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Abstract: Metabolic syndrome (MetS) and osteoporosis are two medical problems plaguing
the ageing populations worldwide. Though seemingly distinctive to each other, metabolic
derangements are shown to influence bone health. This review summarises the relationship
between MetS and bone health derived from epidemiological studies and explains the
mechanistic basis of this relationship. The discourse focuses on the link between MetS and
bone mineral density, quantitative sonometric indices, geometry and fracture risk in humans.
The interesting sex-specific trend in the relationship, probably due to factors related to body
composition and hormonal status, is discussed. Mechanistically, each component of MetS
affects the bone distinctly, forming a complex interacting network influencing the skeleton.
Lastly, the effects of MetS management, such as pharmacotherapies, exercise and bariatric
surgery, on bone, are presented. This review aims to highlight the significant relationship
between MetS and bone, and proper management of MetS with the skeletal system in mind
could prevent cardiovascular and bone complications.
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Introduction
The skeleton is a dynamic system responsive to internal and external stimuli to
provide support to the body and regulate mineral homeostasis. Deterioration of
skeletal mass and microstructure will result in osteoporosis and increase the risk of
fragility fracture." Apart from primary causes, such as sex hormone deficiency and
advanced age, metabolic derangements are significant secondary risk factors of
skeletal deterioration.” Meta-analyses reported that diabetes mellitus increases the
total [relative risk (RR) 1.32; 95% confidence interval (CI) 1.17-1.48] and hip
fracture risk (RR 1.77; 95% CI 1.56-2.02),> and obesity increases the upper arm
[hazard ratio (HR) 1.60, 95% CI 1.42—1.80] and all osteoporotic fracture risk (HR:
1.16; 95% CI 1.09-1.23) after adjustment for bone mineral density (BMD).* The
increasing aged, obese and diabetic populations worldwide highlight the burden of
fracture secondary to these conditions.”®

The definition of metabolic syndrome (MetS) has evolved with time (Table 1),
but it pivots on central obesity, hypertension (HPT), hyperglycaemia and dyslipi-
daemia. MetS alters the mechanical loading, hormonal and biochemical profile of
the body, thereby producing complex effects on bone health. While increased
mechanical loading and production of certain hormones are protective against
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osteoporosis, the proinflammatory and pro-oxidative body
environment might be detrimental to bone health.” Thus,
the overall impact of MetS on bone health depends on the
sum of these interactions. However, the relationship
between MetS and bone health reported in epidemiological
studies is heterogeneous. Although some studies reported a
positive association between MetS and BMD, others
reported a negative relationship.*® A potential sex differ-
ence in the relationship between MetS and bone is also
observed.'®'*

This review aims to summarise the relationship
between MetS and bone, primarily from epidemiological
studies collecting BMD and bone fracture data. According
to the World Health Organization, BMD measured by
dual-energy X-ray absorptiometry is the standard in defin-
ing osteoporosis.'® Studies using alternative bone health
assessment methods, such as quantitative ultrasonometry
and peripheral quantitative computed tomography, were
also discussed. The mechanistic basis of this relationship
is discussed in the second part of this review. The review
will help the readers to understand that influence of MetS
on bone health, beyond its well-recognized impacts on
cardiovascular diseases.

Relationship Between MetS and
Bone Mineral Density
Positive Association Between MetS and

Bone Mineral Density
A retrospective study by Park et al (n=399, women aged
59 £ 6.7 years) suggested a positive association between
MetS on BMD. Age-adjusted femoral neck BMD was
higher in post-menopausal Korean women with MetS
compared to those without MetS, but their lumbar spine
BMDs were similar.'* The difference in the strength of
association between the two skeletal sites could be attrib-
uted by weight-bearing capacity, in which femoral neck
endures more loading compared to lumbar spine.'”
Multiple cross-sectional studies reported a positive
relationship between MetS and BMD.'®' The Third
National Health and Nutrition Examination Survey
(NHANES III) (n=8197, >20 years) reported a higher
femoral neck BMD among subjects with MetS compared
to subjects without MetS. Adjustment for BMI attenuated
the difference in BMD between the two groups.'’
However, this study only measured one skeletal site. The
Rancho Bernardo Study (417 Caucasian men and 671
Caucasian women aged 38 to 97 years) reported that

subjects with MetS had higher total hip BMD compared
to non-MetS subjects. Men with MetS in the study also
had a higher femoral neck BMD compared to men without
MetS. However, BMI adjustment reversed the relationship
between MetS and BMD.'® Additionally, a positive rela-
tionship between MetS and lumbar spine T-score was
found among subjects from Saudi Arabia (1578 subjects,
>35 years) with high BMI (BMI > 25 kg/m* for 87.3%
women and 79.4% men recruited)."’

More conclusive evidence on the positive influence of
MetS on BMD comes from a three-year longitudinal study
by Kim et al (n=1128). In this study, Korean post-meno-
pausal women with MetS experienced 31.1%, 26.7%,
21.7% and 12.0% less BMD loss at the lumbar spine,
trochanter, total hip and femoral neck compared to non-
MetS women, respectively. The rate of bone loss also
of MetS
It should be noted the subjects were

decreased with an increasing number
components.20
recruited from a health screening centre, who could be
more health-conscious and have an upper socioeconomic
background. Thus, they might not represent the general
population.

In a meta-analysis by Xue et al (11 studies, n=13,122),
lumbar spine and femoral neck BMD values unadjusted
for BMI was higher in MetS subjects compared to non-
MetS subjects. The association between MetS and femoral
neck BMD was more prominent in the Caucasians than
Asians. The unadjusted BMD was used because the adjust-
ment could distort the relationship between BMD and
MetS.® Multiple studies suggested that the positive asso-
ciation between MetS and BMD was driven by mechanical
loading reflected through BMI.'"'® This observation is
evident when BMI-adjustment attenuates or reverses the
association between MetS and BMD. However, a high
BMI could reflect either large body size or high adiposity,
whereas waist circumference is a better measure of
adiposity.®' At its existing cut-offs, BMI is also an impre-
cise method to measure obesity in the elderly.”” In lieu of
this opinion, a study among Korean post-menopausal
women (n=3058) aged >50 years old classified the sub-
jects into waist circumference (WC) obesity (>80 cm) and
BMI obesity (>25 kg/m?). The study found that the pre-
valence of osteoporosis was lower in subjects classified as
having BMI obesity with or without WC obesity.>* On the
other hand, the prevalence of osteoporosis was higher
among non-obese subjects and subjects with WC obesity
only. Thus, BMI adjustment can delineate the effects of
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mechanical loading in the relationship between MetS
and BMD.

Overall, the positive association between bone health
and MetS may be mediated by body size reflected
by BMD.

Negative Association Between MetS and

Bone Mineral Density

Multiple studies among the East Asian populations
demonstrated a negative relationship between MetS and
BMD. A retrospective study by Chen et al reported that
both MetS and the associated non-alcoholic fatty liver
disease were positively associated with osteoporosis
among Chinese post-menopausal women (n=938).%*

The negative relationship was further consolidated in
cross-sectional studies. Hwang and Choi reported that the
lumbar spine BMD adjusted for age, weight and height
decreased with increasing MetS components in Korean
adult women (n=2548).%> Similarly, body weight-adjusted
femoral neck BMD was lower in Korean men (n=1780,
55.7 + 8.1 years) and post-menopausal women (n=1109,
57.1 £ 6.7 years) with MetS compared to subjects without
MetS in the study by Kim et al.?® In a study by Jeon et al,
pre- (n=1234) and post-menopausal Korean women
(n=931) with MetS showed a lower lumbar spine BMD
after multiple adjustments, including weight. The post-
menopausal women with MetS also showed a lower
femoral neck BMD.?” The authors postulate that the
effects of MetS on BMD are more significant among
post-menopausal women because they are not protected
by oestrogen.

The studies in this section considered only women.
Since apparent differences in body composition and hor-
monal profile exist between men and women, it would be
interesting to explore if sex influences the relationship
between MetS and BMD.

Sex-Specific Relationship MetS and Bone
Mineral Density

Several sex-specific trends on the association between
MetS and BMD have been observed. Two retrospective
studies among Taiwanese population showed protective
effects of MetS on skeletal health of men but not in
women >50 years. In these studies, men with MetS had a
higher BMD at the lumbar spine and the hip®® and were
less likely to have osteoporosis compared to non-MetS
men.”’ The relationship between MetS and BMD was

negative in women was negative® or negligible.”’
Multiple  adjustments for confounders attenuated
the relationship between MetS and bone health in both
sexes.?? Thus, the overall effects of MetS on bone are
weak and inconsistent in both studies.”®?’

Two studies on the Caucasian populations showed that
MetS protects bone health in women but not in men.'*'?
In the Camargo Cohort Study (n=1508, >50 years), women
with MetS showed higher age-adjusted BMD at the
femoral neck, lumbar spine and total hip compared to
women without MetS. Again, adjustment for BMI attenu-
ated most differences, except for the total hip.'* The pre-
sence of MetS did not influence BMD of men in the same
study.'? In the Berlin Aging Study II (n=1402, 68+4
years), the relationship between MetS and lumbar spine
and total hip BMD was positive among women, but not
significant among men.'’

A series of studies in Korean population showed that
MetS was a negative predictor of BMD in men but not in
women. The Korean National Health and Nutrition
Examination Survey (KNHANES, n=3207) reported that
BMD of the femoral neck, total hip and lumbar spine
between subjects with MetS (defined by Joint Interim
Statement)’® and those without MetS was similar after
multiple adjustments, including BMI. However, men with
MetS had higher odds of suffering from suboptimal bone
health (T-score < —1).>' Re-analysis using National
Cholesterol Education Program Adult Treatment Panel III
definition®? showed that adjusted BMD of the lumbar
spine and femoral neck was consistently lower in young
(<45 years) and older men with MetS compared to sub-
jects without MetS (n=2989). However, pre- and post-
menopausal women with MetS showed similar BMD
the
Association/National Heart, Lung, and Blood Institute,>>
Korean men (n=6659, aged 43.62+0.3 years) with MetS
showed lower total hip and femoral neck BMD compared

11 . . . .
values. Using criteria of American Heart

to non-MetS counterparts after multiple adjustments,
including BMI. Again, the difference was not observed
in pre- (n=4547, aged 35.15+0.19 years) and post-meno-
pausal women (n=3279, aged 63.17+0.26 years).34

A meta-analysis by Zhou et al (9 studies, n=18,380)
showed that subjects without MetS had a higher lumbar
spine and femoral neck BMD. The negative effects of
MetS were more prominent in men compared to women.’

Overall, there is an apparent sex difference in the
relationship between MetS and bone health. When sex
difference is studied, men seem to be more susceptible to
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the negative effects of MetS on bone. Some researchers
postulate that at any given BMI, men had higher visceral
fat compared to women, so they are more susceptible to
the adverse effects of MetS.**

Relationship Between MetS and

Quantitative Ultrasound

Quantitative ultrasound is another method of assessing
individual bone health.*> Two of the basic quantitative
ultrasound indices (QUIs) are speed of sound, which
reflects the distance travelled by the ultrasound across
time (m/s), and broadband ultrasound attenuation, which
refers to the slope between ultrasound signal attenuation
due to absorption by cortical bone or scattering by trabe-
cular bone in relationship with its frequency (dB/MHz).>
Other composite QUIs can be derived from these two
basic indices, but they differ between devices. In general,
higher values of QUIs indicate better bone health.*> QUI
has been shown to correlate with bone mass and

37,38

microarchitecture, and it can predict fracture risk.*

QUIs also showed a high diagnostic accuracy of osteo-
porosis with modified cut-offs.***!

In the PREMED study (124 men aged 55 —80 years
and 127 women, aged 60-80 years), BUA and QUI
were higher in subjects with MetS compared to those
without after adjustment for sex. BUA was also higher
in subjects with diabetes compared to normal subjects.**
In the study of Cvijetic et al (n=211 drawn from voter
registry, aged 77.9+£4.5 years), QUI was significantly
lower in men with MetS but higher in women with
MetS compared to their non-MetS counterparts. In the
multivariate regression model, adjustment for BMI wea-
kened the relationship between MetS and QUI in
women but not in men. Further adjustment for glucose
level diminished the relationship between MetS and
QUI in men.*

In the Camargo Cohort Study, women with MetS
(n=788, aged 63+9 years) showed higher age-adjusted
QUI compared to those without MetS but the BMI-
adjusted QUI values were similar between the two groups.
MetS was not associated with QUI in all models for men
(n=421 aged 65+9 years old) in the study.** Similarly,
Chin et al showed reported that MetS was not significantly
associated with the calcaneal speed of sound among 303
Malaysian men of Chinese and Malay ethnicity aged >40

years old.*

Overall, the effects of MetS on QUI may be similar to
BMD, which might be mediated by mechanical loading
reflected by BML.

Relationship Between MetS and

Bone Geometry
Evidence on the association between MetS and bone geo-
metry in human is somewhat limited. The Rotterdam
Study showed that MetS was associated with lower bone
width and cortical bucking ratio, indicative of bone
instability, in women (n=2040, aged 72.38 +6.81 years)
but not in men (n=1510, aged 72.04 +6.51 years).*
Table 2 summarises the relationship between MetS and
bone health, including BMD, QUI and bone geometry.

Relationship Between MetS and

Bone Fracture

Another indicator of osteoporosis is fragility fracture since
most patients are not aware of their bone health status until
a fracture occurs. Each component of MetS exerts distinct
influence on fracture risk. For instance, increased mechan-
ical loading and estradiol synthesis due to obesity could
preserve bone mass and prevent fracture.*”** Type 2 dia-
betes is associated with increased BMD but higher fracture
risk.**® Variation in lipid profile is also associated with
fracture risk.”'

Several studies reported reduced fracture risk among
MetS subjects compared to non-MetS subjects.’>>* In the
Tromse Study (n=26,991, 25-98 years), subjects with
MetS showed decreased non-vertebral fracture (NVF)
risk compared to non-MetS subjects. Particularly, NVF
risk decreased in men with increased blood pressure and
in women with increased BMI.>?

A sex-specific trend in the relationship between MetS
and fracture risk was also observed. In a cross-sectional
study by Yu et al (n=897 men and 1792 women; >40
years), MetS was associated with increased risk of any
fracture in women (22.8% in MetS vs 16.3% in non-MetS
women) and the inverse happened in men.’” In the
MINOS study, men with MetS showed a reduced inci-
dence of vertebral fractures (VF) and peripheral fractures
compared to men without MetS.>® The Rotterdam study
found a reduced risk of any fracture and NVF among men
with an increasing number of MetS components, but a lack
of significant relationship among women.*® A Chinese
study (2814 males and 4675 females, >40 years) also
showed that women with MetS experienced an increased
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Osteoporosis risk: OR 0.545, 95% CI 0.221-1.346

Lumbar spine: B 0.128, 95% Cl 0.022~0.035
Femoral hip: B 0.165, 95% CI: 0.081~0.249

After BMIl-adjustment

Lumbar spine: § 0.009, 95% Cl —0.097~0.115
Osteoporosis risk: OR 0.907, 95% CI 0.186~4.41 |

Femoral hip: § 0.006, 95% Cl —0.079~0.091

Before BMIl-adjustment

Joint
interim
statement

400 Malaysians aged = 40
years (52.5% women) in

Klang Valley

Cross-sectional study

Chin et al
(2020)'¢

Federation; LDL-c, low-density lipoprotein cholesterol; MetS, metabolic syndrome; NAFLD, non-alcoholic fatty liver disease; NCEP-ATP-III, National Cholesterol Education Program Adult Treatment Panel Ill; NS, not significant; OR,
odds ratio; QUI, quantitative ultrasound index; SBP, systolic blood pressure; SD, standard deviation; SEM, standard error of mean; SOS, speed of sound; TG, triglyceride; WC, waist circumference; WMD, weighted mean difference.

confidence interval; DBP, diastolic blood pressure; FBG, fasting blood glucose; HDL-c, high-density lipoprotein cholesterol; HOMA-IR, homeostatic model assessment of insulin resistance; HPT, hypertension; IDF, International Diabetes

Abbreviations: B, standard regression coefficient; AHA/NHLBI, American Heart Association/National Heart, Lung, and Blood Institute; BMD, bone mineral density; BMI, body mass index; BUA, broadband ultrasound attenuation; Cl,

Notes: All the studies performed the BMD measurement via dual-energy X-ray absorptiometry, except for*2 (labeled with$), which used quantitative ultrasonometry.

risk of any fractures compared to non-MetS women.>’
Other studies among the Chinese population also obtained
similar findings.”®>’

In contrast to the studies mentioned earlier, the
Camargo cohort study found no significant difference in
the prevalence of VF and NVF between MetS and non-
MetS subjects of either sex.** Other smaller studies, such
as PREMED also discovered a lack of association between
MetS and fracture risk.*?

Overall, the majority of the studies found a significant
association between MetS and fracture risk except for a
few smaller studies. Women with MetS might have ele-
vated fracture risk, whereas MetS might protect men from
fracture. Could these sex discrepancies be attributed to the
fact that women with higher fat mass than men suffer from
the negative effects of MetS on bone, while men benefit
from increased mechanical loading? This question worth
further investigation.

Table 3 summarises the relationship between MetS and
fracture risk.

Mechanistic Basis of the
Relationship Between MetS and

Bone

The effects of MetS on BMD and fracture risk are under-
laid by altered cellular and mechanical properties of the
skeletal system. Each MetS components exert a distinct
effect on bone, and the sum determines the overall effects
of MetS on BMD and fracture risk.

The Effects of MetS on
Osteoblastogenesis and

Osteoclastogenesis

Bone remodelling is a process of bone repair consisting of
bone formation by osteoblasts and bone resorption by
osteoclasts. Various endogenous and exogenous factors
influence the differentiation of osteoblasts and osteoclasts
from their corresponding progenitors of mesenchymal and
haematopoietic origins. Hormones, nutrients, drugs and
mechanical loading are some of the factors influencing
bone remodelling. The early event of osteoblastogenesis
requires the presence of Wnt and bone morphogenetic
protein-2 (BMP-2) to direct the commitment of mesench-
ymal stem cells (MSCs) into pre-osteoblastic fate along
with induction of other osteoblast-specific transcription
factors, such as Runt-related transcription factor 2 (Runx-
2) and Osterix (OSX) to promote osteoblastogenesis.®
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Table 3 The Relationship Between MetS and Fracture Risk

Study Study Design Subjects Characteristics Definition of MetS Bone Fracture Risk/
Incidence
Ahmed The 4th Tromse study: | 26,991 participants with NCEP-ATPIII MetS reduced fracture risk in
et al A population-based 12,780 men and 14,211 men (RR 0.71, 95% CI 0.51—
(2006)*2 cohort study (January | women, aged 25-98 years old 0.99) and women (RR 0.66, 95%
1994- December from Norway Cl 0.53-0.82)
2000) Women with MetS: lower
fracture risk in HPT (RR 0.89,
95% Cl 0.8-0.99)
Women with MetS: lower
fracture with increased BMI (RR
0.91, 95% Cl 0.84-0.98) or
reduced HDL (RR 1.12, 95% CI
1.05-1.21)
von Muhlen | Rancho Bernardo Community-dwelling NCEP-ATPIII Women with MetS: increased
et al Study, a longitudinal ambulatory men (417) and NVF (OR 3.76, 95% CI 1.27-
(2007)'8 cohort study with women (671), all Caucasian in 11.13)
mean follow-up of 2 southern California, aged 38 NS for men.
years. to 97 years.
Hernandez | The Camargo Cohort 1508 subjects from the NCEP-ATPIII MetS was not associated with
et al Study: A cross- Camargo, Spain with 495 men fracture in men (OR 0.98, 95%
2010)'? sectional stud and 1013 women, aged >50 Cl 0.76-1.27) or women (OR
Y g
(February 2006-August | years 0.93, 95% CI; 0.79-1.10)
2009)
Hernandez | The Camargo Cohort 1209 adults (421 men aged 65 | JIS MetS was not associated with
et al Study: A cross- 19 (50-92 years) and 788 fracture in men and women (OR
@o1n* sectional study (2006— | women 639 (44-88 years)) not disclosed)
2009) visiting a primary care centre.
Szulc et al The MINOS study: A 762 men from France who NCEP-ATPIII Men with MetS: reduced any
(2010)*¢ prospective cohort aged 50-80 years old spine and peripheral fracture
study (10-years from (OR 0.33, 95% CI 0.15-0.76)
1995-1996)
Bullo et al The NUTERA- 251 subjects with 124 men NCEP-ATPIII T2DM: increased all fracture risk
2011)*? PREDIMED Cohort and 127 women, aged OR 0.393, 95% Cl 0.167-0.965
8
study: A large, parallel- | between 55-80 years (men) MetS: not associated with all
group, randomized, or 60-80 years (women) from fracture risk (OR 0.523, 95% Cl
controlled study Spain 0.214-1.274)
El Cross-sectional study 270 Caucasian post- NCEP-ATPIII MetS: not associated with
Maghraoui (June 2012-March menopausal women from the prevalence of VF (22.1% without
et al 2013) Rabat, Morocco who aged VF, 23.8% grade | VF, 25.0% with
(2014)%3 50-90 years old grade 2-3 VF, p>0.05).

Sun et al A community-based 7489 Chinese adults from the | IDF Women with MetS: increased
(2014)%7 cross-sectional study Gulou, Nanjing, China with fragile fractures incidence (8% vs
(June 2011 - 2814 males and 4675 females 5.3%, p = 0.034).

December 2011) aged > 40 years
(Continued)
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Table 3 (Continued).

Study Study Design Subjects Characteristics Definition of MetS Bone Fracture Risk/
Incidence
Lee et al A longitudinal study 16,078 men from South NCEP-ATPIII MetS: reduced fracture risk (HR
(2014)** with an average of 3 Korea were recruited who 0.662, 95% CI 0.445-0.986).
years follow-up period | aged >50 years After BMI-adjustment, the
association was NS (HR 0.737,
95% Cl 0.479-1.136)
Wang et al | A population-based 9930 Chinese adults from the | NCEP-ATPIII Women with MetS: increased
(2014)*° cross-sectional study Chongming District, Shanghai, osteoporotic fractures after
of 6 months (May 2011 | China who aged 240 years adjusting for all confounders
- November 201 1) (OR 1.20, 95% CI 1.11-1.53)
Muka et al The Rotterdam Study: 2040 women and 1510 men IDF, AHA/NHLBI, World Heart Increased MetS components
(2015)* A prospective from the Netherlands, aged Federation, International were associated with reduced
population-based >55 years old Atherosclerosis Society and risk of:
cohort (2 years) International Association for the any fracture (HR 0.82, 95% CI
Study of Obesity 0.70-0.9964)
VF (HR 0.81, 95% 0.64-1.03)
NVF (HR 0.75, 95% 0.66—0.96)
in adjusted model in men. NS for
women.
Qin et al The REACTION study: | 9930 Chinese adults from NCEP-ATPIII Women with MetS: increased
(2016)® a |-year cross- China who aged >40 years old osteoporotic fracture risk (OR
sectional study (201 |- 1.22, 95% CI 1.12—-1.54).
2012)
Yu et al A cross-sectional study | 2689 participants from Taiwan | NCEP-ATPIII Women with MetS: increased
(2017)%® of 17 months (March with 897 men and 1792 fracture risk (OR 0.304, 95% ClI
2014 - August 2015) women aged >40 years 0.165-0.559)
Men with MS: NS association
(OR 1.126, 95% Cl 0.273—4.650)

Abbreviations: AHA/NHLBI, American Heart Association/National Heart, Lung, and Blood Institute; BMI, body mass index; Cl, confidence interval; HPT, hypertension;
HR, hazard ratio; IDF, International Diabetes Federation; MetS, metabolic syndrome; NCEP-ATP-III, National Cholesterol Education Program Adult Treatment Panel Ill; NS,
not significant; NVF, non-vertebral fracture; OP, osteoporosis; OR, odds ratio; RR, relative risk; VF, vertebral fracture.

Alkaline phosphatase (ALP) is highly expressed in com-
mitted pre-osteoblasts, thus represent an early marker of
osteoblast phenotype. Subsequently, active and mature
osteoblasts secrete other bone matrix proteins including
collagen I (COL1), osteocalcin (OCN),
(OPN), osteonectin and bone sialoprotein (BSP) associated

osteopontin

with mineralization and calcification.’ Osteoblasts regu-
late the differentiation of osteoclasts through receptor acti-
vator of nuclear factor kappa-B (RANK) ligand (RANKL)
and osteoprotegerin (OPG). RANKL binds to the RANK
receptor on osteoclast progenitors and stimulates their
differentiation, whereas OPG is a decoy receptor of
RANKL which prevents its binding to RANK.®*** The
binding of RANKL to RANK recruits tumour necrosis
factor receptor-associated factor 6 (TRAF6) and activates

nuclear factor-kappa B (NFkB) and Fos proto-oncogene
(c-Fos). The latter interacts with Jun proto-oncogene (c-
Jun) and forms activator protein 1 (AP-1) complex, which
cooperates with NF-kB to trigger nuclear factor of acti-
vated T-cells cytoplasmic 1 (NFATcl) for osteoclast dif-

ferentiation and function.®!

Bone formation and bone
resorption markers are the by-products of osteoblast and
osteoclast activities, respectively. They serve as an assess-
ment tool complementary to BMD, which measure bone
remodelling rate and ultimately predict fracture risk.®*
Omental adipose tissue-derived MSCs isolated from
MetS subjects expressed lower ALP and osteonectin.®’
The Camargo Cohort Study reported lower propeptide of
type 1 collagen (PINP) and C-terminal telopeptide of type

I collagen (CTX) in individuals with MetS as compared to
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healthy controls in either sex.'> A population-based study
of health in Pomerania also found that higher bone turn-
over markers (OCN, PINP and CTX) were associated with
lower odds for MetS or T2DM among 2671 adult men and
women.®® The MINOS study demonstrated lower OCN,
CTX and higher deoxypyridinoline (DPD) in 762 older
men with MetS.>® The association between MetS and OPG
was inconsistent whereby some studies reported no

correlation,®”-®

while some studies indicated positive
associations.®”’® In short, the accumulating evidence
from human studies demonstrated heterogeneous out-
comes on the association between MetS and bone markers,

thus the net effect of MetS on bone needs to be resolved.

The Effects of MetS on Osteocyte-Driven

Bone Remodelling
the
entombed by the organic matrix, are the mechanosensor

Osteocytes, terminally differentiated osteoblasts
of the skeletal system playing a significant role in coordi-
nating the bone remodelling process.”' Osteocytes also
secrete regulators of bone remodelling similar to osteo-
blasts (OPG and RANKL), Wnt pathway [sclerostin
(SOST) and Dickkopf-related protein 1 (DKK1)] and
[fibroblast
(FGF-23), phosphate-regulating neutral endopeptidase
(Phex) and dentin matrix protein (DMP1)].”> The interplay
between MetS and Wnt signalling has been proposed

phosphate homeostasis growth factor-23

based on several considerations: (a) Increased level of B-
catenin upon activation of the canonical Wnt pathway
decreased peroxisome proliferator-activated receptor-
gamma (PPAR-y) and CCAAT-enhancer-binding protein
alpha (C/EBPa) transcription factors essential for adipo-
cyte gene expressions, (b) Glycogen synthase kinase 3f3
(GSK3p) has an important role in regulating blood glucose
whereby its sustained activation-induced apoptosis of islet
B cells, reduction of insulin secretion and inhibition of
glycogen synthase, and (c) low-density lipoprotein recep-
tor-related protein 6 (LRP6) forms a complex with low-
density lipoprotein receptor (LDLR) and clathrin to facil-
itate low-density lipoprotein (LDL) clearance.”> "> The
activation of Wnt/B-catenin results in the expression of
direct downstream Wnt target genes, Runx-2, thus promot-
ing osteogenesis.”® Wnt antagonists (eg SOST and DKK 1)
bind to LRP5/6 and antagonize the Wnt signalling, favour-
ing bone resorption and bone loss.”” Recent report deli-
neated the levels of SOST and DKK-1 were significantly
increased in a MetS-induced bone loss animal model,

suggesting the involvement of osteocyte-mediated Wnt
inhibition during MetS.”®

On the other hand, a previous study reported an inverse
relationship between MetS and the level of phosphate.
Patients with a higher number of MetS components had
a lower circulating phosphate level.”” FGF-23 acts as a
regulator for phosphate homeostasis by increasing phos-
phate excretion and reducing phosphate reabsorption.®
FGF-23 also inhibits la-hydroxylase, an enzyme essential
for the conversion of inactive 25-hydroxyvitamin D [25
(OH)D] to 1.25-dihydroxy vitamin D [1,25(OH)2D], sug-
gesting its pivotal role in bone metabolism.®' In MetS
animals induced by a high-carbohydrate high-fat diet, the
level of FGF-23 in bone was increased, subsequently con-
tributing to bone loss.”® In an epidemiological study,
serum FGF-23 was higher in elderly with MetS and was
associated with increased TG, BMI, waist circumference,
trunk and body fat, as well as reduced HDL-c.** Patients
with impaired glucose tolerance also showed higher circu-
lating FGF-23 level compared to normal control.** Based
on this evidence, the reduction of phosphate level in MetS
might be explained by the increase in FGF-23 that sup-
pressed phosphate reabsorption and enhanced phosphate
excretion. The synergistic action of FGF-23 on phosphate
and vitamin D homeostasis postulated the possible asso-
ciation between MetS and bone loss.

However, the link between MetS on bone through the
osteocyte-driven bone remodelling in humans is yet to be
investigated extensively. Thus, the findings obtained from
in vivo study await further validation from human studies.

The Effects of Individual MetS

Components on Bone

Each component of MetS affects bone metabolism. The
role of adiposity on bone health is complex. Adiposity
increases body mass and exerts mechanical loading on
the bone, thereby stimulating bone accrual.** Aromatase
enzymes in the abdominal subcutaneous and visceral adi-
pose tissue synthesize oestrogens which are protective of
bone health.®>%¢ On the other hand, adipose tissue is also a
major source of proinflammatory enzymes, such as inter-
leukin (IL)-1 (IL-1), IL-6 and tumour necrosis factor-alpha
(TNF-).*” In particular, visceral fat was shown to be a
significant source of IL-1pB, IL-6 and IL-15 in obese men.™®
These cytokines encourage the formation of osteoclasts
and bone resorption activities while decreasing the forma-
tion of osteoblasts and bone formation.** Adipose tissue
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also sequesters lipid-soluble hormones, such as testoster-
one and vitamin D essential in maintaining bone health,
making them unavailable to bone tissue.””’! A study in
the Chinese population demonstrated that visceral fat area,
an index of visceral adiposity, correlated negatively with
serum 25-hydroxyvitamin D5 level.”> Apart from that,
visceral adipose tissue also secretes adipokines, such as
leptin and adiponectin.”® Leptin regulates energy metabo-
lism by controlling satiety.”® Leptin has both anabolic and
catabolic effects on the skeleton. Leptin exerts anabolic
effects on osteoblasts, and it inhibits osteoclast formation
by acting through RANKL/OPG pathway. At the same
time, leptin exerts catabolic actions on the bone by acting
on the sympathetic nervous system and increasing cate-
cholamine and neuropeptide Y (NPY) secretion.”* Overall,
a higher leptin level is associated with higher BMD and
bone mineral content according to a meta-analysis, espe-
cially post-menopausal women.”> Adiponectin improves
the insulin sensitivity of liver and muscle,”* but its level
is inversely associated with BMD in humans,’® although
preclinical studies reveal an anabolic effect, through inhi-
bition of SOST and modulation of RANKL/OPG
pathway.”’

Type 2 diabetes mellitus (T2DM) is associated with
increased BMD risk.**%®

Individuals with MetS suffer from impaired glucose toler-

and increased fracture
ance and are predisposed to T2DM.? Chronic hypergly-
caemia will trigger the formation of advanced glycation
end products (AGEs) when carbonyl group of a reducing
sugar reacts with the amino group of macromolecules. The
resultant Amadori products are unstable and will undergo
subsequent reactions to form AGEs.'” Intracellular AGEs
induce apoptosis of osteoblasts through endoplasmic reti-
culum stress.'" AGEs possess a biphasic effect on osteo-
clasts, whereby early exposure to AGEs inhibit osteoclasts
differentiation and bone resorption, whereas late-stage
exposure increases osteoclast fusion, podosome number
and bone resorption.'®> High glucose and AGEs increase
SOST level production by osteocytes, thereby inhibiting
bone formation. RANKL production by osteocytes is sup-
pressed by AGEs, thereby inhibiting bone resorption.'®® In
combination, the effects caused low bone turnover and
affect bone material properties. Human studies showed
that skin AGEs were negatively correlated with bone
material strength index regardless of diabetic status.'®*'*
In the Baltimore Longitudinal Study of Aging, both
impaired glucose tolerance and diabetes status were nega-
tively associated with hip geometry parameters and hip

bending strength in women. This highlights a progressive
bone impairment which starts even in prediabetic state.'*®
Besides, diabetes is also associated with bone marrow
adiposity. Since adipocyte and osteoblast share the same
mesenchymal progenitor, increased adipocyte differentia-
tion decreases osteoblast differentiation, thereby limiting
the osteoblast available for bone turnover.'®’ Insulin resis-
tance is linked to high circulating insulin level, which
exerts anabolic effects on the skeleton through direct and
indirect actions on osteoblasts.'®® All these effects preci-
pitate altered bone geometry, such as increased intracorti-
cal porosity but increased trabecular bone density due to
ineffective load distribution, as well as reduced bone
strength observed in T2DM patients.'®” Impaired glucose
tolerance, when progresses to T2DM, has other indirect
effects on fracture risk. Patients with diabetes have a

110

higher risk of sarcopenia, = which could increase their

risk of falls and fractures.'"!

HPT due to high circulating level of sodium ion pre-
vents the reabsorption of calcium, thereby increasing cal-
cium excretion. Subsequently, parathyroid hormone (PTH)
production will increase and lead to bone resorption.''
Mutations in thiazide-sensitive sodium-chloride co-trans-
porter (NCCT) responsible in sodium resorption at the
distal convoluted tubule have also been postulated as a
genetic link between HPT and bone health. Inactivating
mutation of this transporter, as in the case of Gitelman’s
syndrome, leads to excessive sodium excretion but high
BMD phenotype. Heterozygote of mutated NCCT may
also confer protection to the bone but the prevalence of
this genotype is not clear.'"?

A diet rich in fat will increase the free fatty acid (FA)
in the blood. Oxidized FA can activate PPAR-y,''* which
subsequently induces the differentiation of adipocytes in
the bone marrow and suppresses differentiation of
osteoblasts.''> Oxidized LDL impairs osteoblast differen-
tiation and mineralization process.''® Accumulation of
oxidized LDL can induce apoptosis of osteoblasts by lyso-
somal membrane damage.''” Oxidized LDL can increase
the production of RANKL of osteoblasts without corre-
sponding changes in OPG level and stimulate the differ-
entiation of osteoclasts.''® On the other hand, oxidized
LDL can directly suppress the formation of osteoclasts
and the fusion of lysosomes to the ruffled border, thereby
affecting their bone resorption activity, via scavenger
receptor-A.''*'2° Mevalonate pathway responsible for
the synthesis of cholesterol and isoprenoids is the drug
target for dyslipidaemia treatment. Isoprenoids generated
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from the mevalonate pathway are involved in the prenyla-
tion of GTPases, such as Rho, Ras and Rac. Suppression
of GTPase prenylation though mevalonate is known to
function and

suppress  osteoclast  differentiation,

survival,'?!+1?2

HDL can prevent oxidized LDL-induced apoptosis of
osteoblast by preserving lysosome integrity.'>> Paraoxonase
1 associated with HDL has been shown to prevent oxidation

of LDL and lipid peroxidation products,'**

thereby contri-
buting to the protection of HDL on the bone. Apart from
cholesterol transport, HDL also suppresses proinflammatory

125 which would

cytokine synthesis from macrophages,
otherwise promote the formation of osteoclasts over osteo-

blasts, leading to bone loss.

The Role of Inflammation and Oxidative

Stress in Linking MetS and Bone

Chronic low-grade inflammation and induction of oxida-
tive stress are the hallmark features in the pathogenesis of
MetS. Proinflammatory cytokines and free radical species
are known to modulate the bone remodelling process,
favouring bone loss.'**"'?® As aforementioned, visceral
adipose tissue has a major role in for the activation of
the inflammatory mechanism via the release of cytokines,
adipokines and chemokines. In osteoblast, the mechanistic
pathways involved under inflammatory condition include
the activation of NF-kB, suppressor of mothers against
decapentaplegic (SMAD) ubiquitylation regulatory factor
(SMURF) 1 and SMURF?2, as well as inhibition of mito-
gen-activated protein kinase (MAPK) activities. These
inhibit
transcription.'*? Additionally, the interaction of M-CSF,
RANKL, TNF-qa, IL-6 and monocyte chemoattractant pro-
tein-1 (MCP-1) with their respective receptors signals
through the activation of NF-kB, MAPK and Janus kinase
(JAK)-signal transducer and activator of transcription

signalling events osteoblast-specific  gene

(STAT) pathways, leading to the massive upregulation of

. . . 129.1
downstream signalling in osteoclasts'**'3°

131

and cytokine
production.

The increased production of reactive oxygen species
(ROS) during MetS is triggered by the excessive macro-
nutrient intake such as fat and carbohydrate in the oxida-
tive phosphorylation process. Hyperglycaemia can activate
a metabolic pathway involving diacylglycerol/protein
kinase C/NADPH-oxidase, which leads to the generation
of free oxygen radicals.'** The depletion of antioxidant
capacity in the body to counterbalance the synthesis of

ROS results in oxidative stress. Inflammation is also a
contributor to oxidative stress and vice
Nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase, xanthine oxidase, myeloperoxidase, lipoxygenase

versa.

and cyclooxygenase are catalytic enzymes for the genera-
tion of ROS that sensitive to inflammatory conditions.'??

Inversely, oxidative stress induces an inflammatory
response through the activation of NF-«kB transcription
factor.'** Excessive oxidative stress promotes osteoclast
differentiation, osteoblast and osteocyte apoptosis but sup-
presses osteoclast apoptosis and osteoblast differentiation,
thereby affecting bone homeostasis.'*>*®

A meta-analysis showed that MetS is associated with
increased proinflammatory cytokines (IL-6 and TNF-a),
adipokines (leptin) and prooxidants (oxidized LDL and
uric acid), as well as decreased anti-inflammatory cytokine
(IL-10) and antioxidant (paraoxonase 1).'*” Overview from
a cross-sectional survey consisting of 10,475 participants
revealed that the level of inflammatory mediator [C-reactive
protein (CRP)] was inversely correlated with total BMD in
both men and women.'*® Another study also demonstrated
higher levels of cytokines [interferon alpha 2 (IFNa2),
interferon-gamma (IFN-y), interleukin-12p70 (IL-12p70)
and interleukin-33 (IL-33)] and chemokines (MCP-1) in
osteoporotic post-menopausal women.'*’ Treating rheuma-
toid arthritis and ankylosing patients with anti-TNF-a ther-
apy for a year were found to slow down generalized bone
loss with decreased DKK-1, cathepsin K (CTSK) and
increased PINP.'*® Taken together, the available evidence
reiterated that inflammation and oxidative stress are simul-
taneously found in MetS and bone loss.

The mechanistic basis of the relationship between
MetS, osteoblastogenesis and osteoclastogenesis is sum-

marized in Figure 1.

Effects of MetS Treatment on Bone
Management of MetS using pharmacological agents tar-
geting individual components are commonly implemented.
The improvements of glycaemic status, lipid profile and
blood pressure of the patients will lead to reduced inflam-
mation and oxidative status of the patients and benefit their
bone health. These drugs also exert other pleiotropic
effects directly on the skeleton. For example, statins are
known to suppress the mevalonate pathway by inhibiting
3-hydroxy-3-methyl-glutaryl-CoA reductase, thereby redu-
cing prenylation of GTPases, which favours bone forma-
tion. The different classes of anti-diabetic agents possess
distinct actions on bone remodelling. Biguanides, insulin,
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Figure | The molecular action of MetS and its components on osteoblastogenesis and osteoclastogenesis.

Abbreviations: 1, increase or upregulate; |, decrease or downregulate; — (solid line), promote or induce; (dotted line), yet to be validated; T inhibit or prevent; ?,
unknown outcome; AGEs, advanced glycation end products; C/EBPa, CCAAT-enhancer-binding protein alpha; DKKI, Dickkopf-related protein |; FA, fatty acid; FGF-23,
fibroblast growth factor-23; GSK-3p, glycogen synthase kinase 3f; HSCs, hematopoietic stem cells; IL-1, interleukin-1; IL-6, interleukin-6; JAK/STAT, Janus kinase/signal
transducer and activator of transcription; LDL, low-density lipoprotein; MAPK, mitogen-activated protein kinase; MetS, metabolic syndrome; MSCs, mesenchymal stem cells;
NF-kB, nuclear factor kappa-B; NPY, neuropeptide Y; OPG, osteoprotegerin; PPARy, peroxisome proliferator-activated receptor-gamma; PTH, parathyroid hormone;
RANKL, receptor activator of nuclear factor kappa-B ligand; ROS, reactive oxygen species; RUNX-2, Runt-related transcription factor 2; SOST, sclerostin; T2DM, type 2
diabetes mellitus; TNF-0, tumour necrosis factor-alpha; TRAF6, tumour necrosis factor receptor-associated factor 6.

sulfonylureas, glucagon-like peptide-1 and dipeptidyl pep-
tidase-4 inhibitors promote osteoblast differentiation,
while sodium-glucose co-transporter 2 inhibitors and thia-
zolidinedione enhance bone loss."*' Anti-diabetic agents
are often associated with hypoglycaemia, which contri-
butes to increased fracture risk.'** A meta-analysis
shows that sulfonylurea increased fracture risk by 14%,
which was a rate similar to thiazolidinedione, lower than
insulin but higher than metformin.'** The use of thiazide
diuretics and beta-blockers are associated with a small
benefit in fracture risk reduction.'** Therefore, an under-
standing of the baseline bone health status of the patients
may help to minimize skeletal adverse effects of the drugs.

Weight reduction through diet modification and physical
exercise is recommended to patients with MetS and abdom-
inal obesity as per the recommendation of the American
Heart Association/National Heart, Lung, and Blood
Institute.”® Since mechanical loading is important in main-
taining bone health, excess weight reduction might be harm-
ful to the bone. A meta-analysis of randomized controlled
trials showed that hip BMD was significantly reduced by
weight loss after 4 months, and spine BMD reduction was
significant after 13 months. In comparison, weight loss by
exercise did not induce BMD reduction.'** Other researchers
suggest that the changes in BMD due to weight loss are

exaggerated due to variation in the surrounding soft tissue,
and the new BMD should be ratioed to the new bodyweight.-
146 The effects of high impact exercise could offset the loss of
mechanical loading by exercise.'*’ Resistant training could
also enhance lean mass and reduce fat mass, which could be
beneficial to bone health.'*’

Bariatric surgery is recommended for morbidly obese
patients. A meta-analysis showed that bariatric surgery
might be associated with increased PTH, bone turnover
and reduced circulating calcium level and BMD.'*
Another meta-analysis showed that bariatric surgery
increased the risk of total and non-vertebral fractures,
especially of the upper arms.'*’ Comparing two forms of
bariatric surgery, circulating PTH is higher and 25(OH)D
is lower in patients undergoing gastric bypass compared to
sleeve gastrectomy.'”” Deficiency of other nutrients may
occur, such as protein, folate, vitamin B6, B12 and trace
elements.'”' Therefore, ensuring sufficient intake of cal-
cium, vitamin D, protein and other micronutrients, as well
as exercise, are important steps to counteract the adverse

effects of bariatric surgery to bone.'”!

Conclusion
The relationship between MetS and BMD is complex.
After adjusting for the effects of mechanical loading
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exerted by BMI, the association seems to be negligible or
negative. In addition, the relationship may be mediated by
sex. The proinflammatory, pro-oxidative and pro-calciuric
body environment may contribute to the negative effects
of MetS on bone. Improving the metabolic profile of the
patients though medications could potentially alleviate the
negative effects on BMD. However, excessive weight loss
due to MetS management could be detrimental to the bone,
and exercises can balance it. In particular, the combination
of calorie restriction and exercise can promote a reduction
in fat mass while retaining lean and bone mass. Thus,
proper management of MetS can benefit not only the
cardiovascular system but also the skeletal system.
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