional pro�ling of microbial communities by Tax4Fun analysis. The ordinate shows the
primary metabolic pathways and their respective secondary pathways. * p <0.01, **p<0.05.
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Figure 6

Spearman correlation analysis. The correlation of the gut microbiota distribution with the four experimental
groups was examined at the family level. The heat map on the left shows the relative abundance of each
family, while the right hand panel shows the Spearman correlation between family and bone metabolism
index. Red indicates a positive correlation, whereas purple designates a negative correlation. The shading
intensity of the squares indicates the Spearman rank correlation coe�cient between matrices. *p < 0.05.
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Figure 7

Proposed mechanisms of IR effects through the skin-gut-bone axis.
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