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Abstract: Osteoarthritis (OA), the most common form of arthritis, may be triggered by improper
secretion of circadian clock-regulated hormones, such as melatonin, thyroid-stimulating hormone
(TSH), or cortisol. The imbalance of these hormones alters the expression of pro-inflammatory
cytokines and cartilage degenerative enzymes in articular cartilage, resulting in cartilage erosion,
synovial inflammation, and osteophyte formation, the major hallmarks of OA. In this review, we
summarize the effects of circadian melatonin, TSH, and cortisol on OA, focusing on how different
levels of these hormones affect OA pathogenesis and recovery with respect to the circadian clock. We
also highlight the effects of melatonin, TSH, and cortisol at different concentrations both in vivo and
in vitro, which may help to elucidate the relationship between circadian hormones and OA.
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1. Introduction

Osteoarthritis (OA) is a chronic, degenerative joint disorder characterized by progressive erosion of
cartilage loss of extracellular matrix (ECM) molecules, including type Il collagen (Col2al), proteoglycans,
and tissue fluid; and hypertrophy of bone at the margins. Biochemical and morphological changes in
the synovial membrane and joint capsule due to imbalances in anabolic and catabolic factors further
exacerbate joint damage, resulting in pain and swelling of affected joints [1]. OA is the most common
form of arthritis, affecting approximately 3.8% of the global population (250 million people) [2,3].
Women over the age of 60 are disproportionately affected (18%) compared to their male counterparts
(10%) [4]. Major risk factors for OA include aging, injury, inflammation, obesity, and mechanical wear
and tear [5].

Col2al and proteoglycans are the main components of articular cartilage. Under normal conditions,
chondrocytes present in the articular cartilage work to maintain the balance between Col2al and
proteoglycans [6,7]. During the early stages of OA, mechanical overload induces bone remodeling, as
well as subchondral bone loss. Increased bone remodeling and load transmission contribute to altering
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the joint shape and progressive cartilage loss [8]. In the intermediate stages of disease progression, the
production of matrix metalloproteinases (MMPs), as well as a disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTSs), are increased, which leads to cartilage degradation [9,10]. In later
stages of OA, excessive production of inflammatory cytokines and cartilage degenerative enzymes
further exacerbate fibrillations, leading to the development of fissures, cartilage loss, and osteophyte
formation [9]. Over time, this progressive deterioration leads to the development of pain in the joint
and surrounding tissues, and decreases mobility and quality of life [11,12]. Given the nature of disease
progression, cartilage degradation, synovial inflammation, subchondral bone sclerosis, and osteophyte
formation are regarded as the major hallmarks of OA [13,14].

Circadian clock-regulated hormones, including melatonin, thyroid-stimulating hormone (TSH),
and cortisol are strongly associated with OA. Melatonin (N-acetyl-5-methoxytryptamine), a major
neuroregulatory hormone, is primarily secreted from the pineal gland, and plays a fundamental role in
circadian rhythmicity [15]. Melatonin levels exhibit strong circadian alterations with respect to time,
with high levels secreted during nighttime hours, followed by lower expression during the day [16].
This hormone has multiple biological functions, including the regulation of circadian rhythms [17],
anti-inflammatory and cytoprotective effects [18,19], inhibition of osteoclast activity [20,21], and the
regulation of bone metabolism [22,23], as well as various antioxidative effects [24,25].

TSH is regarded as a pituitary hormone that stimulates the thyroid gland to produce thyroxine
(T4), followed by triiodothyronine (T3) [26,27]. The hypothalamus, located in the base of the brain,
produces thyrotropin-releasing hormone (TRH), which in turn stimulates the pituitary gland to
produce TSH [28,29]. TSH and other thyroid hormones are directly responsible for the maturation of
chondrocytes [27], with TSH serving as a negative regulator of bone remodeling, preventing bone loss
and suppressing bone turnover [30,31]. Interestingly, a recent study has found that the chondrocyte
clock is regulated by N-methyl-D-aspartate receptors (NMDARs) [32]. In particularly, the NMDAR
subunit GluN2B is expected to alter the chondrocyte clock, resulting in OA pathogenesis [32].

Cortisol, which plays a pivotal physiological role in human physiology, including the control
of stress and inflammation, is a major steroid hormone secreted from the adrenal gland [33]. The
production rate of cortisol is similar in children and adolescents, and the total amount of cortisol
produced in 24 h is around 9.5-9.9 mg/day or 5.7-7.4 mg/m?/day [34,35]. Cortisol secretion is tightly
regulated by the suprachiasmatic nucleus (SCN), the central clock of the hypothalamus [33]. The prime
function of cortisol is considered to be as a secondary messenger between the central and peripheral
clocks, which act to synchronize the body’s circadian rhythm. However, elevated levels of cortisol,
mainly in the early morning session, aggravates stress, which results in activation of inflammatory
cytokines [33,36].

The aim of this review is to elucidate the effects of circadian hormones (melatonin, TSH, and
cortisol) based on their secretion patterns at different time points during OA progression. Furthermore,
we also deal with variations between in vitro and in vivo OA models at different concentrations
of melatonin.

2. Source and Synthesis of Circadian Hormones

Melatonin, a circadian clock-regulated hormone, is primarily secreted by the pineal gland of the
brain, with lower levels of production from other organs, such as the retina, bone marrow, Harderian
gland, pancreas, and kidneys [37]. Structurally, melatonin was first identified in 1958 [38], and has
been described in a wide range of non-mammalian species, including plants, fish, and birds [39]. For
melatonin synthesis, the retina absorbs light, which in turn produces a signal in the hypothalamus.
This signal then moves to the paraventricular nuclei, followed by the superior cervical ganglion (5CG).
Activation of the SCG enables the signal to pass through to the pineal gland, where, in the presence
of norepinephrine, melatonin production follows [40,41]. From a biochemical standpoint, melatonin
synthesis is best summarized as a three-step process, consisting of hydroxylation, decarboxylation,
and acetylation (Figure 1). Primarily, tryptophan is hydroxylated in the presence of tryptophan
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hydroxylase to produce 5-hydroxytryptophan (5-HTP). Subsequently, 5-HTP is decarboxylated into
serotonin by aromatic amino acid decarboxylase (AAD), after which it is acetylated by arylalkylamine
N-acetyltransferase (AANAT) to form N-acetylserotonin, followed by conversion into melatonin via
the action of hydroxyindole-O-methyltransferase (HIOMT) [37,40].
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Figure 1. The synthesis of melatonin, thyroid-stimulating hormone (TSH), and cortisol, depending
on circadian rhythm. The expression of cortisol, a steroid hormone produced in the adrenal
gland, is tightly regulated by circadian rhythms in various mammals, including humans. The
primary rhythm of this cycle is controlled by the suprachiasmatic nucleus (SCN), located in the
hypothalamus. The secretion pattern of cortisol is coordinated by the hypothalamic—pituitary—adrenal
(HPA) axis and the hippocampus. This HPA axis receives input from the SCN, from which it
controls corticotrophin-releasing hormone (CRH) release in the paraventricular nucleus. From there,
adrenocorticotrophic hormone (ACTH) is released from the corticotropes in the anterior pituitary by
stimulating CRH. In normal individuals, cortisol levels fall to low or even undetectable levels around
midnight, followed by peak expression around at 08:30.

TSH, also known as thyrotropin, is a pituitary hormone first identified by Allen and Smith
in 1916 [42]. TSH stimulates T4, which is converted into T3 via a type 2 deiodinase in tanycytes,
specialized glial cells located in the third ventricle [43,44]. In humans, almost 100% of T4 is secreted
from the thyroid gland, although only 20% of T3 is derived from this source, with the remaining
80% produced by the peripheral conversion of T4 to T3. The daily production rate of T4 (110 nM) is
approximately double that of T3 (50 nM), and circulating levels of T4 are considered to be 3—4-fold
higher than those of T3. Additionally, the half-life of circulating T3 is 0.75 days compared with 6.7
days for T4 [45]. TSH maintains a distinct circadian rhythm, with levels typically peaking between
02:00 and 04:00 and falling to their nadir from 16:00 to 20:00 [46,47]. Other hormones essential for the
stimulation of thyrotropin-releasing hormone (TRH) to produce TSH include leptin and dopamine.
Dopamine stimulates TRH through cognate neurons in the paraventricular nucleus [48], whereas
leptin directly acts on the thyrotropic region of the paraventricular nucleus, resulting in stimulation of
corticotrophin-releasing hormone (CRH) [43].

In contrast, three inter-communicating regions, including the hypothalamus, pituitary gland,
and adrenal gland control the secretion of cortisol, and these regions are known as the hypothalamic-
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pituitary—adrenal (HPA) axis. The HPA axis accepts signals from the SCN, which stimulates the
release of CRH. CRH then causes the pituitary gland to secrete adrenocorticotrophic hormones (ACTH)
into the bloodstream. Finally, elevated levels of ACTH are detected in the adrenal glands, which
significantly stimulate cortisol secretion [49]. Due to an increased level of cortisol, secretion of CRH
and ACTH by the hypothalamus and pituitary, respectively, are blocked. As a result, ACTH levels fall,
which then results in reduced cortisol levels.

3. Secretion Pattern of Melatonin

Melatonin plays a crucial role as a regulator of endocrine rhythms, as well as daily biorhythms [50].
In healthy people, melatonin secretion begins to rise early in the evening, and reaches maximum levels
late at night, followed by progressive decreases thereafter. Melatonin is a light-sensitive hormone, with
daytime levels decreasing to 0-20 pg/mL, compared with peak levels of approximately 60-200 pg/mL
between early morning 02:00 and 03:00 [51]. The timing and magnitude of these rhythmic fluctuations in
melatonin levels play a crucial role in regulating its various pro- and antioxidative effects [52], although
its definitive effects remain unclear, as investigations into these effects are dependent on methodology,
with clear differences observed between in vitro [53-55] and in vivo methods [56,57]. For example,
the interrelationship between melatonin and oxidative stress was investigated by measuring vitamin
E consumption in human red blood cells [53]. In this way, another study suggested that melatonin
may modulate cellular redox status; however, whether this hormone plays a role as an intracellular
antioxidant or not is unclear [55]. In rats exposed to oxidative damage, melatonin treatment was
proved to reduce lipid peroxidation marker levels in the lung, liver, and serum of rat models [57].

3.1. Concentration-Based In Vitro Studies of Melatonin in Osteoarthritis

One of the most important functions of melatonin is its ability to serve as a scavenger of free
radicals [58-60]; however, several in vitro studies have reported that high concentrations of melatonin
promote reactive oxygen species (ROS) generation [55,61], and that these effects are dependent on the
duration of melatonin treatment [52]. In addition, melatonin promotes oxidative activity in Jurkat cells,
resulting in fas-induced cell death, with higher doses inducing significantly more ROS generation
compared to low-dose treatments [55]. In these studies, ROS generation was increased from micromolar
(uM) to millimolar (mM) levels, resulting in enhanced cell damage and the induction of apoptosis in
resting primary neuronal cultures [62]. Similarly, an increase in oxidative stress marker expression was
observed at a dose of 1 mM in an in vitro model of Alzheimer’s disease, using tissue culture sections; a
reduction in oxidative damage was observed at <100 uM [63]. Interestingly, in HepG2 cells, lower
concentrations of melatonin (0.1-10 pM) showed antioxidative effects at 24 h; however, by 96 h, these
effects had become more pro-oxidant. These results suggest that the dynamism of glutathione was
enriched within 24 h but reduced thereafter [61], suggesting that both the concentration and duration
of melatonin treatment may affect its response to oxidative stress. These data suggest that high doses
of melatonin promote ROS generation in vitro. Further support for such effects was reported by
Hong et al. [64], who showed that concentrations of melatonin as low as 1 nM restored Col2al, the main
component of articular cartilage, via inhibition of active MMP-13. High concentrations of melatonin
(1 mM) were unable to rescue the expression of Col2al after TNF-« exposure. The authors also
suggest that high levels of melatonin may be responsible for the cytotoxic effects on TNF-«-induced
chondrocytes (Table 1).
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Table 1. Effects of various concentrations of melatonin (in vitro).

Cell Line Melatonin

. . Effect of Melatonin with Dose Variation = Ref.
and Species Concentration

1073 M: Increased cytotoxic effect; high

Primary cultured concentration failed to recover Col2al

103 M, 107 M and

chondrocyte 9 1076-10~2 M: Inhibition of cell death, [64]
10— M .
(rat) recovered cell surface area, and increased
Col2al expression via MMP-13 inhibition.
1073-10~* M: Increased pro-oxidant
HepG2 1073-107* M activity, increased ROS level after 96 h [61]
(human) 1076-108 M 1076-1078 M: Decreased cell viability,

showed antioxidant action at 24 h

Increased ROS, fas-induced apoptosis
Jurkat T cell, (human) (0.1-1) x 103 M occurred by decreasing [55]
antioxidant activity

Increased cytotoxicity and

: -3
MOLT-4, CMK, (human) 10~ M ROS production [65]
B6D2F1 10 M: increased ROS level and GSH
(mouse) 10~ and 107 M level decreased compared with 10°M [66]
in oocytes.
U937 103 M Increased ROS production and [67]
(human) ameliorated GSH level
U937 3 NEF-«B activation, ROS generation
(human) 107 M and apoptosis [68]
1073 M: Possibility of cell injury and
Mouse 2-cell embryo 9 3 lower rate of blastocyst
(mouse) 107 M, 10 M 1079 M: Improved at maximum blastocyst [69]
rate and hatching blastocyst rate
Reduced the elevated ROS and oxidative
HT22 and BV2 100 X 10-6 M stress, reduced p38 MAPK [70]

(mouse) Prevent apoptosis through the
suppression of activated caspase-3

(0.03-0.125) x 1073 M: Increased cell
proliferation, decreased ROS production
(0.125-5) x 10~3 M: Leads to increase ROS, [71]
DNA damage, apoptosis, and decreased

cell viability

A-431, CCD- 1079Sk (0.03-0.125) x 10> M
(human) (0.125-5) x 103 M

These studies revealed that high concentrations of melatonin increase ROS generation, which may
promote the expression of pro-inflammatory cytokines and cartilage degenerative enzymes during OA
progression. Furthermore, low concentrations of melatonin may restore the cartilage matrix through
the inhibition of MMPs and ADAMTSs (Figure 2).

3.2. Concentration-Based In Vivo Studies of Melatonin in Osteoarthritis

Melatonin reduces oxidative stress via the induction of antioxidative enzymes [72-74].
Ozturk et al. [75] found that melatonin administration at a dose of 10 mg/kg increased superoxide
dismutase (SOD) activity in rat liver. In addition, exogenous administration of melatonin (500 pg/kg)
enhanced mRNA expression, not only of copper—zinc superoxide dismutase (CuZn-SOD), but also of
manganese superoxide dismutase (Mn-SOD) in female Syrian hamsters [76]. Furthermore, melatonin
injection (5 mg/kg) was shown to enhance SOD activity in the kidney, liver, and brain tissues of
rats [77]. Treatment with either beta-amyloid peptide 25-35 [78] or D-galactose [79] induced oxidative
damage in the brains of rats and mice; treatment with melatonin (0.1 to 10 mg/kg) restored SOD and
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glutathione peroxidase (GPx) activities. Similarly, melatonin (10 mg/kg) was also shown to protect
against oxidative mitochondrial damage by increasing ATP production in the fetal brain, as well
as stimulating GPx activity in the rat brain (Table 2) [80]. Because the administration of exogenous
melatonin also increased the total antioxidant status (TAS) in rat serum, melatonin may be important
in regulating the antioxidative capacity of rat serum [81]. Taken together, these studies indicate that
administration of exogenous melatonin can promote antioxidative effects in various rodent models.

Table 2. Effects of various doses of melatonin (in vivo).

Route of
Administration and Dose of Melatonin Effects Ref.
Animals
Increased Col2al level through MMP-13
inhibition, suppressed
Subcutaneous . .
L 10 mg/kg pro-inflammatory cytokines, and [64]
injection (rat) . 7
catalytic transcription factors were
found in OA knee.
. . Prevented cytotoxicity, and increased
Oral ag:; ﬁéz’;ratlon 10 mg/kg serum SOD and glutathione [82]
(GSH) levels.
. Decreased apoptosis, repressed IL-1(3
Ipt-rap.entoneal 20 mg/kg and TNF-« in the spinal dorsal horn; [83]
injection (rat) . . .
anti-nociceptive effect.
Reduced ROS and oxidative stress,
Intraperitoneal activated antioxidant mechanism,
injection (rat) 20 mg/kg and inhibited neuroinflammation by [6]
reducing NF-«kB in mouse embryos.
Anti-inflammatory action through
Intravenous activating PPAR~y; inhibited TNF-«,
injection (mouse) 510, or 20 mg/kg IL-1, and IL-6 production, and 20 mg/kg [84]
was more effective for reduction.
Subcutaneous Increased SOD activity, decreased
injection (rat) 10 mg/kg nitrite levels in the liver. [75]
Subcutaneous iniection Decreased percent of damaged cells,
(Syrian hamsier) 500 ug/kg increased CuZn-SOD and Mn-SOD in [76]
y the Harderian gland.
Intraperitoneal Increased SOD activity and glutathione
raps 5 mg/kg reductase in kidney, liver, and [77]
injection (rat) brain ti
rain tissue.
Intragastric 0.1, 1, or 10 mg/kg Ameliorated SOD and CuZn-SOD in [79]

administration (mouse)

brain tissue.

Intraperitoneal
injection (rat)

10 mg/kg

Prevented oxidative mitochondrial
damage by the activation of glutathione
peroxidase (GSH-Px) in brain tissue.

[80]
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Figure 2. In vitro studies show that high concentrations of melatonin lead to increases in reactive
oxygen species (ROS) expression, oxidative stress, and inflammatory cytokines, with low concentrations
of melatonin exhibiting the opposite effects, including enhanced antioxidant action and reduced ROS
expression. Low concentrations may inhibit cartilage degradation by regulating pro-inflammatory
cytokines and ROS.

Endogenous melatonin concentrations are also regulated by the circadian clock, with plasma
melatonin levels highest at midnight in both rats [81] and mice [85]. In another study, melatonin levels
fell to their lowest point between 12:00 and 18:00, followed by a sharp peak thereafter, typically between
23:00 and 02:00 [86]. Pablos et al. [87] demonstrated that plasma melatonin levels are correlated with
the total antioxidative capacity of the serum. Melatonin stimulates several antioxidative enzymes,
including GPx. This enzyme exaggerates circadian rhythms, which are involved in the melatonin cycle.
The authors found that SOD and melatonin exhibited vigorous circadian rhythms, with substantial
overlap in the periodicity of these compounds. This suggests that the physiological enhancement of
melatonin at night is directly related to the nocturnal increase in SOD expression. Further studies
found that melatonin levels were suppressed in animals maintained under constant light exposure for
seven days. SOD activity was also decreased in these animals, but alterations in the light/dark cycle
elevated SOD activity. These results suggest that melatonin serves not only as a direct scavenger of free
radicals, but also stimulates SOD activity, consistent with studies showing a strong correlation between
melatonin concentration and antioxidant activity. Although the expression of antioxidative enzymes is
suppressed due to excessive ROS generation during OA progression [88], there is no evidence that
changes in melatonin concentrations affect ROS generation in vivo [56]. Together, these studies suggest
that normal timing or high concentrations of melatonin may be beneficial for the inhibition of cartilage
degeneration during OA progression (Figure 3).
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Figure 3. Endogenous melatonin suppresses excessive reactive oxygen species (ROS) production and
pro-inflammatory cytokines, and increases antioxidant action during osteoarthritis (OA). In addition,
pharmacological treatment with melatonin also shows beneficial effects that protect extracellular matrix
(ECM) molecules in articular cartilage.

4. Regulatory Effects of Melatonin on Osteoarthritis

During OA progression, the prime component of articular cartilage, Col2al, is broken down due
to increased expression of pro-inflammatory cytokines, including IL-1, IL-6, and TNF-«, and tissue
destructive enzymes such as MMPs and ADAMTSs [10]. MMP-13 is the most important enzyme
responsible for cartilage destruction during OA [89]. Pineal gland-mediated production of melatonin
has the ability to detoxify ROS or reactive nitrogen species (RNS) through its free radical scavenging
capacity. Exposure to melatonin has been shown to increase the expression of chondrogenic marker
genes, including Col2al and SOX-9, which promote matrix synthesis in articular chondrocytes and
downregulate hypertrophic markers, such as collagen X [90]. Furthermore, melatonin treatment
significantly reduces MMP-13 by inhibiting the phosphorylation of p38, ERK, JNK, and MAPK, and the
activation of NF-«kB [91]. Pro-inflammatory cytokines and other proteins, including IL-6, ADAMTS-4,
and MMPs enhance catabolic processes, resulting in the destruction of the ECM, which in turn decreases
the expression of anabolic pathways by inhibiting SOX-9 and Col2al [92,93]. However, melatonin
has also been shown to inhibit IL-13, IL-6, and TNF-« activity in mesenchymal stem cells via the
induction of SOD activity [88,94]. Interestingly, Hong et al. [64] showed that melatonin treatment led
to a decrease in MMP-13 expression in a collagenase-induced OA model, with melatonin intervention
yielding better reductions in disease activity than melatonin alone. Furthermore, Rong et al. [95]
found that osteoarthritic chondrocytes alter the expression of intrinsic circadian clock genes: brain
muscle ARNT-like 1 (BMAL1) and period circadian regulator 2 (PER2). The peak level of PER2
was higher and the peak expression of BMAL1 was lower in damaged chondrocytes of an OA
model compared with the control group. Concomitantly, knockdown of PER2 in the OA model
attenuated the expression of cartilage-degenerative main enzymes, such as MMP-13 and ADAMTS-5.
Interestingly, there was no significant change in circadian locomotor output cycles kaput (CLOCK),
cryptochrome 1 (CRY1), cryptochrome 2 (CRY2), or period circadian regulator 1 (PER1) in damaged
and undamaged chondrocytes. These results suggest that elevated expression of PER?2 is responsible
for OA development [95]. In addition, in vivo and in vitro studies demonstrated that decreased
levels of BMALL is associated with OA pathogenesis [96,97]. It is interesting to note that melatonin
alone or melatonin combined with exercise increased as well as restored BMAL1 expression in the
collagenase-induced OA rat model [98]. Together, these data suggest that cartilage destruction may be
reversed via the regulatory effects of melatonin, via the inhibition of pro-inflammatory cytokines, ROS
production, and activation of chondrogenic marker genes, including Col2al and SOX-9.
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5. Anabolic and Catabolic Effects of Thyroid-Stimulating Hormone on Articular Cartilage
and Bone

Active thyroid hormone T3 stimulates collagen X matrix synthesis and the expression of alkaline
phosphatase, and facilitates the progression of MMP-13, ultimately resulting in cartilage mineralization
and degradation [99-101]. Furthermore, T3 enhances ADAMTS-5 and MMP-13 [102,103], which
together promote the degradation of proteoglycans and Col2al [104,105]. Osteocalcin expression
in MC3T3 cells is stimulated by T3 via activation of the AMPK pathway [106,107]. Similarly, TSH
increases cAMP activity and reduces the levels of SOX-9 and Col2al in primary chondrocytes [108].
TSH activates ERK, MAPK, P38, and Akt signaling pathways in human osteoblastic U20S-TSHR cells
that overexpress TSH receptors [109]. Moreover, TSH significantly attenuates TNF- gene expression
and osteoclastogenesis in RAW-C3 cells and CD11b* bone marrow cells [110,111]. Proinflammatory
cytokines, including TNF-«, IL-1, and IL-6 stimulate osteoclast formation and activation, which
increases bone loss, as well as osteoporosis and bone loss [110,112]. Interestingly, TSH exhibits a
potent antiresorptive effect on bone and regulates osteoclast differentiation by suppressing TNF-«
production [113]. Another study reveals that TSH inhibits osteoclast formation in RANKL-induced
monocytic cell lines by inhibiting the JNK/c-jun and NF-«B signaling pathways [30]. In addition, TSH
increases osteoblast differentiation, and low levels of systemically administered TSH enhances not only
trabecular bone volume but also improves the bone’s mechanical strength in an ovariectomy rat model.
These data indicate that TSH exerts both anabolic and antiresorptive effects on bone remodeling [31].
These results appear to demonstrate that overexpression of thyroid hormones initiate cartilage
degenerative enzymes that are responsible for OA progression, and that systemic administration of
low levels of TSH has positive effects on osteoblasts and bone remodeling. However, despite these
observations, the rhythmic pattern of TSH secretion remains heavily dependent on circadian periodicity,
which is controlled by endogenous oscillators and environmental synchronizers [114]. Russel et al. [45]
showed that in healthy individuals, the secretion pattern of TSH reaches a peak level between 02:00
and 04:00 and a nadir between 16:00 and 20:00. This suggests that low-level secretion of TSH, such as
that seen from 16:00 to 20:00, may offer a beneficial effect for the recovery of cartilage degeneration
during OA progression (Figure 4).

MMP-13 & ADAMTS-5 T

— A Thyroid m — ERK, MAPK, P38 & AKT {
stimulate E gland secrete m Col2al & SOX-9 1
Osteoclast formation [=
,»230 1., OAprogression
20 4
1189 Circadian > <€
17 clock 7 Increase t
- . Decrease 1
OA inhibition #1377, 1110 Inhibition |

Figure 4. TSH stimulates the thyroid gland to secrete T3 and T4. TSH decreases Col2al and SOX-9
expression through activation of ERK, MAPK, and P38, as well as enhancing the expression of matrix

metalloproteinase (MMP)-13 and a disintegrin and metalloproteinase with thrombospondin motif
(ADAMTS)-5, which are responsible for cartilage degradation. The circadian clock-controlled TSH
hormone shows peak levels shortly after midnight (02:00-04:00), which may promote OA. In contrast,
lower levels, typically seen between 14:00 and 17:00, may inhibit OA progression.
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6. Inflammatory Effects of Cortisol in Osteoarthritis

The steroid hormone cortisol is secreted from the adrenal gland, yet its effects remain tightly
controlled by the body’s circadian rhythms. These rhythms are controlled by the SCN, located in the
hypothalamus. The enzyme 113-hydroxysteroid dehydrogenase (113HSD1) actives glucocorticoids,
and the expression of this enzyme significantly increases in osteoblasts with aging in humans and
rodents [115]. Endogenous glucocorticoid metabolism in osteoblasts and osteocytes contributes to
modulate the progression of OA [116]. Recently, Tu et al. [117] revealed that disrupted signaling of
endogenous glucocorticoids attenuates cartilage damage, bone sclerosis, and osteophyte formation,
which alleviates OA pathology. As with other circadian hormones, cortisol levels fall to very low or
undetectable values around midnight, after which levels begin to increase again, starting in the early
morning between 02:00 and 03:00, and peaking around 08:30, followed by a gradual decline thereafter
(Table 3).

Table 3. Secretion pattern based on the circadian clock.

Circadian Hormones Low Level Mid-Level Peak Level Ref.
Melatonin 12:00-20:00 22:00-23:00 02:00-04:00 [48,80]
TSH 14:00-16:00 21:00-23:00 02:00-04:00 [44]
Cortisol 01:00-03:00 13:00-17:00 08:00-08:30 [114,118]

Peak levels of cortisol are around 399 nM, compared to nighttime levels, which typically dip below
50 nM [118,119]. High levels of cortisol are associated with stress and lead to increases in NF-«B, IL-6,
and other inflammatory mediators [36,120]. During OA, the expression of inflammatory cytokines,
including IL-1, IL-6, and TNF-¢, is increased, resulting in enhanced inflammation in chondrocytes [10].
In contrast, low concentrations of cortisol may decrease the likelihood of OA by helping to better
regulate stress as well as inflammation.

7. Conclusions

Circadian rhythm-regulated hormones have a significant impact on OA pathogenesis by regulating
the production of pro-inflammatory cytokines, cartilage degenerative enzymes, and inflammatory
mediators. In this review, we summarized the role of circadian hormones, including melatonin, TSH,
and cortisol, along with their various concentrations, in OA. Several in vitro studies have consistently
shown that higher concentrations of melatonin lead to greater expression of pro-inflammatory
cytokines, ROS, and cartilage-reducing enzymes, whereas lower concentrations inhibit OA progression.
In contrast, high concentrations of melatonin not only promote its antioxidant effects, but also suppress
ROS generation. Together, these results suggest that melatonin treatment, along with its different
concentrations, may represent an important prognostic indicator for OA treatment. In addition,
endogenous peak secretion of TSH and cortisol enhances cartilage degenerative enzymes, which leads
to OA pathogenesis. As a result, lower levels of TSH and cortisol may contribute to lower OA severity.
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