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Developmental growth plate cartilage formation suppressed by
artificial light at night via inhibiting BMAL1-driven collagen
hydroxylation
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Exposure to artificial light at night (LAN) can induce obesity, depressive disorder and osteoporosis, but the pernicious effects
of excessive LAN exposure on tissue structure are poorly understood. Here, we demonstrated that artificial LAN can impair
developmental growth plate cartilage extracellular matrix (ECM) formation and cause endoplasmic reticulum (ER) dilation,
which in turn compromises bone formation. Excessive LAN exposure induces downregulation of the core circadian clock
protein BMAL1, which leads to collagen accumulation in the ER. Further investigations suggest that BMAL1 is the direct
transcriptional activator of prolyl 4-hydroxylase subunit alpha 1 (P4ha1) in chondrocytes, which orchestrates collagen prolyl
hydroxylation and secretion. BMAL1 downregulation induced by LAN markedly inhibits proline hydroxylation and transport of
collagen from ER to golgi, thereby inducing ER stress in chondrocytes. Restoration of BMAL1/P4HA1 signaling can effectively
rescue the dysregulation of cartilage formation within the developmental growth plate induced by artificial LAN exposure. In
summary, our investigations suggested that LAN is a significant risk factor in bone growth and development, and a proposed
novel strategy targeting enhancement of BMAL1-mediated collagen hydroxylation could be a potential therapeutic approach
to facilitate bone growth.
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INTRODUCTION
Exposure to artificial light at night (LAN) is an increasing global
health problem that afflicts over 80% of the world’s population [1].
Epidemiological evidence have shown that shift-workers exposed to
LAN have high risks of metabolic abnormalities, cardiovascular
diseases and depressive disorder, etc. [2–4]. Recent research
demonstrated that even one night of light exposure can impair
the level of blood glucose and increased insulin resistance in human
[5]. Being a circadian disruption factor, LAN has been proven to alter
the expression profiles of hormones, including melatonin and
corticosterone, which seriously disrupts daily metabolism and
circadian rhythms [6–9]. Even though accumulated scientific
evidence have reported on the various pernicious effects of artificial
LAN on endocrine function and physiological condition etc., whether
or not LAN can induce substantial organic changes are still elusive. It
has also been noticed that exposure to artificial LAN may impair
bone metabolism and contribute to bone mass loss [10]. Hence, it is
necessary to investigate the effects and underlying mechanisms of
excessive LAN on the regulation of osteogenesis.
In mammals, optical signaling is critical for circadian rhythm

synchronization and orchestration of diurnal physiological activities

[11]. The suprachiasmatic nucleus (SCN) receives optical signals
transmitted by intrinsically photosensitive retinal ganglion cells
(ipRGC), which then generates the 24-h rhythmic secretion of
hormones, including melatonin and adrenocorticotropic hormone
(ACTH) that modulate specific circadian rhythms of peripheral
tissues [12–16]. Circadian clock entrained by the light cycle has
been proven to be a critical factor regulating the metabolism of
growth plate cartilage [17, 18]. Our previous studies have
demonstrated that metabolic activities associated with osteogenic
centers exhibit circadian rhythms, manifested as fast DNA
replication in the daytime due to active cell mitosis, alternating
with matrix synthesis during the night [19]. Circadian rhythm
disruption can markedly impair the correct sequence of chon-
drocyte differentiation and endochondral ossification [20]. How-
ever, the pathological processes and underlying molecular
mechanisms by which LAN impairs cartilage extracellular matrix
(ECM) formation within the developmental growth plate remains
unelucidated.
Here, we showed that artificial LAN can suppress cartilage

formation within the developmental growth plate by
inhibiting collagen hydroxylation via the BMAL1/P4HA1 signaling
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pathway, which leads to collagen accumulation in the ER that in
turn impedes bone formation. This study thus provides a new
insight of LAN being a key limiting factor for height increment,
which could in turn provide a novel strategy for promoting
bone development via activation of the BMAL1/P4HA1
signaling axis.

RESULTS
LAN disrupts growth plate cartilage ECM formation and
causes ER dilation
We first established a LAN-exposure mouse model to assay the
effects of artificial LAN on cartilage ECM formation in osteogenic
centers (Fig. 1a). We found that LAN-exposure mice exhibit a
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shorter body length compared with normal LD12:12 mice (Fig. 1b).
Micro-CT results showed reduced femur length of LAN-exposure
mice, along with decreased bone volume per tissue volume
(BV/TV), bone surface area per tissue volume (BS/TV), trabecular
number (Tb.N), and increased inter-trabecular space (Tb.Sp) in the
osteogenic centers of the femur (Fig. 1c, d and Extended Data
Fig. 1b). The thickness of trabecular (Tb.Th) and cortical
bones (Ct.Th) are not altered significantly by LAN (Extended Data
Fig. 1a, b). Safranin O staining demonstrated that the proliferation
zone length and proliferating chondrocyte number were dimin-
ished, accompanied by a decrease in the ratio of cartilage matrix
in the proliferation zone from 80.73% to 67.91% (Fig. 1e–g). The
expression of predominant matrix components type II collagen
(COL2A1) and type VI collagen (COL6A1) decreased significantly,
which was concomitant with a slight decrease in aggrecan core
protein (ACAN) expression (Fig. 1h). We noticed that collagen
without triple-helical configuration labeled by collagen hybridiz-
ing peptide 5-FAM conjugate (F-CHP) was much more in growth
plate of LAN mice, indicating there are more unstable collagen
(Extended Data Fig. 1c). Transmission electron microscope (TEM)
imaging showed that LAN exposure reduced the amount of
collagen fibers in ECM and increased the diameters of endoplas-
mic reticulum (ER) in chondrocytes (Fig. 1i, j). These findings thus
indicate an atrophic phenotype of growth plate cartilage in the
artificial LAN model.

Bmal1 knockout suppresses cartilage ECM formation and
elicits ER dilation
It must be noted that LAN exposure is closely correlated with
circadian rhythm disruptions in multiple-organs [21]. We then
analyzed changes in the expression of classical clock genes within
growth plate cartilage tissues from LAN mice. The qPCR data
showed that LAN significantly reduced the mRNA and protein
level of the aryl hydrocarbon receptor nuclear translocator-like
protein 1 (Bmal1), accompanied by decreased mRNA levels of the
circadian locomotor output cycles protein kaput (Clock) gene and
increased mRNA levels of the period circadian protein homolog 2
(Per2) gene, as well as nuclear receptor subfamily 1 group D
member 1 (Nr1d1) gene (Fig. 2a, b). Our previous studies have
shown that BMAL1 plays critical roles in chondrocyte catabolic
and anabolic metabolisms [22]. Taken together, these evidence
suggested that BMAL1 may be the gatekeeper of chondrocyte
homeostasis while disrupted by artificial LAN exposure.
To explore the role of BMAL1 in cartilage ECM construction, we

successfully constructed a BMAL1-deficiency (Bmal1−/−) mouse
model (Extended Data Fig. 2a). Notably, Bmal1+/− and Bmal1−/−

mice exhibit shorter femur than their wild-type littermates
(Extended Data Fig. 2b). The length of proliferative zone within
the growth plate cartilage are also reduced accompanied by
decreased cell number in proliferative zone in Bmal1+/− and
Bmal1−/− mice (Fig. 2c, d). In particular, compared with the control
samples, the proportion of ECM in the proliferative zone of Bmal1+/−

and Bmal1−/− mice was reduced by about 10% and 20%,
respectively. This evidence suggested that BMAL1 contributes to
cartilage ECM construction (Fig. 2e). To rule out the systemic
influence of whole-animal Bmal1 knockout, we also constructed a

conditional Bmal1 knockout model in murine chondrocyte and their
precursors (Bmal1fl/fl; Twist2-Cre). Alcian blue and alizarin red staining
of E18.5 stage mouse embryos revealed significantly reduced ECM
synthesis and delayed ossification of upper limb and rib cartilage in
Bmal1fl/fl; Twist2-Cre mice (Extended Data Fig. 2c). A significant
reduction was observed in the growth plate proliferative zone
length and the ECM proportion of Bmal1fl/fl; Twist2-Cre mice
(Fig. 2f–h). Immunofluorescent staining showed that both whole-
animal knockout and conditional knockout of Bmal1 significantly
induced the intracellular accumulation of COL2A1 and COL6A1,
except for ACAN in chondrocytes (Fig. 2i–l and Extended Data Fig.
2d–g). TEM image analysis further suggested that loss of Bmal1
generates sparse extracellular collagen fiber distribution and
contributes to ER dilation (Fig. 2m–r). These results thus indicate
that BMAL1 deficiency in chondrocytes severely inhibits growth
plate cartilage ECM formation.

BMAL1 deficiency inhibits collagen secretion and contributes
to ER stress
Next, to explore how BMAL1 regulates cartilage ECM formation,
we selectively knocked down BMAL1 expression (Fig. 3a) and
examined the COL2A1 content of primary chondrocytes. We
found that BMAL1 knockdown slightly reduced COL2A1 expres-
sion, while COL2A1 in the supernatants decreased significantly in
chondrocytes (Extended Data Fig. 3a, b). Immunofluorescent
staining further revealed that COL2A1 was mainly located inside
the ER in Bmal1-knockdown chondrocytes (Fig. 3b), indicating
insufficient collagen transport from ER to Golgi.
To confirm whether BMAL1 deficiency induces defective

transport of COL2A1 from ER to Golgi, we analyzed the temporal
secretory process of COL2A1. In scramble synchronized chondro-
cytes, COL2A1 exhibited a significant overlap with the Golgi
marker GM130 at 12–16 h after synchronization, upon secretion
into the extracellular space (Fig. 3c). In contrast, BMAL1 down-
regulation prevented COL2A1 from reaching the Golgi apparatus,
leading to excessive COL2A1 accumulation in the ER (Fig. 3c and
Extended Data Fig. 3c). We also noticed that F-CHP staining was
extensive in Bmal1-knockdown chondrocytes (Extended Data
Fig. 3d). Meanwhile, the levels of ER stress markers endoplasmic
reticulum chaperone BiP and DNA damage-inducible transcript 3
protein (CHOP) were markedly elevated, accompanied by ER
dilation (Fig. 3d, e and Extended Data Fig. 3e). To further confirm
whether ER stress in Bmal1-knockdown chondrocytes were caused
by COL2A1, we knocked down COL2A1 expression. Simultaneous
knockdown of BMAL1 and COL2A1 decreased the expression of ER
stress markers in chondrocytes (Fig. 3f, g), indicating that ER stress
is mainly caused by improperly folded COL2A1 within the ER.
Immunofluorescent staining showed increased CHOP in growth
plate of Bmal1+/− and Bmal1−/− mice, thus validating in vivo ER
stress induction (Fig. 3h). Moreover, Bmal1 knockout led to a slight
increase in oxidative stress and cell apoptosis (Fig. 3i). Concurrent
with ER stress, BMAL1 downregulation increase the Beclin-1
(BECN1) and microtubule-associated protein 1 light chain 3 beta
(MAP1LC3B) expression, thus activating ER-Phagy (Extended Data
Fig. 3f). We used the autophagy inhibitor bafilomycin A1 to inhibit
ER-Phagy and the results showed an increasing COL2A1 content in

Fig. 1 LAN inhibits growth plate cartilage ECM formation and causes ER dilation. a Schematic illustration of the experimental protocol.
b Representative images of LD12:12 and LAN-exposure mice. c Representative Micro-CT images of distal femurs from 7-week-old LD12:12 and
LAN-exposure mice. d Quantitative skeletal parameters of femurs from LD12:12 and LAN-exposure mice, including bone length, bone volume
per tissue volume (BV/TV) and bone surface per tissue volume (BS/TV), showing the variation of endochondral ossification. (n= 5 per group).
*P < 0.05, **P < 0.01. e–g Representative Safranin O staining shows the morphology of distal femur growth plate cartilage and quantitative
analysis of proliferative zone length, cell number and ECM proportion in LD12:12 and LAN mice. *P < 0.05, **P < 0.01. Scale bars, 100 μm. The
black area indicates the chondrocytes and the blue area indicates the cartilage ECM. h Immunofluorescent staining of COL2A1, COL6A1 and
ACAN in femur growth plates from LD12:12 and LAN mice, respectively. Scale bars, 20 μm. i, j Representative TEM images of growth plate
cartilage ECM and rough ER within chondrocytes and quantification of ER diameter from LD12:12 and LAN-exposure mice. ****P < 0.0001.
Black arrows indicate the rough ER. In LAN-exposure mice, the rough ER was dilated abnormally. Scale bars, 500 nm.
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ER, indicating that ER-Phagy is responsible for degradation of
unfolded COL2A1 (Extended Data Fig. 3g, h). The flow cytometry
analysis result showed that inhibition of autophagy/ER-phagy in
Bmal1-deficient cells resulted in higher cell apoptosis while the
simultaneous knockdown of Bmal1 and Col2a1 could reduce cell

apoptosis (Extended Data Fig. 3i), suggesting that inhibition of ER-
phagy in Bmal1-deficient cells increased apoptosis due to
excessive stress. These data thus suggested that BMAL1 deficiency
blocks COL2A1 transport from ER to the Golgi apparatus and
triggers subsequent ER stress and collagen degradation.
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Impaired COL2A1 hydroxylation in BMAL1 deficient
chondrocytes triggers ER stress in a P4HA1-dependent
manner
To dissect the mechanisms by which BMAL1 downregulation leads
to COL2A1 misfolding, we performed genome-wide RNA sequen-
cing to characterize the transcriptional profile of BMAL1-
knockdown chondrocytes. A total of 1699 differentially expressed
genes (DEGs) were found in BMAL1-knockdown chondrocytes,
including 816 upregulated genes and 813 downregulated genes
(Fig. 4a). Gene ontology (GO) analysis revealed that biological
pathways associated with ER stress, extracellular matrix organiza-
tion, collagen fibril organization and circadian rhythm were
enriched, in which collagen fibril organization was identified as
the most significantly enriched process (Fig. 4b). As previously
mentioned, BMAL1 may be involved in collagen fibril organization,
thus controlling collagen secretion.
Then, we focused on the DEGs of collagen fibril organization

process, in particular that related to the transport process of
COL2A1 from ER to Golgi, including prolyl 4-hydroxylase subunit
alpha-1 (P4ha1), and serpin H1 (Serpinh1) (Fig. 4c and Extended
Data Fig. 4a, b). qRT-PCR assays further verified that both P4ha1
and Serpinh1 decreased significantly (Fig. 4d). Then, we examined
the expression of P4HA1 in the growth plate cartilages and the
results showed that the P4HA1 expression are obviously
decreased in Bmal1+/− and Bmal1−/− mice in comparison with
WT mice (Fig. 4e, f). Overexpression of P4HA1, a major proline
hydroxylase which is necessary for collagen proper folding and
secretion [23], effectively increased the COL2A1 content in Bmal1-
knockdown chondrocyte supernatants, while SERPINH1 upregula-
tion failed to reverse this phenotype (Fig. 4g, Extended Data Fig.
4e). This suggests that P4HA1 is the major downstream molecule
of BMAL1 regulating COL2A1 secretion. We also found that P4HA1
and hydroxyproline (pro-OH) were significantly reduced in the
growth plate cartilage of the LAN-exposure model or Bmal1−/−

mice (Fig. 4h, i, Extended Data Fig. 4c, d). P4HA1 downregulation
blocks COL2A1 transportation form ER to Golgi and induces
increased ER stress (Extended Data Fig. 4f–i). In addition, P4HA1
overexpression can promote proline hydroxyl modification and
reduce COL2A1 retention and improper folding of collagen,
accompanied by alleviated ER stress in Bmal1 knockdown
chondrocytes (Fig. 4j–m and Extended Data Fig. 4j). Altogether,
these results demonstrated that BMAL1-deficiency blocks the
process of collagen secretion via downregulation of P4HA1, which
is required for collagen proline hydroxyl modification.

Transcriptional regulation by BMAL1 induces rhythmic
expression of P4HA1 in chondrocytes
As a typical canonical transcription factor [24], BMAL1 fulfills its
function by activating the transcription of downstream genes.
To gain more insight into the mechanisms by which BMAL1

regulated P4HA1, the JSPAR database was used to predict the
potential transcriptional binding site for BMAL1 in the promoter of
P4ha1 (Fig. 5a). We performed chromatin immunoprecipitation
(ChIP) assay and the results showed that BMAL1 binds to the
P4ha1 promoter (−538 to −412,127 bp) containing an E-box
element (CAGGTG) (Fig. 5b), suggesting that P4ha1 transcription
can be controlled by BMAL1. Furthermore, BMAL1 upregulation by
SR1078 significantly promoted BMAL1 binding to the P4ha1
promoter and there was a dose-dependent increase in BMAL1 and
P4HA1 expression was observed in vitro (Fig. 5c, d). Then we used
dual-luciferase assay to evaluate the transcription competency of
P4ha1 promoter in chondrocytes. The results demonstrated that
the transcriptional activity of the P4ha1 promoter was inhibited to
some extent in the mutants with E-box elements (Fig. 5e). Then,
we observed that the levels of BMAL1, P4HA1 and pro-OH
exhibited circadian oscillation and the peaks of BMAL1, P4HA1
and pro-OH were near ZT6, ZT12 and ZT12 in the growth plate
cartilages, respectively (Fig. 5f, g). Consistent with in vivo results,
Bmal1 and P4ha1 also exhibited circadian oscillation and the
mRNA peaks of Bmal1 was near CT4-8 and P4ha1 was near CT8-12
(Fig. 5h). And P4HA1 protein, with a maximum near CT12, was
later than the peak of BMAL1 which peaked at CT8 while BMAL1
knockdown decreased the expression levels of BMAL1 and P4HA1
(Fig. 5i). In addition, the hydroxyproline content is rhythmically
expressed, while such rhythmic expression disappeared upon
BMAL1 downregulation (Fig. 5j), thus indicating that circadian
fluctuation of P4HA1 induced by BMAL1 maintains the physiolo-
gical activities of collagen proline hydroxyl hydroxylation. Next, we
upregulated P4HA1 in BMAL1-knockdown chondrocytes and
found that there was increased COL2A1 transport towards the
Golgi apparatus (Fig. 5k). Together, our data confirmed that
BMAL1 mediated P4ha1 transcription drives rhythmic hydroxyla-
tion of collagen in chondrocytes.

Restoration of the BMAL1/P4HA1 axis reverses LAN-induced
dysregulation of growth plate cartilage formation
To further validate whether decreased BMAL1/P4HA1 signaling
axis is responsible for the dysregulation of cartilage ECM
formation observed in the LAN-exposure mouse model, we
performed in vivo experiments involving supplementation of
SR1078, a small molecule which can promote BMAL1 expression
(i.p. daily, 15 mg/kg) (Fig. 6a). To test whether SR1078 affects the
BMAL1/P4HA1 axis, we detected the mRNA expression levels of
Bmal1 and P4ha1 over a 24-h period and found that the mRNA
expression levels of Bmal1 and P4ha1 follow the circadian rhythm,
with P4ha1 reaching its trough around ZT16 in the femur growth
plate of LD12:12 mice, while its oscillation disappeared in the LAN-
exposure model. SR1078 treatment effectively recovered the
circadian rhythm and expression of Bmal1 and P4ha1, as well as
hydroxyproline content in the distal femur growth plate

Fig. 2 Bmal1 knockout suppresses cartilage ECM formation and elicits ER dilation. a Relative mRNA expression of Bmal1, Clock, Per1 and Cry2
in LD12:12 and LAN mice (n= 3 per group). *P < 0.05, ***P < 0.001, ****P < 0.0001, ns, not significant. b Immunohistochemistry staining of
BMAL1 in growth plate cartilage of distal femur. Scale bars, 100 μm. c–e Representative Safranin O staining images of distal femur growth plate
cartilage and quantitative analysis of proliferative zone lengths, proliferative chondrocyte numbers and ECM proportions in WT, Bmal1+/− and
Bmal1−/− mice (n= 5 per group). Scale bars, 100 μm. f–h Representative Safranin O staining images of femur growth plate cartilage and
quantitative analysis of proliferative zone lengths, proliferative chondrocyte numbers and ECM proportions in Bmal1fl/fl and Twist2-Cre Bmal1fl/fl

mice. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 100 μm. i Immunofluorescence images of COL2A1 and KDEL within the proliferative zone of
growth plate cartilage from WT and Bmal1−/− mice. j Immunofluorescence images of COL2A1 and KDEL within the proliferative zone in the
femur of Bmal1fl/fl and Twist2-Cre Bmal1fl/fl mice. Scale bars, 20 μm. k Colocalization analysis of COL2A1 and KDEL by pearson’s correlation in WT
and Bmal1−/− mice. **P < 0.01. l Colocalization analysis of COL2A1 and KDEL by pearson’s correlation in Bmal1fl/fl and Twist2-Cre Bmal1fl/fl mice.
m Representative TEM images of growth plate ECM of wild type and Bmal1−/− mice. Scale bars, 500 nm. n Representative TEM images of rough
ER within proliferative chondrocytes from wild type and Bmal1−/− mice. Black arrows indicate the rough ER. In Bmal1−/− mice, the rough ER was
dilated abnormally. Scale bars, 500 nm. o Quantitative analysis of ER diameter from wild type and Bmal1−/− mice. ****P < 0.0001.
p Representative TEM images of growth plate ECM of Bmal1fl/fl and Twist2-Cre Bmal1fl/fl mice. Scale bars, 500 nm. q Representative TEM images
of rough ER within proliferative chondrocytes from Bmal1fl/fl Bmal1fl/fl Twist2-Cre mice. Black arrows indicate the rough ER. In Bmal1fl/fl Twist2-Cre
mice, the rough ER was dilated abnormally. Scale bars, 500 nm. r Quantitative analysis of ER diameters from Bmal1fl/fl and Twist2-Cre Bmal1fl/fl

mice. ****P < 0.0001.
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(Fig. 6b–d). And our result showed that increased Bmal1 level in
growth plate cartilages was detected as early as 6 h post injection
and peaked at 12-h post injection and the Bmal1-inducing effect
by SR1078 can last at least 24 h (Extended Data Fig. 5a). Then we
tested the bone formation activity in vivo and found that
SR1078 significantly elevated bone length, BV/TV, BS/TV and

Tb.N in LAN model (Fig. 6e and Extended Data Fig. 5b). This
indicates that restoration of the BMAL1/P4HA1 axis can rescue
LAN exposure-induced defects in bone formation. LAN mice
displayed a reduction in body weight after 12 days of exposing to
LAN and body weight increased after SR1078 treatment, while the
food consumption did not differ among all groups (Extended Data
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Fig. 5c, d), indicating that change of bone volume is not caused by
food intake. Moreover, we found that SR1078 treatment increased
cartilage matrix mass in the proliferative zone, effectively
enhancing the ECM ratio (Fig. 6f), accompanied by elevated
extracellular collagen content, increased amount of collagen fibers
and reversal of ER dilation (Fig. 6g, h and Extended Data Fig. 5e).
Collectively, these results demonstrated that upregulation of
BMAL1/P4HA1 effectively promotes cartilage ECM deposition and
subsequent endochondral ossification after LAN exposure.

DISCUSSION
Our study demonstrates that decreased BMAL1/P4HA1 signaling
drives the deficiency of collagen hydroxylation which accounts for
the impairment of cartilage ECM formation induced by artificial
LAN exposure (Fig. 7). Previous report indicated that short term
LAN also decreases ovarian follicle number, accompanied with
downregulated clock gene expression and DNA damage [25].
Circadian clock is entrained by light signals and LAN impairs
melatonin level, sleep quality and circadian rhythm [6, 26, 27].
Upon receiving light signals from retina ipRGCs, SCN synchronizes
the peripheral tissue clock, while untimely light stimuli can disrupt
local circadian clock gene expression [28]. Therefore, LAN-
associated health risks are worthy of more attention and everyone
should be cautioned to avoid exposure to artificial LAN, especially
adolescents.
The circadian clock is an essential regulator of growth plate

cartilage homeostasis and cartilage development [17, 18]. Our
recent study demonstrated that the cartilage circadian clock is
predominantly regulated by melatonin-mediated AMP-activated
protein kinase (AMPK) signaling pathway [19]. Among the common
circadian clock genes, we found that Bmal1 was significantly
downregulated by LAN. BMAL1 has been proven to be responsible
for maintaining cartilage circadian rhythms and BMAL1-deficiency
in chondrocytes could induce progressive degeneration character-
ized by loss of cartilage [22]. We have also examined the
morphology of the growth plate from the 6-month-old Twist2-
specific Bmal1-KO mice. We didn’t observe the “cavity-like”
structural changes in the growth plate (Extended Data Fig. 2h).
Unlike growth plate, articular cartilage is a load-bearing tissue, the
mechanical loading likely account for this discrepancy. Previous
report indicated that Bmal1 deletion inhibits cell proliferation and
increases cell apoptosis in the growth plate cartilages, which
affects growth plate thickness [29]. Downregulation of BMAL1
aggravates catabolism and local inflammation in the pathophysiol-
ogy of cartilage degeneration related disorders [30, 31]. In this
study, we chose Twist2-specific Bmal1-knockout mice, in which the
Twist2-cre mice have been conventionally used to achieve gene
inactivation in cartilages [20, 32], to investigate the roles of BMAL1
in the whole process of cartilage differentiation and development.
We noticed that Bmal1-deficiency in chondrocytes could
decrease the thickness of the proliferative zone, which is closely
associated with reduced COL2A1 secretion and impaired cartilage
matrix formation. Moreover, the previous study reported that
postnatal deletion of Bmal1 in matured osteoblasts can delay
endochondral ossification, resulting in a thicker tibial growth plate

[33]. In the bone marrow, osteoblast-specific Bmal1 knockout can
increase trabecular bone mass through activation of
BMP2/SMAD1 signaling pathway [33]. Overall, BMAL1 in chondro-
cytes is vital for chondrocyte sequence differentiation and matrix
formation, and osteoblast BMAL1 also plays an important indirect
regulatory role in endochondral ossification, suggesting that
BMAL1 regulates physiological activities of growth plate cartilage
through multiple mechanisms.
Here, we revealed that BMAL1 deficiency induces defects in

collagen assembly through P4HA1. P4HA1 is responsible for
4-hydroxyproline generation in the Yaa position of Gly-Xaa-Yaa
repeats of collagen, which is necessary for collagen triple-helix
structure formation [23, 34, 35]. Individuals with bi-allelic P4HA1
mutations display severe bone dysplasia and muscle weakness,
and loss of P4HA1 is known to induce embryonic lethality in mice
[35, 36]. We further confirmed that BMAL1 modulates P4ha1
expression through direct transcriptional regulation, which leads
to rhythmic fluctuations in P4HA1 and hydroxyproline expression,
which peaks around CT12. This result correlates exactly with our
recent findings that cartilage matrix synthesis mainly occurs
during night time [19]. As reported by a previous study, the
circadian clock precisely regulates collagen secretion in tendon via
traffic-related genes, including Sec12a, Mia3, Pde4d and Vps33b
[37]. We observed that COL2A1 reach the Golgi by CT12 to CT16 in
chondrocytes, which is coincident with the timing of collagen
hydroxylation, thus indicating that COL2A1 hydroxylation and
transportation are intimately coupled together. Therefore, prolyl
hydroxylases regulate collagen hydroxylation and secretion in a
circadian-dependent manner and LAN disrupted BMAL1-driven
collagen hydroxylation leads to impaired matrix synthesis and
cartilage formation at night.
We have showed that upregulation of BMAL1-driven collagen

hydroxylation by the small molecule SR1078 effectively alleviated
the detrimental impacts of LAN exposure in mice. Emerging
evidences suggest that both hormones (including melatonin,
thyroxine, somatotropin, etc.) secretion and collagen synthesis are
orchestrated by intrinsic circadian clock system [38]. The
ubiquitous LAN can disrupt the intrinsic circadian rhythms and
then destroy the secretion of melatonin, glucocorticoid hormones,
gonadotropins and thyroid hormones [39]. These findings
suggested that circadian rhythm targeting agonist SR1078 could
improve most growth disorders through restoring the daily
synthesis and secretion of hormones and collagen. In addition,
BMAL1 downregulation has been proven in human OA cartilage
and the articular cartilage of aged mouse [22, 40]. Bmal1 ablation
in mouse chondrocytes could abolish chondrocyte intrinsic
circadian rhythm and cause OA-like degeneration [22]. Conversely,
BMAL1 overexpression neutralize the IL-1β-induced degeneration
of chondrocyte and promote COL2A1 and ACAN expression and
inhibit MMP13 and ADAMTS5 expression [41, 42]. Therefore, we
believe that both impaired growth and OA could be treated by
SR1078. The Bmal1-inducing effect by SR1078 in first 24 h post
injection showed 2- to 3-fold than that in second 24 h post
injection, suggesting that once per day dosing is preferred. To
compliant with the intrinsic BMAL1 expression pattern, the time
point of SR1078 application should be ZT18 in mice. Moreover, we

Fig. 3 BMAL1 deficiency inhibits collagen secretion and contributes to ER stress in vitro. a Validation of Bmal1 knockdown using anti-
BMAL1 antibody. (Green: BMAL1; blue: DAPI; Scale bar, 20 μm). b Immunofluorescence analysis of COL2A1 and KDEL in scramble and Bmal1-KD
chondrocytes, respectively. (Green: COL2A1; red: KDEL; blue: DAPI; Scale bar, 20 μm). c Time-series immunofluorescence analysis of COL2A1 and
GM130 in synchronized scramble and Bmal1-KD chondrocytes, respectively. (Green: COL2A1; red: GM130; blue: DAPI; Scale bar: 20 μm). Bottom:
3D surface plots of the immunofluorescent images. d Representative TEM images of ER and quantitative analysis of ER diameters in scramble
and Bmal1-KD chondrocytes. Black arrows indicate the rough ER. Right: Quantitative analysis of mean ER diameters. ****P < 0.0001. Scale bar,
500 nm. e Protein levels of ER stress markers, including BiP and CHOP in scramble and Bmal1-KD chondrocytes. f Representative TEM images of
ER and quantitative analysis of ER diameters in Bmal1-KD and Bmal1, Col2a1 double-knockdown chondrocytes. Black arrows indicate the rough
ER. Right: Quantitative analysis of mean ER diameters. ****P < 0.0001. Scale bar, 500 nm. g Protein levels of BiP and CHOP in chondrocytes with
Bmal1 and Col2a1 double-knockdown. *P < 0.05, **P < 0.01, ****P < 0.0001. h Western blot showed the CHOP expression in WT, Bmal1+/− and
Bmal1−/− mice. i Representative immunofluorescence images of DHE and Caspase-3 in WT and Bmal1−/− mice. Scale bar, 20 μm.
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recommend that SR1078 can be applied until the end of growth
plate development. In the future, the efficacy of SR1078 treatment
of LAN exposure needs to be evaluated in clinical trials, and the
medication safety needs to be rigorously evaluated along with its
efficacy.

MATERIALS AND METHODS
Animal study
Three-week-old male C57BL/6J mice obtained from Vital River Bioscience
(Beijing, China) were used in this study. Mice were randomly assigned to
either the LD12:12 or LAN-exposure group after acclimating to the
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environment for one week. LD12:12 mice were maintained in a 12 h light/
12 h dark (LD 12:12) cycle. Whereas extra light was administered from
zeitgeber time (ZT)13 to ZT19 in the LAN-exposure group. The mice were
then sacrificed for femur extraction 3 weeks later. The Bmal1−/− and
Bmal1fl/fl Twist2-Cre mouse have been described previously [20]. The
Bmal1+/− mice were bred for production of Bmal1−/− mice. The identified
primer sequences were: 5′-CCAC CAAGCCCAGCAACTCA-3′ (common
forward), 5′-ATTCGGCCCCCTATCTTCTGC-3′ (wild-type reverse), 5′-
TCGCCTTCTATCGCCTTCTTGACG-3′ (targeting reverse). We crossed
Bmal1fl/fl mice with Twist2-Cre mice to generate mice lacking Bmal1 in
chondrocytes. For SR1078 treatment, SR1078 (MCE, HY-14422) at a
concentration of 15mg/kg was administrated (i.p. daily) for three weeks.
Experimenter blinding was done at the time of group allocation before and
after animal model establishment. We excluded the mice with poor health
in this study. The experimental protocol was approved by the Institutional
Animal Care and Use Committee of Tongji Medical College (LAUCU
Number:2809).

Cell culture and reagent
Primary chondrocytes were isolated from the articular cartilage of 3-week-
old male SD rat. Briefly, the distal femurs were extracted and the soft
tissues were cleaned up. After 3 times washing with PBS, the cartilage
tissue was separated and cut into pieces as small as can be obtained. After
30min digestion with 0.25% (w/v) trypsin at 37 °C, collagenase II solution
was mixed with the samples at 37 °C overnight. The next day, after
centrifugation, the precipitate was suspended in DMEM/F12 (Hyclone)
medium with 10% (v/v) FBS (Gibco). Primary chondrocytes were cultured at
37 °C, within a humidified 5% CO2 atmosphere. For BMAL1 inhibition,
chondrocytes were treated with SR9009 (MCE, HY-16989) at 10μmol/mL.
For inhibition of autophagy, chondrocytes were treated with Bafilomycin
A1 (HY-100558).

Micro-CT analysis
The mice femurs were extracted and fixed in 4% (w/v) paraformaldehyde.
The samples were positioned at the scanning bed and scanned with a
spatial resolution of 9 μm per voxel by Micro-CT (SkyScan 1176, Broker). We
performed Micro-CT analysis and calculated the bone morphology
parameters including bone length, bone volume/total volume, trabecular
number, trabecular separation, trabecular thickness and bone surface area/
bone volume by the InstaRecon/NRecon Research Workplace software.

Transcript sequencing analysis
Total RNA of primary chondrocytes with or without Bmal1 knockdown
were isolated by RNAiso Plus (Invitrogen, USA). A minimum of 1 μg RNA
were sent to Nonvogene (Wuhan, China) for quality control, library
preparation and next-generation sequencing. Briefly, the RNA was
fragmented into 250–300 bp fragment and reverse transcribed. The
selected cDNA was subjected to PCR with Phusion High-Fidelity DNA
polymerase, Universal PCR primers and Index (X) Primer. Then, the cDNA
was purified by the AMPure XP system. Transcriptome sequencing was
performed with the Novaseq platform (Illumina, San Diego, CA, USA),
which generated 150 bp paired-end reads. The read numbers were
counted by featureCounts v1.5.0-p3, followed by calculation of FPKM of
each gene. We then used the DESeq2 R package (1.16.1) to perform
differential expression analysis of the two groups.

Histology and immunohistochemistry analyses
The mice femurs were fixed in paraformaldehyde, EDTA (10%)-decalcified
and paraffin-embedded. Then the samples were deparaffinized and

rehydrated in xylene and graded ethanol, respectively. The 6-μm paraffin
sections were stained with fast green and safranin O following standard
protocols. To measure the ECM proportion, we divided the area of
chondrocytes and extracellular matrix in the images of Safranin O staining
according to literature method [43, 44]. Then the software Image J was
used to calculate the area of chondrocyte and extracellular matrix
respectively in each section. The ECM/chondrocyte proportion in growth
plate was defined as the ratio of ECM/cell area to total area. For
immunohistochemistry, antigen retrieval was performed with citrate
buffer. The BMAL1 levels in the growth plate were detected using BMAL1
antibody (1:200, Abcam, ab93806). After incubation with BMAL1 antibody
overnight at 4 °C, the sections were incubated with biotin-conjugated
secondary antibody, and then visualized using a DAB kit and hematoxylin
counterstaining. Finally, the sections were sealed with neutral gum and the
images were captured under a Nikon microscope (Japan).

Cell synchronization
Cell circadian rhythm establishment was conducted as described
previously [45]. Briefly, the primary chondrocytes were cultured in cell
culture dishes until the cell confluence reached 100%. Subsequently, the
cells were treated with dexamethasone (1 μmol/L, Sigma) for 1 h and the
medium was changed to complete DMEM/F12 medium, at which the
moment was set as CT0. The cells were then harvested for further
experiments every 6 h.

Western blotting
The relative protein expression levels were analyzed by western blotting.
The cell samples were lysed with RIPA buffer containing protease inhibitor
cocktail and phosphatase inhibitor. The mixture was then centrifuged at
12,000 g at 4 °C after cell lysis with a ultrasonicator. Then the protein
concentrations were determined by a Bicinchoninic Acid Kit (Beyotime,
P0012S). Meanwhile, the SDS loading buffer (5×) was then added into the
supernatant for 5 min at 95 °C. A total of 30 μg protein within each lane
were separated using 10% (w/v) polyacrylamide gels and then transferred
to a PVDF membrane. The membranes were first blocked by 5% (w/v)
skimmed milk, and the various proteins were detected by incubation with
primary antibodies, including BMAL1 (1:1000, Abcam, ab93806), COL2A1
(1:1000, Abcam, ab34712), BiP (1:1000, Proteintech, 11587-1-AP), CHOP
(1:1000, Proteintech, 15204-1-AP), P4HA1 (1:4000, Proteintech, 12658-1-
AP), β-actin (1:1000, Proteintech, 20536-1-AP), GAPDH (1:10000, Protein-
tech, 10494-1-AP) overnight at 4 °C. Next, the membranes were visualized
by secondary antibody and ECL solution. The antibodies used in this study
are listed in Supplementary Table 1.

QRT-PCR
RNA was isolated from mice growth plate cartilage and cells as described
previously [19]. Briefly, the tissues and cells were mixed in RNAiso Plus
(Invitrogen, USA) and RNA was isolated according to the manufacturer’s
protocol. Then the extracted RNA was reverse transcribed using HiScript III RT
SuperMix for qPCR (+gDNA wiper) (Vazyme, China). The PCR amplification
quantitative analyses were performed with ChamQTM SYBR® qPCR Master
Mix (Vazyme, China). GAPDH expression was used for normalization and the
primer sequences are listed in Supplementary Table 2.

Immunofluorescence staining and Collagen-hybridization
peptide assays
For tissue immunofluorescence staining, antigen retrieval and blocking
were performed on rehydrated cartilage sections. Cells were washed by
PBS and fixed with 4% (w/v) paraformaldehyde for 20min, followed by

Fig. 4 Impaired COL2A1 hydroxylation in BMAL1 deficient chondrocytes triggers ER stress in a P4HA1-dependent manner. a Volcano plot
showed the DEGs between scramble and Bmal1-KD chondrocytes (P < 0.01). b Gene ontology (GO) enrichment analysis of those DEGs in sequence
data of scramble and Bmal1-KD chondrocytes. c Heatmap showing the DEGs of collagen fibril organization. d Relative mRNA analysis of P4ha1,
Serpinh1 by qRT-PCR in scramble and Bmal1-KD chondrocytes. ***P < 0.001, ****P < 0.0001. e, f Protein expression levels of P4HA1 in WT,
Bmal1+/− and Bmal1−/− mice. *P < 0.05. g Quantitative analysis of COL2A1 content in supernatants of Bmal1-KD chondrocytes with P4HA1 or
SERPINH1 upregulation. **P < 0.01, ****P < 0.0001. h Hydroxyproline content analysis of WT and Bmal1−/− mice (n= 3 per group). i Hydroxyproline
content analysis of LD12:12 and LAN mice (n= 3 per group). j Immunofluorescence analysis of COL2A1 and KDEL expression in Bmal1-KD
chondrocytes with or without P4ha1 overexpression. Scale bar, 20 μm. Right: 3D surface plots of the immunofluorescent images. k Hydroxyproline
content analysis of scramble and Bmal1-KD chondrocytes with or without P4ha1 overexpression. l Protein expression levels of BiP and CHOP in
Bmal1-KD chondrocytes with or without P4ha1 overexpression. m Representative TEM images of rough ER and quantitative analysis of ER
diameters in Bmal1-KD chondrocytes with P4ha1 overexpression. Scale bar, 500 nm.
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Fig. 5 Transcriptional regulation by BMAL1 induces rhythmic expression of P4HA1 in chondrocytes. a Schematic representation of P4ha1
promotor and predicted BMAL1 binding site. b ChIP-qPCR analysis of the interaction between BMAL1 and P4ha1 promotor. c ChIP-qPCR
analysis of the interaction between BMAL1 and P4ha1 promotor after SR1078 administration. ***P < 0.001. d Protein fold change analysis of
BMAL1 and P4HA1 expression in chondrocytes treated with SR1078. e Dual-luciferase analysis of BMAL1 promoting P4ha1 transcription.
f Protein levels of BMAL1 and P4HA1 within the growth plates of 7-week-old LD12:12 mice. g Hydroxyproline content analysis of the growth
plates in 7-week-old LD12:12 mice over a 24-h period. h qRT-PCR analysis of the relative expression of P4ha1 and Bmal1 over a 24-h period in
primary chondrocytes after synchronization. i Protein levels of BMAL1 and P4HA1 in scramble and Bmal1 deficient chondrocytes over a 24-h
period. j Hydroxyproline content analysis of scramble and Bmal1-KD chondrocytes over a 24-h period after synchronization. k Time-series
immunofluorescence analysis of COL2A1 and GM130 in synchronized Bmal1-KD mice with P4ha1 upregulated chondrocytes. (Green: COL2A1;
red: GM130; blue: DAPI; Scale bar: 20 μm). Down direction: 3D surface plots of the immunofluorescent images.
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permeabilization with 0.1% (w/v) Triton-X solution. After 3 times washing
in PBS, the samples were blocked with 5% (w/v) BSA solution for 1 h.
COL2A1 was then detected using mouse mAb (1:100; Invitrogen, MA5-
12789) and rabbit pAb (1:100, Abcam, ab34712), ACAN was detected using
rabbit mAb (1:200; Proteintech, 13880-1-AP), COL6A1 was detected using
rabbit pAb (1:200; Proteintech, 17023-1-AP), P4HA1 was detected using

rabbit pAb (1:200; Proteintech, 12658-1-AP), Caspase3 was detected using
rabbit pAb (1:200; Proteintech, 19677-1-AP), ER was detected using mouse
mAb to KDEL (1:200; Abcam, ab12223) or rabbit pAb (1:200; Introvigen,
PAI-013) and cis-Golgi was detected using rabbit pAb to GM130 (1:200;
Introvigen, PA5-95727). Secondary antibodies conjugated to 488 and Cy3
(1:200; Proteintech) were used. Pearson’s correlation was measured by
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plugin Coloc2 in Image J used to performed the colocalization analysis of
COL2A1/ACAN/COL6A1 and KDEL. For ROS detection, dihydroethidium
(DHE) (Sigma) staining was performed on fresh growth plate sections.
For detection of unfolded collagen chains in vitro, Collagen Hybridizing

Peptide, 5-FAM Conjugate (F-CHP, 3Helix) were used according to the
manufacturer’s instructions. Briefly, the F-CHP solution was heated at 80 °C
for 5 min, followed by exposure to an ice-water bath for 30 s. Then the cells
were incubated with F-CHP at 4 °C overnight. The cell nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI). Images were captured under a
Nikon laser scanning confocal microscope and NIS-Elements Viewer
software.

Transmission electron microscopy
The thin slice of growth plate cartilage or primary chondrocytes were
harvested and fixed in 0.1 mol/L sodium cacodylate buffer containing 2.5%
(w/v) glutaraldehyde for 2 days at 4 °C. Then the samples were fixed again
in 1% (w/v) osmium tetroxide for 1 h, and then dehydrated by graded
ethanol. After paraffin embedment and preparation of ultrathin sections
(60–80 nm), the samples were examined by a FEI Tecnai G2 20 TWIN
transmission electron microscope (FEI Company).

Chromatin immunoprecipitation assays
Chromatin immunoprecipitation assays (ChIP) was performed using a
chromatin immunoprecipitation kit (Beyotime), according to the standard
protocol as described before. After cross-linking, lysis, disruption into DNA
fragments, 10% was kept as input. Protein A/G agarose beads and BMAL1
antibody (Abcam, ab3350, 1 μg) were mixed with the supernatants
overnight at 4 °C. Then, the Immunoprecipitated complexes were eluted

for further PCR analysis. The primer sequences used for this experiment
was 5′-CAGACCTAGATGCCGGGAAG-3′ (forward) and 5′-TTTCGCTTAG
TCTCC CATCCG-3′ (reverse), yielding a 127 bp product (−538 to −412).

Viral infection, RNA interference and plasmid transfection
For viral infection, the CRISPR/CAS9 system (pLV[Exp]-CBh>hCas9,
VB160923-1033trt, REBIOSCI SCIENTIFIC, China) with lentiviral vector
(pLV[2gRNA]-Puro-U6, VB180124-1097pnr, REBIOSCI SCIENTIFIC, China)
was used to knockdown Bmal1. Lentiviral vector (U6-MCS-Ubiquitin-
Cherry-IRES-puromycin, GV298, GENECHEM Biosciences, China) containing
Col2a1-RNAi (NM_012929) were used to knockdown Col2a1. We used a
CRISPR/CAS9 system (YCas-LV002) and lentiviral vector (YKO-LV004-
P4ha1[gRNA1-gRNA2]) to knockdown P4ha1. Lentiviral vector (Ubi-MCS-
IRES-Hygromycin, CV237, GENECHEM Biosciences, China) containing
rP4ha1 (NM_172062) gene sequence was used to overexpress P4ha1. For
Serpinh1 overexpression, we used a lentiviral vector (Ubi-MCS-SV40-
blasticidin, CV301, GENECHEM Biosciences, China) containing rSerpinh1
(NM_017173) gene sequence. Oligonucleotide sequences are detailed in
Supplementary Table 4. The virus (multiplicity of infection of 10) was
incubated with primary chondrocytes for 12 h, then the medium was
replaced by fresh DMEM/F12 supplemented with 10% (v/v) FBS.
For plasmid transfection, firefly luciferase reporter vector and pRL-TK

plasmids were constructed by TsingKe Biological Technology (Wuhan,
China). The pGL3-Basic, pGL3-Basic P4ha1 plasmid, as well as site-mutant
or site-deleted plasmid were transfected into the cells for further luciferase
report assay. Briefly, the firefly luciferase reporter plasmid (375 ng) and
pRL-TK plasmids (125 ng) were mixed with Lipo8000™ Transfection
Reagent (Beyotime) in serum-free medium, then the mixtures were
transfected into the cells.

Fig. 6 Restoration of BMAL1 expression reverses LAN-induced dysregulation of growth plate cartilage formation. a Schematic illustration
of the experimental protocol. b, c qRT-PCR analysis of the relative expression of P4ha1 and Bmal1 over a 24-h period within the growth plates
of 7-week-old LD12:12 and LAN-exposure mice, with or without SR1078 administration (n= 5 per group). d Hydroxyproline content analysis of
growth plate cartilage in LD12:12, LAN and LAN-exposure mice treated with SR1078. *P < 0.05, **P < 0.01. e Micro-CT and quantitative skeletal
parameters of femur in LD12:12 and LAN-exposure mice with or without SR1078 administration. f Safranin O staining of femur growth plate
cartilage and quantitative analysis of proliferative zone length and ECM proportion in LD12:12 and LAN-exposure mice with or without
SR1078 administration. *P < 0.05. g Immunofluorescence analysis of COL2A1 AND KDEL in the femur of LD12:12 and LAN-exposure mice, with
or without SR1078 administration. Scale bar: 20 μm. h Representative TEM images of cartilage ECM and rough ER within proliferative
chondrocytes of LD12:12 and LAN-exposure mice, with or without SR1078 administration. Black arrows indicate the rough ER.

Fig. 7 Schematic illustration of the mechanism via which LAN inhibits cartilage ECM formation. BMAL1 downregulation induced by LAN
markedly inhibits P4ha1 transcription in chondrocytes. Less P4HA1 caused insufficient collagen prolyl hydroxylation, leading to ER stress and
inhibition of COL2A1 secretion. Thus, cartilage ECM formation within the growth plate was suppressed by artificial LAN exposure (Created
with BioRender.com).
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Luciferase reporter assay
The pGL3-basic vector containing the P4ha1 promotor (2.0 kb) were
constructed. Based on the pGL3-P4ha1 promoter (2.0 kb), we further
constructed site-mutant plasmids in which the E-box like sequence
CCAGGTGACA (-468 to -477 bp) were replaced by CTGGGCAACA and site-
deleted plasmid in which the region was deleted. Primary chondrocytes
were seed into a 24-well plate and cultured until 75% confluence were
obtained. The firefly luciferase reporter plasmid (375 ng) and pRL-TK
plasmids (125 ng) were co-transfected into the cells by Lipo8000™
Transfection Reagent (Beyotime, 0.8 μL/well). After 48 h incubation, the
cells were lysed with the lysis buffer and the Fluc and Rluc activities were
measured via the Dual Luciferase Reporter Assay System (Promega)
according to standard protocols. The Fluc/Rluc ratio were calculated to
assess the relative luciferase signal.

Elisa
For measurement of secreted collagen alpha-1(II) chain of chondrocytes,
we replaced the medium with serum-free medium when the confluence of
chondrocytes reached 100%. After 24 h of culture, the cell supernatants
form primary chondrocytes were collected. The ELISA kit (CUSABIO, China)
was used to quantify the COL2A1 secretion according to the instruction.

Prolyl hydroxylation assay
Collagen prolyl hydroxylation content was measured using the prolyl
hydroxylation kit (Sigma-Aldrich, MAK008) according to the manufacturer’s
protocol. Briefly, the samples were mixed with 100 μL 6mol/L HCl. After
hydrolysis at 120 °C for 3 h, the tubes were centrifuged at 10,000 × g for
3 min. The hydroxylation standards (0, 0.2, 0.4, 0.6, 0.8, and 1.0 μg) were
then added into the 96-well plate. The samples were added into the 96-
well plate at 40 μL per well, and the plate were evaporated to dryness.
Then 100 μL Chloramine T/Oxidation buffer mixture were placed in each
well and incubated for 5 min. Subsequently, 100 μL of diluted DMAB
reagent were added and heated at 60 °C for 90min, and then the
absorbance at 560 nm were measured.

Statistics and reproducibility
No statistical methods were used to pre-determine sample size, but our
sample sizes were similar to previous studies. All quantitative data are
presented as mean ± standard deviation. All statistical analysis was performed
using GraphPad Prism 7.0 software. The numbers of animals in each
experiment are stated in the figure legends. All in vitro experiments were
repeated independently at least 3 times. We used Shapiro–Wilk test to
examine the normal distribution of the data. Statistical analysis of comparision
between two groups was performed by the Student’s t-test. For multiple
groups, one-way ANOVA with the Bonferroni correction was used for analysis
of statistical significance. A P value < 0.05 was considered significant.

DATA AVAILABILITY
All data supporting the results are available from the corresponding author upon
request.
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