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Abstract 30 
 31 
Endochondral ossification, including bone growth and other metabolic events, is regulated by 32 

circadian rhythms. Herein, we provide evidence that melatonin has a direct effect on the circadian 33 
rhythm of chondrocytes. We detected mRNA expression of the genes which encode the 34 
melatonin-synthesizing enzymes AANAT (arylalkylamine N-acetyltransferase) and HIOMT 35 

(hydroxyindole O-methyltransferase), as well as the melatonin receptors MT1 and MT2 in mouse 36 
primary chondrocytes and cartilage. Production of melatonin was confirmed by mass 37 
spectrometric analysis of primary rat and chick chondrocytes. Addition of melatonin to primary 38 

mouse chondrocytes caused enhanced cell growth and increased expression of Col2a1, Aggrecan, 39 
and Sox9, but inhibited Col10a1 expression in primary BALB/c mouse chondrocytes. Addition 40 
of luzindole, an MT1 and MT2 antagonist, abolished these effects. These data indicate that 41 

chondrocytes produce melatonin, which regulates cartilage growth and maturation via the MT1 42 
and MT2 receptors. Kinetic analysis showed that melatonin caused rapid upregulation of Aanat, 43 
Mt1, Mt2, and Pthrp expression, followed by Sox9 and Ihh. Furthermore, expression of the clock 44 

gene Bmal1 was induced, while that of Per1 was downregulated. Chronobiological analysis of 45 
synchronized C3H mouse chondrocytes revealed that melatonin induced the cyclic expression of 46 
Aanat and modified the cyclic rhythm of Bmal1, Mt1, and Mt2. In contrast, Mt1 and Mt2 showed 47 

different rhythms from Bmal1 and Aanat, indicating the existence of different regulatory genes. 48 
Our results indicate that exogenous and endogenous melatonin work in synergy in chondrocytes 49 
to adjust rhythmic expression to the central suprachiasmatic nucleus clock. 50 

 51 
 52 
 53 

INTRODUCTION 54 
 55 
The rate of fetal and juvenile skeletal growth is controlled, to a large extent, by the development 56 

and expansion of cartilaginous growth plates in the long bones, ribs, and vertebrae. Parameters 57 
controlling the rate of chondrocyte proliferation, matrix deposition, and differentiation events 58 
vary along a spatial gradient. These begin with high rates of cell division and hyaline cartilage 59 

matrix deposition in the proliferating zone, and end after several steps of chondrocyte 60 
differentiation to form hypertrophic cells in the hypertrophic zone. The complex regulation of 61 
chondrocyte proliferation and hypertrophy during endochondral ossification involves numerous 62 
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antagonistically- and synergistically-acting hormones, growth factors and their receptors, and 63 
developmental control genes (Goldring et al. 2006, Liu et al. 2016, Reddi 1994, Shao et al. 2006). 64 

There is considerable evidence to suggest that cartilage and bone growth in vertebrates 65 

oscillate in a circadian rhythm, but the exact mechanisms underpinning the circadian regulation 66 
of cartilage growth remain largely unknown. Russell et al. (1984) showed that the mineralization 67 
of rat growth plate cartilage occurs at night. Chondrocyte proliferation, however, occurs mostly 68 

in the early morning. The proliferative phase is followed by expansion of the growth plate, which 69 
peaks at noon in rats (Stevenson et al. 1990),coinciding with the highest rate of collagen matrix 70 
synthesis (Igarashi 2013).  71 

The central mammalian circadian clock is located in the suprachiasmatic nucleus (SCN) of the 72 
hypothalamus, and synchronizes the light/dark cycles of peripheral organs via hormonal and 73 
neuronal mechanisms. Cycle periods are regulated by a transcriptional/translational feedback loop 74 

consisting of the transcriptional activators BMAL1/CLOCK and a repressor complex formed by 75 
PER1/PER2 and CRY1/CRY2 (Dudek and Meng 2014). However, peripheral tissues are also 76 
capable of self-sustained circadian oscillation for >20 cycles when isolated from the central 77 

control, indicating the existence of organ-specific synchronizers of circadian rhythm at the 78 
cellular and tissue levels (Yoo et al. 2004). A long-term mouse ex vivo organ culture study 79 
revealed a tissue-autonomous circadian rhythm that persisted for several months in both articular 80 

and growth plate cartilage (Okubo et al. 2013). Recently, several studies have demonstrated the 81 
rhythmic expression of clock genes in cartilage; indicating that, similar to the central SCN, the 82 
circadian clock in cartilage is regulated by a BMAL1/CLOCK-PER/CRY feedback loop (Dudek 83 

et al. 2016, Gossan et al. 2013, Okubo et al. 2013, Takarada et al. 2012). 84 
The circadian clock of murine chondrocytes also regulates a number of catabolic and anabolic 85 

genes that control key aspects of cartilage homeostasis. For example, BMAL1 stimulates Ihh 86 

expression (Takarada et al. 2012). Accordingly, in the growth plates of BMAL1-null mice, 87 
expression of Ihh is decreased and the rhythmic expression patterns of both Per1 and Ihh are 88 
disrupted (Takarada et al. 2012).  89 

In cartilage, the cyclic expression of Bmal1 and Per1 can be modulated by PTH (1–34), the 90 
active peptide of parathyroid hormone (PTH) (Kunimoto et al. 2016, Okubo et al. 2015). Both 91 
PTH and the related cartilage-derived parathyroid-related peptide (PTHrP) signal through the 92 

PTH receptor PPR1, and are key factors in the control of chondrocyte differentiation (Chung et 93 
al. 1998). It has been shown that PTH (1–34) induces Per1 expression in osteoblasts and 94 
chondrocytes (Hanyu et al. 2011, Hinoi et al. 2006), thereby inducing phase shifts in the circadian 95 



 4 

rhythm during femoral growth (Okubo et al. 2015) and bone fracture healing (Kunimoto et al. 96 
2016).  97 

While PTH (1–34) is a humoral factor that controls the circadian clock in cartilage; melatonin, 98 

an indole primarily synthesized in the pineal gland during darkness, is a primary factor in the 99 
regulation of circadian rhythm throughout the entire body. In addition to the pineal gland, many 100 
other tissues and organs produce melatonin (Acuna-Castroviejo et al. 2014). Melatonin has also 101 

been reported to affect the chondrogenesis of mesenchymal stem cells (Gao et al. 2014) and 102 
stimulate cartilage matrix synthesis (Pei et al. 2009). Therefore, we hypothesized that melatonin 103 
might be an integral part of the autonomous circadian cycle in cartilage. Articular cartilage and a 104 

large portion of embryonic cartilage are not vascularized, meaning that chondrocytes are shielded 105 
from humoral influences. This raises questions about whether chondrocytes are able to respond 106 
to circulating melatonin or, alternatively, able to synthesize melatonin themselves as part of the 107 

cyclic feedback of chondrocyte metabolism.  108 

We show, for the first time, that chondrocytes from several species express the melatonin-109 
synthesizing enzymes arylalkylamine N-acetyltransferase (Aanat) and N-Acetylserotonin O-110 

methyltransferase (Hiomt), as well as the melatonin receptors Mt1 and Mt2 in peripheral regions 111 
of cartilage and hypertrophic cartilage in the growth plate, which are in close proximity to well-112 
vascularized tissues. Furthermore, we demonstrate that melatonin can stimulate chondrocyte 113 

growth and regulate expression of cartilage-associated genes including Ihh, Col2a1, Acan, Sox9, 114 
and Col10a1. Expression of melatonin in rat and chick chondrocytes was further confirmed by 115 
mass spectrometry analysis. We show that melatonin modifies the rhythmic expression of Bmal1, 116 

Mt1, and Mt2; and enhances the rhythmic expression of Aanat mRNA in primary chondrocytes, 117 
supporting the involvement of melatonin in the regulation of cartilage growth and homeostasis. 118 
 119 

MATERIALS AND METHODS 120 
 121 
Primary cell cultures 122 

Chondrocytes were isolated from the ribcages of either embryonic day 18.5 (E18.5) or E19.5 123 
BALB/c and C3H mouse embryos, as previously described (Tomita et al. 2013, Hattori et al. 124 
2010). Primary chick (Gallus gallus) chondrocytes were isolated from the knee cartilage of E17.5 125 

chick embryos. Primary rat chondrocytes were isolated from the ribcage cartilage of E20 rat 126 
embryos (Sprague Dawley). For all experiments, cells were grown in Dulbecco’s Modified Eagle 127 
Medium (DMEM) containing 10% fetal calf serum (FCS) in dishes covered with aluminum foil 128 
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to avoid light contamination, and passage was performed in a darkened room with minimum light. 129 
To synchronize circadian rhythm, serum concentration in the medium was reduced to 1% for 24 130 
hr, 50% for 2 hr, then increased back to 10% for the duration of culture, as indicated in individual 131 

experiments. All animal experiments were conducted in accordance with the institutional rules 132 
following approval from the Animal Care and Use Committee of Okayama University in Japan 133 
(OKU-2018544).  134 

 135 
Isolation of total RNA 136 
Tissues from one or two mice at postnatal day 0 (P0) or chicks at E17.5 were harvested and 137 

homogenized using Isogen reagent (Nippon Gene, Tokyo, Japan). Total RNA was collected and 138 
further purified using an RNeasy kit (Qiagen, Hilden, Germany). 139 

 140 

 141 
Real-time polymerase chain reaction 142 
Resting/growing and hypertrophic cartilage samples from the ribcages of postnatal day 0 (P0) 143 

mice were prepared as described above (Hattori et al. 2010, Tomita et al. 2013). Chondrocytes 144 
were cultured in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) 145 
containing 10% FCS for various lengths of time as indicated under dark conditions before the 146 

total RNA was harvested using an RNeasy kit. Primers used are listed in Table 1. Expression of 147 
GAPDH was used to standardize total amounts of cDNA; however, as GAPDH expression varied 148 
among samples, plasmids in which the amplified cDNA fragments had been cloned were used to 149 

generate standard curves for calculation of gene copy numbers/µg RNA.  150 
 151 

In situ hybridization 152 

In situ hybridization was performed on paraffin-embedded sections as previously described 153 
(Hattori et al. 2010, Schmidl et al. 2006), using digoxigenin-labeled mouse antisense RNA probes 154 
with anti-digoxigenin-labeled alkaline phosphatase and BM purple as a detection system. The 155 

probe for mouse Col2a1 was kindly supplied by Dr. K. von der Mark (University of Erlangen, 156 
Erlangen, Germany) (Hattori et al. 2010, Schmidl et al. 2006). Probes specific for mouse Mt1, 157 
Mt2, and Aanat were generated by PCR amplification and cloned into a pGEM-T Easy vector 158 

(Promega; Madison, WI). Primers used for PCR amplification were as follows: Mt1, 5′-159 
agtacgatccccggatctactcctgtacct-3′ and 5′-acatcttggctgtgcacaacgagacaataa-3′; Mt2, 5′-160 
taatttgtttgtggtgagtctggccttggc-3′ and 5′-ttggccttccttcgggcctggagcaccagt-3′; Aanat, 5′-161 
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tgttgaacatcaactccctgaaacctgagg-3′ and 5′-cagcccggcgcacggccggctgactgccc-3′. 162 
 163 
Western blots 164 

Cultured cells were washed with phosphate-buffered saline (PBS) and harvested with 10 mM 165 
Tris-HCl (pH 8.0) in 150 mM NaCl, 1% Triton X-100, and 0.1 mM phenylmethylsulphonyl 166 
fluoride. We used 66 µg of total protein for western blot analysis. Primary antibodies against MT2 167 

(LSBio, Seattle, USA) and b-actin (Sigma, St. Louis, USA) were used. 168 
 169 
Cell proliferation assay 170 

Mouse primary chondrocytes were seeded into 96-well plates at a density of 0.8 × 104 cells/well 171 
and incubated for 24 hr. The medium was changed, then various concentrations of melatonin (N-172 
acetyl-5-methoxytryptamine; Wako, Osaka, Japan) were added to wells. Cells were further 173 

incubated in the dark for 5 days, and cell density was measured with a 3-(4,5-dimethylthiazol-2-174 
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)-based CellTiter 96 175 
aqueous non-radioactive cell proliferation assay kit (Promega, Fitchburg, USA). To assess the 176 

inhibitory effects of luzindole (N-acetyl-2-benzyltryptamine, Wako) on melatonin signaling, cells 177 
were treated with 1 × 10−4 M luzindole for 1 hr, prior to melatonin exposure. 178 
 179 

Quantification of melatonin and related molecules 180 
Melatonin biosynthesis pathway products were monitored in primary chondrocytes harvested 181 
from E19.5 Sprague Dawley rats by triple mass spectrometric analysis. Conditioned media were 182 

collected after 3 days of culture, and cells were washed with PBS and harvested in 20 mM Tris-183 
HCl (pH 8.0) in 150 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, and 0.1 mM 184 
phenylmethylsulphonyl fluoride. After centrifugation, small aliquots of cell lysates were used for 185 

determination of protein concentration. The remaining supernatants were precipitated with 186 
acetone, and analyzed using an LCMS-8050 Triple Quadruple Liquid Chromatograph mass 187 
spectrometer coupled to an LC-30AD high-performance liquid chromatography (HPLC) system 188 

(Shimadzu, Kyoto, Japan) with an octadecylsilyl (ODS) column (2.0 mm × 150 mm, 3.0 µm 189 
particle size; Tosoh Bioscience, King of Prussia, PA).  190 

For determination of AANAT activity, primary chondrocyte lysates from chick embryos were 191 

harvested in 10 mM PBS (pH 6.5) and incubated with 1 mM tryptamine-HCl and 0.1 mM acetyl-192 
CoA at 37 °C for 60 min. The reaction was stopped with concentrated acetic acid, and the 193 
concentration of N-acetyltryptamine (NATP) produced was monitored as described for rat 194 
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chondrocyte lysate. 195 
Samples for analysis were loaded onto the HPLC column, which had been pre-equilibrated 196 

with 10 mM ammonium acetate in 0.05% acetic acid at 25 °C, and separated using a gradient of 197 

buffer A (10 mM ammonium acetate and 0.05% acetic acid in water) and buffer B (100% 198 
methanol) starting at A95:B5 (vol:vol) and increasing to A50:B50. Melatonin, serotonin, N-199 
acetylserotonin (in rat chondrocyte lysates), and NATP (in chick chondrocyte lysates) were 200 

quantified using mass spectrometry with electro-spray ionization in multiple reaction monitoring 201 
mode. Transition values were confirmed by analysis of the four molecules as markers. Control of 202 
the instrument and data acquisition were carried out using LC solution software (Shimadzu). An 203 

external standard curve was run on the day of analysis. Assay sensitivity limits for melatonin, 204 
serotonin, N-acetylserotonin, and NATP were as low as 11.1, 82.3, 61.2, and 274.1 fg, respectively, 205 
with a 2:1 signal-to-noise ratio. Intra- and inter-assay variation coefficients were 3.94% and 206 

4.60% for melatonin, 3.60% and 9.05% for serotonin, 3.98% and 6.14% for N-acetylserotonin, 207 
and 2.99% and 4.21% for NATP, respectively. 208 
 209 

Statistical analysis 210 
With the exception of circadian rhythmicity, all statistical analyses were performed using SPSS 211 
22.0 software (IBM Japan, Tokyo, Japan). Data are expressed as mean ± standard deviation (SD), 212 

with P < 0.05 considered statistically significant. Circadian rhythmicity was analyzed using a 213 
program provided by Dr. Ziyi Wang (https://github.com/wong-214 
ziyi/Cosinor_Analysis_of_Rhythms) that was modified from the Cosinor2 package of R 215 

(https://cran.r-project.org/web/packages/cosinor2/index.html) for the calculation of parameters 216 
(Bingham et al. 1982, Cornelissen 2014, Hessen et al. 2015). As we performed replicates for each 217 
experimental group, differences of τ between experimental groups were assessed using the 218 

Student’s t-test. Statistical significance was accepted at P < 0.05 and all analyses were performed 219 
using R programming language with open source packages.220 
 221 

 222 
RESULTS 223 
 224 

Quantitative analysis of Mt1 and Mt2 expression in mouse tissues 225 
Real-time PCR analysis of RNA from several tissues of P0 BALB/c mice revealed that Mt1 226 
mRNA expression levels were highest in brain and liver tissues, while Mt2 mRNA levels were 227 
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highest in kidney and skin tissues. Cartilage was found to contain substantial levels of mRNA 228 
(copies/µg RNA) of both Mt1 (Figure 1A, 1.77 ± 0.32 × 104) and Mt2 (Figure 1B, 0.52 ± 0.20 × 229 
104). For comparison, mRNA expression of the cartilage marker gene, Sox9, was highest in 230 

cartilage (Figure 2E, 2.27 ± 0.014 × 107). 231 
 232 
Localization of Mt1 and Mt2 mRNA in mouse cartilage 233 

Localization of melatonin receptor was examined in cartilage tissues of BALB/c mice in vivo.  234 
In situ hybridization analysis indicated relatively strong expression of Mt1 and Mt2 mRNA along 235 
the peripheral zone of cartilage and in the pre-hypertrophic and hypertrophic zones of the growth 236 

plate (Figure 2A). To examine whether melatonin receptor expression levels exhibited a gradient 237 
from the vascularized cartilage-bone border and lower hypertrophic zone to the avascular zones 238 
of proliferating and resting cartilage, chondrocytes were separately collected from hypertrophic 239 

and non-hypertrophic ribcage cartilage.  Analysis of gene expression revealed that Mt1 and Mt2 240 
mRNA levels were higher in Col10a1, VEGF, and MMP13 mRNA-expressing hypertrophic 241 
chondrocytes compared with cells isolated from resting and proliferating cartilage (Figure 2B). 242 

This could indicate that the response to melatonin is high in the vascularized cartilage-bone border. 243 
Resting/proliferating chondrocytes and hypertrophic chondrocytes were also found to contain 244 
MT2 protein, with relatively high levels detected in hypertrophic chondrocytes (Figure 2C). 245 

 246 
Effects of melatonin on chondrocyte growth and gene expression 247 
To analyze the effects of melatonin on chondrocytes, primary chondrocyte cultures were prepared 248 

from the ribcage of E18.5 BALB/c mice. Melatonin was added to media at various concentrations, 249 
with or without luzindole (N-acetyl-2-benzyltryptamine, an antagonist of MT1 and MT2 250 
receptors), and cells were cultured for 5 days.  Analysis of cell density using an MTS-based 251 

assay revealed that melatonin at a final concentration of 1 × 10−8 M or 1 × 10−6 M stimulated cell 252 
growth by up to 20%. Addition of luzindole at a 100-fold molar excess (1 × 10−4 M) compared 253 
with melatonin (1 × 10−6 M) abolished the effect (Figure 3A). Luzindole (1 × 10−4 M) itself was 254 

not cytotoxic, as indicated by the presence of lactate dehydrogenase in the conditioned medium 255 
(data not shown). 256 

The effect of melatonin on expression of chondrocyte differentiation markers was monitored. 257 

Mouse primary chondrocytes were cultured in various melatonin concentrations for 5 days before 258 
total RNA was purified and analyzed. Expression of Aggrecan and Ccn2, which encode enhancers 259 
of endochondral ossification, and Sox9, which encodes a strong inhibitor of chondrocyte 260 
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hypertrophy, were upregulated by melatonin in a concentration-dependent manner (Figure 3B). 261 
In contrast, expression of Col10a1 (which encodes a marker of chondrocyte hypertrophy) was 262 
downregulated and Ihh (which encodes a regulator of hypertrophic chondrocyte differentiation) 263 

was only weakly upregulated by melatonin (Figure 3B). These results indicate that melatonin 264 
stimulates chondrocyte growth through MT1 and/or MT2 receptors, but inhibits chondrocyte 265 
maturation, possibly through induction of Sox9. 266 

 267 
Detection of melatonin-synthesizing enzymes in cartilage 268 

Analysis of Aanat and acetylserotonin O-methyltransferase (Asmt) or Hiomt mRNA levels in 269 

the rib cartilage of newborn BALB/c mice revealed high enough levels for detection (Figure 4A; 270 
Aanat [copies/µg RNA]: cartilage, 2.30 ± 1.62 × 103; brain, 6.61 ± 0.04 × 103; Hiomt: cartilage, 271 
30.7 ± 30; brain: 25.1 ± 11.3]). In situ hybridization indicated relatively strong expression of 272 

Aanat mRNA along the peripheral zone of cartilage, as well as in the pre-hypertrophic and 273 
hypertrophic zones of the growth plate (Figure 4B). 274 
 275 

Melatonin production by chondrocytes 276 
Although expression of Aanat, Mt1, and Mt2 was detected at the level of transcription in 277 
chondrocytes from BALB/c mice, the levels of synthesis were too low to be detected at the protein 278 

level, consistent with a report by Ebihara et al. (1986). Therefore, we analyzed melatonin 279 
production by rat chondrocytes using mass spectrometry. Melatonin was detected in the 280 
conditioned medium collected after 3 days of culture (0.94 ± 0.66 pg/mL), but not in fresh medium 281 

that had not been exposed to chondrocytes (control). Intermediates of melatonin synthesis from 282 
tryptophan, serotonin and N-acetylserotonin, were observed in the control media and in the 283 
conditioned media (data not shown). Melatonin was present in chondrocyte lysates (37.79 ± 25.74 284 

pg/mg protein), but serotonin and N-acetylserotonin were not detected. 285 
 286 
Detection of melatonin-synthesizing enzymes and receptors in chick chondrocytes 287 

In line with the results from mouse tissue, mRNA expression (copies/µg RNA) of Mt1 (1.06 ± 288 
0.011 × 104), Mt2 (2.2 ± 0.14 × 104), Aanat (3.19 ± 0.11 × 104), and Hiomt (7.27 ± 0.62 × 104) 289 
was observed in chick cartilage (Figure S1). 290 

 291 
Accumulation of melatonin and enhanced AANAT activity in chick chondrocytes 292 
Chick chondrocytes were cultured in the dark, and total RNA and cell lysates were collected and 293 
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evaluated every 4 hr. The mRNA expression of Aanat peaked 18 hr after the medium change 294 
(Figure S2A), which was followed by melatonin accumulation, peaking at 22 hr after the medium 295 
change (Figure S2B). Using tryptamine as a substrate, cellular AANAT activity was monitored as 296 

NATP production by cell lysates. Maximum AANAT activity was observed 22 hr after the 297 
medium change (Figure S2C). These results demonstrate that cyclic expression of AANAT mRNA 298 
reflects cycles of enzymatic activity.  299 

 300 
Kinetic analysis of melatonin activity in chondrocytes 301 
Although chondrocytes are able to produce endogenous melatonin, they may still respond to 302 

circulating melatonin originating from the pineal gland. To investigate whether chondrocytes 303 
respond to melatonin in a time-dependent manner, melatonin was added to cultured BALB/c 304 
chondrocytes, and total RNA was collected at regular intervals. Surprisingly, the addition of 305 

melatonin increased levels of Aanat, Mt1, and Mt2 mRNA after 30 min (Fig 5A), indicating that 306 
chondrocytes exhibit a rapid response to melatonin stimulation, and demonstrating the 307 
autoinduction of melatonin synthesis in these cells. Furthermore, melatonin-stimulated expression 308 

of Pthrp and Ihh, which encode key factors in the regulation of chondrocyte differentiation in the 309 
growth plate, was observed. Melatonin was found to affect expression of the transcription factor 310 
and clock gene, Bmal1, and inhibit Per1 expression (Figure 5A). These results suggest that 311 

chondrocytes may themselves produce melatonin in response to circulating melatonin, and also 312 
upregulate melatonin receptor expression, eventually synchronizing clock gene expression in 313 
chondrocytes with the central circadian clock.  314 

The enhancement of Aanat and Ihh gene expression by melatonin in chondrocytes was abolished 315 
by exposure to luzindole (Figure 5B). 316 
 317 

Melatonin modifies the circadian expression of Bmal1 and melatonin receptors in mouse 318 
primary chondrocytes and induces cyclic expression of Aanat 319 
  As melatonin both enhanced mRNA expression of Aanat, Mt1, and Mt2, and altered Bmal1 and 320 

Per1 gene expression, we next examined the possibility that exogenous melatonin could affect 321 
also the cycle expression or period of BMAL1 (a master regulator), AANAT (a rate-limiting 322 
enzyme for melatonin synthesis), and melatonin receptor MT1 and MT2 genes. Primary BALB/c 323 

mouse chondrocytes were synchronized by culturing in DMEM containing 1% serum for 24 hr, 324 
followed by DMEM containing 50% serum for 2 hr. Subsequently, the media was changed to 325 
DMEM containing 10% serum (normal condition, time point zero). Control chondrocytes were 326 
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cultured continuously in DMEM containing 10% serum. Analysis of Bmal1 mRNA that was 327 
isolated from synchronized cultures every 4 hr revealed cyclic expression (22.63 hr period, P = 328 
9.7 × 10−17; Figure 6A) with significantly higher amplitudes than was observed for 329 

unsynchronized cells. The addition of melatonin to synchronized BALB/c primary chondrocytes 330 
at different time points (9 and 13 hr) after synchronization moved the Bmal1 mRNA expression 331 
peak to 17 hr after melatonin addition (Figure 6B), indicating that exogenous melatonin modulates 332 

circadian expression of Bmal1 and other rhythmic gene expressions in BALB/c chondrocytes.  333 
To confirm the cyclic expression of Bmal1, melatonin was added to BALB/c chodnrocytes 13 334 
hours after synchronization and RNA was collected every 4 hr interval for over 58 hours.  The 335 

addition of melatonin did not affect the rhythmic expression of Bmal1 (without melatonin: 23.28-336 
hr period, P = 0.04; +melatonin: 22.68-hr period, P = 0.04, significantly fitted to cosinor model, 337 
Fig. 6C). Rhythmic expression of Mt1 mRNA was observed only after the addition of exogenous 338 

melatonin (17.03-hr period, P = 3.88 × 10−9, Fig. 6D). The Mt2 mRNA expression pattern was 339 
similar to that of Mt1; however, no significant rhythmic expression was observed (P = 0.07, Figure 340 
6E). Analysis of Aanat mRNA in BALB/c chondrocytes did not show rhythmic expression either 341 

with or without the addition of melatonin (data not shown).  342 
   To analyze the effects of melatonin on chondrocytes which express higher levels of 343 
endogenous melatonin than BALB/c chondrocytes, C3H mouse primary chondrocytes were used 344 

and synchronized as described above.   In C3H mouse primary chondrocytes, exogenous 345 
melatonin induced the cyclic expression of Aanat mRNA with a 23.27-hr period (P = 0.03, Figure 346 
7A). Simultaneous analysis of Bmal1 mRNA revealed an 18.67 hr cycle (Figure 7B), while 347 

melatonin changed the Bmal1 expression rhythm from an 18.67-hr period (P = 0.04) in control 348 
cells to a 23.34-hr period (P = 2.6×10−5), similar to the melatonin-stimulated expression rhythm 349 
of Aanat mRNA (Figure 7B). Of note, the copy number of Bmal1 mRNA in C3H chondrocytes 350 

was almost 10 times lower (0.3–1.0 × 105 copies/µg RNA) than in BALB/c chondrocytes (0.5–351 
2.0 × 106 copies/µg RNA). In contrast, Hiomt mRNA did not exhibit a cyclic expression pattern 352 
(data not shown). Interestingly, exogenous melatonin also caused an 8-hr shift in the cyclic 353 

expression peaks of Mt1 and Mt2 mRNA in C3H chondrocytes, without changing their circadian 354 
periods of 16.96 hr (Mt1, +melatonin: P = 0.02) and 16.93 hr (Mt2, +melatonin: P = 0.007), or 355 
17.42 hr (Mt1, −melatonin: P = 0.08) and 17.14 hr (Mt2, −melatonin: P = 0.02), respectively 356 

(Figure 7C and D). These results indicate that rhythmic expression of melatonin receptors is 357 
controlled by other regulators in addition to Bmal1.  358 

 359 
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DISCUSSION 360 
 361 
To the best of our knowledge, this is the first study to show that chondrocytes produce melatonin 362 

and express the melatonin-synthesizing enzyme AANAT and melatonin receptors MT1 and MT2. 363 
Melatonin production by chondrocytes was verified by mass spectrometric analysis of rat and 364 
chick chondrocyte lysates. We also demonstrate that mouse growth plate chondrocytes respond 365 

to melatonin via the MT1 and MT2 melatonin receptors. Melatonin-stimulated chondrocyte 366 
growth and expression of endochondral ossification markers such as CCN2, aggrecan, IHH, and 367 
SOX9, the latter being a strong promoter of chondrogenesis (Tomita et al. 2013) and inhibitor of 368 

chondrocyte maturation (Hattori et al. 2010). However, expression of Col10a1, which encodes a 369 
marker of chondrocyte hypertrophy, was suppressed. This suggests that melatonin accelerates 370 
chondrocyte proliferation but inhibits terminal differentiation and hypertrophy.  371 

Many mouse lines that have been established for research purposes do not produce melatonin 372 
in the pineal gland because they lack AANAT activity (Ebihara et al. 1986). Our experiments 373 
show that BALB/c mouse chondrocytes express the MT1 and MT2 receptors, as well as AANAT 374 

and HIOMT. These findings suggest that this mouse strain retains a melatonin signaling system. 375 
Although melatonin biosynthesis was below the detection level, it may have been decreased 376 
during strain establishment.  377 

We also measured the synthesis of N-acetyltryptamine by tryptamine, a serotonin analog, as 378 
an indicator of AANAT enzymatic activity in chick chondrocytes. The enzyme is particularly 379 
abundant in the pineal gland, which is the major site of melatonin synthesis (Stehle et al. 2011). 380 

This is consistent with the notion that melatonin may be produced in most cells that contain 381 

mitochondria, since melatonin is a mitochondria-targeted antioxidant (Reiter et al. 2016).  382 
Surprisingly, kinetic analysis of the effects of melatonin on chondrocyte gene expression revealed 383 

rapid increases in Aanat, Mt1, Mt2, and Pthrp mRNA levels, indicating a rapid and enhanced 384 
response to melatonin. The increase in expression of Ihh mRNA in response to melatonin was 385 
delayed compared with other genes which were analyzed. This may indicate that the upregulation 386 

of Ihh by melatonin was modified through upregulation of Pthrp. Luzindole, an antagonist of 387 
melatonin receptors, abolished the enhancement of Aanat and Ihh mRNA production, confirming 388 
that the enhanced expression of these genes by melatonin is at least partially mediated by the MT1 389 

and MT2 receptors. The addition of Luzindole repressed Ihh expression, indicating an MT1/MT2-390 
independent effect of luzindole. 391 
Because relatively high levels of Aanat, Mt1, and Mt2 mRNA were observed in the peripheral 392 
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regions and the hypertrophic zone of cartilage, avascular cartilage may respond differently to 393 
melatonin in an endocrine manner. Moreover, melatonin produced in cartilage may affect gene 394 
expression in a para/autocrine manner. Several in vitro studies have reported the effects of 395 

melatonin on chondrocyte metabolism (Gao et al. 2014, Pei et al. 2009), but it is difficult to 396 
compare results: For example, Gao et al. used relatively large melatonin concentrations to show 397 
that, at 5 × 10−5 M, melatonin enhanced chondrogenic differentiation of human mesenchymal 398 

stem cells (Gao et al. 2014), while Pei et al. (Pei et al. 2009) showed that the mRNA and protein 399 
expression levels of type II collagen, SOX9, and aggrecan were enhanced by the addition of 4 × 400 
10−6 M melatonin to porcine articular chondrocytes. Our results are largely consistent with these 401 

reports, confirming that melatonin enhances chondrocyte proliferation and the expression of 402 
cartilage-associated genes. However, a study using cultured chondrocytes from rat vertebral body 403 
growth plates showed that high concentrations of melatonin (4 × 10−4 M) caused inhibition of cell 404 

proliferation and mRNA expression of Col2a1, Aggrecan, Sox9, and Smad4 (Zhong et al. 2013).  405 
We used rib cartilage as a chondrocyte source, however, the effects of melatonin may vary among 406 
cartilage types (e.g. hyaline, fibrous, and elastin cartilage) or, even among hyaline cartilages and  407 

permanent cartilages (e.g. articular or trachea cartilage). Also hypertrophic chondrocytes from 408 
growth plates may show different responses to melatonin.  This needs to be further analyzed. 409 

 410 

The concept of a tissue-autonomous circadian clock in cartilage has been described in previous 411 
studies, and the rhythmic expression of clock genes in articular and growth plate cartilage has 412 
been demonstrated: Several studies have shown that the circadian clock in cartilage is regulated 413 

by a BMAL1/CLOCK and PER/CRY feedback loop (Dudek et al. 2016, Gossan et al. 2013, 414 
Okubo et al. 2013, Takarada et al. 2012). The key focus of our study was the effect of melatonin 415 
on the circadian cycle of cartilage growth. Our results demonstrate that exogenous melatonin 416 

upregulates Bmal1, but downregulates Per1, in chondrocytes; suggesting that melatonin modifies 417 
rhythmic gene expression. To analyze the effects of melatonin on rhythmic gene expression, 418 
primary BALB/c mouse chondrocytes were synchronized, and this synchronization enhanced the 419 

amplitude of Bmal1 mRNA expression, and the addition of melatonin changed the cyclic Bmal1 420 
expression peaking 17 hr after melatonin addition.  Analyzing rhythmic gene expression using 421 
RNA collected every 4 hours over 58 hours, however, the rhythmic expression of Bmal1 did not 422 

change following the addition of melatonin.   Induction of the rhythmic expressions of Mt1 and 423 
Mt2 (not significant, but similar to Mt1 mRNA) was observed after addition of melatonin.   424 

To investigate the effects of exogenous melatonin on melatonin synthesis, and to investigate 425 
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the endogenous melatonin effects in chondrocytes, we compared C3H mouse primary 426 
chondrocytes with BALB/c. In C3H chondrocytes, exogenous melatonin enhanced the amplitude 427 
of Aanat mRNA expression and altered the rhythmic expression of Aanat and Bmal1 compared 428 

with the control group. This could be explained by the fact that melatonin modulates rhythmic 429 
gene expression by regulating Bmal1, a master regulator, and induces endogenous melatonin 430 
expression in cartilage. The cartilaginous melatonin could enhance rhythmic gene expression in 431 

a para/autocrine manner. Upregulated endogenous melatonin further regulates Bmal1 rhythmic 432 
expression in C3H chondrocytes, and changes the Bmal1 rhythmic interval from ~17 to ~24 hr.  433 
In contrast, BALB/c chondrocytes without endogenous melatonin show a ~24 hr Bmal1 434 

expression cycle which is not affected by melatonin addition, because Bmal1 levels in BALB/c 435 
cells is sufficiently high, whereas C3H chondrocytes with a lower Bmal1 expression undergo an 436 
~18 hr Bmal1 expression cycle despite endogenous melatonin; only after addition of exogenous 437 

melatonin, Bmal1 rhythmic expression cycle extends to ~24 hrs as in Balb/c cells.  This indicates 438 
that Bmal1 is the key factor in determining the circadian cycle in chondrocytes, but it is largely 439 
controlled by melatonin. 440 

The Mt1 and Mt2 receptors showed different expression patterns in BALB/c and C3H cells. 441 
Our data indicate that Mt1 and Mt2 expression is induced in BALB/c chondrocytes only after 442 
melatonin stimulation. In synchronized cultures, addition of melatonin induced Mt1 and Mt2 443 

rhythmic expression with a ~17 hr period, because BALB/c chondrocytes retain the ability to 444 
respond to melatonin (via receptors, signal transduction, and transcription control). In contrast to 445 
BALB/c chondrocytes, C3H chondrocytes showed rhythmic expression of Mt1 and Mt2 with a 446 

~17 hr period in the absence of exogenous melatonin, due to higher levels of endogenous 447 
melatonin. The addition of melatonin to C3H chondrocytes changed the cyclic expression peak 448 
by a 13 hr shift, but the cycle period was unchanged, indicating that melatonin receptors may be 449 

regulated by rhythmic regulators other than BMAL1. 450 
We were not able to detect rhythmic expression of aanat in BALB/c chondrocytes, although 451 

we did detect temporary induction of aanat by melatonin. This may be due to the discontinuation 452 

of rhythmic induction of Aanat in BALB/c chondrocytes. 453 
Kunimoto et al. (Kunimoto et al. 2016) have shown that PTH (1–34) is able to reset the 454 

cartilage circadian clock in murine femur organ culture, while a lack of BMAL1 caused disruption 455 

of the cyclic expression of Ihh and Per1 in cartilage (Takarada et al. 2012). Notably, our results 456 
show that melatonin stimulates Pthrp, Ihh, and Bmal1 expression, but inhibits Per1 expression, 457 
suggesting that melatonin directly or indirectly regulates the expression of circadian clock-458 
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associated genes.  459 
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Figure legends 621 
 622 
FIGURE 1. Expression of Mt1, Mt2, and Sox9 mRNA in cartilage and other tissues of 623 

BALB/c mice. Tissues from newborn (postnatal day 0, P0) BALB/c mice were harvested and 624 
total RNA was isolated. Expression of Mt1, Mt2, and Sox9 mRNA was detected in cartilage and 625 
other tissues, including brain. Data are shown as mean ± standard deviation (n = 3). 626 

 627 
FIGURE 2. Detection of Mt1 and Mt2 mRNA and MT2 protein in cartilage. (A) In situ 628 
hybridization. Sections of tibiae from BALB/c mice at embryonic day 19.5 (E19.5) were fixed at 629 

03:00 a.m. A Col2a1 probe was used as a marker of cartilaginous tissue. Key: AS, antisense probe; 630 
S, sense probe. Boxes in upper panels indicate the magnified regions shown in the lower panels. 631 
Scale bars: 200 µm and 20 µm. (B) Comparison of gene expression in hypertrophic versus 632 

resting/proliferating chondrocytes. Hypertrophic cartilage and resting/proliferating cartilage were 633 
separately collected from BALB/c mouse ribcages at E18.5 and cultured. Hypertrophic 634 
chondrocytes were characterized by low expression of Sox9 mRNA and high expression of 635 

Col10a1, Vegf, and Mmp13 mRNA. Expression levels of Mt1 and Mt2 mRNA were also higher 636 
in hypertrophic chondrocytes than in resting/proliferating chondrocytes. Data are shown as mean 637 
± standard deviation (n = 3). *P < 0.05, as determined by Student’s t-tests. (C) Protein expression. 638 

Western blot analysis showed slightly enhanced MT2 protein levels in cultured hypertrophic 639 
chondrocytes compared with resting/proliferating chondrocytes. Actin was used as a loading 640 
control. 641 

 642 
FIGURE 3. Melatonin stimulates chondrocyte proliferation and induces changes in gene 643 
expression. (A) Primary chondrocytes were isolated from the ribcages of BALB/c mice at 644 

embryonic day 18.5 (E18.5) and cultured for 23 hr. Luzindole or a vehicle control 645 
(dimethylsulfoxide) was added to the media, followed 1 hr later by melatonin at the indicated 646 
concentrations. Afterwards, cells were cultured for an additional 5 days in the dark. Cell density 647 

was measured with an MTS-based assay. Melatonin caused increased cell numbers with the 648 
greatest effect at 1 × 10−8 M, while luzindole abolished melatonin-induced enhancement of cell 649 
proliferation. Data are shown as mean ± standard deviation (n = 12). *P < 0.05 compared with 650 

melatonin (−)/luzindole (−) group; ##P < 0.05 compared with 10−6 M melatonin, as determined by 651 
the Bonferroni test. (B) Mouse primary chondrocytes were plated, and 24 hr later melatonin was 652 
added at the indicated concentrations. Measurement of mRNA expression by real-time 653 
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polymerase chain reaction revealed that Ccn2, Aggrecan, Sox9, and Ihh were upregulated by 654 
melatonin, while Col10a1 mRNA levels decreased. Data are shown as mean ± standard deviation 655 
(n = 3). *P < 0.05 compared with dimethylsulfoxide, as determined by one-way analysis of 656 

variance followed by Dunnett’s post hoc test. 657 
 658 
FIGURE 4. Detection of melatonin-synthesizing enzyme mRNA in cartilage and other 659 

tissues of BALB/c mice. (A) Tissues from newborn BALB/c mice were harvested and total RNA 660 
was isolated. Both Aanat and Hiomt mRNA were detected in cartilage and other tissues, including 661 
brain. Data are presented as mean ± standard deviation (n = 3). (B) In situ hybridization analysis 662 

of Aanat mRNA. Sections of tibiae from BALB/c mice at embryonic day 19.5 were fixed at 03:00 663 
a.m., as performed for Figure 2A. Key: AS, antisense probe; S, sense probe. Boxes in upper panels 664 
indicate magnified regions shown in lower panels. Scale bars: 200 µm and 20 µm. 665 

 666 
FIGURE 5. Effect of melatonin on gene expression in mouse primary chondrocytes. (A) 667 
Melatonin (at 1 × 10−6 M) or dimethyl sulfoxide (control) was added to cells and total RNA was 668 

harvested at the indicated time points. Expression of Aanat, Mt1, Mt2, Bmal1, and Pthrp mRNA 669 
as significantly induced 0.5 hr after the addition of melatonin, while Ihh mRNA expression was 670 
induced after 2 hr. Expression of Per1 was inhibited at 0.5 hr. Data are presented as mean ± 671 

standard deviation (n = 3). *P < 0.05 compared with dimethyl sulfoxide, as determined by two-672 
way analysis of variance and Tukey’s post hoc test. (B) Inhibitory effects of luzindole, an MT1 673 
and MT2 melatonin receptor antagonist, in mouse primary chondrocytes. Luzindole (1 × 10−4 M) 674 

was added to cultures 1 hr before the addition of melatonin. Total RNA was collected 2 hr after 675 
melatonin addition. Upregulation of Aanat and Ihh mRNA by melatonin was abolished by 676 
luzindole. Data are presented as mean ± standard deviation (n = 3). *P < 0.05 compared with 677 

control; **P < 0.05 compared with melatonin (+) group; as determined by one-way analysis of 678 
variance and Tukey’s post hoc test.    679 
 680 

FIGURE6. Cyclic expression and rhythm modification of Bmal1, Aanat, and melatonin 681 
receptor mRNA by melatonin. (A) Primary chondrocytes isolated from BALB/c mice were 682 
plated on 3.5-cm dishes at a density of 4 × 105 cells/dish cultured for 48 hr in the dark. For 683 

synchronization, half of the cells were placed in Dulbecco's Modified Eagle Medium containing 684 
1% serum for 24 hr after reaching subconfluence, followed by 2 hr in 50% serum. Subsequent 685 
passage into 10% serum-containing media was set as the 0 hr timepoint. Solid line: synchronized 686 
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cells. Dashed line: control cells (not synchronized, cultured continuously in 10% serum). Red 687 
line: fitting curve from the calculated formula. Total RNA was harvested every 4 hr. All 688 
experiments were performed more than four times and real-time polymerase chain reaction 689 

analysis using a cosinor2 package in R, statistical significance was accepted at P < 0.05. (A) After 690 
synchronization, the amplitude of the rhythmic expression of Bmal1 mRNA was strongly 691 
enhanced. (B) Addition of melatonin (at 1 × 10−6 M) at various time points indicated by  to 692 

BALB/c chondrocytes synchronized and cultured as in (A) had no effect on the expression of 693 
Bmal1.  +mel(9) and  +mel(13): melatonin was added 9 or 13 hr, respecitvely, after 694 
synchronization. Period time between melatonin additon and peak point is indicated. (C) BALB/c 695 

mouse primary chondrocytes were cultured and synchronized as described above. In the (+mel) 696 
group, melatonin was added at final concentration of 10−6 M after 13 hr from synchronization as 697 
indicated by   and total RNA was collected at each indicated time point. Bmal1 expression did 698 

not show large changes in the circadian interval (23.47 hr, −melatonin; 22.23 hr, +melatonin) or 699 
peak time point. (D) Mt1 mRNA showed circadian expression after the addition of melatonin with 700 
a 17.03 hr circadian interval. (E) Although the expression pattern of Mt2 mRNA was similar to 701 

that of Mt1, no significant circadian expression was observed for either (+melatonin and 702 
−melatonin) groups.  703 

 704 
FIGURE 7. C3H mouse primary chondrocytes were synchronized as described above and 705 
melatonin was added to a final concentration of 10−6 M 13 hr after synchronization (indicated 706 
by  ), and total RNA was collected at each indicated time point. (A) In control cultures without 707 

melatonin, Aanat mRNA did not show a clear circadian rhythm; however, melatonin stimulation 708 
induced strong circadian expression (P < 0.05; circadian interval was 23.27 hr). (B) In contrast 709 
to BALB/c chondrocytes, Bmal1 mRNA expression in C3H chondrocytes responded to 710 

melatonin with a change the circadian interval from 18.67 hr to 23.34 hr. (C and D) Expression 711 
of Mt1 and Mt2 mRNA showed similar circadian expression; intervals were 17.42 hr 712 
(−melatonin) and 16.96 hr (+melatonin) for Mt1, and17.14 hr (−melatonin) and 16.93 hr 713 

(+melatonin) for Mt2. Red line: fitting curve from the calculated formula. All experiments were 714 
performed more than four times and real-time polymerase chain reaction analysis carried out 715 
with the cosinor2 package in R. Statistical significance was accepted at P < 0.05. 716 

 717 
 718 
 719 
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Tables 723 
Table 1. Primers used for real-time PCR analysis. 724 

genes mouse (5’-3’) 

mouse (3’-5’) 

chick (5’-3’) 

chick (3’-5’) 

MT1 TCCTGTCTGTGTACCGCAAC 

CGAGGTCTGCCACAGCTAAA 

AGCCACCATCCTCATCTTCAC 

TATATTTCCCGCGTTCCGCA 

MT2 GAAGGGCTCTTTGTCACCAGTTAC 

GGTTCAGGAGCCCATAAACAAT 

GCAAGCTCAGGAACTCAGGTAA 

GCATTTCACCCAAAGTCCATCC 

AANAT 

 

ForBALB/c:AGGGTTAGGAAGTGCCGGAT 

and AGTGCGTTTGAGATTGAGCG 

TAGCAGGAAACACCCAGCCT 

TCCCTAACAGATCCCCTGGA 

for C3H: CAAGTGCAGAGCAAGCAACC 

and CTCAAACCAGCCCAGTGACA 

 

HIOMT GCCATCTACAGGTCGGAGG 

GAAGGGCGAGAGGTCGAAG 

GAGTGCTGCTGGTTGAATCG 

CTGCTGTTCGCTCCTTTCCT 

SOX9 ATCTGAAGAAGGAGAGCGAG 

TCAGAAGTCTCCAGAGCTTG 

CGTTCTTCACCGACTTCCTC 

AGGAAGCTGGCTGACCAGTA 

Aggrecan GAGGAGAGAACTGGAGAAG 

GGCGATAGTGGAATACAA 

 

IHH CTGGCTGCGATTCTTCACAC 

ACTGAGGTGCAAGCCCATCT 

 

ColXa1 TGCTGCCTCAAATACCCTTTCT 

TGGCGTATGGGATGAAGTATTG 

 

VEGF CCTGGTAATGGCCCCTCCTC 

CCCCATTGCTCTGTGCCTTG 

 

MMP13 TCCTCGGAGACTGGTAATGG 

TGATGAAACCTGGACAAGCA 

 

GAPDH CAATGACCCCTTCATTGACC 

GACAAGCTTCCCGTTCTCAG 

ACTTTGGCATTGTGGAGGGT 

ACGCTGGGATGATGTTCTGG 

 725 
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FIGURE 1. Expression of Mt1, Mt2, and Sox9 mRNA in cartilage and other tissues
of BALB/c mice. Tissues from newborn (P0) BALB/c mice were harvested and total
RNA was isolated. Mt1, Mt2, and Sox9 mRNA expression was detected in cartilage and
other tissues, including brain. Data represent mean± SD (n = 3).
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FIGURE 2. Detection of Mt1 and Mt2 mRNA and MT2 protein in cartilage. (A) In
situ hybridization. Sections of tibiae from BALB/c mice at embryonic day 19.5
(E19.5) were fixed at 03:00 a.m. A Col2a1 probe was used as a marker of
cartilaginous tissue. AS, antisense probe; S, sense probe. Boxes in upper panels
indicate magnified region shown in lower panels. Scale bars: 200 µm and 20 µm. (B)
Comparison of gene expression in hypertrophic versus resting/proliferating
chondrocytes. Hypertrophic cartilage and resting/proliferating cartilage were
separately collected from BALB/c mouse ribcages at E18.5 and cultured.
Hypertrophic chondrocytes were characterized by low expression of Sox9 mRNA
and high expression of Col10a1, Vegf, and Mmp13 mRNA. Mt1 and Mt2 expression
levels were also higher in hypertrophic chondrocytes than in resting/proliferating
chondrocytes. Data represent mean ± SD (n = 3). *p < 0.05, determined by
Student’s t-tests. (C) Protein expression. Western blot analysis showing slightly
enhanced MT2 protein levels in cultured hypertrophic chondrocytes compared with
resting/proliferating chondrocytes. Actin was used as a loading control.
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FIGURE 3. Melatonin stimulates chondrocyte proliferation and induces
changes in gene expression. (A) Primary chondrocytes were isolated from the
ribcages of BALB/c mice at embryonic day 18.5 and cultured for 23 hr. Luzindole or
vehicle control (dimethylsulfoxide, DMSO) was added to the medium, followed 1 hr
later by melatonin at the indicated concentrations; afterwards, cells were cultured
for an additional 5 days. During the culture period, cells were kept in the dark. Cell
density was measured with an MTS-based assay. Melatonin increased cell number
with the greatest effect at 1×10-8 M, while luzindole abolished melatonin-induced
enhancement of cell proliferation. Data represent mean ± SD (n=12). *p < 0.05
compared with melatonin (−)/luzindole (−) group; ##p < 0.05 compared with 10-6 M
melatonin, as determined by Bonferroni test. (B) Mouse primary chondrocytes were
plated, and 24 hr later melatonin was added at the indicated concentrations.
Measurement of mRNA expression by real-time PCR revealed that Ccn2, Aggrecan,
Sox9, and Ihh were increased by melatonin, while Col10a1 mRNA levels were
decreased. Data represent mean ± SD (n=3). *p < 0.05 compared with DMSO, as
determined by one-way ANOVA followed by Dunnett’s post hoc tests.
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Figure 4
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FIGURE 4. Detection of melatonin-synthesizing enzyme mRNA in cartilage and other tissues 
of BALB/c mice (A) Tissues from newborn BALB/c mice were harvested and total RNA was 
isolated. Both Aanat and Hiomt mRNA were detected in cartilage and other tissues, including 
brain. Data represent mean ± SD (n = 3). (B) In situ hybridization analysis of Aanat mRNA. 
Sections of tibiae from BALB/c mice at embryonic day 19.5 were fixed at 03:00 a.m., as 
performed for Figure 2A. AS, antisense probe; S, sense probe. Boxes in upper panels indicate 
magnified region shown in lower panels. Scale bars: 200 µm and 20 µm.
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FIGURE 5. Effect of melatonin on gene expression in mouse primary chondrocytes.
(A) Melatonin (1×10-6 M) or DMSO (control) was added to cells and total RNA was
harvested at the indicated time points. Aanat, Mt1, Mt2, Bmal1, and Pthrp mRNA were
significantly induced 0.5 hr after adding melatonin, while , Ihh mRNA was induced after 2 hr.
Per1 expression was inhibited at 0.5 hr. Data represent mean ± SD (n = 3 individuals).
*p<0.05 compared with DMSO, as determined by two-way ANOVA and Tukey’s post hoc
tests. (B) Inhibitory effects of luzindole, a MT1 and MT2 melatonin receptor antagonist, in
mouse primary chondrocytes. Luzindole (1×10-4 M) was added to cultures 1 hr before
melatonin. Total RNA was collected 2 hr after melatonin addition. Upregulation of Aanat
and Ihh mRNA by melatonin was abolished by luzindole. Data represent mean ± SD (n =
3). *p < 0.05 compared with control; **p < 0.05 compared with melatonin (+) group; as
determined by one-way ANOVA and Tukey’s post hoc tests.
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FIGURE6. (A) Primary chondrocytes isolated from BALB/c mice were plated on 3.5-cm
dishes at a density of 4 × 105 cells/dish cultured for 48 hrs in the dark. For
synchronization, , half of the cells after reaching subconfluence were placed in DMEM
containing 1% serum for 24 hrs, followed by 2hrs in, 50% serum,. Subsequent change
into 10% serum-containing media was set as 0 hr timepoint). Solid line: synchronized
cells. Dashed line: control cells (not synchronized, cultured continuously in 10% serum.
Red line: fitting curve from the calculated formula. Total RNA was harvested every 4 hr.
All experiments were performed more than four times and real-time PCR analysis using
a cosinor2 package in R, statistical significance was accepted at P<0.05 (A)After
synchronization, the amplitude of the rhythmic expression of Bmal1 mRNA was strongly
enhanced as analyzed. (B) Addition of melatonin (1×10-6 M) at various time points to
BALB/c chondrocytes synchronized and cultured as in (A) had no effect on the
expression of Bmal1. (C) BALB/c mouse primary chondrocytes, which do not express
endogenous melatonin, were cultured using same method as (Figure 7A). Compared
with C3H chondrocytes, Bmal1 expression did not show large changes of circadian
interval (23.47 hr, -melatonin; 22.23 hr, +melatonin) (D)Mt1 mRNA showed circadian
expression only after the addition of melatonin with a 17-hr circadian interval.
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FIGURE 7. Cyclic expression and rhythm modification of Bmal1, Aanat, and
melatonin receptor mRNA by melatonin. (A) C3H mouse primary chondrocytes
synchronized as described above received melatonin final conc. 10-6 M) for 13 hr and
total RNA was collected at each indicated time point. In control cultures without
melatonin, Aanat mRNA did not show a clear circadian rhythm; however, melatonin
stimulation induced strong circadian expression (p < 0.05; circadian interval was ~24 hr).
(B) In contrast to BALB/c chondrocytes which did not respond to melatonin, Bmal1
mRNA expression in C3H chondrocytes responded to melatonin with a change the
circadian interval from 18.67 hr to 23.34 hr. (C and D) Mt1 and Mt2 mRNA showed
similar circadian expression; however, circadian intervals were 16.96 hr (-melatonin) and
17.42 hr (+melatonin), respectively.


