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Abstract
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1. Introduction

Osteoarthritis (OA) is the most common worldwide chronic rheumatic disease and the

that covers joint surfaces and is involved in maintaining the correct function of
diarthrodial joints, lubrication, and resistance to mechanical loading [5,6,7,8]. As a result
of OA alterations, symptoms like pain, stiffness, and loss of function occur, leading to an
increase of personal dependency [1,8,9]. It is estimated that 250 million people have knee
OA, which is linked to important economic costs [1].

Hyaline cartilage is also found in the embryonic stages of endochondral bones and in the
growth plate, where it plays a crucial role in the longitudinal growth of long bones.
Moreover, it can also be found during the healing process of broken bones [7,8,10].
Alteration of the hyaline cartilage of the growth plate promotes longitudinal bone growth
inhibition (LBGI) and leads to growth retardation [7,11,12]. Among the diverse
pathologies that affect this type of cartilage, chronic inflammatory diseases stand out.
These diseases have a negative impact on bone development, with a prevalence of bone
alterations between 17% and 40% [7,11,12].

Multiple reports have exhibited caffeine’s harmful effects on hyaline cartilage. Therefore,
considering the elevated worldwide consumption of caffeine-rich products, in this review,
we summarize all the relevant information on the role of caffeine in the physiology and
pathophysiology of articular and growth plate cartilage. Additionally, we also address its
role as a potential environmental hazard linked to OA and LBGI.
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2. Osteoarthritis: Articular Cartilage Catabolism

Avrticular cartilage is a specialized type of hyaline cartilage that covers the contact
surfaces of diarthrodial joints [5,6]. This tissue is devoid of nerves, blood, and lymphatic
vessels, which hampers its capacity to be repaired [5,13]. Articular cartilage is composed
of resting chondrocytes and the extracellular matrix (ECM), which is mainly composed of
water, collagens (Collagen type I alpha 1 (COL1AL1), Collagen type Il alpha 1 (COL2A1),
etc.), and proteoglycans (agreccan (ACAN)) [5,6,13]. The specific composition of the
ECM of the cartilage is essential for the maintenance of its unique mechanical properties
and is indispensable for guaranteeing chondrocyte survival [5,6,13] (Figure 1).
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Comparison between healthy articular cartilage and the changes induced on it by caffeine. (A)
Normal articular cartilage appearance. Articular cartilage is composed of chondrocytes and its
extracellular matrix (ECM) components chondrocytes are crucial for the maintenance and repair
of the ECM. They respond to a variety of stimuli, such as cytokines, mechanical loading, and
growth factors. Among these, insulin growth factor 1 (IGF-1) and Transforming Growth Factor
Beta 1 (TGF-[31) are involved in cartilage homeostasis and chondrocyte responses to mechanical
loading. Likewise, in healthy conditions, the articular cartilage expresses high levels of ECM
components to guarantee the chondrocyte’s viability and proliferation. Additionally, a wide and
remarkably tidemark is observed, as well as a regular surface that provides the ideal
biomechanical properties to the joint. (B) The articular cartilage changes induced by caffeine
intake. Caffeine consumption has been associated with several alterations in articular cartilage,
similar to those that appear in osteoarthritis (OA). This alkaloid reduces the synthesis of major
cartilage ECM components. It also diminishes chondrocyte proliferation, decreases the tidemark,
and is associated with an irregular surface of the superficial zone of the cartilage. Additionally,
caffeine is linked to lower chondrocyte quality due to cholesterol accumulation.
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Acrticular cartilage destruction in OA has been evidenced by joint space narrowing [2,3,4].
Although the etiology of OA is not fully understood, it is well-known that OA
chondrocyte phenotypic changes that affect ECM composition promote cartilage
degradation [8,9]. One of these changes involve the acquisition of a hypertrophic-like
phenotype [8,9], which resembles the differentiation process of growth plate
chondrocytes (GPChs) [8]. In physiological conditions, articular chondrocytes exist in a
resting state and do not reach terminal differentiation [8,9]. However, OA chondrocytes
express specific hypertrophic markers, such as collagen type X (COLX), matrix
metalloproteinase 13 (MMP13), osteopontin (SPP1, also known as OPN), osteocalcin
(OCN), osteonectin (SPARC), Runt-related transcription factor 2 (Runx2), Vascular
Endothelial Growth Factor (VEGF), and alkaline phosphatase (ALP) [8]. At the same
time, OA chondrocytes also present lower expression levels of the SRY-Box
Transcription factor 9 (Sox9) [8]. As a result, all these changes contribute to ECM
degradation, thereby affecting the synthesis of ACAN and COL2A1, two of the main
components of the ECM.

There are several risk factors for OA development, such as certain genetic profiles,
gender, aging, ethnicity, exercise, metabolic alterations, alcohol consumption, obesity,
coffee intake, and diet [2,3,4,14]. Notably, multiple modifiable risk factors are closely
related to dietary habits, which suggests that diet could play a key role in OA pathogeny.

Go to:

3. Longitudinal Bone Growth Inhibition

Longitudinal bone growth is a process that takes places from the fetal period to
adolescence [12,15]. This growth is mediated by chondrocyte proliferation, condensation,
and differentiation in the growth plate during a process called endochondral ossification

certain types of bone fracture healing [9].


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B2-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B3-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B4-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B8-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B9-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B8-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B9-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B8-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B8-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B9-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B8-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B8-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B2-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B3-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B4-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B14-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B12-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B15-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B9-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B10-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B12-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B16-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B17-jcm-09-01163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/figure/jcm-09-01163-f002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/#B9-jcm-09-01163
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=7230935_jcm-09-01163-g002.jpg

) [ ’ - ’ r )| Changes Induced
?E Normal Growth Plate 9 \ by Caffeine Intake
'f"‘ o ACAN [° 7 o
( = COL2A1 i /L\(():\rj\l Z
1 COLIX.XI |3 e £
= 1GF-1 ¥
s ACAN | 7 =
= coL2a1 s L ACAN 3
g COLIX. X1 1COL2A1 =
= SOX9 1 1GF-1 S
= z GE-r | f3 A~ 4 150X9 ES
JJ . J o TGF-p | %% - /] CHy A | TGF-p -
g Ped Gy A &
H 5 ,Lj 3
o g
= . |52 = =
E 2 COLX Caffeine =&
013 = | =
5| £ MMELS [3 | CoLX Fl N
= ALP | o 2|5
gl & VEGF [%¥/ | SPP 5|8
: 3 LIGE-1 S
° = SPPI b =| &
RUNX2 | RUNX2 E
COLX
B ALP
& VEGF - - o)
= SPPI JCOLX  |RUNX2 =
S N2 15PP1 1Ca® z.
o RUNX2 il &
1 Ca® JIGF- lApoptosis &
5 Ses -°
= : i 2 INA S Mineralized Z
é Bone formation "\- ‘ — | ,:::;;:L :-,1
- =
Z 2
© E
Figure 2

Comparison between normal growth plate cartilage and the changes induced by caffeine. (A)
Normal growth plate cartilage. The growth plate cartilage is organized in different zones: the
resting zone; the proliferation zone, characterized by packed cell columns; the hypertrophic zone
(HZ), where cells increase their volume and promote Extracellular Matrix (ECM) production; and
the calcified zone, where chondrocytes die, and the ECM is mineralized and remodeled to allow
the invasion of bone remodeling cells and blood vessels. The process by which chondrocytes
differentiate to give room to bone is called endochondral ossification (EO). Among the factors
that modulate GPCh physiology, growth hormone (GH), Insulin Growth Factor 1 (IGF-1), and
Transforming Growth Factor R1 (TGF-[31) stand out. Likewise, this differentiation process and
matrix production are controlled by key transcription factors, such as Sox9 and Runx2. The
metalloproteinase MMP13 plays a key role in matrix remodeling. (B) Changes in growth plate
cartilage induced by caffeine intake. Caffeine consumption has been related to growth retardation
due to its impact on the growth plate cartilage. It has a negative impact on the main components
of the ECM, as well as in some crucial transcription factors involved in chondrocyte
differentiation. Caffeine also interacts with the GH/IGF-1 axis, leading to a reduction in IGF-1
signaling. Additionally, caffeine decreases intracellular calcium concentration (Ca*), as well as
chondrocyte apoptosis. Among the morphologic changes induced by caffeine intake, a wider
hypertrophic zone and a reduction of mineralization stand out.

The process of longitudinal bone growth is modulated by the same physiological and
pathological factors that regulate the articular cartilage [12]. Likewise, several
pathological conditions and pharmacological treatments, such as inflammatory diseases
and glucocorticoids (GC) therapy, also affect Iongitudinal bone growth and have been

Growth retardation is one of the main complications among children who suffer from
chronic inflammatory diseases [12,23]. The complications derived from a long-term
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inflammatory state on bone growth are not limited to growth retardation. Other
alterations, such as short stature, growth disorders, and bone dysmetria, have also been
associated with long-term inflammation [12]. Supporting this association, certain
proinflammatory cytokines exert a negative impact on growth plate development,
resulting in growth failure [12,18,19,22]. Specifically, cytokines like IL-6, TNF-a, and
IL-1p interfere with local and systemic IGF-1 metabolism, reducing its levels and
anabolic actions [12,18,19,22]. Accordingly, in vitro studies have determined that some
of these cytokines directly inhibit growth plate cartilage anabolism (proteoglycans and
collagens synthesis), chondrocyte differentiation, and induced chondrocyte apoptosis
[12,18,19,22]. Additionally, it has also been suggested that proinflammatory cytokines
may interfere in the steroidogenesis process of the growth plate and, consequently, could
exert a negative impact on bone growth [12,22].

Systemic inflammatory diseases are usually treated with GC [15,18,21]. These drugs
reduce inflammation, but they also exhibit detrimental effects on the growth plate and
even contribute to cytokine-mediated growth retardation [15]. The underlying
mechanisms of GC-mediated growth retardation can be indirect, through the reduction of
systemic IGF-1 levels and the alteration of calcium (Ca?*) metabolism [19,20,21,23].
Nonetheless, GC may also exert direct actions on the growth plate. In vitro studies have
shown that chondrocytes exposed to GCs feature reduced proliferation, a reversible and
prolonged resting period, a marked reduction in matrix synthesis, greater rates of
apoptosis, and reduced ALP activity [18,21].

Go to:

4. Caffeine

Caffeine (1,3,7-trimethylxanthine) is a natural alkaloid belonging to the family of

Caffeine does not have nutritional value. Nonetheless, it is among the most frequently
consumed substances, with an average daily ingestion of 120 mg

(15%—-30%) are the main sources of caffeine for adults, while among children, chocolate
and soft drinks are the major intake sources [30,31,32] (Eigure 3).
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Sources, mechanisms, and systemic effects of caffeine. Caffeine is a natural methylxantine
present in coffee and cocoa beans, tea leaves, and cola nuts. It is found in different products, such
as beverages (e.g., coffee, tea, soft, or energy drinks) and food (e.g., cocoa, chocolate). Once
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caffeine is consumed, it exerts its effects through several receptors and some intracellular
mediators. The biological effects of caffeine are heterogeneous. Among the most significant of its
beneficial activities are improvements in endothelial function, inflammatory processes, and
cognitive faculties, as well as protection against dementia. On the other hand, caffeine can have
negative systemic effects including alterations in the nervous, respiratory, cardiovascular,
gastrointestinal, genitourinary, and musculoskeletal systems.

Following its ingestion, caffeine is rapidly absorbed from the gastrointestinal tract into
the blood, reaching its maximum blood concentration after 1-1.5 h [30]. Then, caffeine is
distributed throughout the whole body and is able to cross the blood-brain barrier and
placenta, as well as pass into breast milk and semen [30,32].

The main portion of caffeine metabolism takes place in the liver [30]. Caffeine
elimination lasts between 3—7 h, depending on factors such as sex, age, and pregnancy
[30,32]. In general, the caffeine half-life in women is 20%-30% shorter than that in men.
However, during the first trimester of pregnancy, caffeine’s time of excretion increases
from 4 to 18 h. Newborns also exhibit an elevated time of caffeine elimination that ranges
from 50 to 100 h. This has been attributed to their deficiency in cytochrome p450, the
enzyme that metabolizes caffeine [30,32].

Once caffeine reaches diverse target tissues, it exerts its biological activity through
different mechanisms. The most relevant mechanism is adenosine receptor antagonism
[30,33]. However, caffeine also interferes with other receptors, such us the Epidermal
Growth Factor Receptor (EGFR) [24] and vitamin D receptors [31]. Caffeine also
increases intracellular cyclic adenosine monophosphate levels (CAMP) [30]. Moreover, in
certain tissues, caffeine increases the mRNA expression of mitogen inducible gene-6
(Mig-6) [24] but decreases TGF-8 mRNA expression [34]. Another important mechanism
of action of this alkaloid is that it negatively affects iron absorption but increases the
excretion of Ca?* and certain B vitamins [30,31] (Figure 3).

The biological effects of caffeine are heterogeneous (Figure 3). On the one hand, it has
been suggested that low doses of caffeine could exert beneficial activities on endothelial
function [35,36], in inflammatory processes by reducing some pro-inflammatory
cytokines [36,37], and in the improvement of cognitive faculties, as well as providing
protection against dementia [35,38]. However, clinical trials conducted in humans have
suggested that caffeine is not responsible for the certain beneficial properties observed in
caffeinated beverages, like the anti-inflammatory effects of coffee [39,40]. In fact, certain
clinical trials have shown that caffeine may enhance post-exercise oxidative stress [41].

On the other hand, evidence has suggested that caffeine, and even coffee [14], may
become harmful in a specific concentration. It has been estimated that the threshold of
caffeine toxicity is 400 mg/day in healthy adults, 200 mg/day during pregnancy, 100
mg/day in healthy adolescents, and 2.5 mg/kg/day in healthy children [30,32]. It is well-
known that in adults, chronic and elevated caffeine intake above 500-600 mg/day
(equivalent to four or seven cups of coffee) can cause multiple symptoms, including
nervousness, irritability, insomnia, arrhythmias, increased diuresis, tachypnoea,
gastrointestinal disturbances, hypercalciuria, female infertility, and an increased risk of
osteoporosis and hip fracture [30,31]. In addition to these effects, multiple in vitro and in
Vivo experiments suggest that caffeine overconsumption could be harmful to the

3).
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Go to:

5. Caffeine’s Role in Cartilage-Related Disorders

The consumption of caffeinated beverages like coffee has been associated with knee OA
development in males but not in females [14]. It is known that women have a faster
caffeine metabolism [30,32], which in turn could explain this difference between the
sexes. Consistent with this, a wide range of studies have suggested the potential harmful

5.1. Caffeine’s Role in Articular Cartilage: Osteoarthritis

5.1.1. Prenatal Caffeine Exposure

The potential effects of caffeine on the articular cartilage were clearly demonstrated in rat

offspring with PCE possess irregular surface cartilage with uneven and altered
chondrocytes in the tangential zone [26]. The articular cartilage of these rats also
exhibited an irregular and reduced ECM. Interestingly, the tidemark of this articular
cartilage was absent, which suggests an altered mineralization process of the hypertrophic
chondrocytes [26] (Figure 1). According to all the alterations observed in the histological
studies, the Mankin’s score (a scale used for the classification of OA cartilage lesions
severity) of the cartilage from the PCE rats was found to be higher than that of their wild
type littermates [26]. Underpinning these studies, a molecular analysis of PCE articular
cartilage revealed the reduced expression of key components of the ECM, such as
COL2A1 and the levels of ACAN and COL1A1 [23,25,26,42]. Likewise, it was also
reported that the cartilage of PCE rats exhibited a lower expression of several proteins of
the IGF-1 signaling pathway, which suggests reduced anabolic metabolism in this tissue.
Among these proteins, the IGF-1 itself, the insulin receptor substrate 1 (IRS-1), and the
serine-threonine protein kinase (AKT) were involved in the chondrocytes’ anabolic
responses [23,25,26] (Figure 1). Interestingly, the deleterious effects elicited by PCE on
the rats’ articular cartilage were still present in adulthood [23,24].

As evidenced above, PCE induces OA-like features in rat cartilage [23]. Similarly,
excessive physical activity also promotes cartilage alterations like those found in OA,
increasing the risk of OA [23]. In agreement with this, PCE further increased the
Mankin’s score of rats exposed to excessive physical activity, suggesting that PCE may
also increase OA susceptibility [23]. Supporting this, the cartilage of rats exposed to both
PCE and excessive physical activity exhibited rougher articular surfaces, increased worn
and torn cartilage surfaces, an increased number of clefts, reduced matrix safranin-O
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staining (stains proteoglycans and collagens), a reduced number of chondrocytes, and
increased blurred tidemarks [23].

Apart from the observed additive effects of PCE-induced cartilage matrix alterations on
typical OA matrix lesions, it has been suggested that PCE may also contribute to OA
susceptibility through diverse specific mechanisms [23,25,26,42,45]. Among these
mechanisms are alterations of chondrocyte vitality and differentiation [42], an alteration
of cholesterol metabolism [26], and the reduction of the circulating and local levels of
IGF-1 during fetal development [26] (Figure 1).

OA development dramatically affects the chondrocyte phenotype, function, and
metabolism, in part reducing the expression of the transcription factor Sox9 [8], which is
essential for the preservation of the chondrocyte phenotype and its function [9,10,17]. In
this regard, it is noteworthy that caffeine intake in pregnant rats reduced Sox9 expression
in the articular chondrocytes of their offspring [42], which is consistent with the reduced
vitality and altered differentiation of these cells [42]. This, in turn, involves low-quality
articular cartilage [8], which might increase OA susceptibility in adulthood.

Several studies have suggested a relationship between cholesterol accumulation,
metabolic syndrome, and the risk of OA [46,47]. Consistent with this, PCE induced low-
quality articular cartilage in fetal rats, which was associated with local and systemically
altered cholesterol metabolism [26]. On the one hand, PCE reduced the cholesterol efflux
in chondrocytes, resulting in a clear accumulation of total cholesterol in these cells [26].
This accumulation was attributed to a lower expression of the IGF1/PI3K/AKT signaling
pathway and to a reduced expression of cholesterol efflux genes, such as the Liver X
Receptor o (LXRa) and the ATP-binding cassette transporter A1 (ABCA1) [26]. On the
other hand, PCE rats, under a high fat diet, exhibited significant hypercholesterolemia,
which was suggested to be one of the main causes associated with cholesterol’s influx
into the articular cartilage [26,48].

Together with the effects of caffeine on chondrocytes cholesterol metabolism, PCE also
reduced the IGF-1 signaling pathway in rat fetal cartilage, maintaining its detrimental
effects into adulthood [26]. However, the IGF-1 metabolism alterations by PCE were not
limited to the cartilage and were also observed at a systemic level due to a reduction in
hepatic IGF-1 production [25,26]. This suggests that low circulating levels of this growth
factor might affect the development of articular cartilage. The underlying mechanism of
this IGF-1 reduction was attributed to caffeine-induced over-exposure to maternal GC
[25]. Accordingly, it has been suggested that PCE could support the existence of a subset
of OA with a fetal origin [26].

5.1.2. Direct and Indirect Effect of Caffeine on Articular Chondrocytes

Data from PCE animal studies show that several systemic mechanisms, like the
hypercholesterolemia and the reduction of circulating IGF-1 [26], may explain some of
caffeine’s modes of action on the articular cartilage. In vitro experiments have revealed
that caffeine also exerts direct actions on the chondrocyte’s primary cultures [23,27,33].
Among these activities, caffeine stimulation in a dose-dependent manner was shown to
reduce rat chondrocyte proliferation and viability [27]. Similarly, caffeine (1-100 uM)
also reduced the mRNA expression of key ECM components (COL2A1 and ACAN) in
these cells [23,27]. It also reduced the mRNA expression of several IGF-1 signaling
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pathway members (IGF1, IGF1-receptor, and AKT) that participate in the chondrocytes’
anabolic responses [23,49] (Figure 1).

One of the mechanisms that has been proposed to explain the direct actions of caffeine on
chondrocytes is based on caffeine’s well-known ability to inhibit adenosine receptors
[27,33]. The activation of these receptors, expressed in the articular cartilage [27,33], has
been described to have anti-inflammatory and anabolic effects on chondrocytes [27,33]
and also in other articular cells, including synoviocytes [27,33]. Despite this, the
stimulation of equine cartilage explants with caffeine (1 mM) did not block the
adenosine-mediated autocrine anabolic responses of the cartilage [33]. Nonetheless, in
this experimental setup, theophylline, another methylxanthine, was able to block these
actions, suggesting that caffeine could also exert the same effects at higher doses.
According to this, and considering the similar phenotypes of articular cartilage
chondrocytes and GPChs, it was observed that caffeine stimulation of GPChs reduces the
production of ECM components [27].

Finally, the caffeine-mediated imbalance between inflammatory and anti-inflammatory
cytokine levels has been proposed to exert a potentially harmful indirect effect on the
articular cartilage [45]. In agreement with this, the serum level ratio of the inflammatory
cytokine IL-6 and the anti-inflammatory cytokine IL-11 has been proposed as a clinical
marker of OA progression [45,50,51]. Interestingly, in vitro experiments of non-articular
cells revealed that caffeine reduces the expression of 1L-11 [45]; thus, it might increase
the IL6/IL11 ratio, which is, in turn, related to an aggressive therapy for OA [45].

5.2. Caffeine Effects on the Growth Plate: Longitudinal Bone Growth Inhibition

The physiology and pathophysiology of both articular and growth plate cartilage are
tightly related. Indeed, epidemiological studies have underpinned this idea, showing that a
lower birth weight (growth retardation) is associated with hand or spine OA [52,53]. As a
result, it has been suggested that common intrauterine deleterious factors may support
alterations in both tissues [26]. Thus, the PCE, which promotes multiple alterations of the
articular cartilage, could also affect the growth plate cartilage.

5.2.1. Prenatal Caffeine Exposure

As it reported for articular cartilage, animal models of PCE also revealed that caffeine
exposure during the prenatal stages significantly affects skeletal development and bone
related to_inﬁauﬁari_ne_growth retardation (IUGR) in animals [3,13], as well as in humans
[43,44]. This alteration is characterized by a low birthweight and shortened bones due to a
retarded EO [24,25,26]. Consistent with this, PCE has been associated with significant
exhibited a reduced number of mineralized rEduIes, decreased cell viability, lower
COL2A1 and ACAN expression [25], and poorer IGF-1 signaling [25]. Moreover, these
growth plates presented longer hypertrophic zones (HZ) [24,25,27,42] (Figure 2).

It is well known that exogenous and endogenous GC induces growth retardation [25,54].

In agreement with this, PCE rat models show that the caffeine-mediated over-exposure to
maternal GCs is responsible for its deleterious effects on the growth plate [24,33]. In line
with this, it was determined that PCE increased the corticosterone level in the blood of
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PCE rat fetuses [25], which was also associated with a lower IGF-1 signaling pathway in
the growth plates of these rats [24,25,26]. In the growth plate, IGF-1 contributes to
chondrocyte proliferation, differentiation, and maintenance via the phosphatidylinositol 3-
kinase (PI3K)/Akt signaling pathway [23,25]. IGF-1 also plays a critical role in the
production of ECM components, such as collagens and proteoglycans (ACAN and
COL2A1) [23,25]. As aresult, it was suggested that the corticoid-dependent caffeine
reduction of the IGF-1 signaling in the growth plate could be responsible for PCE effects
on bone growth [23,25,26].

Caffeine’s alteration of GC metabolism may also affect other key factors and signaling
pathways involved in the physiology of the growth plate. Among them are the EGFR and
the Mig-6 [24,25,26]. It is well known that a loss of EGFR signaling in mice disrupts the
growth plate’s normal growth [24,55]. Its deficiency enlarges the growth plate’s HZ,
impairs the EO, and leads to notable growth retardation [24,55]. In agreement with this,
the suppression of EGFR expression observed in the growth plate HZ of PCE rats was
linked to a significantly widened HZ of the growth plate (Figure 2). Supporting this, in
the growth plate of these rats, an upregulation was also observed in the expression of
Mig-6, which binds and inhibits the EGFR [24]. Therefore, it has been suggested that the
GC overexposure associated with PCE may upregulate Mig-6, reduce EGFR signaling,
and, as a consequence, alter the EO process and bone growth [24].

Interestingly, none of these effects over EGFR were reproduced in vitro via caffeine
stimulation of the primary chondrocytes [42]. Conversely, these effects were only
observed once these chondrocytes were stimulated with corticosterone [24]. Thus, these
data suggest that PCE exerts its deleterious effect on bone growth, at least in part, through
an indirect mechanism.

5.2.2. Direct and Indirect Effect of Caffeine on Growth Plate Chondrocytes

In vivo and in vitro experiments designed to evaluate the effects of caffeine on the growth
plate have revealed that caffeine’s direct effects on the GPCh may be different from those
observed in PCE in vivo experiments [24,27] Accordingly, caffeine’s direct effects are
addressed independently in order to unravel all the potential consequences of its
consumption on skeleton development and growth.

In vivo rat models of EO, developed through the subcutaneous implantation of
demineralized bone particles, revealed that caffeine may exert local harmful effects on the
growth plates of growing rats [34]. In these rats, caffeine ingestion reduced the expression
of the c-myc oncogene, an intracellular growth promoting protein. As a result, a
significant inhibition in the number of chondrocytes was observed in this experimental
design [34]. Likewise, caffeine’s consumption in a dose-dependent manner decreased up
to 40% of the expression of the other key growth factors and structural proteins, such as
TGF-p, COL2A1, and the hypertrophic markers COL1A1 and OCN [34] (Eigure 2).
Altogether, these data highlight the fact that other GC independent mechanisms could be
at play in caffeine-mediated growth plate alterations.

Consistent with the in vivo data, in vitro experiments performed on primary rat GPChs
have confirmed that caffeine directly and negatively influences chondrocyte proliferation
in a dose-dependent manner [27]. It was observed that caffeine alters mitochondrial
integrity, affecting cell viability and promoting apoptosis [23,27,42]. These data further
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underpin the idea that caffeine exerts a damaging effect on the proliferation of GPChs
and, therefore, on growth plate-based bone growth [27].

Considering that the ECM of the cartilage contributes to preserving chondrocyte viability,
it is noteworthy that the in vitro caffeine stimulation of rat GPChs decreased the
expression of cartilage-specific matrix genes, such as ACAN, COL2A1, and COLX, as
well as key transcription factors involved in chondrocyte differentiation, such as Runx2
and Sox-9 [27] (Figure 2). This effect, which was also observed in articular chondrocytes
[42], confirms the potential structural damage that caffeine may exert on the growth plate.
The mechanism by which caffeine can alter the expression of the Runx-2 and Sox-9
transcription factors remains unclear. Nevertheless, certain studies suggest that caffeine
can interfere with the second messenger cAMP, which regulates both genes [42]. As a
result, caffeine’s interaction with cAMP might influence chondrocyte differentiation and
maturation, which is also consistent with the alterations observed in the HZ of the growth
plates of PCE rats [24,27].

Similar to the caffeine-mediated altered production of ECM components, this alkaloid
also exhibits a deleterious impact on the mineralization of the growth plate [34]. It was
demonstrated that caffeine reduces ALP activity in a dose-dependent manner in EO rat
models and in rat GPChs [27,34]. ALP plays a critical role in cartilage matrix
mineralization and is an important marker of chondrocyte maturation [27,34,42]. Thus,
these results suggest that the lack of mineralization resulting from caffeine intake might
be, in part, explained by its effects on ALP activity and could be related to bone growth
retardation [24,34]. Consistent with the impact of caffeine on the mineralization of the
growth plate [34], caffeine stimulation reduces intracellular Caz* concentration (Ca?*); in
rat chondrocytes, which is required to achieve terminal EO [56]. The caffeine-mediated
reduction of (Ca%*); was also linked with a diminished expression of key cartilage
components, such as ACAN, COL2A1, and SPP1 [56] (Figure 2).

The mechanisms underlying the direct effects of caffeine on the growth plate have not
been fully unraveled. As described above, it has been speculated that caffeine’s
modulation of cAMP levels might explain certain caffeine activities [42]. Other authors
have suggested that, in rat GPChs, caffeine’s effects might be partially attributed to
caffeine’s binding to adenosine receptors [4]. Finally, in rat chondrocytes, caffeine’s
reduction of (Ca?*);, a process linked to catabolic processes, is mediated by its inhibition
of the myo-inositol 1,4,5-triphosphate receptor [56]. All these data on caffeine’s many
interactions with diverse receptors and second messengers reflect caffeine’s complex
mechanism of action and highlight the elevated potential consequences of excessive
caffeine consumption on growth plate cartilage [27,42,56].

Go to:

6. Conclusions

Caffeine is one of the most commonly consumed psychostimulant substances worldwide,
and its major intake sources are coffee, tea, chocolate, and soft drinks. Caffeine is a
pleiotropic alkaloid that affects different organs and systems. Caffeine significantly
exhibits detrimental effects on both articular and growth plate hyaline cartilage. These
effects are exerted through a PCE or through its direct and indirect actions on these
tissues.
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Animal PCE models showed that caffeine intake, comparable to the same intake observed
in some pregnant women, induces an OA-like phenotype in the articular cartilage, which
is preserved into adulthood. Accordingly, caffeine also increases mechanical stress
induced OA, suggesting that caffeine could be an OA promoting factor. Among the
mechanisms supporting the PCE effects are the alteration of chondrocyte vitality and
differentiation, the alteration of cholesterol metabolism, and the reduction of circulating
and local levels of IGF-1 during fetal development. Similarly, PCE has been related to
IUGR in humans and is characterized by a low birthweight, shortened bones, a retarded
EO, and other growth plate cartilage abnormalities. The mechanisms underlying these
effects are related to an over-exposure to the maternal GCs that affect 1G-1 and EGFR
signaling.

Caffeine’s direct actions have also been negatively associated with articular chondrocyte
anabolism signaling, viability, proliferation, and ECM component synthesis. Likewise,
caffeine may also indirectly affect the articular cartilage through the alteration of
circulating levels of pro-inflammatory and anti-inflammatory cytokines. Consistent with
caffeine’s direct effects on the articular chondrocytes, its direct effects on GPChs were
also observed. Additionally, in GPChs, caffeine also decreases growth factor expression
and interferes with their differentiation and mineralization.

Based on the data presented in this review, there is ample evidence indicating that
caffeine intake negatively affects the physiology of both articular and growth plate
hyaline cartilage, thereby increasing a consumer’s predisposition to suffer OA and LBGI.
Due to its negative effects, caffeine consumption should be reduced and closely
controlled. Specifically, this control should be mandatory for certain subjects whose
caffeine metabolism is reduced, such as infants and pregnant women. As a result, health
workers, such as physicians and nurses, must be aware of caffeine’s dangers to the
musculoskeletal system and provide adequate advice to their patients.

Go to:

Author Contributions

Conceptualization, resources, data curation, writing—original draft preparation,
reviewing, editing, and validation, M.G.-F.; conceptualization, resources, data curation,
writing—original draft preparation, reviewing and editing, and validation, E.F.-T ;
resources, data curation, writing—original draft preparation, reviewing and editing, and
validation, A.A.-P.; writing—original draft preparation, and validation, A.J.-M.;
writing—original draft preparation, and validation, M.L.-F.; writing—original draft
preparation, and validation, A.P.-P.; writing—original draft preparation, and validation,
0.G.; conceptualization, resources, data curation, writing—original draft preparation,
reviewing and editing, validation, and supervision, R.G. All authors have read and agreed
to the published version of the manuscript.

Go to:

Funding

The research of the authors was supported by grants from Fondo de Investigacion
Sanitaria, funded by the Instituto de Salud Carlos 111 (ISCIII), and co-funded by the


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/

“Fondo Europeo de Desarrollo Regional,” FEDER (P116/01870, CP15/00007,
P114/00016, and P117/00409). R.G. is funded by ISCIII and “Servizo Galego de Saude,”
SERGAS, through a Miguel Servet program. O.G. belongs to the personnel of SERGAS
through a research-stabilization contract (ISCHI/SERGAS). R.G. and O.G. are members
of the RETICS program, RD16/0012/0014 (RIER: Red de Investigacion en Inflamacion y
Enfermedades Reumaticas) from ISCIII. R.G. and O.G. are beneficiaries of a project
funded by the European Union, MSCA-Q4 RISE-H2020 program (Project number
734899). This work was also supported by a grant from Mutua Madrilefia Fundation
(MMA 2018). A.A.-P. is funded by the Instituto de Investigacion Sanitaria de Santiago de
Compostela (IDIS) through a grant. E.F.-T. is funded by the Fundacion Espafiola de
Reumatologia (FEDER). M.G.-F. is funded by the Ministry of Science, Innovation and
Education through an FPU grant.

Go to:

Conflicts of Interest

The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

Go to:

References

1. O’Neill T.W., McCabe P.S., McBeth J. Update on the epidemiology, risk factors and
disease outcomes of osteoarthritis. Best Pract. Res. Clin. Rheumatol. 2018;32:312-326.
doi: 10.1016/j.berh.2018.10.007. [PubMed] [CrossRef] [Google Scholar]

2. Gomez R., Villalvilla A., Largo R., Gualillo O., Herrero-Beaumont G. TLR4 signalling
in osteoarthritis—Finding targets for candidate DMOADs. Nat. Rev.

Rheumatol. 2015;11:159-170. doi: 10.1038/nrrheum.2014.209. [PubMed]

[CrossRef] [Google Scholar]

3. Litwic A., Edwards M.H., Dennison E.M., Cooper C. Epidemiology and burden of
osteoarthritis. Br. Med. Bull. 2013;105:185-199. doi: 10.1093/bmb/Ids038. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]

4. Villalvilla A., da Silva J.A., Largo R., Gualillo O., Vieira P.C., Herrero-Beaumont G.,
Gomez R. 6-Shogaol inhibits chondrocytes’ innate immune responses and cathepsin-K
activity. Mol. Nutr. Food Res. 2014;58:256-266. doi:

10.1002/mnfr.201200833. [PubMed] [CrossRef] [Google Scholar]

5. Sophia Fox A.J., Bedi A., Rodeo S.A. The basic science of articular cartilage:
Structure, composition, and function. Sports Health. 2009;1:461-468. doi:
10.1177/1941738109350438. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

6. Rahmati M., Nalesso G., Mobasheri A., Mozafari M. Aging and osteoarthritis: Central
role of the extracellular matrix. Ageing Res. Rev. 2017;40:20-30. doi:
10.1016/j.arr.2017.07.004. [PubMed] [CrossRef] [Google Scholar]

7. Krishnan Y., Grodzinsky A.J. Cartilage diseases. Matrix Biol. 2018;71-72:51-69. doi:
10.1016/j.matbio.2018.05.005. [PMC free article] [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230935/
https://www.ncbi.nlm.nih.gov/pubmed/30527434
https://dx.doi.org/10.1016%2Fj.berh.2018.10.007
https://scholar.google.com/scholar_lookup?journal=Best+Pract.+Res.+Clin.+Rheumatol.&title=Update+on+the+epidemiology,+risk+factors+and+disease+outcomes+of+osteoarthritis&author=T.W.+O%E2%80%99Neill&author=P.S.+McCabe&author=J.+McBeth&volume=32&publication_year=2018&pages=312-326&pmid=30527434&doi=10.1016/j.berh.2018.10.007&
https://www.ncbi.nlm.nih.gov/pubmed/25512010
https://dx.doi.org/10.1038%2Fnrrheum.2014.209
https://scholar.google.com/scholar_lookup?journal=Nat.+Rev.+Rheumatol.&title=TLR4+signalling+in+osteoarthritis%E2%80%94Finding+targets+for+candidate+DMOADs&author=R.+G%C3%B3mez&author=A.+Villalvilla&author=R.+Largo&author=O.+Gualillo&author=G.+Herrero-Beaumont&volume=11&publication_year=2015&pages=159-170&pmid=25512010&doi=10.1038/nrrheum.2014.209&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3690438/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3690438/
https://www.ncbi.nlm.nih.gov/pubmed/23337796
https://dx.doi.org/10.1093%2Fbmb%2Flds038
https://scholar.google.com/scholar_lookup?journal=Br.+Med.+Bull.&title=Epidemiology+and+burden+of+osteoarthritis&author=A.+Litwic&author=M.H.+Edwards&author=E.M.+Dennison&author=C.+Cooper&volume=105&publication_year=2013&pages=185-199&pmid=23337796&doi=10.1093/bmb/lds038&
https://www.ncbi.nlm.nih.gov/pubmed/24039109
https://dx.doi.org/10.1002%2Fmnfr.201200833
https://scholar.google.com/scholar_lookup?journal=Mol.+Nutr.+Food+Res.&title=6-Shogaol+inhibits+chondrocytes%E2%80%99+innate+immune+responses+and+cathepsin-K+activity&author=A.+Villalvilla&author=J.A.+da+Silva&author=R.+Largo&author=O.+Gualillo&author=P.C.+Vieira&volume=58&publication_year=2014&pages=256-266&pmid=24039109&doi=10.1002/mnfr.201200833&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3445147/
https://www.ncbi.nlm.nih.gov/pubmed/23015907
https://dx.doi.org/10.1177%2F1941738109350438
https://scholar.google.com/scholar_lookup?journal=Sports+Health&title=The+basic+science+of+articular+cartilage:+Structure,+composition,+and+function&author=A.J.+Sophia+Fox&author=A.+Bedi&author=S.A.+Rodeo&volume=1&publication_year=2009&pages=461-468&pmid=23015907&doi=10.1177/1941738109350438&
https://www.ncbi.nlm.nih.gov/pubmed/28774716
https://dx.doi.org/10.1016%2Fj.arr.2017.07.004
https://scholar.google.com/scholar_lookup?journal=Ageing+Res.+Rev.&title=Aging+and+osteoarthritis:+Central+role+of+the+extracellular+matrix&author=M.+Rahmati&author=G.+Nalesso&author=A.+Mobasheri&author=M.+Mozafari&volume=40&publication_year=2017&pages=20-30&pmid=28774716&doi=10.1016/j.arr.2017.07.004&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6146013/
https://www.ncbi.nlm.nih.gov/pubmed/29803938
https://dx.doi.org/10.1016%2Fj.matbio.2018.05.005
https://scholar.google.com/scholar_lookup?journal=Matrix+Biol.&title=Cartilage+diseases&author=Y.+Krishnan&author=A.J.+Grodzinsky&volume=71%E2%80%9372&publication_year=2018&pages=51-69&pmid=29803938&doi=10.1016/j.matbio.2018.05.005&

8. Van der Kraan P.M., van den Berg W.B. Chondrocyte hypertrophy and osteoarthritis:
Role in initiation and progression of cartilage degeneration? Osteoarthr.

Cartil. 2012;20:223-232. doi: 10.1016/j.joca.2011.12.003. [PubMed] [CrossRef] [Google
Scholar]

9. Dreier R. Hypertrophic differentiation of chondrocytes in osteoarthritis: The
developmental aspect of degenerative joint disorders. Arthritis Res. Ther. 2010;12:216.
doi: 10.1186/ar3117. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

10. Mackie E.J., Ahmed Y.A., Tatarczuch L., Chen K.-S., Mirams M. Endochondral
ossification: How cartilage is converted into bone in the developing skeleton. Int. J.
Biochem. Cell Biol. 2008;40:46-62. doi: 10.1016/j.biocel.2007.06.009. [PubMed]
[CrossRef] [Google Scholar]

11. De Hooge A.S.K., van de Loo F.A.J., Bennink M.B., Arntz O.J., Fiselier T.J.W.,
Franssen M.J.A.M., Joosten L.A.B., Van Lent P.L.E.M., Richards C.D., van den Berg
W.B. Growth plate damage, a feature of juvenile idiopathic arthritis, can be induced by
adenoviral gene transfer of oncostatin M: A comparative study in gene-deficient

mice. Arthritis Rheum. 2003;48:1750-1761. doi: 10.1002/art.10972. [PubMed]
[CrossRef] [Google Scholar]

12. Cirillo F., Lazzeroni P., Sartori C., Street M.E. Inflammatory Diseases and Growth:
Effects on the GH-IGF Axis and on Growth Plate. Int. J. Mol. Sci. 2017;18:1878. doi:
10.3390/ijms18091878. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

13. Buckwalter J.A., Mankin H.J. Articular cartilage: Tissue design and chondrocyte-
matrix interactions. Instr. Course Lect. 1998;47:477-486. [PubMed] [Google Scholar]

14. Bang C.H., Kim C., Kim J.H., Choi S.J., Song G.G., Jung J.H. Is knee osteoarthritis
related to coffee drinking? A nationwide cross-sectional observational study. Clin.
Rheumatol. 2019;38:817-825. doi: 10.1007/s10067-018-4354-1. [PubMed]

[CrossRef] [Google Scholar]

15. Pass C., MacRae V.E., Ahmed S.F., Farquharson C. Inflammatory cytokines and the
GH/IGF-I axis: Novel actions on bone growth. Cell Biochem. Funct. 2009;27:119-127.
doi: 10.1002/cbf.1551. [PubMed] [CrossRef] [Google Scholar]

16. Smink J.J., Buchholz 1.M., Hamers N., van Tilburg C.M., Christis C., Sakkers R.J.B.,
de Meer K., van Buul-Offers S.C., Koedam J.A. Short-term glucocorticoid treatment of
piglets causes changes in growth plate morphology and angiogenesis. Osteoarthr.

Cartil. 2003;11:864-871. doi: 10.1016/S1063-4584(03)00187-0. [PubMed]

[CrossRef] [Google Scholar]

17. Kronenberg H.M. Developmental regulation of the growth
plate. Nature. 2003;423:332-336. doi: 10.1038/nature01657. [PubMed]
[CrossRef] [Google Scholar]

18. Ahmed S.F., Sédvendahl L. Promoting growth in chronic inflammatory disease:
Lessons from studies of the growth plate. Horm. Res. 2009;72(Suppl. 1):42-47. doi:
10.1159/000229763. [PubMed] [CrossRef] [Google Scholar]

19. Ezri J., Marques-Vidal P., Nydegger A. Impact of disease and treatments on growth
and puberty of pediatric patients with inflammatory bowel



https://www.ncbi.nlm.nih.gov/pubmed/22178514
https://dx.doi.org/10.1016%2Fj.joca.2011.12.003
https://scholar.google.com/scholar_lookup?journal=Osteoarthr.+Cartil.&title=Chondrocyte+hypertrophy+and+osteoarthritis:+Role+in+initiation+and+progression+of+cartilage+degeneration?&author=P.M.+Van+der+Kraan&author=W.B.+van+den+Berg&volume=20&publication_year=2012&pages=223-232&pmid=22178514&doi=10.1016/j.joca.2011.12.003&
https://scholar.google.com/scholar_lookup?journal=Osteoarthr.+Cartil.&title=Chondrocyte+hypertrophy+and+osteoarthritis:+Role+in+initiation+and+progression+of+cartilage+degeneration?&author=P.M.+Van+der+Kraan&author=W.B.+van+den+Berg&volume=20&publication_year=2012&pages=223-232&pmid=22178514&doi=10.1016/j.joca.2011.12.003&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2990991/
https://www.ncbi.nlm.nih.gov/pubmed/20959023
https://dx.doi.org/10.1186%2Far3117
https://scholar.google.com/scholar_lookup?journal=Arthritis+Res.+Ther.&title=Hypertrophic+differentiation+of+chondrocytes+in+osteoarthritis:+The+developmental+aspect+of+degenerative+joint+disorders&author=R.+Dreier&volume=12&publication_year=2010&pages=216&pmid=20959023&doi=10.1186/ar3117&
https://www.ncbi.nlm.nih.gov/pubmed/17659995
https://dx.doi.org/10.1016%2Fj.biocel.2007.06.009
https://scholar.google.com/scholar_lookup?journal=Int.+J.+Biochem.+Cell+Biol.&title=Endochondral+ossification:+How+cartilage+is+converted+into+bone+in+the+developing+skeleton&author=E.J.+Mackie&author=Y.A.+Ahmed&author=L.+Tatarczuch&author=K.-S.+Chen&author=M.+Mirams&volume=40&publication_year=2008&pages=46-62&pmid=17659995&doi=10.1016/j.biocel.2007.06.009&
https://www.ncbi.nlm.nih.gov/pubmed/12794844
https://dx.doi.org/10.1002%2Fart.10972
https://scholar.google.com/scholar_lookup?journal=Arthritis+Rheum.&title=Growth+plate+damage,+a+feature+of+juvenile+idiopathic+arthritis,+can+be+induced+by+adenoviral+gene+transfer+of+oncostatin+M:+A+comparative+study+in+gene-deficient+mice&author=A.S.K.+De+Hooge&author=F.A.J.+van+de+Loo&author=M.B.+Bennink&author=O.J.+Arntz&author=T.J.W.+Fiselier&volume=48&publication_year=2003&pages=1750-1761&pmid=12794844&doi=10.1002/art.10972&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5618527/
https://www.ncbi.nlm.nih.gov/pubmed/28858208
https://dx.doi.org/10.3390%2Fijms18091878
https://scholar.google.com/scholar_lookup?journal=Int.+J.+Mol.+Sci.&title=Inflammatory+Diseases+and+Growth:+Effects+on+the+GH-IGF+Axis+and+on+Growth+Plate&author=F.+Cirillo&author=P.+Lazzeroni&author=C.+Sartori&author=M.E.+Street&volume=18&publication_year=2017&pages=1878&pmid=28858208&doi=10.3390/ijms18091878&
https://www.ncbi.nlm.nih.gov/pubmed/9571449
https://scholar.google.com/scholar_lookup?journal=Instr.+Course+Lect.&title=Articular+cartilage:+Tissue+design+and+chondrocyte-matrix+interactions&author=J.A.+Buckwalter&author=H.J.+Mankin&volume=47&publication_year=1998&pages=477-486&pmid=9571449&
https://www.ncbi.nlm.nih.gov/pubmed/30397838
https://dx.doi.org/10.1007%2Fs10067-018-4354-1
https://scholar.google.com/scholar_lookup?journal=Clin.+Rheumatol.&title=Is+knee+osteoarthritis+related+to+coffee+drinking?+A+nationwide+cross-sectional+observational+study&author=C.H.+Bang&author=C.+Kim&author=J.H.+Kim&author=S.J.+Choi&author=G.G.+Song&volume=38&publication_year=2019&pages=817-825&pmid=30397838&doi=10.1007/s10067-018-4354-1&
https://www.ncbi.nlm.nih.gov/pubmed/19330796
https://dx.doi.org/10.1002%2Fcbf.1551
https://scholar.google.com/scholar_lookup?journal=Cell+Biochem.+Funct.&title=Inflammatory+cytokines+and+the+GH/IGF-I+axis:+Novel+actions+on+bone+growth&author=C.+Pass&author=V.E.+MacRae&author=S.F.+Ahmed&author=C.+Farquharson&volume=27&publication_year=2009&pages=119-127&pmid=19330796&doi=10.1002/cbf.1551&
https://www.ncbi.nlm.nih.gov/pubmed/14629962
https://dx.doi.org/10.1016%2FS1063-4584(03)00187-0
https://scholar.google.com/scholar_lookup?journal=Osteoarthr.+Cartil.&title=Short-term+glucocorticoid+treatment+of+piglets+causes+changes+in+growth+plate+morphology+and+angiogenesis&author=J.J.+Smink&author=I.M.+Buchholz&author=N.+Hamers&author=C.M.+van+Tilburg&author=C.+Christis&volume=11&publication_year=2003&pages=864-871&pmid=14629962&doi=10.1016/S1063-4584(03)00187-0&
https://www.ncbi.nlm.nih.gov/pubmed/12748651
https://dx.doi.org/10.1038%2Fnature01657
https://scholar.google.com/scholar_lookup?journal=Nature&title=Developmental+regulation+of+the+growth+plate&author=H.M.+Kronenberg&volume=423&publication_year=2003&pages=332-336&pmid=12748651&doi=10.1038/nature01657&
https://www.ncbi.nlm.nih.gov/pubmed/19940495
https://dx.doi.org/10.1159%2F000229763
https://scholar.google.com/scholar_lookup?journal=Horm.+Res.&title=Promoting+growth+in+chronic+inflammatory+disease:+Lessons+from+studies+of+the+growth+plate&author=S.F.+Ahmed&author=L.+S%C3%A4vendahl&volume=72&issue=Suppl.+1&publication_year=2009&pages=42-47&pmid=19940495&doi=10.1159/000229763&

disease. Digestion. 2012;85:308-319. doi: 10.1159/000336766. [PubMed]
[CrossRef] [Google Scholar]

20. Takahashi M., Saha P.K., Wehrli F.W. Skeletal effects of short-term exposure to
dexamethasone and response to risedronate treatment studied in vivo in rabbits by
magnetic resonance micro-imaging and spectroscopy. J. Bone Miner.

Metab. 2006;24:467-475. doi: 10.1007/s00774-006-0712-1. [PubMed]

[CrossRef] [Google Scholar]

21. Owen H.C., Roberts S.J., Ahmed S.F., Farquharson C. Dexamethasone-induced
expression of the glucocorticoid response gene lipocalin 2 in chondrocytes. Am. J.
Physiol. Endocrinol. Metab. 2008;294:1023-1034. doi:
10.1152/ajpend0.00586.2007. [PubMed] [CrossRef] [Google Scholar]

22. MacRae V.E., Farquharson C., Ahmed S.F. The pathophysiology of the growth plate
in juvenile idiopathic arthritis. Rheumatology. 2006;45:11-19. doi:
10.1093/rheumatology/kei091. [PubMed] [CrossRef] [Google Scholar]

23. Tan Y., Lu K, LiJ.,, NiQ., Zhao Z., Magdalou J., Chen L., Wang H. Prenatal caffeine
exprosure increases adult female offspring rat’s susceptibility to osteoarthritis via low-
functional programming of cartilage IGF-1 with histone acetylation. Toxicol.

Lett. 2018;295:229-236. doi: 10.1016/j.toxlet.2018.06.1221. [PubMed]

[CrossRef] [Google Scholar]

24. Shangguan Y., Jiang H., Pan Z., Xiao H., Tan Y., Tie K., Qin J., Deng Y., Chen L.,
Wang H. Glucocorticoid mediates prenatal caffeine exposure-induced endochondral
ossification retardation and its molecular mechanism in female fetal rats. Cell Death
Dis. 2017;8:€3157. doi: 10.1038/cddis.2017.546. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

25.TanY., LiuJ., Deng Y., Cao H., Xu D., CuF., Lei Y., Magdalou J., Wu M., Chen L.,
et al. Caffeine-induced fetal rat over-exposure to maternal glucocorticoid and histone
methylation of liver IGF-1 might cause skeletal growth retardation. Toxicol.

Lett. 2012;214:279-287. doi: 10.1016/j.toxlet.2012.09.007. [PubMed]

[CrossRef] [Google Scholar]

26. Luo H., Li J., Cao H., Tan Y., Magdalou J., Chen L., Wang H. Prenatal caffeine
exposure induces a poor quality of articular cartilage in male adult offspring rats via
cholesterol accumulation in cartilage. Sci. Rep. 2015;5:17746. doi:
10.1038/srepl7746. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

27. Choi H., Choi Y., Kim J., Bae J., Roh J. Longitudinal bone growth is impaired by
direct involvement of caffeine with chondrocyte differentiation in the growth plate. J.
Anat. 2017;230:117-127. doi: 10.1111/joa.12530. [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

28. Cornelis M.C., Munafo M.R. Mendelian Randomization Studies of Coffee and
Caffeine Consumption. Nutrients. 2018;10:1343. doi: 10.3390/nu10101343. [PMC free
article] [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pubmed/22688404
https://dx.doi.org/10.1159%2F000336766
https://scholar.google.com/scholar_lookup?journal=Digestion&title=Impact+of+disease+and+treatments+on+growth+and+puberty+of+pediatric+patients+with+inflammatory+bowel+disease&author=J.+Ezri&author=P.+Marques-Vidal&author=A.+Nydegger&volume=85&publication_year=2012&pages=308-319&pmid=22688404&doi=10.1159/000336766&
https://www.ncbi.nlm.nih.gov/pubmed/17072739
https://dx.doi.org/10.1007%2Fs00774-006-0712-1
https://scholar.google.com/scholar_lookup?journal=J.+Bone+Miner.+Metab.&title=Skeletal+effects+of+short-term+exposure+to+dexamethasone+and+response+to+risedronate+treatment+studied+in+vivo+in+rabbits+by+magnetic+resonance+micro-imaging+and+spectroscopy&author=M.+Takahashi&author=P.K.+Saha&author=F.W.+Wehrli&volume=24&publication_year=2006&pages=467-475&pmid=17072739&doi=10.1007/s00774-006-0712-1&
https://www.ncbi.nlm.nih.gov/pubmed/18381927
https://dx.doi.org/10.1152%2Fajpendo.00586.2007
https://scholar.google.com/scholar_lookup?journal=Am.+J.+Physiol.+Endocrinol.+Metab.&title=Dexamethasone-induced+expression+of+the+glucocorticoid+response+gene+lipocalin+2+in+chondrocytes&author=H.C.+Owen&author=S.J.+Roberts&author=S.F.+Ahmed&author=C.+Farquharson&volume=294&publication_year=2008&pages=1023-1034&pmid=18381927&doi=10.1152/ajpendo.00586.2007&
https://www.ncbi.nlm.nih.gov/pubmed/16148018
https://dx.doi.org/10.1093%2Frheumatology%2Fkei091
https://scholar.google.com/scholar_lookup?journal=Rheumatology&title=The+pathophysiology+of+the+growth+plate+in+juvenile+idiopathic+arthritis&author=V.E.+MacRae&author=C.+Farquharson&author=S.F.+Ahmed&volume=45&publication_year=2006&pages=11-19&pmid=16148018&doi=10.1093/rheumatology/kei091&
https://www.ncbi.nlm.nih.gov/pubmed/29966748
https://dx.doi.org/10.1016%2Fj.toxlet.2018.06.1221
https://scholar.google.com/scholar_lookup?journal=Toxicol.+Lett.&title=Prenatal+caffeine+exprosure+increases+adult+female+offspring+rat%E2%80%99s+susceptibility+to+osteoarthritis+via+low-functional+programming+of+cartilage+IGF-1+with+histone+acetylation&author=Y.+Tan&author=K.+Lu&author=J.+Li&author=Q.+Ni&author=Z.+Zhao&volume=295&publication_year=2018&pages=229-236&pmid=29966748&doi=10.1016/j.toxlet.2018.06.1221&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5680915/
https://www.ncbi.nlm.nih.gov/pubmed/29072695
https://dx.doi.org/10.1038%2Fcddis.2017.546
https://scholar.google.com/scholar_lookup?journal=Cell+Death+Dis.&title=Glucocorticoid+mediates+prenatal+caffeine+exposure-induced+endochondral+ossification+retardation+and+its+molecular+mechanism+in+female+fetal+rats&author=Y.+Shangguan&author=H.+Jiang&author=Z.+Pan&author=H.+Xiao&author=Y.+Tan&volume=8&publication_year=2017&pages=e3157&pmid=29072695&doi=10.1038/cddis.2017.546&
https://www.ncbi.nlm.nih.gov/pubmed/22995397
https://dx.doi.org/10.1016%2Fj.toxlet.2012.09.007
https://scholar.google.com/scholar_lookup?journal=Toxicol.+Lett.&title=Caffeine-induced+fetal+rat+over-exposure+to+maternal+glucocorticoid+and+histone+methylation+of+liver+IGF-1+might+cause+skeletal+growth+retardation&author=Y.+Tan&author=J.+Liu&author=Y.+Deng&author=H.+Cao&author=D.+Xu&volume=214&publication_year=2012&pages=279-287&pmid=22995397&doi=10.1016/j.toxlet.2012.09.007&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4671025/
https://www.ncbi.nlm.nih.gov/pubmed/26639318
https://dx.doi.org/10.1038%2Fsrep17746
https://scholar.google.com/scholar_lookup?journal=Sci.+Rep.&title=Prenatal+caffeine+exposure+induces+a+poor+quality+of+articular+cartilage+in+male+adult+offspring+rats+via+cholesterol+accumulation+in+cartilage&author=H.+Luo&author=J.+Li&author=H.+Cao&author=Y.+Tan&author=J.+Magdalou&volume=5&publication_year=2015&pages=17746&pmid=26639318&doi=10.1038/srep17746&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5192894/
https://www.ncbi.nlm.nih.gov/pubmed/27484046
https://dx.doi.org/10.1111%2Fjoa.12530
https://scholar.google.com/scholar_lookup?journal=J.+Anat.&title=Longitudinal+bone+growth+is+impaired+by+direct+involvement+of+caffeine+with+chondrocyte+differentiation+in+the+growth+plate&author=H.+Choi&author=Y.+Choi&author=J.+Kim&author=J.+Bae&author=J.+Roh&volume=230&publication_year=2017&pages=117-127&pmid=27484046&doi=10.1111/joa.12530&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6213346/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6213346/
https://www.ncbi.nlm.nih.gov/pubmed/30241358
https://dx.doi.org/10.3390%2Fnu10101343
https://scholar.google.com/scholar_lookup?journal=Nutrients&title=Mendelian+Randomization+Studies+of+Coffee+and+Caffeine+Consumption&author=M.C.+Cornelis&author=M.R.+Munafo&volume=10&publication_year=2018&pages=1343&doi=10.3390/nu10101343&

29. Reis A.M.S., Raad R.V., de Melo Ocarino N., Serakides R. In vitro effects of caffeine
in growth cartilage of rats. Acta Ortop. Bras. 2013;21:307-309. doi: 10.1590/S1413-
78522013000600001. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

30. Nawrot P., Jordan S., Eastwood J., Rotstein J., Hugenholtz A., Feeley M. Effects of
caffeine on human health. Food Addit. Contam. 2003;20:1-30. doi:
10.1080/0265203021000007840. [PubMed] [CrossRef] [Google Scholar]

31. Wolde T. Effects of caffeine on health and nutrition: A Review. Food Sci. Qual.
Manag. 2014;30:59-65. [Google Scholar]

32. Temple J.L., Bernard C., Lipshultz S.E., Czachor J.D., Westphal J.A., Mestre M.A.
The Safety of Ingested Caffeine: A Comprehensive Review. Front. Psychiatry. 2017;8:80.
doi: 10.3389/fpsyt.2017.00080. [PMC free article] [PubMed] [CrossRef] [Google
Scholar]

33. Tesch A.M., MacDonald M.H., Kollias-Baker C., Benton H.P. Endogenously
produced adenosine regulates articular cartilage matrix homeostasis: Enzymatic depletion
of adenosine stimulates matrix degradation. Osteoarthr. Cartil. 2004;12:349-359. doi:
10.1016/j.joca.2004.01.002. [PubMed] [CrossRef] [Google Scholar]

34. Barone L.M., Tassinari M.S., Bortell R., Owen T.A., Zerogian J., Gagne K., Stein
G.S., Lian J.B. Inhibition of induced endochondral bone development in caffeine-treated
rats. J. Cell. Biochem. 1993;52:171-182. doi: 10.1002/jcb.240520209. [PubMed]
[CrossRef] [Google Scholar]

35. Doepker C., Lieberman H.R., Smith A.P., Peck J.D., EI-Sohemy A., Welsh B.T.
Caffeine: Friend or Foe? Annu. Rev. Food Sci. Technol. 2016;7:117-137. doi:
10.1146/annurev-food-041715-033243. [PubMed] [CrossRef] [Google Scholar]

36. Shechter M., Shalmon G., Scheinowitz M., Koren-Morag N., Feinberg M.S., Harats
D., Sela B.A., Sharabi Y., Chouraqui P. Impact of acute caffeine ingestion on endothelial
function in subjects with and without coronary artery disease. Am. J.

Cardiol. 2011;107:1255-1261. doi: 10.1016/j.amjcard.2010.12.035. [PubMed]
[CrossRef] [Google Scholar]

37. de Oliveira Alves A., Weis G.C.C., Unfer T.C., Assmann C.E., Barbisan F., Azzolin
V.F., Chitolina B., Duarte T., Ribeiro-Filho E.E., Duarte M.M.M.F., et al. Caffeinated
beverages contribute to a more efficient inflammatory response: Evidence from human
and earthworm immune cells. Food Chem. Toxicol. 2019;134:110809. doi:
10.1016/}.fct.2019.110809. [PubMed] [CrossRef] [Google Scholar]

38. Saeed M., Naveed M., BiBi J., Ali Kamboh A., Phil L., Chao S. Potential
nutraceutical and food additive properties and risks of coffee: A comprehensive
overview. Crit. Rev. Food Sci. Nutr. 2019;59:3293-3319. doi:
10.1080/10408398.2018.1489368. [PubMed] [CrossRef] [Google Scholar]

39. Gavrieli A., Yannakoulia M., Fragopoulou E., Margaritopoulos D., Chamberland J.P.,
Kaisari P., Kavouras S.A., Mantzoros C.S. Caffeinated Coffee Does Not Acutely Affect
Energy Intake, Appetite, or Inflammation but Prevents Serum Cortisol Concentrations
from Falling in Healthy Men. J. Nutr. 2011;141:703-707. doi:

10.3945/jn.110.137323. [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3874990/
https://www.ncbi.nlm.nih.gov/pubmed/24453686
https://dx.doi.org/10.1590%2FS1413-78522013000600001
https://scholar.google.com/scholar_lookup?journal=Acta+Ortop.+Bras.&title=In+vitro+effects+of+caffeine+in+growth+cartilage+of+rats&author=A.M.S.+Reis&author=R.V.+Raad&author=N.+de+Melo+Ocarino&author=R.+Serakides&volume=21&publication_year=2013&pages=307-309&pmid=24453686&doi=10.1590/S1413-78522013000600001&
https://www.ncbi.nlm.nih.gov/pubmed/12519715
https://dx.doi.org/10.1080%2F0265203021000007840
https://scholar.google.com/scholar_lookup?journal=Food+Addit.+Contam.&title=Effects+of+caffeine+on+human+health&author=P.+Nawrot&author=S.+Jordan&author=J.+Eastwood&author=J.+Rotstein&author=A.+Hugenholtz&volume=20&publication_year=2003&pages=1-30&pmid=12519715&doi=10.1080/0265203021000007840&
https://scholar.google.com/scholar_lookup?journal=Food+Sci.+Qual.+Manag.&title=Effects+of+caffeine+on+health+and+nutrition:+A+Review&author=T.+Wolde&volume=30&publication_year=2014&pages=59-65&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5445139/
https://www.ncbi.nlm.nih.gov/pubmed/28603504
https://dx.doi.org/10.3389%2Ffpsyt.2017.00080
https://scholar.google.com/scholar_lookup?journal=Front.+Psychiatry&title=The+Safety+of+Ingested+Caffeine:+A+Comprehensive+Review&author=J.L.+Temple&author=C.+Bernard&author=S.E.+Lipshultz&author=J.D.+Czachor&author=J.A.+Westphal&volume=8&publication_year=2017&pages=80&pmid=28603504&doi=10.3389/fpsyt.2017.00080&
https://scholar.google.com/scholar_lookup?journal=Front.+Psychiatry&title=The+Safety+of+Ingested+Caffeine:+A+Comprehensive+Review&author=J.L.+Temple&author=C.+Bernard&author=S.E.+Lipshultz&author=J.D.+Czachor&author=J.A.+Westphal&volume=8&publication_year=2017&pages=80&pmid=28603504&doi=10.3389/fpsyt.2017.00080&
https://www.ncbi.nlm.nih.gov/pubmed/15094133
https://dx.doi.org/10.1016%2Fj.joca.2004.01.002
https://scholar.google.com/scholar_lookup?journal=Osteoarthr.+Cartil.&title=Endogenously+produced+adenosine+regulates+articular+cartilage+matrix+homeostasis:+Enzymatic+depletion+of+adenosine+stimulates+matrix+degradation&author=A.M.+Tesch&author=M.H.+MacDonald&author=C.+Kollias-Baker&author=H.P.+Benton&volume=12&publication_year=2004&pages=349-359&pmid=15094133&doi=10.1016/j.joca.2004.01.002&
https://www.ncbi.nlm.nih.gov/pubmed/8366135
https://dx.doi.org/10.1002%2Fjcb.240520209
https://scholar.google.com/scholar_lookup?journal=J.+Cell.+Biochem.&title=Inhibition+of+induced+endochondral+bone+development+in+caffeine-treated+rats&author=L.M.+Barone&author=M.S.+Tassinari&author=R.+Bortell&author=T.A.+Owen&author=J.+Zerogian&volume=52&publication_year=1993&pages=171-182&pmid=8366135&doi=10.1002/jcb.240520209&
https://www.ncbi.nlm.nih.gov/pubmed/26735800
https://dx.doi.org/10.1146%2Fannurev-food-041715-033243
https://scholar.google.com/scholar_lookup?journal=Annu.+Rev.+Food+Sci.+Technol.&title=Caffeine:+Friend+or+Foe?&author=C.+Doepker&author=H.R.+Lieberman&author=A.P.+Smith&author=J.D.+Peck&author=A.+El-Sohemy&volume=7&publication_year=2016&pages=117-137&pmid=26735800&doi=10.1146/annurev-food-041715-033243&
https://www.ncbi.nlm.nih.gov/pubmed/21349479
https://dx.doi.org/10.1016%2Fj.amjcard.2010.12.035
https://scholar.google.com/scholar_lookup?journal=Am.+J.+Cardiol.&title=Impact+of+acute+caffeine+ingestion+on+endothelial+function+in+subjects+with+and+without+coronary+artery+disease&author=M.+Shechter&author=G.+Shalmon&author=M.+Scheinowitz&author=N.+Koren-Morag&author=M.S.+Feinberg&volume=107&publication_year=2011&pages=1255-1261&pmid=21349479&doi=10.1016/j.amjcard.2010.12.035&
https://www.ncbi.nlm.nih.gov/pubmed/31499124
https://dx.doi.org/10.1016%2Fj.fct.2019.110809
https://scholar.google.com/scholar_lookup?journal=Food+Chem.+Toxicol.&title=Caffeinated+beverages+contribute+to+a+more+efficient+inflammatory+response:+Evidence+from+human+and+earthworm+immune+cells&author=A.+de+Oliveira+Alves&author=G.C.C.+Weis&author=T.C.+Unfer&author=C.E.+Assmann&author=F.+Barbisan&volume=134&publication_year=2019&pages=110809&pmid=31499124&doi=10.1016/j.fct.2019.110809&
https://www.ncbi.nlm.nih.gov/pubmed/30614268
https://dx.doi.org/10.1080%2F10408398.2018.1489368
https://scholar.google.com/scholar_lookup?journal=Crit.+Rev.+Food+Sci.+Nutr.&title=Potential+nutraceutical+and+food+additive+properties+and+risks+of+coffee:+A+comprehensive+overview&author=M.+Saeed&author=M.+Naveed&author=J.+BiBi&author=A.+Ali+Kamboh&author=L.+Phil&volume=59&publication_year=2019&pages=3293-3319&pmid=30614268&doi=10.1080/10408398.2018.1489368&
https://www.ncbi.nlm.nih.gov/pubmed/21346100
https://dx.doi.org/10.3945%2Fjn.110.137323
https://scholar.google.com/scholar_lookup?journal=J.+Nutr.&title=Caffeinated+Coffee+Does+Not+Acutely+Affect+Energy+Intake,+Appetite,+or+Inflammation+but+Prevents+Serum+Cortisol+Concentrations+from+Falling+in+Healthy+Men&author=A.+Gavrieli&author=M.+Yannakoulia&author=E.+Fragopoulou&author=D.+Margaritopoulos&author=J.P.+Chamberland&volume=141&publication_year=2011&pages=703-707&pmid=21346100&doi=10.3945/jn.110.137323&

40. Paiva C.L.R.S., Beserra B.T.S., Reis C.E.G., Dorea J.G., Da Costa T.H.M., Amato
A.A. Consumption of coffee or caffeine and serum concentration of inflammatory
markers: A systematic review. Crit. Rev. Food Sci. Nutr. 2019;59:652-663. doi:
10.1080/10408398.2017.1386159. [PubMed] [CrossRef] [Google Scholar]

41. Tauler P., Martinez S., Moreno C., Monjo M., Martinez P., Aguild A. Effects of
caffeine on the inflammatory response induced by a 15-km run competition. Med. Sci.
Sports Exerc. 2013;45:1269-1276. doi: 10.1249/MSS.0b013e3182857c8a. [PubMed]
[CrossRef] [Google Scholar]

42. Reis A.M.S., Oliveira K.P., de Paula I.H.F., da Silva A.P., Tarragd J.F., de Melo
Ocarino N., Serakides R. Nonlinear effects of caffeine on the viability, synthesis and gene
expression of chondrocytes from the offspring of rats treated during pregnancy. Acta
Histochem. 2018;120:505-512. doi: 10.1016/j.acthis.2018.06.001. [PubMed]

[CrossRef] [Google Scholar]

43. Fenster L., Eskenazi B., Windham G.C., Swan S.H. Caffeine consumption during
pregnancy and fetal growth. Am. J. Public Health. 1991;81:458-461. doi:
10.2105/AJPH.81.4.458. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

44. Konje J.C., Cade J.E. Maternal caffeine intake during pregnancy and risk of fetal
growth restriction: A large prospective observational study. BMJ. 2008;337:1334—
1338. [Google Scholar]

45. Kuo C.-L., Liu S.-T., Chang Y.-L., Wu C.-C., Huang S.-M. Zacl regulates I1L-11
expression in osteoarthritis. Oncotarget. 2018;9:32478-32495. doi:
10.18632/oncotarget.25980. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

46. Al-Arfaj A.S. Radiographic osteoarthritis and serum cholesterol. Saudi Med.
J. 2003;24:745-747. [PubMed] [Google Scholar]

47. Zhuo Q., Yang W., Chen J., Wang Y. Metabolic syndrome meets osteoarthritis. Nat.
Rev. Rheumatol. 2012;8:729-737. doi: 10.1038/nrrheum.2012.135. [PubMed]
[CrossRef] [Google Scholar]

48. Villalvilla A., Gémez R., Largo R., Herrero-Beaumont G. Lipid transport and
metabolism in healthy and osteoarthritic cartilage. Int. J. Mol. Sci. 2013;14:20793—-20808.
doi: 10.3390/ijms141020793. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

49. Patil A.S., Sable R.B., Kothari R.M. Role of insulin-like growth factors (IGFs), their
receptors and genetic regulation in the chondrogenesis and growth of the mandibular
condylar cartilage. J. Cell. Physiol. 2012;227:1796-1804. doi:

10.1002/jcp.22905. [PubMed] [CrossRef] [Google Scholar]

50. Walmsley M., Butler D.M., Marinova-Mutafchieva L., Feldmann M. An anti-
inflammatory role for interleukin-11 in established murine collagen-induced

arthritis. Immunology. 1998;95:31-37. doi: 10.1046/].1365-2567.1998.00568.x. [PMC
free article] [PubMed] [CrossRef] [Google Scholar]

51. Stannus O., Jones G., Cicuttini F., Parameswaran V., Quinn S., Burgess J., Ding C.
Circulating levels of IL-6 and TNF-a are associated with knee radiographic osteoarthritis
and knee cartilage loss in older adults. Osteoarthr. Cartil. 2010;18:1441-1447. doi:
10.1016/j.joca.2010.08.016. [PubMed] [CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pubmed/28967799
https://dx.doi.org/10.1080%2F10408398.2017.1386159
https://scholar.google.com/scholar_lookup?journal=Crit.+Rev.+Food+Sci.+Nutr.&title=Consumption+of+coffee+or+caffeine+and+serum+concentration+of+inflammatory+markers:+A+systematic+review&author=C.L.R.S.+Paiva&author=B.T.S.+Beserra&author=C.E.G.+Reis&author=J.G.+Dorea&author=T.H.M.+Da+Costa&volume=59&publication_year=2019&pages=652-663&pmid=28967799&doi=10.1080/10408398.2017.1386159&
https://www.ncbi.nlm.nih.gov/pubmed/23299767
https://dx.doi.org/10.1249%2FMSS.0b013e3182857c8a
https://scholar.google.com/scholar_lookup?journal=Med.+Sci.+Sports+Exerc.&title=Effects+of+caffeine+on+the+inflammatory+response+induced+by+a+15-km+run+competition&author=P.+Tauler&author=S.+Mart%C3%ADnez&author=C.+Moreno&author=M.+Monjo&author=P.+Mart%C3%ADnez&volume=45&publication_year=2013&pages=1269-1276&pmid=23299767&doi=10.1249/MSS.0b013e3182857c8a&
https://www.ncbi.nlm.nih.gov/pubmed/29907324
https://dx.doi.org/10.1016%2Fj.acthis.2018.06.001
https://scholar.google.com/scholar_lookup?journal=Acta+Histochem.&title=Nonlinear+effects+of+caffeine+on+the+viability,+synthesis+and+gene+expression+of+chondrocytes+from+the+offspring+of+rats+treated+during+pregnancy&author=A.M.S.+Reis&author=K.P.+Oliveira&author=I.H.F.+de+Paula&author=A.P.+da+Silva&author=J.F.+Tarrag%C3%B4&volume=120&publication_year=2018&pages=505-512&pmid=29907324&doi=10.1016/j.acthis.2018.06.001&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1405033/
https://www.ncbi.nlm.nih.gov/pubmed/2003624
https://dx.doi.org/10.2105%2FAJPH.81.4.458
https://scholar.google.com/scholar_lookup?journal=Am.+J.+Public+Health&title=Caffeine+consumption+during+pregnancy+and+fetal+growth&author=L.+Fenster&author=B.+Eskenazi&author=G.C.+Windham&author=S.H.+Swan&volume=81&publication_year=1991&pages=458-461&pmid=2003624&doi=10.2105/AJPH.81.4.458&
https://scholar.google.com/scholar_lookup?journal=BMJ&title=Maternal+caffeine+intake+during+pregnancy+and+risk+of+fetal+growth+restriction:+A+large+prospective+observational+study&author=J.C.+Konje&author=J.E.+Cade&volume=337&publication_year=2008&pages=1334-1338&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6126702/
https://www.ncbi.nlm.nih.gov/pubmed/30197757
https://dx.doi.org/10.18632%2Foncotarget.25980
https://scholar.google.com/scholar_lookup?journal=Oncotarget&title=Zac1+regulates+IL-11+expression+in+osteoarthritis&author=C.-L.+Kuo&author=S.-T.+Liu&author=Y.-L.+Chang&author=C.-C.+Wu&author=S.-M.+Huang&volume=9&publication_year=2018&pages=32478-32495&pmid=30197757&doi=10.18632/oncotarget.25980&
https://www.ncbi.nlm.nih.gov/pubmed/12883606
https://scholar.google.com/scholar_lookup?journal=Saudi+Med.+J.&title=Radiographic+osteoarthritis+and+serum+cholesterol&author=A.S.+Al-Arfaj&volume=24&publication_year=2003&pages=745-747&pmid=12883606&
https://www.ncbi.nlm.nih.gov/pubmed/22907293
https://dx.doi.org/10.1038%2Fnrrheum.2012.135
https://scholar.google.com/scholar_lookup?journal=Nat.+Rev.+Rheumatol.&title=Metabolic+syndrome+meets+osteoarthritis&author=Q.+Zhuo&author=W.+Yang&author=J.+Chen&author=Y.+Wang&volume=8&publication_year=2012&pages=729-737&pmid=22907293&doi=10.1038/nrrheum.2012.135&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3821643/
https://www.ncbi.nlm.nih.gov/pubmed/24135873
https://dx.doi.org/10.3390%2Fijms141020793
https://scholar.google.com/scholar_lookup?journal=Int.+J.+Mol.+Sci.&title=Lipid+transport+and+metabolism+in+healthy+and+osteoarthritic+cartilage&author=A.+Villalvilla&author=R.+G%C3%B3mez&author=R.+Largo&author=G.+Herrero-Beaumont&volume=14&publication_year=2013&pages=20793-20808&pmid=24135873&doi=10.3390/ijms141020793&
https://www.ncbi.nlm.nih.gov/pubmed/21732349
https://dx.doi.org/10.1002%2Fjcp.22905
https://scholar.google.com/scholar_lookup?journal=J.+Cell.+Physiol.&title=Role+of+insulin-like+growth+factors+(IGFs),+their+receptors+and+genetic+regulation+in+the+chondrogenesis+and+growth+of+the+mandibular+condylar+cartilage&author=A.S.+Patil&author=R.B.+Sable&author=R.M.+Kothari&volume=227&publication_year=2012&pages=1796-1804&pmid=21732349&doi=10.1002/jcp.22905&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1364373/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1364373/
https://www.ncbi.nlm.nih.gov/pubmed/9767454
https://dx.doi.org/10.1046%2Fj.1365-2567.1998.00568.x
https://scholar.google.com/scholar_lookup?journal=Immunology&title=An+anti-inflammatory+role+for+interleukin-11+in+established+murine+collagen-induced+arthritis&author=M.+Walmsley&author=D.M.+Butler&author=L.+Marinova-Mutafchieva&author=M.+Feldmann&volume=95&publication_year=1998&pages=31-37&pmid=9767454&doi=10.1046/j.1365-2567.1998.00568.x&
https://www.ncbi.nlm.nih.gov/pubmed/20816981
https://dx.doi.org/10.1016%2Fj.joca.2010.08.016
https://scholar.google.com/scholar_lookup?journal=Osteoarthr.+Cartil.&title=Circulating+levels+of+IL-6+and+TNF-%CE%B1+are+associated+with+knee+radiographic+osteoarthritis+and+knee+cartilage+loss+in+older+adults&author=O.+Stannus&author=G.+Jones&author=F.+Cicuttini&author=V.+Parameswaran&author=S.+Quinn&volume=18&publication_year=2010&pages=1441-1447&pmid=20816981&doi=10.1016/j.joca.2010.08.016&

52. Sayer A.A., Poole J., Cox V., Kuh D., Hardy R., Wadsworth M., Cooper C. Weight
from birth to 53 years: A longitudinal study of the influence on clinical hand
osteoarthritis. Arthritis Rheum. 2003;48:1030-1033. doi: 10.1002/art.10862. [PubMed]
[CrossRef] [Google Scholar]

53. Jordan K.M., Syddall H., Dennison E.M., Cooper C., Arden N.K. Birthweight,
vitamin D receptor gene polymorphism, and risk of lumbar spine osteoarthritis. J.
Rheumatol. 2005;32:678-683. [PubMed] [Google Scholar]

54. Allen D.B. Growth suppression by glucocorticoid therapy. Endocrinol. Metab. Clin.
North Am. 1996;25:699-717. doi: 10.1016/S0889-8529(05)70348-0. [PubMed]
[CrossRef] [Google Scholar]

55. Zhang X., Siclari V.A,, Lan S., Zhu J., Koyama E., Dupuis H.L., Enomoto-lwamoto
M., Beier F., Qin L. The critical role of the epidermal growth factor receptor in
endochondral ossification. J. Bone Miner. Res. 2011;26:2622-2633. doi:
10.1002/jomr.502. [PMC free article] [PubMed] [CrossRef] [Google Scholar]

56. Evans J.F., Shen C.-L., Pollack S., Aloia J.F., Yeh J.K. Adrenocorticotropin evokes
transient elevations in intracellular free calcium ([Ca,+]i) and increases basal [Ca,+]i in
resting chondrocytes through a phospholipase C-dependent

mechanism. Endocrinology. 2005;146:3123-3132. doi: 10.1210/en.2004-1612. [PubMed]
[CrossRef] [Google Scholar]



https://www.ncbi.nlm.nih.gov/pubmed/12687545
https://dx.doi.org/10.1002%2Fart.10862
https://scholar.google.com/scholar_lookup?journal=Arthritis+Rheum.&title=Weight+from+birth+to+53+years:+A+longitudinal+study+of+the+influence+on+clinical+hand+osteoarthritis&author=A.A.+Sayer&author=J.+Poole&author=V.+Cox&author=D.+Kuh&author=R.+Hardy&volume=48&publication_year=2003&pages=1030-1033&pmid=12687545&doi=10.1002/art.10862&
https://www.ncbi.nlm.nih.gov/pubmed/15801025
https://scholar.google.com/scholar_lookup?journal=J.+Rheumatol.&title=Birthweight,+vitamin+D+receptor+gene+polymorphism,+and+risk+of+lumbar+spine+osteoarthritis&author=K.M.+Jordan&author=H.+Syddall&author=E.M.+Dennison&author=C.+Cooper&author=N.K.+Arden&volume=32&publication_year=2005&pages=678-683&pmid=15801025&
https://www.ncbi.nlm.nih.gov/pubmed/8879994
https://dx.doi.org/10.1016%2FS0889-8529(05)70348-0
https://scholar.google.com/scholar_lookup?journal=Endocrinol.+Metab.+Clin.+North+Am.&title=Growth+suppression+by+glucocorticoid+therapy&author=D.B.+Allen&volume=25&publication_year=1996&pages=699-717&pmid=8879994&doi=10.1016/S0889-8529(05)70348-0&
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3200483/
https://www.ncbi.nlm.nih.gov/pubmed/21887704
https://dx.doi.org/10.1002%2Fjbmr.502
https://scholar.google.com/scholar_lookup?journal=J.+Bone+Miner.+Res.&title=The+critical+role+of+the+epidermal+growth+factor+receptor+in+endochondral+ossification&author=X.+Zhang&author=V.A.+Siclari&author=S.+Lan&author=J.+Zhu&author=E.+Koyama&volume=26&publication_year=2011&pages=2622-2633&pmid=21887704&doi=10.1002/jbmr.502&
https://www.ncbi.nlm.nih.gov/pubmed/15802497
https://dx.doi.org/10.1210%2Fen.2004-1612
https://scholar.google.com/scholar_lookup?journal=Endocrinology&title=Adrenocorticotropin+evokes+transient+elevations+in+intracellular+free+calcium+(%5bCa2+%5di)+and+increases+basal+%5bCa2+%5di+in+resting+chondrocytes+through+a+phospholipase+C-dependent+mechanism&author=J.F.+Evans&author=C.-L.+Shen&author=S.+Pollack&author=J.F.+Aloia&author=J.K.+Yeh&volume=146&publication_year=2005&pages=3123-3132&pmid=15802497&doi=10.1210/en.2004-1612&

