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Abstract

Circadian rhythms maintain a high level of homeostasis through internal feed-forward and

-backward regulation by core molecules. In this study, we report the highly unusual periph-

eral circadian rhythm of bone marrow mesenchymal stromal cells (BMSCs) induced by tita-

nium-based biomaterials with complex surface modifications (Ti biomaterial) commonly

used for dental and orthopedic implants. When cultured on Ti biomaterials, human BMSCs

suppressed circadian PER1 expression patterns, while NPAS2 was uniquely upregulated.

The Ti biomaterials, which reduced Per1 expression and upregulated Npas2, were further

examined with BMSCs harvested from Per1::luc transgenic rats. Next, we addressed the

regulatory relationship between Per1 and Npas2 using BMSCs from Npas2 knockout mice.

The Npas2 knockout mutation did not rescue the Ti biomaterial-induced Per1 suppression

and did not affect Per2, Per3, Bmal1 and Clock expression, suggesting that the Ti biomate-

rial-induced Npas2 overexpression was likely an independent phenomenon. Previously,

vitamin D deficiency was reported to interfere with Ti biomaterial osseointegration. The pres-

ent study demonstrated that vitamin D supplementation significantly increased Per1::luc

expression in BMSCs, though the presence of Ti biomaterials only moderately affected the

suppressed Per1::luc expression. Available in vivo microarray data from femurs exposed to

Ti biomaterials in vitamin D-deficient rats were evaluated by weighted gene co-expression

network analysis. A large co-expression network containing Npas2, Bmal1, and Vdr was

observed to form with the Ti biomaterials, which was disintegrated by vitamin D deficiency.
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Thus, the aberrant BMSC peripheral circadian rhythm may be essential for the integration of

Ti biomaterials into bone.

Introduction

Titanium (Ti)-based biomaterials are increasingly used in clinical applications for endosseous

implants in aging patient populations. The replacement of knee, hip and tooth structure and

function by Ti implants may improve patient quality of life and longevity. Ti biomaterials

exhibit suitable mechanical properties, such as high strength and a low Young’s modulus [1,

2], as well as excellent biocompatibility, low cytotoxicity and minimal immunogenicity [3].

The therapeutic outcome of successful endosseous implants commonly achieved by direct

bonding of regenerating bone to the surface of Ti biomaterials is also called osseointegration

[4, 5]. Bone marrow mesenchymal stromal cells (BMSCs) are believed to be primarily respon-

sible for achieving osseointegration. The surface topography at the submicron to micron levels

has been extensively investigated with respect to the modulatory effects of BMSCs to improve

osseointegration [6, 7]. More recently, methods to create nanometer-scale topographies have

been introduced, and the combination of micro/nano-scale topography has been shown to

promote osseointegration [8–10].

Implant loosening due to osseointegration failures can occur during the early surgical

wound healing stage or after the implant has been in function for some duration [11, 12].

Once osseointegration is lost, therapeutic options are limited to surgically remove the implant.

The increased financial burden of implant revision surgery has become a challenge in health-

care systems [13]. Recent pre-clinical and clinical reports suggest that adequate serum vitamin

D levels are a critical parameter for the therapeutic success of Ti implants [14–19]. A genome-

wide microarray analysis of femur bone marrow tissue exposed to a Ti implant in rats with

vitamin D deficiency revealed that the circadian rhythm pathway and, in particular, the expres-

sion of Neuronal PAS domain-containing protein 2 (Npas2) was most significantly modulated

during the Ti implant to bone integration period [20].

Circadian rhythms are generated by an internal clock localized in the suprachiasmatic

nucleus (SCN), and their disruption has been reported to cause a wide range of physiological,

mental and behavioral disorders [21, 22]. The SCN contains a collection of cell-autonomous

oscillators that are regulated by intracellular feed-back and -forward loops involving the tran-

scription of period circadian protein homolog (PER) and cryptochrome (CRY) genes that are

activated by brain and muscle ARNT-like 1 (BMAL1) and Circadian locomotor output cycles

kaput (CLOCK) nuclear protein dimers [23, 24]. In addition to the central circadian rhythm,

peripheral tissues are also reported to possess an independent circadian regulatory mechanism

to allow greater flexibility in adapting to local environments [25].

This study examined the peripheral circadian rhythms of BMSCs in relation to Ti biomate-

rials and vitamin D supplementation. In this study, we report evidence that Ti biomaterials,

particularly those with complex surface topographies, can peripherally influence the BMSC

circadian rhythms robustly.

Materials and methods

Ethics statement

All of the experimental protocols using animals were reviewed and approved by the UCLA

Animal Research Committee (ARC# 1997–136) and followed the PHS Policy for the Humane
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Care and Use of Laboratory Animals and the UCLA Animal Care and Use Training Manual

guidelines. All of the animals had free access to food and water and were maintained in regular

housing with a 12-h light/dark cycle at the Division of Laboratory Animal Medicine, UCLA.

Titanium (Ti) substrates

The effect of Ti-based biomaterials on BMSC peripheral circadian rhythms was investigated

using commercially pure Ti discs (10 mm or 32 mm in diameter and 1 mm thick). The surface

of the Ti discs was left as machined or machined and polished up to 600 grit (machined-pol-

ished Ti) (Fig 1A, S1A and S1D Fig). Furthermore, a separate group of Ti disc surfaces was

complexed by sandblasting and double-acid etching followed by discrete apposition of

hydroxyapatite nanoparticles (B-DAE-DCD) using the production protocol from a commer-

cially available dental implant (T31/NanoTite™, Biomet 3I/Zimmer Biomet, Palm Beach

Garden, FL) (Fig 1A and 1B). The surface of the Ti discs was characterized by scanning elec-

tron microscopy (SEM) and optical photometry (n = 3 in each group). In a comparative study,

the cell culture discs were fabricated with zirconia without surface modifications.

Human BMSC and circadian rhythm gene expression

Immortalized human BMSCs (iMSC3, Applied Biological Materials, Richmond, BC, Canada)

were used for this project. Human BMSCs were cultured (20,000 cells per cm2) on conven-

tional polypropylene 35-mm culture dishes (n = 4) and B-DAE-DCD discs (35 mm diameter,

n = 4) and synchronized with 10 μM forskolin for 2 hours. After extensive washes, human

BMSCs were maintained with alpha Minimum Essential Media (MEM), 10% Fetal Bovine

Serum (FBS), 1% Penicillin-Streptomycin (PS), and 1 nM 1-alpha, 25-Dihydroxy-Vitamin D3.

Twenty-four and seventy-two hours after synchronization, the BMSCs were evaluated with a

live/dead assay (Live/Dead1 viability/cytotoxicity kit, ThermoFisher Scientific, Canoga Park,

CA).

Next, human BMSCs were cultured on polypropylene dishes (n = 4 per time point),

machined Ti discs (n = 4 per time point) or B-DAE-DCD discs (n = 4 per time point) as

described above. Human BMSCs from each group were harvested every 4 hours starting at 24

hours to 72 hours after the synchronization, and total RNA was prepared. Taqman-based

reverse transcription polymerase chain reaction (RT-PCR) was performed in triplicate using

commercially available probes for PER1, PER2, PER3, BMAL1, CLOCK and NPAS2 and

GAPDH as an internal control (Life Technologies, Grand Island, NY). The time course PCR

data for the circadian rhythm-related gene expression was subjected to cosinor-based rhyth-

mometry analysis [26] using an open source program (http://www.circadian.org/softwar.html)

with the period set as 24 hours.

In a separate experiment, human BMSCs were cultured on polypropylene discs (n = 2),

B-DAE-DCD discs (n = 2) or zirconia discs (n = 2). RNA samples were harvested at 32 hours

after synchronization and subjected to PCR as described above.

Bone marrow stromal cells (BMSCs) from Per1::luc rats

Transgenic Wistar rats carrying the luciferase reporter gene sequences in the Per1 locus (Per1::

luc) [27] were used in this study. Five-month-old male Per1::luc rats (n = 3) underwent eutha-

nasia using 100% CO2 gas inhalation. The left and right femurs were removed from each rat,

and bone marrow flow through cells were collected using a 20 gauge syringe containing 10 ml

Dulbecco’s Modified Eagle’s medium (DMEM), 10% FBS, and 1% PS. Bone marrow cells were

plated onto 85-mm dishes and incubated under 5.0% CO2 at 37˚C. After two days, the floating

cells were removed and the culture medium was replaced with alpha Minimum Essential
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Fig 1. Titanium (Ti)-based biomaterials significantly modulated the expression patterns of circadian rhythm

genes from human bone marrow stromal cells (BMSCs). A. Scanning electron microscopy was used to

characterize the surface of the Ti discs used in this study. The machined-polished Ti discs showed a smooth surface,

whereas the Ti disc treated by sand-blasting followed by double acid etching and discrete calcium phosphate

nanoparticle deposition (B-DAE-DCD) showed a complex surface topography at the micrometer and nanometer

range. B. The surface topography was quantitatively evaluated by optical photometry (n = 3 in each group). The
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Medium (alpha MEM) containing 10% FBS and 1% PS. The adherent cells were considered

BMSCs. The culture medium was replaced every 2 days until the cells reached 80% confluence.

All of the experiments below were performed using the Per1:luc BMSCs between passages 3

and 5.

In the initial study, forskolin-synchronized BMSCs were cultured with F12 medium con-

taining 10% FBS, 1% PS, and 1 mM luciferin. Time-lapse photomicrographs of reporter-gene

expression were generated by a CCD-camera mounted light microscope (Carl Zeiss, Thorn-

wood, NY) at every hour.

Measurement of the peripheral circadian rhythms in BMSCs using Per1::

luc activity

BMSCs were seeded at 20,000 cells per cm2 on 35-mm dishes (n = 4 per experiment) in 2 ml of

alpha MEM containing 10% FBS and 1% PS and incubated at 37˚C and 5% CO2 for 4 days

with a medium change. The medium was subsequently changed to 1 ml of alpha MEM con-

taining 10% FBS, 1% PS and 10 μM forskolin and incubated for 2 h. The forskolin-treated

BMSCs were washed with phosphate buffered saline (PBS) and cultured in 2 ml F12 medium

containing 10% FBS, 1% PS and 1 mM luciferin. The culture dishes were then sealed with

high-pressure vacuum grease (Dow Corning Corp., Midland, MI) and concealed from light

until they were loaded into the automated high-throughput luminometer (LumiCycle, Acti-

Metrics, Wilmette, IL). The photon count per second was collected every 10 min from each

dish for 5 days. All the raw data were analyzed with the average baseline photon count. The

period and amplitude were determined after performing a baseline subtraction with a polyno-

mial filter of 16 and a smoothing of 18 to produce well-defined peaks and troughs from the

raw data using a proprietary software program (LumiCycle, ActiMetrics, Wilmette, IL). The

“period” was measured from the peak-to-peak x-axis distance over the days while “amplitude”

was taken as the peak to trough y-axis distance in photon counts per second. The period and

amplitude were compared across the different days and conditions.

Cell viability and in vitro mineralization of BMSCs cultured on Ti

biomaterials under the luminometer measurement conditions

The Ti discs (10 mm diameter) were pre-soaked in alpha MEM overnight. BMSCs (3,000 cells

per cm2) were then seeded on machined-polished Ti discs, B-DAE-DCD discs and in blank

plastic wells and incubated in alpha MEM containing 10% FBS and 1% PS under 5% CO2 at

37˚C. After 2 days of culture, the cells were washed with PBS and incubated in F12 medium

containing 10% FBS, 1% PS and 1 nM vitamin D supplementation. This incubation protocol

simulated the luminometry measurement conditions. On culture days 0, 1, 2 and 3, BMSCs on

the machined-polished Ti discs, B-DAE-DCD Ti discs or plastic culture wells (n = 3 in each

B-DAE-DCD surface was approximately 10x rougher than the machined-polished surface. C. Human BMSCs cultured

on conventional polypropylene culture dishes (n = 4 per time point) or B-DAE-DCD Ti discs (n = 4 per time point) were

synchronized by forskolin and exposed to 1 nM 1,25(OH)2D3 vitamin D-supplemented culture medium. The number of

BMSCs was determined using a live/dead assay at 24 hours and 72 hours of culture. D. Calcein-stained live BMSCs

cultured on polypropylene dishes maintained a fibroblastic morphology after 72 hours of culture. By contrast, the live

BMSCs on the B-DAE-DCD discs were widely spread and made contacts with adjacent cells, resulting in the

establishment of confluency. E. The steady state mRNA levels of circadian rhythm-related genes were determined by

PCR every 4 hours starting from 24 hours to 72 hours after synchronization (n = 4 per time point in each group). PER1,

PER2 and PER3 from human BMSCs cultured on polypropylene culture dishes and machined-polished discs exhibited

a circadian expression pattern. When cultured on the B-DAE-DCD discs, the circadian expression pattern was

diminished, while NPAS2 was upregulated compared to the polypropylene control.

https://doi.org/10.1371/journal.pone.0183359.g001
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group and at each time point) were subjected to a WST-1 cell viability assay (Clontech Labora-

tories, Mountain View, CA).

The effects of the Ti substrates on the BMSCs were characterized separately by in vitro min-

eralization assay. BMSCs were plated at 3,000 cells per cm2 on 10-mm diameter Ti discs with

machined-polished (n = 3) or B-DAE-DCD (n = 3) surfaces that were housed in a 46-well

plate. The cells were also cultured in plastic wells (n = 3) without Ti substrates. After the initial

seeding, the culture medium was replaced with osteogenic medium containing 1 ml each of

dexamethazone (10−8), β-glycerophosphate (10 mM), ascorbic acid (50 μg/ml) and 97 ml of

alpha MEM, with 10%FBS, 1% PS, and without vitamin D supplementation. The BMSCs were

incubated under 5% CO2 at 37˚C. The different media were changed every three days. On the

13th day, a calcium mineralization assay was performed (Calcium (CPC) LiquiColor test, Stan-

bio Laboratory, Boerne, TX).

Measurement of BMSC circadian Per1::luc expression with Ti substrates

The machined-polished and B-DAE-DCD Ti discs (35 mm in diameter; S2 Fig) were pre-incu-

bated in alpha MEM overnight. BMSCs (20,000 cells per cm2) were then seeded in alpha MEM

containing 10% FBS and 1% PS. After 4 days, the BMSC were synchronized with forskolin and

placed in F12 medium containing 10% FBS, 1% PS and 1 mM luciferin with or without 1 nM

vitamin D supplementation. Each group was treated in triplicate, and all of the dishes were

prepared for the luminometry measurements. The luminometry measurement of Per1::luc
expression was conducted as described above. The photon count per second was collected

every ten minutes from each dish for 5 days, and the data were analyzed as described above.

The experiment was repeated at least 3 times and the representative data are presented.

The effect of vitamin D supplementation and osteogenic medium on

BMSC peripheral circadian rhythms

In the vitamin D study, the BMSCs were synchronized by forskolin as mentioned above and

cultured in F12 basic medium containing 10% FBS, 1% PS and 1 mM luciferin; these samples

were supplemented with 1 nM vitamin D dissolved in ethyl alcohol or the ethyl alcohol vehicle

(0.01% final concentration). Separately, forskolin-synchronized BMSCs were cultured in con-

ventional osteogenic medium without or with 1 nM or 10 nM vitamin D supplementation.

Each group was treated in triplicate and all the dishes were prepared for the luminometry mea-

surements. The photon count per second was collected every ten minutes from each dish for 5

days, and the data were analyzed as described above.

Expression of BMSC circadian rhythm genes by reverse transcriptase

real-time polymerase chain reaction (RT-PCR)

BMSCs were plated (20,000 cells per cm2) on 35 mm dishes with or without B-DAE-DCD

discs for 4 days, synchronized by forskolin and cultured in F12 containing 10% FBS, 1% PS

with 1 nM vitamin D supplementation. Forty-eight hours later, the total RNA was extracted

from the BMSCs (RNeasy Mini Kit, Qiagen, Valencia, CA). Taqman-based RT-PCR was per-

formed in triplicate using commercially available probes for Per1, Per2, Clock, Bmal1, Npas2,

and Id2 and Gapdh as an internal control (Life Technologies, Grand Island, NY).

Effect of Npas2 knockdown on circadian rhythm gene expression

To address the effects of Npas2 on the expression of other circadian rhythm-related genes, an

siRNA-derived knockdown study was performed. BMSCs were cultured for 2 days and treated
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with siRNAs targeting Npas2 (NPAS2 siRNA (r), Santa Cruz Biotechnology, Paso Robles, CA)

using Lipofectamine according to the manufacturer’s protocol (Life Technologies). For the

controls, BMSCs were either untreated or Lipofectamine-treated without the siRNA. siRNA

transfection was terminated after 5 hours of incubation and the cells were cultured overnight

in fresh medium containing 10% FBS and 1% PS. Then, the BMSCs were forskolin-synchro-

nized and cultured with 1 nM vitamin D supplementation for 32 hours. The preparation of

total RNA and Taqman-based RT-PCR for Per1, Per2, Bmal1, and Clock, as well as Gapdh was

performed using commercially available rat probes. RT-PCR was performed in triplicate.

BMSCs from Npas2+/- and Npas2-/- mice

To address the effects of Npas2 on B-DAE-DCD disc-induced circadian rhythm gene suppres-

sion, we obtained BMSCs from heterozygous and homozygous mice carrying Npas2 functional

knockdown mutations (B6.129S6-Npas2tm1Slm/J, Jackson Laboratory, Bar Harbor, ME) [28].

Wild-type (C57Bl6, n = 5), Npas2+/- (n = 5) and Npas2-/- mice (n = 5) were euthanized by

100% CO2 gas inhalation, and BMSCs were harvested from their femurs. All the mice were

male and between 15 and 20 weeks old. Passage 4 BMSCs (3,000 cells per cm2) from each

group were cultured on polypropylene dishes, machined Ti discs (n = 2) or B-DAE-DCD discs

(10 mm diameter, n = 2), synchronized with forskolin and cultured in F12 containing 10%

FBS, 1% PS and 1 nM vitamin D supplementation. RNA samples were harvested 32 hours after

synchronization. Expression of the mutant Npas2 gene was evaluated by Taqman-based

RT-PCR of LacZ, which replaced exon 3 from the Npas2 allele [28]. The expression of the cir-

cadian rhythm-related genes was evaluated by Taqman-based RT-PCR using commercially

available mouse probes for Per1, Per2, Per3, Bmal1 and Clock and Gapdh as an internal control.

RT-PCR was performed in duplicate and the mean values are presented.

Statistical analysis

To evaluate the covariance between the time and amplitudes from the baseline-subtracted data

derived from the luminometry experiments, a multivariate repeated measure analysis of vari-

ance (MANOVA) was used. This method was also accompanied by the Wilks Lambda test to

produce p-values. The amplitudes used in this method were measured by taking the y-axis

peak-to-trough amplitude values from days one to four for each treatment condition. The time

was measured by taking the midpoint x-axis time value or the half-max between the peak and

trough of each amplitude. The sample dish number was equivalent to three or all the treatment

groups. The MANOVA analysis was followed by post-hoc evaluation. RT-PCR data of the ref-

erence control and the test group were compared by ANOVA and Student’s t test.

Weighted gene co-expression network analysis (WGCNA)

The whole genome microarray data were obtained from our previous study, which analyzed

RNA samples from femur bone marrow tissues exposed to DAE-DCD (S1B and S1C Fig)

experimental implants (IT) or osteotomy alone (OS) harvested from vitamin D-sufficient (V+)

or -deficient (V-) rats. Hence, the sample groups (n = 4 per group) are designated ITV+, ITV-,

OSV+ and OSV-, respectively [20]. The raw microarray data were analyzed using Weighted

Gene Co-expression Network Analysis (WGCNA) [29, 30].

Briefly, WGCNA constructs a matrix of pairwise correlations between all pairs of genes

across the samples. Biweight midcorrelation was used to minimize the effects of all the possible

outliers. A “signed hybrid” network was constructed in which positively correlated genes

were connected by strengths that increase with increasing correlation, while negatively corre-

lated genes were considered unconnected. Then, modules were identified using hierarchical
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clustering followed by branch identification using Dynamic Tree Cut [30]. The module identi-

fication procedure resulted in modules containing genes with highly correlated expression

profiles. The expression profiles of the genes in each module were summarized using the

eigengene; correlation of eigengenes with sample traits were used to quantify the module-trait

associations. Two modules (Blue and Turquoise modules) with the strongest eigengene-trait

correlation (which also occurred to be the two largest modules) were further analyzed, and

functional annotations of the probe IDs were identified using the DAVID (https://david.

ncifcrf.gov) online tool.

Genes that were highly correlated with the module eigengene can be considered module

hub genes [31, 32]. In particular, we sought to identify the hub genes in the Blue module. The

identified hub genes in the Blue module were submitted for STRING protein-protein interac-

tion network analysis (http://string-db.org). Finally, the WGCNA data from the 4 different

groups were reorganized for OSV+ and ITV+ as well as ITV+ and ITV- to dissect the roles of

the Ti biomaterials and vitamin D in the gene network formation.

Results

Ti biomaterials

In this study, we designed Ti disc substrates suitable for BMSC culture that received one of

the following surface treatments: (1) machined and polished up to 600-grid (machined-pol-

ished) to remove major macro- to micro- surface topography elements; (2) machined

without polishing; or (3) sand blasted and double acid etched, followed by a discrete modi-

fication at the nanometer level by chemical bonding of hydroxyapatite nanoparticles

(B-DAE-DCD) to contribute to the increased micro- and nanotopography (Fig 1A and 1B

and S1E and S1F Fig). Forskolin-synchronized human BMSCs cultured on B-DAE-DCD

discs were compared to those cultured on conventional polypropylene culture dishes. After

24 hours, a live/dead assay suggested that the number of live BMSCs was equivalent in both

groups. However, after 72 hours, the number of live BMSCs on the polypropylene dish was

notably higher than on the B-DAE-DCD discs (Fig 1C). The different BMSC behaviors

were not explained by the decreased BMSC viability. The calcein-positive live BMSCs on

the polypropylene dish exhibited fibroblastic morphologies. In contrast, the cells on the

B-DAE-DCD discs were spread widely and made contact with adjacent cells (Fig 1D).

The BMSCs on the B-DAE-DCD discs apparently reached a confluent state, which might

have contributed to the slowed increase in cell number. Our data were consistent with pre-

viously established differential BMSC behaviors on Ti biomaterials with complex surfaces

[33–35].

Expression of circadian rhythm-related genes by human BMSCs

cultured on Ti biomaterials

Human BMSCs were forskolin-synchronized and cultured on polypropylene dishes, machine-

polished Ti discs or B-DAE-DCD discs with vitamin D supplementation. BMSCs cultured on

the polypropylene dishes and the machined-polished discs demonstrated normal PER1, PER2
and PER3 expression circadian patterns (Fig 1E and S1 Table). However, when the BMSCs

were cultured on the B-DAE-DCD discs, PER1, PER2, and PER3 expression appeared to be

decreased (Fig 1E) and the acrophase was extended (S1 Table). Separately, a striking overex-

pression of NPAS2 was also observed (Fig 1E).
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Ti substrates suppressed Per1::luc circadian expression and increased

Npas2 expression in rat BMSCs

This study further employed BMSCs derived from transgenic rats carrying the Per1::luc allele.

The SCN from this rat model sustained ex vivo circadian expression of Per1::luc over an

extended culture period [27], while peripheral tissues such as skeletal muscle, lung and liver

demonstrated periodic Per1::luc expression after forskolin-synchronization [36]. Forskolin-

synchronized femur BMSCs demonstrated circadian Per1::luc expression detected by time-

lapse microscopy (Fig 2A). The baseline-subtracted luminometry data showed the highly regu-

lated circadian expression of Per1::luc in BMSCs when cultured on the polypropylene dishes

(Fig 2B). The peak-to-trough amplitude showed a progressive decrease during the culture

period, whereas the peak-to-peak circadian duration was maintained at approximately 24

hours for 3 to 4 days of culture (Fig 2C).

When the BMSCs were cultured on Ti substrates with vitamin D supplementation, the

baseline-subtracted data indicated a significant change in the Per1::luc circadian rhythm (Fig

2B). BMSCs on the machined-polished Ti substrate maintained their circadian rhythm, which

was suggested by the consistent peak-to-peak periods, whereas the peak-to-trough amplitude

was significantly reduced (Fig 2C). The effect of the B-DAE-DCD substrate was striking and

showed that Per1::luc circadian expression was almost completely abrogated (Fig 2B and 2C).

The raw luminometry data further indicated that Per1::luc expression was significantly

downregulated in the BMSCs cultured on the Ti substrates (Fig 2D). In particular, the

B-DAE-DCD substrate decreased Per1::luc expression near to the measurement limit of an

empty dish (Fig 2E). Next, we examined whether the loss of Per1::luc expression was due to a

loss in BMSC viability. The rat BMSCs cultured in the sealed culture dishes with or without Ti

substrates maintained similar viabilities (S2 and S3 Figs). Therefore, the downregulation of

Per1::luc was not due to a loss of cell viability and must be due to a previously unrecognized

effect of Ti biomaterials.

Per1::luc BMSCs demonstrated peripheral circadian rhythm plasticity

with vitamin D supplementation and osteogenic medium

Ti biomaterials induce osteogenic differentiation during osseointegration [37, 38], while vita-

min D deficiency promotes negative effects. Therefore, in this project, we investigated the

effects of vitamin D and osteogenic medium supplementation [39] on BMSC circadian rhythm

plasticity. The lack of vitamin D supplementation in the culture medium appeared to partially

recover the circadian expression of Per1::luc that was suppressed by the B-DAE-DCD substrate

(Fig 2F and 2G). Vitamin D supplementation without Ti substrates had little effect on the

peak-to-peak period and peak-to-trough amplitude of circadian Per1::luc expression (Fig 3A

and 3B); however, the raw luminometry data revealed significantly increased Per1::luc expres-

sion with vitamin D supplementation (Fig 3C and 3D).

The osteogenic medium did not affect the peak-to-peak period, though it significantly

decreased the peak-to-trough amplitude (Fig 3E). The Per1::luc expression pattern in osteo-

genic medium with vitamin D supplementation was similar to that of vitamin D supplementa-

tion alone and was sustained throughout the experimental period (Fig 3F).

The role of Npas2 overexpression in the aberrant circadian rhythm

Rat BMSCs cultured on polypropylene dishes or B-DAE-DCD discs were collected at 48 hours

for Taqman-based RT-PCR assessment. BMSC cultured on the B-DAE-DCD discs revealed

the downregulation of circadian rhythm-related genes containing E-box elements in their
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Fig 2. Circadian expression of the Per1::luc reporter gene in BMSCs. Femur-derived BMSCs were

harvested from 3 male Per1::luc rats (5 months old). BMSCs from passages 3 to 5 were used for the

experiments. A. Time-lapse microscopy depicted the periodic activation of Per1::luc reporter gene expression

in the BMSCs. B. Per1::luc reporter gene expression was measured by luminometry. The experiment was

performed with three dishes in each group. The baseline-subtracted luminometry data demonstrated the

circadian activation of Per1::luc expression when BMSCs were cultured on polypropylene dishes with 1 nM
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promoters (Per1, Per2, Bmal1, and Id2), whereas Npas2 alone was significantly upregulated

(Fig 4A). Using the RT-PCR data from the untreated BMSCs as a reference, siRNA-derived

knock down of Npas2 resulted in a universal increase in Per1, Per2, Bmal1 and Clock expres-

sion when the BMSCs were cultured on polypropylene dishes (Fig 4B).

The role of Npas2 in the aberrant BMSC circadian rhythm was further investigated using

BMSCs isolated from Npas2 functional knockout mice. In this mouse line, Exon 3, which

encodes the basic-helix-loop-helix domain, was replaced by a LacZ reporter gene cassette

(Fig 4C). LacZ expression increased when Npas2+/- and Npas2-/- BMSCs were cultured on

B-DAE-DCD discs (Fig 4D). BMSCs with the Npas2 knockout mutation cultured on polypro-

pylene dishes exhibited increased Per1, Per2, Per3, Bmal1 and Clock expression (Fig 4E). This

expression pattern in the Npas2 knockout BMSCs was consistent with rat BMSCs treated with

Npas2 siRNA. However, to our surprise, the expression levels of the circadian rhythm-related

genes was unaffected when Npas2+/- and Npas2-/- BMSCs were cultured on the B-DAE-DCD

discs (Fig 4F). Therefore, it is unlikely that Ti biomaterial-induced overexpression of Npas2
caused the aberrant circadian rhythms observed when the BMSCs were exposed to the

B-DAE-DCD discs.

Weighted gene co-expression network analysis (WGCNA) of the in vivo

microarray data derived from rat femur bone marrow tissue associated

with the DAE-DCD Ti implant and vitamin D deficiency

To address the differential role of the peripheral circadian rhythm during the osseointegration

of Ti biomaterials, we analyzed the available microarray data obtained from our previous

study [20] using rat femur tissues adjacent to experimental Ti implants with a DAE-DCD sur-

face (S1B and S1C Fig). The microarray expression data were obtained from the following 4

independent rat groups (n = 4 in each group): (1) OSV+, femur osteotomy wound healing in a

vitamin D-sufficient rat; (2) OSV-, femur osteotomy wound healing in a vitamin D-deficient

rat; (3) ITV+, femur tissue around a DAE-DCD implant in a vitamin D-sufficient rat; and (4)

ITV-, femur tissue around a DAE-DCD implant in a vitamin D-deficient rat. WGCNA identi-

fied 47 modules; for convenient visualization, each module was assigned a colored label.

Among the modules, the Blue and Turquoise modules were the largest modules (9,202 and

11,511 genes, respectively: Fig 5A) suggesting the highly organized gene co-expression net-

works in Blocks 1 and 2, respectively (Fig 5B).

The probe IDs from each module were exported to the DAVID online tool [40], which

revealed vitamin D receptor (Vdr) and eight circadian rhythm-related genes, including Npas2,

Bmal1, Clock, two casein kinase subtypes and three other helix-loop-helix family member sub-

types, in the Blue module. Per1, Per2 and Per3, which are negative-elements in the mammalian

vitamin D supplementation; this was reduced on the Ti discs. Strikingly, the circadian rhythm of Per1::luc

expression was nearly completely lost on the B-DAE-DCD discs. C. The loss of Per1::luc circadian expression

on the B-DAE-DCD discs was depicted by the decreased peak-to-trough amplitude and peak-to-peak period.

**: p<0.01 by Wilks Lambda for the amplitude and period. D. The raw amplitude measurements depicted the

stable expression of the Per1::luc reporter gene after the initial forskolin shock when the BMSCs were

cultured on the polypropylene dishes or machined-polished Ti discs. In contrast, Per1::luc reporter gene

expression remained low when the BMSCs were cultured on the B-DAE-DCD discs. E. The average raw

amplitude of the Per1::luc reporter gene was significantly lower in the B-DAE-DCD group than the

polypropylene and machine-polished groups; however, it was above the background level of the no cell

negative control. **: p<0.01 by ANOVA. F. When BMSCs were cultured on B-DAE-DCD Ti discs without

vitamin D supplementation, the lost Per1::luc circadian expression was partially recovered. G. The raw

amplitudes from the luminometry data indicated that vitamin D supplementation did not affect Per1 expression

levels in BMSCs cultured on the machined-polished Ti discs or B-DAE-DCD discs.

https://doi.org/10.1371/journal.pone.0183359.g002
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Fig 3. Characterization of the Per1::luc circadian rhythm in BMSCs. All the luminometry experiments were performed in triplicate for

each group. A. The baseline-subtracted luminometry data demonstrated the steady circadian expression of Per1::luc of BMSC, which

progressively decreased over the culture period. B. The average peak-to-trough amplitude and peak-to-peak period by day showed the

tightly regulated Per1::luc circadian expression, which was not affected by 1 nM vitamin D supplementation. C. The raw amplitude data

suggested that there was the steady decline in BMSC Per1::luc expression over the culture period after the initial forskolin shock. D. BMSC

vitamin D supplementation was found to increase Per1::luc expression. **: p<0.01 by ANOVA. E. When BMSCs were exposed to

osteogenic differentiation medium, both the baseline-subtracted peak-to-trough amplitude and the peak-to-peak period were modulated.

Vitamin D supplementation appeared to accelerate the effects of osteogenic medium. **: p<0.01 by Wilks Lambda ANOVA for the

amplitude and period. F. Vitamin D supplementation with osteogenic medium sustained Per1::luc expression throughout the culture period.

**: p<0.01 by ANOVA.

https://doi.org/10.1371/journal.pone.0183359.g003
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Fig 4. The role of Npas2 in BMSC circadian rhythm. A. A snapshot of circadian rhythm gene expression from rat BMSCs shows the

transcriptional downregulation of Per1, Per2, Bmal1 and Id2 when the BMSCs were cultured on B-DAE-DCD Ti discs. A similar upregulation

in Npas2 was observed in human BMSCs. RT-PCR was performed in triplicates. *: p<0.05 by Student’s t-test. B. The role of the

transcription factor Npas2 on the steady state mRNA levels of circadian rhythm-related genes was examined by siRNA. Npas2 knock down

appeared to have a greater impact on circadian rhythm-related gene expression in BMSCs cultured on the polypropylene dishes. *: p<0.05

by Student’s t-test. C. To further clarify the role of Npas2, BMSCs were harvested from mice carrying the Npas2 allele lacking Exon 3, which

was replaced by the LacZ reporter gene cassette, resulting in a Npas2 functional knockout mutation due to the lack of the basic helical-loop-

helical (bHLH) domain. D. BMSCs were harvested from the femurs of wild-type, Npas2+/- and Npas2-/- male mice (n = 5 each). BMSCs

(passage 4) were cultured and synchronized on polypropylene dishes, machined Ti discs or B-DAE-DCD discs (n = 2 in each group). Thirty-

two hours after synchronization, LacZ reporter gene expression was increased in the D-DAE-DCD disc group. E. The expression of

circadian rhythm genes were observed to increase in the Npas2+/- and Npas2-/- BMSCs maintained on polypropylene culture dishes for 32

hours after synchronization. F. Npas2+/- and Npas2-/- BMSC maintained on B-DAE-DCD discs for the same length of time demonstrated

similar circadian rhythm gene expression patterns as wild-type mouse BMSCs.

https://doi.org/10.1371/journal.pone.0183359.g004
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circadian molecular clock feedback loop, were found in the Turquoise module. The Blue and

Turquoise modules exhibited the highest eigengene correlation of 0.87 (p = 0.00005) when

comparing the osteotomy without and with implant placement (OS/IT) (Fig 5C). Further-

more, the Blue and Turquoise modules changed in the opposite direction with strong eigen-

gene correlations for each of the different traits. A scatter plot between gene significance and

module membership in the Blue module showed that the module hub genes tended to also

have the strongest association with ITV (Fig 5D).

These analyses suggested that the Blue module contains the trait modulating gene network;

thus, we examined the gene network and identified hub genes in the Blue module. Compara-

tive evaluation of Blue module between the ITV+ and ITV- samples was thought to provide

clues to understanding the role of vitamin D in bone marrow tissue exposed to Ti biomaterials.

We then established the node number of each gene and selected those above the median nod

number, resulting in 37 unique genes (S2 Table). Kyoto Encyclopedia of Genes and Genomes

analysis (S3 Table) and Gene Ontology analysis (S4 Table) identified circadian rhythm, steroid

hormone receptor, and vitamin D binding pathways. The identified hub genes from the Blue

module were submitted to search for functional protein association networks, which suggested

that the circadian rhythm/E-box binding network and nuclear steroid hormone receptors

(including Vdr, Rev-ErbA and Rev-ErbA-beta) would interact (Fig 6A).

Finally, the effect of the Ti biomaterial (DAE-DCD) was evaluated by comparing OSV+

and ITV+, which formed the trait-specific upregulated Blue module containing Npas2 and

Bmal1 (Arntl) as well as Vdr. The downregulated Turquoise module was also trait-specific and

contained Per1, Per2 and Per3 (Fig 6B and S5 Table). Interestingly, Clock was found in the

trait-neutral Light green module. When ITV+ and ITV- were compared, the Blue module,

which contained Npas2, Bmal1 and Clock, was no longer trait-specific. Vdr was not found in

any network when OSV+ and OSV- were compared (Fig 6C) and was found in the trait-neu-

tral Green module (Fig 6D and S6 Table). The downregulation of Per1, Per2 and Per3 sustained

and formed part of the Purple module.

Discussion

This study demonstrated highly unusual peripheral circadian rhythms of BMSCs induced by

Ti biomaterials with complex surfaces at an unprecedented level. BMSCs are the major cellular

component in the bone marrow, which contains mesenchymal stem cells, and are capable of

differentiating in multiple lineages and centrally coordinating bone remodeling and regenera-

tion [41]. However, how BMSCs respond to a wide range of environmental cues that occur

during fracture wound healing, bone marrow ablation or surgical implant placement has not

been fully investigated. This study demonstrated that the peripheral circadian rhythm of

BMSCs was modulated by Ti biomaterials with complex surfaces at unprecedented levels (Fig

1). BMSCs almost completely abrogated the circadian expression of Per1, particularly those

cultured on Ti substrates with complex surface modifications (Fig 2). Increasing numbers of

reports suggest that bone tissues possess an independent peripheral circadian clock mecha-

nism. Chen et al. (2000) demonstrated for the first time the expression profile of Per genes in

murine bone marrow in a lineage- and/or differentiation stage-dependent manner [42]. Zvo-

nic et al. (2007) reported the oscillatory expression of the core circadian rhythm genes in the

mouse calvarial bone, and further showed that over 20% of the genes expressed in the calvarial

bone also followed the oscillatory profile [43]. Zhang et al. (2008) showed the E-box-related

regulation of osteoblast differentiation in MC3T3-E1 cells by multiple Helix-Loop-Helix

(HLH) factors, such as Id-2, Id-3 and Id-4, which can functionally regulate the expression of

bone markers [44]. McElderry et al. (2013) demonstrated a burst in active mineral deposition

Biomaterials induced circadian rhythm in bone

PLOS ONE | https://doi.org/10.1371/journal.pone.0183359 August 17, 2017 14 / 22

https://doi.org/10.1371/journal.pone.0183359


Fig 5. The weighted gene co-expression network analysis (WGCNA). The microarray data were obtained

previously from rat femur bone marrow tissue after osteotomy surgery with or without DAE-DCD Ti implants

with sufficient or deficient serum vitamin D levels (ITV+, ITV-, OSV+ and OSV- groups, respectively) [20]. A.

WGCNA identified 47 modules of co-expressed genes. The Turquoise and Blue modules contained a

disproportionately large number of genes. B. A dendrogram of the WGCNA analysis suggested an unusually

large co-expressed gene network of hierarchical clustering among Blue and Turquoise modules, which
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contained 9,202 and 11,511 genes, respectively. C. Association of the module eigengenes with experimental

bone marrow tissue traits responding to osteotomy surgery with or without Ti implant placement (IT and OS,

respectively) in vitamin D-sufficient and -deficient rats (V+ and V-, respectively). Out of the 47 modules

identified, the Blue and Turquoise modules (arrows) showed the highest eigengene correlation in OS/IT.

Within each cell, upper values indicate correlation coefficients between the module eigengene and the traits,

while the lower values indicate the corresponding p-value. D. Scatter plots of module membership

(eigengene-based connectivity) and gene significance for the Blue module for each of the therapeutic traits

(ITV+, ITV-, OSV+ and OSV-). The highest correlation between module membership and gene significance

was in ITV+; this was noticeably decreased in ITV-.

https://doi.org/10.1371/journal.pone.0183359.g005

Fig 6. Gene networks formed around the biomaterial implant. A. The protein-protein interaction network of a total of 36 unique hub

genes from the Blue module suggested interacting core networks between circadian rhythm/E-box binding proteins and nuclear steroid

hormone receptors, including the vitamin D receptor (Vdr). B. The interaction between circadian rhythm-related genes and connective

tissue extracellular matrix genes in the comparison between OSV+ and ITV+ indicated that the trait-significant Blue module contained

Npas2, Bmal1 (Arntl) and Vdr, whereas the Turquoise module contained Per1, Per3 and Per3. C. The comparison between OSV+ and

OSV- without implanted biomaterials did not detect Vdr and Npas2 was found to be significantly downregulated. D. The comparison

between ITV+ and ITV- revealed that the Blue module lost its trait-significance and Vdr. Per1, Per2 and Per3 were also moved from the

Turquoise module and to the Purple module.

https://doi.org/10.1371/journal.pone.0183359.g006
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in calvarial organ culture followed by a decreased or quiescent phase with a periodicity of

approximately 27 hours without central SCN control [45].

The significance of the present study lies in the demonstration that exogenous stimuli

derived from commonly used Ti biomaterials with complex surfaces significantly disrupted

the circadian rhythm. The therapeutic outcome of a successful endosseous implant is achieved,

in part, by the osseointegration of Ti biomaterials as well as other materials, such as zirconia.

We further investigated the circadian rhythm by examining gene expression on zirconia with-

out surface modifications. Machined Ti discs and smooth surface zirconia discs induced simi-

lar circadian rhythm gene expression patterns, whereas the B-DAE-DCD discs showed robust

Npas2 expression (S4 Fig). Therefore, the complex surface modifications, not the materials’

chemistry, may play a significant role in circadian rhythm modulation.

It has been shown that serum vitamin D deficiency may negatively affect the initial estab-

lishment of osseointegration [46, 47]. The present study revealed the distinct effect of vitamin

D supplementation on circadian Per1 expression in BMSCs (Fig 3). The intrinsic circadian

clock is maintained by a network of core molecular components [48], as well as by increasing

numbers of clock-modifying molecules [49]. The WGCNA evaluation of the whole genome

microarray data identified large gene co-expression modules containing circadian rhythm

transcription factors (Blue module) and repressor proteins (Turquoise module), both of which

are sensitively associated with rat bone marrow tissue treatment traits for exposure to Ti bio-

materials or serum vitamin D levels (Fig 5). The hub genes in the Blue module suggested that

the circadian rhythm core molecular components and steroid hormone nuclear receptors

interacting protein networks include Vdr. When the gene network modules were further dis-

sected into ITV+ and ITV-, the circadian rhythm gene network in the Blue module appeared

to deteriorate under the vitamin D-deficient conditions (Fig 6). Vdr has been identified as a

circadian clock modifier in adipose tissue [50], and vitamin D supplementation alone has been

reported to synchronize adipose-derived adult mesenchymal stem cells (ADSC) [51]. The

genomic and non-genomic actions of vitamin D on bHLH genes may explain the secondary

effects on these genes, including fine tuning the circadian rhythms [52]. The present study fur-

ther suggests that Vdr in BMSCs may play an essential role in organizing the Ti biomaterial-

activated aberrant circadian rhythm.

It was reported that Npas2 expression was not detected in bone but that its deletion did not

affect bone mass [53]. Consistently, BMSCs in the present study showed only baseline expres-

sion of Npas2 when cultured on conventional plates without Ti discs. Strikingly, this study

identified an unusual upregulation of Npas2 in BMSCs exposed to Ti biomaterials with com-

plex surface topographies (Figs 1 and 2). Npas2 has overlapping functions with Clock and

forms a heterodimer with Bmal1, which functions as an E-box binding enhancer for Per and

Cry homologues [54] as well as for other genes that contain E-box elements, such as Id2, c-

myc, collagens type I, II and X [55]. Thus, the abnormally increased Npas2 expression was ini-

tially thought to contribute to the aberrant circadian rhythm patterns observed in the BMSCs

induced by Ti biomaterials with complex surfaces. However, examination of BMSCs from

Npas2 knockout mice did not support this hypothesis (Fig 4).

Endogenous agents are involved in the response of clock molecules to different environ-

mental cues [56], such as glucose feeding, light response, serum shock, and glucocorticoid and

hormone exposure [57–59]. The surface of Ti biomaterials is spontaneously oxidized to form a

native layer of TiO2, which may represent an environmental cue for bone cell plasticity. Sur-

face treatments, such as acid etching [60] and hydroxyapatite nanocoatings [61], significantly

alter the surface oxide layer. Recently, thermal oxidation of Ti biomaterials was reported to

increase the TiO2 surface layer, resulting in increased biological activity [62]. The interaction

between the endogenous molecule heme and TiO2 has been described [63, 64]. It has also been
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reported that Npas2, which contains heme prosthetic groups, functions as a gas-sensor [65].

Mutation of the heme domain and its conformation changes reduce Per1 transcription because

the mutational and conformational changes impair Bmal1 and Npas2 heterodimer formation,

resulting in a loss of DNA binding to the canonical E-box regulatory sequence in various target

genes [42, 66]. It is tempting to speculate that Npas2 upregulation in BMSCs might be induced

by the oxidation levels on the surface of the Ti biomaterials, which may initiate titanium

actions at the local bone site by activating gas-sensor or heme metabolism pathways.

In conclusion, this study postulates that the significant degree of aberrant plasticity demon-

strated by the peripheral circadian clock of BMSCs exposed to Ti biomaterials may provide the

ability to integrate environmental clues and therefore to coordinate a coherent biological out-

put. The data in this study corroborate previous in vivo and in vitro findings (Mengatto et al.,

2011) and highlight the increase in Npas2 and Per1 abrogation as independent key factors for

osseointegration. These results have potential practical implications related to orthopedic and

dental implant patients, as understanding the molecular and cellular mechanisms during early

titanium implant osseointegration allows for the development of better biomarkers to follow

up healing cellular processes. This approach also enables the therapeutic conditioning of local

bone or systemic situations to achieve faster and more efficient responses from BMSCs during

the integration of Ti biomaterials into bone.
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