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A B S T R A C T

Obesity is characterized by adipose tissue expansion and chronic low-grade inflammation. Among the
inflammatory mediators related to obesity development are the adipokines. These cytokines are released
from fatty tissues and act in an autocrine, paracrine, or endocrine manner. Adipocytes influence the comor-
bidities of obesity such as osteoporosis (OP) and osteoarthritis (OA). It is still controversial as to whether OP
is associated with either a low or high body mass index, but it is quite clear that the latter condition increases
the risk for OA development. Bone marrow adipocytes (BMAs) have the same precursors of osteoblasts,
which are the primary cells involved in bone formation, and the amount of BMAs appears to be inversely
related to bone mineral density. Although adipokines released by these adipocytes influence bone loss prog-
ress, their exact role remains controversial. Differently, the infrapatellar fat pad (IPFP) is indicated to protect
the function of joint regarding OA. However, there is relatively limited information about the secretion of
adipokines and other inflammatory mediators by the IPFP. Despite some inconsistencies, nutritional inter-
ventions targeting obesity may also benefit patients with OP and OA. The association among obesity, OP, and
OA is quite complex, and many factors need to be explored that are mainly related to the role of adipokines
derived locally rather than from visceral and subcutaneous adipose tissue. Also, nutritional intervention may
affect fatty tissue mass and secretion of inflammatory mediators that may, at least in part, influence other tis-
sues in the organism such as bone and articular cartilage. The aim of this review was to present the latest
knowledge about the interrelationship between obesity and OA or OP and to discuss whether a dietary inter-
vention for obesity will hold promise for patients with OA or OP.
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Introduction

Obesity, a preventable chronic disease of alarming propor-
tion, has a complex etiology of being a combination of multifac-
tor conditions, of which most are environmental, related to new
habits of life as sedentarism and consumption of caloric and
processed foods [1]. Because of its systemic effects on the body
owing to metabolic and inflammatory alterations, obesity is
associated with other chronic diseases, including osteoarthritis
(OA) and osteoporosis (OP). Obesity in those older than 65 y of
age is a significant health issue, being considered as a possible
pain intensifier and complicator in these patients, who also
present a risk for fractures [2]. Obesity’s interconnection with
OA and OP is complex and continues to be an active research

area as adipose tissue-derived mediators might be a common
denominator.

The main characteristic of obesity is an expansion of adipose
tissue associated with chronic low-grade systemic inflamma-
tion. The fatty tissue has long been recognized only as an essen-
tial energy reservoir, but it is also currently considered a
metabolically active endocrine organ, which regulates fat
deposits, nutrient homeostasis, and acts on the release of adipo-
kines [3]. These molecules act on the regulation of energy
homeostasis, including self-regulation of adipocyte growth and
development. In addition to the influence on metabolic func-
tions, adipokines are described as a common link between obe-
sity and the development of musculoskeletal diseases [4,5].
Obesity also induces ectopic adipocyte accumulation in bone
marrow cavities, and this may impair bone regeneration and
lead to OP [6]. In this review, we present the latest knowledge
about the interrelationship between obesity and OA or OP and
discuss whether a dietary intervention for obesity will hold
promise for patients with OA or OP.
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The epidemiologic relationship of obesity and OP or OA

Bone loss, such as in OP, represents a critical condition mainly
because of the risk for fractures related to older adults. The preva-
lence of OP is estimated to be >200 million people worldwide, and
»30% of all postmenopausal women in the United States and
Europe are affected by this disease [7]. Although OP occurs in both
sexes, it is a prevalent disease in women and generally occurs in
the postmenopausal period [8]. Differently, OA is one of the most
common chronic health conditions and the most prevalent form of
arthritis [9]. OA affects »240 million people globally and, >60 y of
age, 18% of women and 10% of men have symptomatic OA [9,10]. In
2016, the Osteoarthritis Research Society International (OARSI)
published a white paper labeling OA as a severe disease (a life-
threatening condition with an unmet medical need) by the FDA to
accelerate drug testing [11].

For many years it was widely believed that OA and OP were
inversely related, but recent epidemiologic studies showed that both
diseases could occur in the same patient. The prospective study on
3000 postmenopausal women (>45 y of age) showed a clear rela-
tionship between the scores of the osteoporotic femoral neck and
lumbar spine with the severity of OA pain and function disability
[12]. This association confirmed a previous study [13], investigating
2942 men and women (>65 y of age) from different European coun-
tries. It was shown that OA patients with a worse physical score by
either the Western Ontario and McMaster Universities Osteoarthritis
Index questionnaire [14] or walking test times also showed a signifi-
cantly increased incidence of OP and the increased prevalence of
obesity. These data indicate that OA and OP are not inversely related
and their etiology may have a common denominator.

This interpretation was further underlined by the therapeutic
effect seen with bisphosphonate-based drugs used in OP to slow
bone resorption, which also showed beneficial effects on osteoar-
thritic pain, joint stiffness, and physical function in a meta-analysis
including 13 randomized controlled trials [15]. Another meta-anal-
ysis of controlled bisphosphonate trials (most on oral risedronate),
in patients (N = 2767) with only knee OA showed no significant
improvements on pain, function, or radiographic progression.
The difference between both studies could be explained by the
mechanical overloading owing to body weight as a driving force
for knee OA in comparison to either hand, spine, and hip joints
[16]. Interestingly, the effect of bisphosphonates may even extend
beyond that of inhibiting osteoclast activity as some bisphospho-
nate drugs might cause apoptosis and necrosis in macrophages as
well [17]. To our knowledge, effects of bisphosphonates on obesity
or the adipose tissue has not been reported, but these drugs might
well modulate the inflammatory response of the adipose tissue
next to the beneficial effect on bone in specific subsets of OA
patients who display high rates of subchondral bone turnover.

Body mass index in OP and OA

The prevalence of overweight in 2016 was 1.9 billion adults,
around 39%, and of these, >650 million were obese, »13% of the
worldwide population [18]. Body mass index (BMI) is a measure-
ment used to classify individuals considering body weight and
height. The higher the BMI in infancy, childhood, and adolescence
can determine the bone mass in adulthood [19]. However, there is
no consensus as to whether OP and fracture risk alter according to
body weight. Studies demonstrated that low BMI (<18.5 kg/m2) in
older people is associated with increased risk for fracture and OP
[20,21]. Early studies demonstrated that overweight and obese
individuals present a modest reduction in the risk for fracture com-
pared with those with normal or low BMI [22,23]. However, recent

studies showed that high BMI is associated with increased risk for
OP and fractures attributed to adipokine release and metabolic
alterations [24,25].

Different from OP, and apart from aging, obesity seems to be a
more significant risk factor for the development of OA. Compared
with normal weight individuals (BMI 18.5 to <25 kg/m2), obese
individuals (BMI >30 kg/m2) have 2.5 to 4.5 times increased risk
for developing knee OA. Also, overweight individuals are 1.5 to
2.5 times more likely to develop knee OA than normal weight indi-
viduals [26,27]. The association between obesity and hip and hand
OA is less pronounced. However, several studies indicate an
increased risk for the development of hand and hip OA in the obese
population [28,29].

Adipose tissue involvement in OP and OA

Obesity and visceral adipose tissue

Adipose tissue is centrally involved in obesity and releases a
large number of bioactive mediators, the adipokines, which regu-
late fat mass and nutrient homeostasis [30]. Changes in the size of
adipocytes, as hypertrophy, trigger physical changes in the area
surrounding this tissue. Although positive energy balance is one of
the contributors to adipocyte hypertrophy and inflammation in
obesity, the type of nutrients consumed, such as lipid-rich and
high-refined carbohydrate diets, also may specifically interfere
with it [31!34]. Abnormal adipokine production and the activation
of some proinflammatory signaling pathways in obesity induce
various biological markers of inflammation. The adipokines identi-
fied until now are highly varied as leptin, adiponectin, visfatin,
resistin, and chemerin, and also comprise proteins related to the
immune system as the classical cytokines, tumor necrosis factor
(TNF)-a, interleukin (IL)-6, transforming growth factor (TGF)-b,
and chemokine CCL2 [30]. Low-grade inflammation in the adipose
tissue of mice and humans is also associated with a progressive
infiltration of immune cells into it [35].

Bone remodeling and loss: Osteoporosis

The metabolic functions of bone and its remodeling are funda-
mental mechanisms to maintain skeletal structural integrity [36].
Alterations of local or systemic factors such as activation of bone
remodeling and recruitment of osteoclasts may trigger deleterious
changes in bone mass [37]. The osteoprotegerin (OPG)/RANKL/RANK
system regulates bone cell function through the control of bone for-
mation and resorption. Cytokines such as TNF and IL-10 modulate
this system by directly enhancing RANKL expression [38], whereas
IL-6 stimulates bone resorption in osteoclasts [39]. A recent study
showed that osteoclasts release extracellular vesicles carrying RANK
that promotes bone formation by triggering RANKL reverse signaling
[40]. Changes in OPG/RANKL/RANK ratios and cytokine profile may
determine either improvement or aggravation of bone diseases and,
therefore, is the focus of developing new therapies for OP.

Over time, bone resorption predominates over the formation
that leads to bone loss. This disorder has clinical importance
because of the high mortality rate due to the increased risk for fre-
quent fractures in the lumbar and thoracic vertebrae, and espe-
cially in the proximal femur [41]. Its prevalence is augmented in
women, mainly as a result of estrogen deficiency in the postmeno-
pausal period. Usually, estrogen exerts its function through specific
receptors, promoting apoptosis of osteoclasts [42] and improving
the differentiation of osteoblasts [43]. Studies in mice have shown
that the reduction in the production of sex hormones leads to the
alteration in the production of osteoclasts and osteoblasts. These
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hormones suppress TNF and IL-6, proinflammatory cytokines that
are related to bone resorption [44], and stimulate OPG, which pro-
motes the apoptosis of osteoclasts [45].

Osteoarthritis phenotype

The joint is a structure that connects bones in the body and is
responsible for movement and stability. OA is a multifactorial age-
related degenerative joint disease affecting the whole joint. It is
characterized by progressive joint destruction, including remodel-
ing of subchondral bones and cartilage damage and degradation.
The early phase of OA is characterized by enhanced bone resorp-
tion [46]; however, later on in the disease, the affected joints show
hallmarks of bone regeneration by developing osteophytes and
subchondral bone sclerosis. Although the exact pathogenesis of OA
remains mostly unknown, many different cells have previously
been implicated to be involved in the pathogenesis of OA, including
chondrocytes, synoviocytes, and several types of immune cells [47].
Apart from being a significant cause of chronic pain in adults, OA
often results in difficulties of mobility and restrictions in executing
normal daily activities, which makes it one of the most common
reasons of disability in adults worldwide as well [9,48]. Owing to
poor understanding of the molecular mechanisms involved in OA,
treatment is restricted to symptom management, including pain
relief and total joint replacement in the case of severe damage [49].

Role of adipose tissue and bone marrow fat in OP

The relationship and link between OP and obesity is still a mat-
ter of debate owing to some inconsistent or contradictory results.
Some studies indicate that fat mass may have beneficial effects on
bone [50,51]; whereas others suggest that excess fat mass may not
protect against OP, and consequently fractures [52,53]. Moreover,
obesity is most often related to an increase in visceral fat, but at
the same time, an increase in bone marrow fat can occur [6]. Inter-
estingly, osteoblast and adipocytes have the same stem cell precur-
sor, and an increase in adipose cells will be at the expense of
osteoblast numbers. Different signaling pathways regulate the for-
mation of osteoblasts. The transcription factor related to Runt
(Runx2) is considered critical for the differentiation of osteoblasts.
Overexpression of Runx2 inhibits the maturation of osteoblasts,
causing osteopenia and multiple fractures [54]. On the other hand,
g-peroxisome proliferator-activating receptor (PPARg2), an essen-
tial factor in adipocyte differentiation, can inhibit osteoblast differ-
entiation via Runx2 reduction [55].

Bone marrow fat and bone tissue demonstrate a complicated
relationship that is not yet fully understood. Studies suggest that
these adipocytes might play a role in the pathogenesis of osteoporo-
sis [56,57]. The amount of bone marrow fat is inversely related to
bone mineral density (BMD) [58]. More notably, another mechanism
that associates obesity and OP is adipokine secretion that interferes
with bone development. Among them, adiponectin is described as
anti-inflammatory and contributes beneficially to insulin sensitivity
in obesity [59]. In several studies, this adipokine is inversely associ-
ated with bone density in humans [60,61], although some of them,
mainly in animals and in vitro demonstrated activation of osteoblasts
and increasing of bone mass [4,62]. It remains controversial specifi-
cally for the cases in which osteoporosis is associated with obesity
and metabolic syndrome [63]. Differently, osteoblasts produce leptin,
which regulates the differentiation and proliferation of themselves
[64] and is positively associated with BMD [60]. This adipokine is
shown at high levels in obese individuals and animals and is associ-
ated with adipose mass and satiety [65]. Possible systemic cross-talk
is suggested between bone formation and adipokines, not only

derived from bone marrow but also adipocytes elsewhere in the
body.

Role of adipose tissue and the infrapatellar fat pad in OA

As discussed, adipose tissue is a rich source of adipokines. Evi-
dence suggests that the adipokine profile present in obese individu-
als contributes to the pathogenesis of OA. Apart from high circulating
levels of leptin in obese individuals, leptin can also be detected in the
synovial fluid and cartilage of patients with OA, being higher in these
individuals than in healthy controls [66,67]. Furthermore, plasma
and synovial fluid levels of leptin positively correlate with BMI, per-
centage of body fat, pain, disease activity, and cartilage degradation
[68!71]. The mechanisms by which increased leptin levels influence
OA remains mostly unknown. In vivo injections of leptin in mice [72]
and culturing both bovine explants and human OA cartilage with lep-
tin [73] increase the production of metalloproteinases (MMP). Also,
culturing primary human chondrocytes with leptin induces expres-
sion of both cartilage-degrading enzymes like MMPs and a disinte-
grin and metalloproteinases with thrombospondin motifs (ADAMTs)
and proinflammatory cytokines [74,75], all mediators involved in the
pathology of OA and collagen breakdown.

In contrast to leptin, adiponectin levels are reduced in obese
individuals [76]. Although this adipokine is considered as an anti-
inflammatory mediator, in certain autoimmune or inflammatory
diseases, it is also known for its proinflammatory effects. Adiponec-
tin is found in the synovial fluid of joints affected by OA and com-
pared with chondrocytes in healthy cartilage, which do not contain
adiponectin, chondrocytes in damaged cartilage of OA patients do
contain adiponectin [77]. Elevated serum levels of adiponectin are
found in patients with the most severe radiographic OA and those
with erosive OA of the hand [78,79]. However, other studies report
significantly lower adiponectin levels in plasma and synovial fluid
of patients with knee OA with higher radiographic severity and a
higher level of adiponectin also has been associated with a lower
risk for hand OA progression [80,81]. Because of these conflicting
findings, the role of adiponectin in OA joints remains uncertain.
Studies reporting both destructive and protective effects of adipo-
nectin on cartilage are present. Downregulation of tissue inhibitor
of metalloproteinase-2 (TIMP-2) and IL-1 b-induced MMP-13, and
upregulation of collagen type II and aggrecan could protect the car-
tilage [82,83]. On the other hand, the observation that culturing
chondrocytes and synovial fibroblast with adiponectin increases
the production of proinflammatory cytokines and chemokines,
nitric oxide and matrix-degrading enzymes like MMP1, MMP3, and
MMP13 indicates a more destructive role for adiponectin [78,84].
More research is needed to elucidate the specific roles of adiponec-
tin and leptin and especially their ratio in OA pathology.

Apart from visceral fat tissue, the infrapatellar fat pad (IPFP), the
adipose tissue located in the knee joint, is also involved in OA. The
IPFP is considered an active component of the joint that can influ-
ence neighboring cells and tissue, including the synovium and
articular cartilage. Functions of the IPFP include distribution of
synovial fluid and absorbance of biomechanical forces through the
knee joint [85,86]. There are indications that the IPFP has a protec-
tive function regarding OA, as several studies show that greater
IPFP volume is associated with higher knee cartilage volume, fewer
structural abnormalities, and reduced knee pain [87,88]. However,
there is relatively limited information about the secretion of adipo-
kines and other inflammatory mediators by the IPFP. Some studies
show that the IPFP could indeed be a source of cytokines and adi-
pokines found in the knee joint. Compared with subcutaneous adi-
pose tissue, the IPFP secretes higher levels of several inflammatory
mediators, including IL-6, IL-6 receptor, adipsin, adiponectin, and
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visfatin [86,89]. The vascularization, inflammatory infiltration and
mediator production is increased in the IPFP of patients with OA
compared with healthy controls [90]. Production of basic fibroblast
growth factor (bFGF), vascular endothelin growth factor (VEGF),
TNF-a, and IL-6 was detected in the IPFP tissue and synovial fluid
of patients with OA, but no real association could be found between
these two sites in the same patient [91]. It was indicated that the
presence of these cytokines in the IPFP does not mean that they
are also released from IPFP and end up in the synovial fluid.
Because soluble mediators secreted by the IPFP compromise a
mixed pro- and anti-inflammatory phenotype their role in the
pathophysiology of OA is challenging to predict.

Effects of diet on bone disorders

Studies have described the effect of nutrients on bone loss. Those
conducted in both rodents and humans have demonstrated a rela-
tionship between fructose and glucose intake and disruptions in
bone mineral homeostasis [92,93]. Cross-sectional studies have
shown an increased risk for fractures in teenagers who regularly con-
sume soft drinks [94,95]. Animal studies have shown the harmful
effects of sugar consumption on bone morphology and strength
[96,97]. Moreover, foods presenting a higher dietary glycemic index
and glycemic load are related to an increase in the risk for osteopo-
rotic fracture [98]. Similarly, mice fed a high-fat diet (60% kcal) for 12
wk had lower bone volume than those fed with low-fat diet [99]. Sat-
urated-rich diets adversely affect bone metabolism in mice associ-
ated with an impaired antioxidant capacity [100]. Also, an increased
intake of polyunsaturated fatty acids (PUFAs) and monounsaturated
fatty acids was associated with a premenopausal bone loss in women
[101]. Although diets rich in carbohydrate or fat appear to increase
bone loss, a comparison between both types of diets demonstrated
that dietary carbohydrate instead of dietary fat is a more significant
nutritional factor to change RANKL level and RANKL/OPG ratio in
mice [102]. Controversially, some data indicate a higher bone mass
in animals when fed a high-fat diet [103] or a high-refined carbohy-
drate diet [104]. Therefore, these studies show that nutritionmay dif-
ferently influence bone metabolism.

Considering that obesity is a major risk factor for OA, a diet that
promotes the development of it—for example, a diet high in total or
saturated fat—also indirectly increases the risk for OA. In a large pro-
spective cohort study with patients with OA, high total and saturated
fat intake were associated with increased knee joint space width
(JSW) loss [105]. In addition, high or elevated serum cholesterol levels
are considered a risk factor for OA in women [106]. Mice fed a choles-
terol-rich diet showed markedly enhanced ectopic bone formation
during collagenase-induced OA [107]. Also, wild-type and apolipopro-
tein E knockout mice fed a cholesterol-rich diet showed high levels of
low-density lipoprotein (LDL) associated with apolipoprotein B accu-
mulation, S100 A8 alarming expression and TGF-b activation, indicat-
ing that enhanced synovial activation and oxidized LDL might, in
particular, be responsible for the increased ectopic bone formation
[108]. Apart from contributing to obesity and impairing bone health,
high sugar consumption also appears to be associated with OA. In a
prospective cohort study investigating the effects of soft drink intake
on radiographic progression of knee OA, high soft drink intake (five
or more times a week) in men was associated with a decrease in JSW
compared withmen with no or low soft drink intake [109].

Diet intervention on bone loss and OA

The first recommended intervention for the treatment of obe-
sity is the modification of the usual diet to reach a balanced diet. A
recent meta-analysis evaluated the effect of dietary intervention

and exercise on body weight and body composition profile param-
eters in peri- and postmenopausal women [110]. The analysis
observed that dietary intervention improved the parameters evalu-
ated, more than exercise alone, but workout potentiated the effect
of the dietary intervention [110]. Lower calorie intake is advised
according to the total energy intake recommended for each, but
decreasing calorie intake may have limited short-term influence
with other strategies being necessary to prevent weight regain
[111]. Because the macronutrient composition of meals influences
appetite, the control of body weight, and energy compensation, it
is important to take into account the proportion and type of
these nutrients, mainly carbohydrates and lipids in obesity treat-
ment [111].

Because nutrients also affect bone health, it is important to real-
ize that their participation in improving the nutritional intake may
represent an avenue for bone loss prevention. Generally, the
improvement of bone loss is associated with calcium and vitamin
D availability for bone maintenance [112]. Recently, it was pointed
out that calcium intake should be according to the recommenda-
tion, and a higher amount can be harmful [113]. Also, vitamin D
appears to contribute minimally to the improvement of bone loss
[113]. In addition, calcium and vitamin D and other nutrients are
also considered essential to complement and support bone homeo-
stasis. It was already suggested that vitamin K plays a crucial role
in increment bone health when it is supplemented in association
with vitamin D and calcium [114]. However, others have shown no
additional benefit of vitamin K for bone health in older adults
[115]. The consumption of fruit and vegetables contributes to pro-
tection against premenopausal bone loss [101,116]. Controversial
data exist about the effect of v-3 fatty acid supplementation on
BMD [117]. However, olive oil, which is rich in monounsaturated
fatty acids, improved BMD on an experimental model and patients
with OP [118]. Thus, micronutrient maintenance appears to have
more influence in the treatment of bone loss than macronutrients,
differently from that observed in obesity.

To date, the gold standard for the nonpharmacologic treatment
of obese patients with OA is weight loss, most often reached via
nutritional interventions in combination with increased exercise
[119]. Pain reduction observed after weight loss is usually indepen-
dent of structural damage, meaning that pain improves regardless
of improvement of structural damage [120,121]. Apart from weight
loss, dietary interventions targeted at specific macro- or micronu-
trients and their benefits for patients with OA are also investigated.
As high v-6 PUFA levels are associated with synovial inflammation
and accumulation of v-6 PUFAs is observed in OA joints, the effects
of improving the ratio of v-6 to v-3 PUFAs on OA progression and
symptoms are investigated quite extensively [122,123]. A low dose
of fish oil supplementation resulted in significant benefits to West-
ern Ontario and McMaster Universities Osteoarthritis Index pain
and function score in patients with knee OA compared with a high,
potentially anti-inflammatory dose [124]. Another study concluded
that 2-y supplementation of a high dose of v-3 fish oil did not alter
bone loss in patients with knee OA [125]. Dietary interventions tar-
geted at patients with OA also have been focused on reducing
serum cholesterol levels, as high serum cholesterol is a risk factor
for OA [106]. The increased intake of viscous fibers or plant stanols
and sterols could reduce cholesterol levels [126,127].

Different from the macromolecules, nutrition may also contain
extracellular vesicles (EVs), which are lipid bilayer nanoparticles
derived from cells containing proteins, mRNA, and microRNA
[128]. The intake of EVs from commercial bovine milk improves
cartilage depletion and inflammatory response in models of arthri-
tis [129]. Moreover, it was also demonstrated that milk EVs
increase osteoblast differentiation [130] and even rise osteoclast
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differentiation, but the latter with a reduction in their activity in
vitro [131]. These data suggest the potential of milk EVs to contrib-
ute to the treatment of patients with OP and OA.

Conclusions

OP and OA are associated with obesity, and although the vis-
ceral adipose tissue might contribute to the adipokine-related
effects on bone remodeling and the osteoarthritic process, the rela-
tive contribution of bone marrow and articular fat on both disor-
ders is unknown as is the effect of the nutritional intervention on
these extra-visceral fat stores. We might conclude that obesity is
not the cause of both diseases, and additional triggers, such as hor-
monal changes in OP and joint trauma in OA, are needed but adipo-
kines definitely contribute to the pathologic processes (Fig. 1).
Therefore, a common denominator, namely obesity, may interfere
in the progression and treatment of OP and OA, even in different
contexts. However, studies are still necessary to establish which
type of influence some mediators, such as adipokines, could have
on it.

References

[1] Broyles ST, Denstel KD, Church TS, Chaput JP, Fogelholm M, Hu G, et al. The
epidemiological transition and the global childhood obesity epidemic. Int J
Obes Suppl 2015;5:S3–8.

[2] Blagojevic M, Jinks C, Jeffery A, Jordan KP. Risk factors for onset of osteoar-
thritis of the knee in older adults: a systematic review and meta-analysis.
Osteoarthritis Cartilage 2010;18:24–33.

[3] Cao H. Adipocytokines in obesity and metabolic disease. J Endocrinol
2014;220:T47–59.

[4] Oshima K, Nampei A, Matsuda M, Iwaki M, Fukuhara A, Hashimoto J,
et al. Adiponectin increases bone mass by suppressing osteoclast
and activating osteoblast. Biochem Biophys Res Commun 2005;331:
520–6.

[5] Wu J, Xu J, Wang K, Zhu Q, Cai J, Ren J, et al. Associations between circulating
adipokines and bone mineral density in patients with knee osteoarthritis: a
cross-sectional study. BMC Musculoskelet Disord 2018;19:16.

[6] Ambrosi TH, Scialdone A, Graja A, Gohlke S, Jank AM, Bocian C, et al. Adipo-
cyte accumulation in the bone marrow during obesity and aging impairs
stem cell-based hematopoietic and bone regeneration. Cell Stem Cell
2017;20:771–84. e6.

[7] IOF. Epidemiology. Available at: https://www.iofbonehealth.org/epidemiol-
ogy. Accessed 1 May 2019.

[8] Cauley JA. Estrogen and bone health in men and women. Steroids
2015;99:11–5.

[9] Arthritis Foundation. Arthritis by the numbers—book of trusted facts &
figures. Available at: https://www.arthritis.org/Documents/Sections/About-
Arthritis/arthritis-facts-stats-figures.pdf. Accessed 1 May 2019.

[10] World Health Organization. Chronic rheumatic conditions. Available at:
https://www.who.int/chp/topics/rheumatic/en/. Accessed 1 May 2019.

[11] Osteoarthritis Research Society International. Osteoarthritis: a serious dis-
ease. Available at: https://www.oarsi.org/sites/default/files/docs/2016/
oarsi_white_paper_oa_serious_disease_121416_1.pdf. Accessed 1 May 2019.

[12] Rizou S, Chronopoulos E, Ballas M, Lyritis GP. Clinical manifestations of osteo-
arthritis in osteoporotic and osteopenic postmenopausal women. J Musculos-
kelet Neuronal Interact 2018;18:208–14.

[13] Zambon S, Siviero P, Denkinger M, Limongi F, Victoria Castell M, van der Pas S,
et al. Role of osteoarthritis, comorbidity, and pain in determining functional

Fig. 1. Obesity is a major influence on adipose tissue because adipocyte hypertrophy, mainly on visceral adipose tissue, may contribute to inflammatory and metabolic altera-
tions, disrupting adipokine release. Although visceral adipose tissue appears to contribute to the development of osteoporosis and osteoarthritis, local fat pads, such as from
bone marrow and infrapatellar, also interfere via adipokine production. Hormonal factors and aging are commonly associated with osteoporosis evolution, differently from
osteoarthritis in that it is related to trauma in the joint as well as aging. However, obesity is a common denominator, which whether present, affects these disorders. *Knee:
infra and suprapatellar fat pad; hip: acetabular fat pad.

M.C. Oliveira et al. / Nutrition 70 (2020) 10486 5

http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0001
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0001
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0001
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0002
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0002
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0002
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0003
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0003
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0004
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0004
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0004
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0004
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0005
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0005
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0005
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0006
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0006
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0006
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0006
https://www.iofbonehealth.org/epidemiology
https://www.iofbonehealth.org/epidemiology
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0007
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0007
https://www.arthritis.org/Documents/Sections/About-Arthritis/arthritis-facts-stats-figures.pdf
https://www.arthritis.org/Documents/Sections/About-Arthritis/arthritis-facts-stats-figures.pdf
https://www.who.int/chp/topics/rheumatic/en/
https://www.oarsi.org/sites/default/files/docs/2016/oarsi_white_paper_oa_serious_disease_121416_1.pdf
https://www.oarsi.org/sites/default/files/docs/2016/oarsi_white_paper_oa_serious_disease_121416_1.pdf
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0008
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0008
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0008
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0009
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0009


limitations in older populations: European Project on Osteoarthritis. Arthritis
Care Res 2016;68:801–10.

[14] Gandek B. Measurement properties of the Western Ontario and McMaster
Universities Osteoarthritis Index: a systematic review. Arthritis Care Res
2015;67:216–29.

[15] Xing RL, Zhao LR, Wang PM. Bisphosphonates therapy for osteoarthritis: a
meta-analysis of randomized controlled trials. Springerplus 2016;5:1704.

[16] Vaysbrot EE, Osani MC, Musetti MC, McAlindon TE, Bannuru RR. Are
bisphosphonates efficacious in knee osteoarthritis? A meta-analysis of ran-
domized controlled trials. Osteoarthritis Cartilage 2018;26:154–64.

[17] Moreau MF, Guillet C, Massin P, Chevalier S, Gascan H, Basle MF, et al. Com-
parative effects of five bisphosphonates on apoptosis of macrophage cells in
vitro. Biochem Pharmacol 2007;73:718–23.

[18] WHO. Obesity and overweight. Available at: http://www.who.int/news-
room/fact-sheets/detail/obesity-and-overweight. Accessed 1 May 2019.

[19] Tandon N, Fall CH, Osmond C, Sachdev HP, Prabhakaran D, Ramakrishnan L,
et al. Growth from birth to adulthood and peak bone mass and density data
from the New Delhi Birth Cohort. Osteoporos Int 2012;23:2447–59.

[20] Gnudi S, Sitta E, Lisi L. Relationship of body mass index with main limb
fragility fractures in postmenopausal women. J Bone Miner Metab
2009;27:479–84.

[21] Nguyen ND, Pongchaiyakul C, Center JR, Eisman JA, Nguyen TV. Abdominal fat
and hip fracture risk in the elderly: the Dubbo Osteoporosis Epidemiology
Study. BMC Musculoskelet Disord 2005;6:11.

[22] Johansson H, Kanis JA, Oden A, McCloskey E, Chapurlat RD, Christiansen C,
et al. A meta-analysis of the association of fracture risk and body mass index
in women. J Bone Miner Res 2014;29:223–33.

[23] De Laet C, Kanis JA, Oden A, Johanson H, Johnell O, Delmas P, et al. Body mass
index as a predictor of fracture risk: a meta-analysis. Osteoporos Int
2005;16:1330–8.

[24] Palermo A, Tuccinardi D, Defeudis G, Watanabe M, D'Onofrio L, Lauria Pan-
tano A, et al. BMI and BMD: the potential interplay between obesity and bone
fragility. Int J Environ Res Public Health 2016;13.

[25] Cawsey S, Padwal R, Sharma AM, Wang X, Li S, Siminoski K. Women with
severe obesity and relatively low bone mineral density have increased frac-
ture risk. Osteoporos Int 2015;26:103–11.

[26] Zheng H, Chen C. Body mass index and risk of knee osteoarthritis: systematic
review and meta-analysis of prospective studies. BMJ Open 2015;5:e007568.

[27] Silverwood V, Blagojevic-Bucknall M, Jinks C, Jordan JL, Protheroe J, Jor-
dan KP. Current evidence on risk factors for knee osteoarthritis in older
adults: a systematic review and meta-analysis. Osteoarthritis Cartilage
2015;23:507–15.

[28] Yusuf E., Nelissen R., Loan-Facsinay A., Stonjanovic-Susulic V., De Groot J., van
Osch G., et al. Association between weight or body mass index and hand oste-
oarthritis: a systematic review Ann Rheum Dis 2010;69:761!5.

[29] Holliday KL, McWilliams DF, Maciewicz RA, Muir KR, Zhang W, Doherty M.
Lifetime body mass index, other anthropometric measures of obesity and
risk of knee or hip osteoarthritis in the GOAL case-control study. Osteoarthri-
tis Cartilage 2011;19:37–43.

[30] Giralt M, Cereijo R, Villarroya F. Adipokines and the ENDOCRINE ROLE OF
ADIPOSE TISSUEs. Handb Exp Pharmacol 2016;233:265–82.

[31] Cameron-Smith D, Burke LM, Angus DJ, Tunstall RJ, Cox GR, Bonen A, et al. A
short-term, high-fat diet up-regulates lipid metabolism and gene expression
in human skeletal muscle. Am J Clin Nutr 2003;77:313–8.

[32] Lee YS, Li P, Huh JY, Hwang IJ, Lu M, Kim JI, et al. Inflammation is necessary for
long-term but not short-term high-fat diet-induced insulin resistance. Diabe-
tes 2011;60:2474–83.

[33] Oliveira MC, Menezes-Garcia Z, Henriques MC, Soriani FM, Pinho V, Faria AM,
et al. Acute and sustained inflammation and metabolic dysfunction induced
by high refined carbohydrate-containing diet in mice. Obesity 2013;21:
E396–406.

[34] Wang J, Light K, Henderson M, O'Loughlin J, Mathieu ME, Paradis G, et al. Con-
sumption of added sugars from liquid but not solid sources predicts impaired
glucose homeostasis and insulin resistance among youth at risk of obesity. J
Nutr 2014;144:81–6.

[35] Lumeng CN, DelProposto JB, Westcott DJ, Saltiel AR. Phenotypic switching of
adipose tissue macrophages with obesity is generated by spatiotemporal dif-
ferences in macrophage subtypes. Diabetes 2008;57:3239–46.

[36] Raisz LG. Physiology and pathophysiology of bone remodeling. Clin Chem
1999;45:1353–8.

[37] Lemaire V, Tobin FL, Greller LD, Cho CR, Suva LJ. Modeling the interactions
between osteoblast and osteoclast activities in bone remodeling. J Theor Biol
2004;229:293–309.

[38] Hofbauer LC, Lacey DL, Dunstan CR, Spelsberg TC, Riggs BL, Khosla S. Interleu-
kin-1 beta and tumor necrosis factor-alpha, but not interleukin-6, stimulate
osteoprotegerin ligand gene expression in human osteoblastic cells. Bone
1999;25:255–9.

[39] Moonga BS, Adebanjo OA, Wang HJ, Li S, Wu XB, Troen B, et al. Differential
effects of interleukin-6 receptor activation on intracellular signaling and
bone resorption by isolated rat osteoclasts. J Endocrinol 2002;173:395–405.

[40] Ikebuchi Y, Aoki S, Honma M, Hayashi M, Sugamori Y, Khan M, et al. Coupling
of bone resorption and formation by RANKL reverse signalling. Nature
2018;561:195–200.

[41] Tarity TD, Smith EB, Dolan K, Rasouli MR, Maltenfort MG. Mortality in cente-
narians with hip fractures. Orthopedics 2013;36:e282–7.

[42] Hughes DE, Dai A, Tiffee JC, Li HH, Mundy GR, Boyce BF. Estrogen promotes
apoptosis of murine osteoclasts mediated by TGF-beta. Nat Med
1996;2:1132–6.

[43] Qu Q, Perala-Heape M, Kapanen A, Dahllund J, Salo J, Vaananen HK, et al.
Estrogen enhances differentiation of osteoblasts in mouse bone marrow cul-
ture. Bone 1998;22:201–9.

[44] Kwan Tat S, Padrines M, Theoleyre S, Heymann D, Fortun Y. IL-6, RANKL, TNF-
alpha/IL-1: interrelations in bone resorption pathophysiology. Cytokine
Growth Factor Rev 2004;15:49–60.

[45] Lacey DL, Tan HL, Lu J, Kaufman S, Van G, Qiu W, et al. Osteoprotegerin ligand
modulates murine osteoclast survival in vitro and in vivo. Am J Pathol
2000;157:435–48.

[46] Burger H, van Daele PL, Odding E, Valkenburg HA, Hofman A, Grobbee DE,
et al. Association of radiographically evident osteoarthritis with higher bone
mineral density and increased bone loss with age. The Rotterdam Study.
Arthritis Rheum 1996;39:81–6.

[47] Hamerman D, Klagsbrun M. Osteoarthritis. Emerging evidence for cell inter-
actions in the breakdown and remodeling of cartilage. Am J Med
1985;78:495–9.

[48] Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, et al. Esti-
mates of the prevalence of arthritis and other rheumatic conditions in the
United States: Part II. Arthritis Rheum 2008;58:26–35.

[49] Woolf AD, Pfleger B. Burden of major musculoskeletal conditions. Bull World
Health Organ 2003;81:646–56.

[50] Santos VRD, Christofaro DGD, Gomes IC, Junior IFF, Gobbo LA. Relationship
between obesity, sarcopenia, sarcopenic obesity, and bone mineral density in
elderly subjects aged 80 y and over. Rev Bras Ortop 2018;53:300–5.

[51] Freitas P, Garcia Rosa ML, Gomes AM, Wahrlich V, Di Luca DG, da Cruz Filho
RA, et al. Central and peripheral fat body mass have a protective effect on
osteopenia or osteoporosis in adults and elderly? Osteoporos Int
2016;27:1659–63.

[52] Compston JE, Watts NB, Chapurlat R, Cooper C, Boonen S, Greenspan S, et al.
Obesity is not protective against fracture in postmenopausal women: GLOW.
Am J Med 2011;124:1043–50.

[53] Compston JE, Flahive J, Hosmer DW, Watts NB, Siris ES, Silverman S, et al.
Relationship of weight, height, and body mass index with fracture risk at dif-
ferent sites in postmenopausal women: the Global Longitudinal study of
Osteoporosis in Women (GLOW). J Bone Miner Res 2014;29:487–93.

[54] Liu W, Toyosawa S, Furuichi T, Kanatani N, Yoshida C, Liu Y, et al. Overexpres-
sion of Cbfa1 in osteoblasts inhibits osteoblast maturation and causes osteo-
penia with multiple fractures. J Cell Biol 2001;155:157–66.

[55] Liu LF, Shen WJ, Zhang ZH, Wang LJ, Kraemer FB. Adipocytes decrease Runx2
expression in osteoblastic cells: roles of PPARgamma and adiponectin. J Cell
Physiol 2010;225:837–45.

[56] Shih TT, Chang CJ, Hsu CY, Wei SY, Su KC, Chung HW. Correlation of bone
marrow lipid water content with bone mineral density on the lumbar spine.
Spine 2004;29:2844–50.

[57] Justesen J, Stenderup K, Ebbesen EN, Mosekilde L, Steiniche T, KassemM. Adi-
pocyte tissue volume in bone marrow is increased with aging and in patients
with osteoporosis. Biogerontology 2001;2:165–71.

[58] ShenW, Chen J, Punyanitya M, Shapses S, Heshka S, Heymsfield SB. MRI-mea-
sured bone marrow adipose tissue is inversely related to DXA-measured
bone mineral in Caucasian women. Osteoporos Int 2007;18:641–7.

[59] Kern PA, Di Gregorio GB, Lu T, Rassouli N, Ranganathan G. Adiponectin
expression from human adipose tissue: relation to obesity, insulin resis-
tance, and tumor necrosis factor-alpha expression. Diabetes 2003;52:
1779–85.

[60] Biver E, Salliot C, Combescure C, Gossec L, Hardouin P, Legroux-Gerot I, et al.
Influence of adipokines and ghrelin on bone mineral density and fracture
risk: a systematic review and meta-analysis. J Clin Endocrinol Metab
2011;96:2703–13.

[61] Richards JB, Valdes AM, Burling K, Perks UC, Spector TD. Serum adipo-
nectin and bone mineral density in women. J Clin Endocrinol Metab
2007;92:1517–23.

[62] Williams GA, Wang Y, Callon KE, Watson M, Lin JM, Lam JB, et al. In vitro and
in vivo effects of adiponectin on bone. Endocrinology 2009;150:3603–10.

[63] Lubkowska A, Dobek A, Mieszkowski J, Garczynski W, Chlubek D. Adiponectin
as a biomarker of osteoporosis in postmenopausal women: controversies. Dis
Markers 2014;2014:975178.

[64] Cornish J, Callon KE, Bava U, Lin C, Naot D, Hill BL, et al. Leptin directly regu-
lates bone cell function in vitro and reduces bone fragility in vivo. J Endocri-
nol 2002;175:405–15.

[65] Myers Jr. MG, Leibel RL, Seeley RJ, Schwartz MW. Obesity and leptin resis-
tance: distinguishing cause from effect. Trends Endocrinol Metab 2010;21:
643–51.

[66] Dumond H, Presle N, Terlain B, Mainard D, Loeuille D, Netter P, et al. Evidence
for a key role of leptin in osteoarthritis. Arthritis Rheum 2003;48:3118–29.

[67] Presle N, Pottie P, Dumond H, Guillaume C, Lapicque F, Pallu S, et al. Differen-
tial distribution of adipokines between serum and synovial fluid in patients
with osteoarthritis. Contribution of joint tissues to their articular production.
Osteoarthritis Cartilage 2006;14:690–5.

6 M.C. Oliveira et al. / Nutrition 70 (2020) 10486

http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0009
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0009
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0010
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0010
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0010
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0011
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0011
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0012
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0012
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0012
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0013
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0013
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0013
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0014
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0014
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0014
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0015
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0015
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0015
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0016
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0016
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0016
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0017
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0017
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0017
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0018
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0018
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0018
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0019
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0019
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0019
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0020
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0020
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0020
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0021
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0021
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0022
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0022
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0022
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0022
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0023
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0023
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0023
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0023
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0024
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0024
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0025
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0025
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0025
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0026
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0026
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0026
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0027
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0027
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0027
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0027
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0028
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0028
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0028
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0028
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0029
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0029
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0029
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0030
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0030
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0031
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0031
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0031
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0032
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0032
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0032
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0032
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0033
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0033
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0033
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0034
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0034
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0034
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0035
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0035
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0036
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0036
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0036
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0037
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0037
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0037
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0038
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0038
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0038
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0039
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0039
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0039
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0040
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0040
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0040
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0040
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0041
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0041
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0041
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0042
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0042
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0042
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0043
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0043
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0044
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0044
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0044
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0045
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0045
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0045
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0045
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0046
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0046
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0046
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0047
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0047
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0047
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0047
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0048
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0048
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0048
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0049
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0049
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0049
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0050
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0050
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0050
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0051
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0051
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0051
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0052
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0052
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0052
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0053
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0053
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0053
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0053
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0054
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0054
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0054
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0054
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0055
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0055
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0055
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0056
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0056
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0057
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0057
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0057
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0058
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0058
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0058
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0059
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0059
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0059
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0060
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0060
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0061
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0061
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0061
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0061


[68] Simopoulou T, Malizos K, Iliopoulos D, Stefanou N, Papatheodorou L, Ioannou
M, et al. Differential expression of leptin and leptin's receptor isoform (Ob-
Rb) mRNA between advanced and minimally affected osteoarthritic cartilage;
effect on cartilage metabolism. Osteoarthritis Cartilage 2007;15:872–83.

[69] Ku JH, Lee CK, Joo BS, An BM, Choi SH, Wang TH, et al. Correlation of synovial
fluid leptin concentrations with the severity of osteoarthritis. Clin Rheumatol
2009;28:1431–5.

[70] L€ubbeke A, Finckh A, Puskas GJ, Suva D, L€adermann A, Bas S, et al. Do synovial
leptin levels correlate with pain in end stage arthritis? Int Orthop
2013;37:2071–9.

[71] Vuolteenaho K, Koskinen A, Moilanen T, Moilanen E. Leptin levels are
increased and its negative regulators, SOCS-3 and sOb-R are decreased in
obese patients with osteoarthritis: a link between obesity and osteoarthritis.
Ann Rheum Dis 2012;71:1912–3.

[72] Bao J-p, ChenW-p, Feng J, Hu P-f, Shi Z-l, Wu L-d. Leptin plays a catabolic role
on articular cartilage. Molecular biology reports 2010;37:3265–72.

[73] Koskinen A, Vuolteenaho K, Nieminen R, Moilanen T, Moilanen E. Leptin
enhances MMP-l, MMP-3 and MMP-13 production in human osteoarthritic
cartilage and correlates with MMP-1 and MMP-3 in synovial fluid from OA
patients. Clin Exp Rheumatol 2011;29:57.

[74] Yaykasli KO, Hatipoglu OF, Yaykasli E, Yildirim K, Kaya E, Ozsahin M, et al.
Leptin induces ADAMTS!4, ADAMTS!5, and ADAMTS!9 genes expression
by mitogen!activated protein kinases and NF!ᴋB signaling pathways in
human chondrocytes. Cell Biol Int 2015;39:104–12.

[75] Vuolteenaho K, Koskinen A, KukkonenM, Nieminen R, P€aiv€arinta U, Moilanen T,
et al. Leptin enhances synthesis of proinflammatory mediators in human oste-
oarthritic cartilage—mediator role of NO in leptin-induced, IL-6, and IL-8 pro-
duction. Mediators Inflamm 2009;2009:345838.

[76] Yang W-S, Lee W-J, Funahashi T, Tanaka S, Matsuzawa Y, Chao C-L, et al.
Weight reduction increases plasma levels of an adipose-derived anti-inflam-
matory protein, adiponectin. J Clin Endocrinol Metab 2001;86:3815–9.

[77] Francin P-J, Abot A, Guillaume C, Moulin D, Bianchi A, Gegout-Pottie P, et al.
Association between adiponectin and cartilage degradation in human osteo-
arthritis. Osteoarthritis Cartilage 2014;22:519–26.

[78] Koskinen A, Juslin S, Nieminen R, Moilanen T, Vuolteenaho K, Moilanen E.
Adiponectin associates with markers of cartilage degradation in osteoarthri-
tis and induces production of proinflammatory and catabolic factors through
mitogen-activated protein kinase pathways. Arthritis Res Ther 2011;13:
R184.

[79] Filkova M, Li"skov#a M, Hulejov#a H, Haluzik M, Gatterova J, Pavelkova A, et al.
Increased serum adiponectin levels in female patients with erosive compared
with non-erosive osteoarthritis. Ann Rheum Dis 2009;68:295–6.

[80] Yusuf E, Ioan-Facsinay A, Bijsterbosch J, Klein-Wieringa I, Kwekkeboom J, Slag-
boom PE, et al. Association between leptin, adiponectin and resistin and long-
term progression of hand osteoarthritis. Ann RheumDis 2011;70:1282–4.

[81] Honsawek S, Chayanupatkul M. Correlation of plasma and synovial fluid adi-
ponectin with knee osteoarthritis severity. Arch Med Res 2010;41:593–8.

[82] Chen T-H, Chen L, Hsieh M-S, Chang C-P, Chou D-T, Tsai S-H. Evidence for a
protective role for adiponectin in osteoarthritis. Biochim Biophys Acta
2006;1762:711–8.

[83] Kang EH, Lee YJ, Kim TK, Chang CB, Chung J-H, Shin K, et al. Adiponectin is a
potential catabolic mediator in osteoarthritis cartilage. Arthritis Res Ther
2010;12:R231.

[84] Lago R, Gomez R, Otero M, Lago F, Gallego R, Dieguez C, et al. A new player in
cartilage homeostasis: Adiponectin induces nitric oxide synthase type II and
pro-inflammatory cytokines in chondrocytes. Osteoarthritis Cartilage
2008;16:1101–9.

[85] Burda B, Steidle-Kloc E, Dannhauer T, Wirth W, Ruhdorfer A, Eckstein F. Vari-
ance in infra-patellar fat pad volume: does the body mass index matter?—
data from osteoarthritis initiative participants without symptoms or signs of
knee disease. Ann Anat 2017;213:19–24.

[86] Distel E, Cadoudal T, Durant S, Poignard A, Chevalier X, Benelli C. The infrapa-
tellar fat pad in knee osteoarthritis: An important source of interleukin!6
and its soluble receptor. Arthritis Rheum 2009;60:3374–7.

[87] Teichtahl AJ, Wulidasari E, Brady SR, Wang Y, Wluka AE, Ding C, et al. A large
infrapatellar fat pad protects against knee pain and lateral tibial cartilage vol-
ume loss. Arthritis Res Ther 2015;17:318.

[88] Cai J, Xu J, Wang K, Zheng S, He F, Huan S, et al. Association between infrapa-
tellar fat pad volume and knee structural changes in patients with knee oste-
oarthritis. J Rheum 2015;42:1878–84.

[89] Klein-Wieringa I, Kloppenburg M, Bastiaansen-Jenniskens Y, Yusuf E, Kwek-
keboom J, El-Bannoudi H, et al. The infrapatellar fat pad of patients with oste-
oarthritis has an inflammatory phenotype. Ann Rheum Dis 2011;70:851–7.

[90] Favero M, El-Hadi H, Belluzzi E, Granzotto M, Porzionato A, Sarasin G, et al.
Infrapatellar fat pad features in osteoarthritis: a histopathological and molec-
ular study. Rheumatology 2017;56:1784–93.

[91] Ushiyama T, Chano T, Inoue K, Matsusue Y. Cytokine production in the infra-
patellar fat pad: Another source of cytokines in knee synovial fluids. Ann
Rheum Dis 2003;62:108–12.

[92] Milne DB, Nielsen FH. The interaction between dietary fructose and magne-
sium adversely affects macromineral homeostasis in men. J Am Coll Nutr
2000;19:31–7.

[93] Bergstra AE, Lemmens AG, Beynen AC. Dietary fructose vs. glucose stimulates
nephrocalcinogenesis in female rats. J Nutr 1993;123:1320–7.

[94] Ma D, Jones G. Soft drink and milk consumption, physical activity, bone mass,
and upper limb fractures in children: a population-based case-control study.
Calcif Tissue Int 2004;75:286–91.

[95] Wyshak G. Teenaged girls, carbonated beverage consumption, and bone frac-
tures. Arch Pediatr Adolesc Med 2000;154:610–3.

[96] Tjaderhane L, Larmas M. A high sucrose diet decreases the mechanical
strength of bones in growing rats. J Nutr 1998;128:1807–10.

[97] Tsanzi E, Light HR, Tou JC. The effect of feeding different sugar-sweetened
beverages to growing female Sprague-Dawley rats on bone mass and
strength. Bone 2008;42:960–8.

[98] Garcia-Gavilan JF, Bullo M, Camacho-Barcia L, Rosique-Esteban N, Hernandez-
Alonso P, Basora J, et al. Higher dietary glycemic index and glycemic load val-
ues increase the risk of osteoporotic fracture in the PREvencion con DIeta
MEDiterranea (PREDIMED)-Reus trial. Am J Clin Nutr 2018;107:1035–42.

[99] Beier EE, Inzana JA, Sheu TJ, Shu L, Puzas JE, Mooney RA. Effects of combined
exposure to lead and high-fat diet on bone quality in juvenile male mice.
Environ Health Perspect 2015;123:935–43.

[100] Xiao Y, Cui J, Li YX, Shi YH, Wang B, Le GW, et al. Dyslipidemic high-fat diet
affects adversely bone metabolism in mice associated with impaired antioxi-
dant capacity. Nutrition 2011;27:214–20.

[101] Macdonald HM, New SA, Golden MH, Campbell MK, Reid DM. Nutritional
associations with bone loss during the menopausal transition: evidence of a
beneficial effect of calcium, alcohol, and fruit and vegetable nutrients and of
a detrimental effect of fatty acids. Am J Clin Nutr 2004;79:155–65.

[102] Sirjani M, Taleban FA, Hekmatdoost A, Amiri Z, Pellizzon M, Hedayati M, et al.
The effects of high fat, low carbohydrate and low fat, high carbohydrate diets
on tumor necrosis factor superfamily proteins and proinflammatory cyto-
kines in C57 BL/6 mice. Iran J Allergy Asthma Immunol 2014;13:247–55.

[103] Lecka-Czernik B, Stechschulte LA, Czernik PJ, Dowling AR. High bone mass in
adult mice with diet-induced obesity results from a combination of initial
increase in bone mass followed by attenuation in bone formation; implica-
tions for high bone mass and decreased bone quality in obesity. Mol Cell
Endocrinol 2015;410:35–41.

[104] Lacerda DR, Serakides R, de Melo Ocarino N, Ferreira AV, Moraes MM, Boeloni
JN, et al. Osteopetrosis in obese female rats is site-specifically inhibited by
physical training. Exp Physiol 2015;100:44–56.

[105] Lu B, Driban JB, Xu C, Lapane KL, McAlindon TE, Eaton CB. Dietary fat intake
and radiographic progression of knee osteoarthritis: data from the osteoar-
thritis initiative. Arthritis Care Res 2017;69:368–75.

[106] Davies-Tuck ML, Hanna F, Davis SR, Bell RJ, Davison SL, Wluka AE, et al. Total
cholesterol and triglycerides are associated with the development of new
bone marrow lesions in asymptomatic middle-aged women-a prospective
cohort study. Arthritis Res Ther 2009;11:R181.

[107] de Munter W, Blom AB, Helsen MM, Walgreen B, van der Kraan PM, Joosten
LA, et al. Cholesterol accumulation caused by low density lipoprotein recep-
tor deficiency or a cholesterol-rich diet results in ectopic bone formation dur-
ing experimental osteoarthritis. Arthritis Res Ther 2013;15:R178.

[108] de Munter W, van den Bosch MH, Sloetjes AW, Croce KJ, Vogl T, Roth J, et al.
High LDL levels lead to increased synovial inflammation and accelerated
ectopic bone formation during experimental osteoarthritis. Osteoarthritis
Cartilage 2016;24:844–55.

[109] Lu B, Ahmad O, Zhang F-F, Driban JB, Duryea J, Lapane KL, et al. Soft drink
intake and progression of radiographic knee osteoarthritis: data from the
osteoarthritis initiative. BMJ Open 2013;3:e002993.

[110] Cheng CC, Hsu CY, Liu JF. Effects of dietary and exercise intervention on
weight loss and body composition in obese postmenopausal women: a sys-
tematic review and meta-analysis. Menopause 2018;25:772–82.

[111] Benton D, Young HA. Reducing calorie intake may not help you lose body
weight. Perspect Psychol Sci 2017;12:703–14.

[112] Cosman F, de Beur SJ, LeBoff MS, Lewiecki EM, Tanner B, Randall S, et al. Clini-
cian's guide to prevention and treatment of osteoporosis. Osteoporos Int
2014;25:2359–81.

[113] Cano A, Chedraui P, Goulis DG, Lopes P, Mishra G, Mueck A, et al. Calcium in
the prevention of postmenopausal osteoporosis: EMAS clinical guide. Maturi-
tas 2018;107:7–12.

[114] Bolton-Smith C, McMurdo ME, Paterson CR, Mole PA, Harvey JM, Fenton ST,
et al. Two-year randomized controlled trial of vitamin K1 (phylloquinone)
and vitamin D3 plus calcium on the bone health of older women. J Bone
Miner Res 2007;22:509–19.

[115] Booth SL, Dallal G, Shea MK, Gundberg C, Peterson JW, Dawson-Hughes B.
Effect of vitamin K supplementation on bone loss in elderly men and women.
J Clin Endocrinol Metab 2008;93:1217–23.

[116] Tucker KL, Hannan MT, Chen H, Cupples LA, Wilson PW, Kiel DP. Potassium,
magnesium, and fruit and vegetable intakes are associated with greater bone
mineral density in elderly men and women. Am J Clin Nutr 1999;69:727–36.

[117] Orchard TS, Pan X, Cheek F, Ing SW, Jackson RD. A systematic review of
omega-3 fatty acids and osteoporosis. Br J Nutr 2012;107(suppl 2):S253–60.

[118] Liu H, Huang H, Li B, Wu D, Wang F, Zheng X, et al. Olive oil in the prevention
and treatment of osteoporosis after artificial menopause. Clin Interv Aging
2014;9:2087–95.

M.C. Oliveira et al. / Nutrition 70 (2020) 10486 7

http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0062
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0062
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0062
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0062
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0063
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0063
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0063
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0064
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0064
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0064
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0064
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0064
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0065
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0065
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0065
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0065
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0066
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0066
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0067
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0067
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0067
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0067
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0068
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0069
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0069
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0069
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0069
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0069
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0069
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0070
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0070
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0070
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0071
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0071
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0071
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0072
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0072
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0072
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0072
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0072
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0073
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0073
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0073
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0073
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0073
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0073
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0074
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0074
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0074
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0075
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0075
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0076
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0076
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0076
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0077
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0077
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0077
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0078
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0078
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0078
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0078
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0079
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0079
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0079
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0079
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0080
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0080
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0080
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0080
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0081
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0081
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0081
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0082
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0082
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0082
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0083
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0083
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0083
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0084
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0084
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0084
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0085
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0085
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0085
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0086
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0086
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0086
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0087
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0087
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0088
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0088
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0088
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0089
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0089
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0090
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0090
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0091
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0091
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0091
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0092
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0092
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0092
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0092
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0093
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0093
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0093
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0094
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0094
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0094
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0095
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0095
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0095
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0095
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0096
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0096
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0096
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0096
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0097
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0097
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0097
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0097
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0097
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0098
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0098
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0098
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0099
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0099
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0099
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0100
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0100
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0100
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0100
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0101
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0101
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0101
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0101
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0102
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0102
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0102
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0102
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0103
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0103
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0103
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0104
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0104
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0104
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0105
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0105
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0106
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0106
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0106
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0107
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0107
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0107
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0108
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0108
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0108
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0108
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0109
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0109
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0109
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0110
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0110
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0110
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0111
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0111
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0112
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0112
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0112


[119] McAlindon TE, Bannuru RR, Sullivan M, Arden N, Berenbaum F, Bierma-Zein-
stra S, et al. OARSI guidelines for the non-surgical management of knee oste-
oarthritis. Osteoarthritis Cartilage 2014;22:363–88.

[120] Thomas S, Browne H, Mobasheri A, Rayman MP. What is the evidence for a
role for diet and nutrition in osteoarthritis? Rheumatology 2018;57:iv61–74.

[121] Gudbergsen H, Boesen M, Lohmander L, Christensen R, Henriksen M, Bartels
E, et al. Weight loss is effective for symptomatic relief in obese subjects with
knee osteoarthritis independently of joint damage severity assessed by high-
field MRI and radiography. Osteoarthritis Cartilage 2012;20:495–502.

[122] Plumb MS, Aspden RM. High levels of fat and (n-6) fatty acids in cancellous
bone in osteoarthritis. Lipids Health Dis 2004;3:12.

[123] Lopez HL. Nutritional interventions to prevent and treat osteoarthritis. Part I:
focus on fatty acids and macronutrients. PM R 2012;4(suppl):S145–54.

[124] Hill CL, March LM, Aitken D, Lester SE, Battersby R, Hynes K, et al. Fish oil in
knee osteoarthritis: a randomised clinical trial of low dose versus high dose.
Ann Rheum Dis 2016;75:23–9.

[125] Chen J, Hill C, Lester S, Ruediger C, Battersby R, Jones G, et al. Supplementa-
tion with omega-3 fish oil has no effect on bone mineral density in adults
with knee osteoarthritis: a 2-year randomized controlled trial. Osteoporos
Int 2016;27:1897–905.

[126] Jenkins DJ, Kendall CW, Axelsen M, Augustin LS, Vuksan V. Viscous and non-
viscous fibres, nonabsorbable and low glycaemic index carbohydrates, blood
lipids and coronary heart disease. Curr Opin Lipidol 2000;11:49–56.

[127] Katan MB, Grundy SM, Jones P, Law M, Miettinen T, Paoletti R, et al. Efficacy
and safety of plant stanols and sterols in the management of blood choles-
terol levels. Mayo Clinic Proc 2003;78:965–78.

[128] Pieters BC, Arntz OJ, Bennink MB, Broeren MG, van Caam AP, Koenders MI,
et al. Commercial cow milk contains physically stable extracellular vesicles
expressing immunoregulatory TGF-beta. PLoS One 2015;10:e0121123.

[129] Arntz OJ, Pieters BC, Oliveira MC, Broeren MG, Bennink MB, de Vries M, et al.
Oral administration of bovine milk derived extracellular vesicles attenuates
arthritis in two mouse models. Mol Nutr Food Res 2015;59:1701–12.

[130] Oliveira MC, Arntz OJ, Blaney Davidson EN, van Lent PL, Koenders MI,
van der Kraan PM, et al. Milk extracellular vesicles accelerate osteoblas-
togenesis but impair bone matrix formation. J Nutr Biochem 2016;30:
74–84.

[131] Oliveira MC, Di Ceglie I, Arntz OJ, van den Berg WB, van den Hoogen FH,
Ferreira AV, et al. Milk-derived nanoparticle fraction promotes the for-
mation of small osteoclasts but reduces bone resorption. J Cell Physiol
2017;232:225–33.

8 M.C. Oliveira et al. / Nutrition 70 (2020) 10486

http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0113
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0113
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0113
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0114
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0114
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0115
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0115
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0115
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0115
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0116
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0116
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0117
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0117
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0118
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0118
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0118
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0119
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0119
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0119
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0119
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0120
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0120
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0120
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0121
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0121
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0121
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0122
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0122
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0122
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0123
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0123
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0123
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0124
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0124
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0124
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0124
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0125
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0125
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0125
http://refhub.elsevier.com/S0899-9007(18)31332-7/sbref0125

	Bookmarks
	Osteoporosis and osteoarthritis are two sides of the same coin paid for obesity
	Introduction
	The epidemiologic relationship of obesity and OP or OA
	Body mass index in OP and OA

	Adipose tissue involvement in OP and OA
	Obesity and visceral adipose tissue
	Bone remodeling and loss: Osteoporosis
	Osteoarthritis phenotype
	Role of adipose tissue and bone marrow fat in OP
	Role of adipose tissue and the infrapatellar fat pad in OA

	Effects of diet on bone disorders
	Diet intervention on bone loss and OA
	Conclusions
	References


