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Polycystic Ovary Syndrome (PCOS) is a highly prevalent and heterogenous
endocrinopathy affecting 5-18% of women. Although its cardinal features
include androgen excess, ovulatory dysfunction, and/or polycystic ovarian
morphology, women often display related metabolic manifestations, including
hyperinsulinaemia, insulin resistance, and obesity. Emerging data reveal that the
hormonal alterations associated with PCOS also impact bone metabolism.
However, inconsistent evidence exists as to whether PCOS is a bone-
protective or bone-hindering disorder with an accumulating body of clinical
data indicating that hyperandrogenism, hyperinsulinaemia, insulin resistance,
and obesity may have a relative protective influence on bone, whereas chronic
low-grade inflammation and vitamin D deficiency may adversely affect bone
health. Herein, we provide a comprehensive assessment of the endocrine and
metabolic manifestations associated with PCOS and their relative effects on bone
metabolism. We focus principally on clinical studies in women investigating their
contribution to the alterations in bone turnover markers, bone mineral density,
and ultimately fracture risk in PCOS. A thorough understanding in this regard will
indicate whether women with PCOS require enhanced surveillance of bone
health in routine clinical practice.
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Introduction

Polycystic Ovary Syndrome (PCOS) is a heterogenous endocrinopathy primarily
characterised by a combination of signs and symptoms of androgen excess and
ovulatory dysfunction in the absence of other specific diagnoses (1). Depending on the
diagnostic criteria employed, current estimates suggest that it affects 5-18% of women (2),
making it one of the most prevalent endocrine conditions affecting women of reproductive
age. As a heterogenous condition, the aetiology is complex and multifactorial, and includes
genetic and epigenetic factors, neuroendocrine dysfunction, androgen excess, insulin
resistance and obesity (2-4).
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Several diagnostic criteria have been developed, with the most
widely used being based on the European Society of Human
Reproduction and Embryology and the American Society for
Reproductive Medicine consensus workshop group from 2013,
known as the Rotterdam Criteria (5). Diagnosis is confirmed with
two of three criteria: (I) oligo- and/or anovulation, (II) clinical and/
or biochemical signs of hyperandrogenism and (III) polycystic
ovarian morphology (5). Based on the Rotterdam criteria,
four main phenotypes exist: phenotype A (hyperandrogenism,
ovulatory dysfunction, and polycystic ovarian morphology);
B (hyperandrogenism and ovulatory dysfunction); C
(hyperandrogenism and polycystic ovarian morphology); D
(ovulatory dysfunction and polycystic ovarian morphology) (6).
Furthermore, women with PCOS can be further categorised
according to body mass index (BMI) as having either overweight/
obese or lean body mass (7).

Considering the established roles that reproductive hormones
such as kisspeptin, androgens, and oestrogens play in skeletal
homeostasis (8-10), it is unsurprising that akin to other
reproductive disorders, the hormonal alterations in PCOS can
also influence bone metabolism. However, inconsistent evidence
of its effect on bone mineral density (BMD) exists with previous
studies suggesting either a negative effect (11-16), a positive effect
(17), or even no effect (18-25). Similarly, studies investigating long-
term fracture risk as a hard clinical endpoint are equally discrepant.
In a large register-based and population-based cohort study of
76,682 Danish women (19,199 with PCOS and 57,483 age-matched
controls), fracture rates were lower in women with PCOS (10.3
versus 13.6 per 1000 patient years) (26). Indeed, the adjusted odds
ratio was 0.76 (95% confidence interval [CI], 0.71 to 0.80) for all
fractures, 0.82 (95% CI, 0.74 to 0.92) for major osteoporotic
fractures, and 0.57 (95% CI, 0.74 to 0.70) for head and face
fractures (26). In stark contrast, in another nationwide
population-based cohort analysis involving 55,530 Taiwanese
Chinese women (11,106 with PCOS and 44,424 age-matched
controls), the PCOS group were noted to exhibit an increased risk
of fractures (27). Specifically, the adjusted hazard ratio was 1.23
(95% CI, 1.13 to 1.33) for any fractures, 1.33 (95% CI, 1.15 to 1.54)
for osteoporotic fractures, 1.36 (95% CI, 1.11 to 1.66) for spinal
fractures and 1.39 (95% CI, 1.07 to 1.80) for forearm fractures (27).
It is therefore difficult to reconcile these incongruous results.
However, it is striking that Chinese women with PCOS display
lower rates of obesity, impaired glucose tolerance, and insulin
resistance, as well as a milder hyperandrogenic phenotype than
women with PCOS of other ethnicities (28-30), suggesting that a
plethora of factors must influence bone health in this
heterogenous disorder.

To this end, in this review we provide a comprehensive
assessment of the endocrine and metabolic manifestations
associated with PCOS and their relative effects on bone
metabolism. We focus principally on human clinical studies
investigating their contribution to the alterations in bone
turnover markers, bone mineral density, and fracture risk in
women with PCOS. A thorough understanding of these factors
may permit the development of novel targeted therapeutic strategies
to optimise bone health in women with PCOS.
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Methods

We performed a literature review and identified relevant
publications by means of a PubMed search for English-language
articles using the following search terms: (“polycystic ovary
syndrome” OR “PCOS” OR “PCO”) AND (“bone” OR “BMD”
OR “turnover” OR “fracture” OR “vitamin D”) AND
(“testosterone” OR “hyperandrogenism” OR “inflammation” OR
“oxidative stress” OR “obesity” OR “adiposity” OR “insulin
resistance”). Relevant data were subsequently extracted from the
identified publications, and secondary data sources identified
therein. To ensure inclusion of the most up-to-date data, searches
were performed up until 10™ February 2023.

Hyperandrogenism

Hyperandrogenism (clinical and/or biochemical) is one of the
hallmark features of PCOS (31), observed in around 75% of cases
(32, 33). Given that androgens have well-established roles in bone
physiology (8), this lends credence to hyperandrogenism offering a
positive influence on bone health in PCOS, either directly by binding to
androgen receptors (AR) on bone-related cells, or indirectly through
peripheral aromatization to oestrogens (34). Specifically, human
osteoblasts express AR (35) with androgens capable of directly
stimulating both murine and human osteoblastic cell proliferation in
vitro (36). In contrast, whilst AR expression has been detected in rodent
osteoclasts in vitro (37) and in vivo (38), no expression has been
identified in human osteoclasts (39, 40), suggesting that the effect of
androgens on osteoclastogenesis and bone resorption is mediated
largely via cells of the osteoblast lineage in humans (41).

In a rodent model of PCOS, female rats receiving testosterone
within nine days of birth were observed to develop polycystic ovaries
and exhibited 15% higher BMD and lower bone turnover compared
with controls (42). Likewise, using a similar experimental paradigm, a
recent study revealed that postnatal androgenisation of female rats
(achieved using a single dose of testosterone at day 5 of life) resulted in
a marked increase in trabecular bone of the distal femur as evidenced
by a 34% higher voxel bone volume to total bone volume, 24% more
trabeculae, and 24% lower trabecular separation compared with control
rats (43). From a mechanistic perspective, analysis of gene expression
for bone formation and resorption factors in the rat femurs revealed
reductions of Dickkopf-1 factor (a negative regulator of osteoblast
differentiation) and Interleukin I-b (an activator of osteoblast
differentiation) (43). These preclinical findings suggest that androgen
excess could serve as a protective factor in terms of bone health in
PCOS, with several human clinical studies examining the effect of
hyperandrogenism on bone as discussed below.

Bone mineral density

BMD is the core component of bone strength and therefore
protection against fractures. The relative importance of ovulatory
cycles and circulating levels of androgens and oestrogens has been
evaluated in data from Italy obtained from 51 women with PCOS,
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24 women with idiopathic hirsutism (i.e., normal oestrogen and
androgen levels, and ovulation), 26 women with Hypothalamic
Amenorrhoea (HA, ie., low oestrogen and androgen levels, and
anovulation), and 35 healthy controls (matched for BMI, but
significantly older than the other groups) (18). As expected,
lumbar spine and femoral neck BMD were significantly lower in
the women with HA, when compared with the three other groups.
In contrast, the PCOS and idiopathic hirsutism groups had lumbar
spine and femoral neck BMD values which were equivalent to the
healthy controls (18). Indeed, in a subgroup of PCOS women with
amenorrhoea (< 4 menstrual cycles per year, although the duration
of amenorrhoea was not defined in the study), the BMD values
remained comparable with the healthy controls, even after
controlling for BMI and height (18). Furthermore, in the women
with PCOS, lumbar spine BMD was associated with circulating
androstenedione levels, and femoral neck BMD was associated with
circulating free testosterone and dehydroepiandrosterone sulfate
(DHEA-S), even once correcting for BMI and height (18).
Collectively, these findings suggest that even in the amenorrhoeic
women with PCOS, androgen excess may preserve bone mass
(independent of BMI) and protect against possible bone loss due
to other PCOS-associated factors.

In a similar but larger cross-sectional study of 163
premenopausal women from Turkey (103 with PCOS and 60 age-
and BMI-matched healthy controls), unlike the earlier mentioned
study, lumbar spine and femoral neck BMD were 7.5% and 6%
lower, respectively, in the PCOS group compared with controls
(14). However, it is significant that in the subgroup of women with
PCOS and hyperandrogenism, lumbar spine and femoral neck
BMD were 9.5% and 11.3% higher, respectively, than in women
with PCOS without hyperandrogenism [and comparable with the
values observed in healthy controls, in keeping with the

als

Hyperandrogenism

Hyperandrogenism has protective effect on bone health:
o BMD unchanged in PCOS with hyperandrogenism (14, 18).
BMD reduced in PCOS without hyperandrogenism (14, 18).
Increases regional BMD by increasing regional muscle mass (50).
Reduces fracture risk in premenopausal women (54)
Maintains similar fracture risk to age-matched controls in post-
menopausal women (21).
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aforementioned study (18)]. Furthermore, in women with PCOS,
there was a significant positive correlation between both lumbar
spine and femoral neck BMD and serum oestradiol, total
testosterone, androstenedione, and DHEA-S levels, as well as the
Homeostatic Model Assessment for Insulin Resistance [HOMA-IR]
(a robust surrogate method to estimate insulin resistance),
providing evidence that insulin resistance acts as an important
determinant of BMD in PCOS as discussed later in this review (14).
Together, these data suggest that hyperandrogenism may protect
against some of the negative effects on BMD associated with PCOS
(summarised in Figure 1).

To eliminate the confounding effects of BMI and central obesity
on BMD, further studies have been undertaken in the USA in lean
women with PCOS, including 22 women (12 with PCOS and BMI <
26 kg/m?, and 10 healthy controls matched for age, ethnicity, and
bodyweight) (17). Levels of total and bioavailable testosterone were
2.3- and 3.1-fold higher in women with PCOS, respectively, whereas
DHEA-S, fasting glucose, and insulin levels, were comparable with
controls (17). Interestingly, although there was no significant
difference in total BMD, significantly greater upper skeletal BMD
was noted in the PCOS group compared with controls, indicating
that in lean women with PCOS, regional differences in BMD may
exist with a protective effect of PCOS on upper body bone mass
(17). This remains to be elucidated in future studies but again
provides clinical evidence for a protective effect of elevated
androgens on BMD.

In addition to bone-related cells, AR are expressed in numerous
cell types within human skeletal muscle, including satellite cells,
fibroblasts, CD34+ precursor cells, vascular endothelial, smooth
muscle cells, and mast cells (44). This suggests that androgens
increase muscle mass in part by targeting multiple cell types to
modulate the differentiation of mesenchymal precursor cells in the

Chronic Low-Grade Inflammation

« Inflammation negates positive influence of adiposity and
muscle mass on bone strength (108).

Adiposity

Adiposity is protective for bone health in women with PCOS:
+ BMD reduced in normal weight women with PCOS (12, 15)
BMD maintained in overweightiobese adolescents (12) and
premenopausal women with PCOS (15, 19, 24)
Trunk (but not peripheral) fat mass positively influences BMD,
especially with upper body fat distribution (74).

I Insulin Resi and Hyperi i i I

|+ msuiin has positive association with BMD in PCOS (11, 13, 19).

FIGURE 1

. ion is inversely associated with bone strength and
quality (108).

« Association between PCOS and chronic inflammation of the
periodontal tissues, resulting in lower BMD (16).

Vitamin D Deficiency

« Low Vit D in 62-85% of PCOS women (115).

+ Low Vit D associated with abnormalities affecting BMD in
PCOS, e.q., hyperandrogenism (120,121), insulin resistance
(122,124), and obesity (123,124).

« No studies comparing various levels of Vit D and impact on
bone in the presence of PCOS.

Effects on Bone:
=% Positive

=] Negative

Effects of PCOS on Bone. BMD, bone mineral density; PCOS, Polycystic Ovary Syndrome. Green denotes relative positive effects on bone and red

denotes relative negative effects on bone
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skeletal muscle (44). Furthermore, in muscle, testosterone promotes
muscle hypertrophy (45) through the combined effects of
stimulating protein synthesis (i.e., anabolic effect) (46) and
inhibiting protein degradation (i.e., anti-catabolic effect) (47).
Indeed, it is well-established that muscle mass exerts independent
effects on BMD through mechanical action (48, 49), with data from
Japan examining the relationship of testosterone to regional muscle
size and BMD in women with PCOS (50). In a study of 71 women
with PCOS, serum testosterone levels (but not serum
androstenedione or DHEA-S) were positively associated with lean
(muscle) mass in each of the segmental regions examined (left arm,
right arm, trunk, left leg, and right leg), as might be expected given
testosterone’s established role in muscle mass. Moreover, regional
lean (muscle) mass was observed to correlate significantly with
BMD, even after adjusting for age, height, and weight (50).
Collectively, this suggests that testosterone in addition to more
direct bone effects can also positively influence regional BMD
through increasing regional muscle mass in women with PCOS
(summarised in Figure 1).

Fracture risk

Fractures are the final consequence of bone fragility. Several
studies have explored fracture risk (together with BMD) in PCOS.
Although PCOS is considered a female disorder, it has been
proposed that the upstream endocrine and metabolic disturbances
can also arise in men (7, 51). Genetic studies reveal that first-degree
relatives of women with PCOS, including men, carry increased risk
of glucose intolerance, insulin resistance, cardiovascular disease,
and male pattern baldness (52, 53). Using data from UK Biobank, a
recent study of women and men employed a Mendelian
randomisation approach to examine the association of genetic
risk of hyperandrogenism in PCOS with BMD and fracture risk
(54), with the single nucleotide polymorphisms identified being
from the largest genome-wide association study for PCOS to date
(55). This resulted in a study population of 221,086 Caucasian
women and 187,816 Caucasian men, of whom 11% and 10% self-
reported fractures over the last 5 years, respectively. Furthermore, a
one standard deviation increase in genetic risk (adjusted for age and
BMI) for hyperandrogenism in PCOS was associated with
significantly higher BMD, and a significantly reduced risk of all-
cause fractures (odds ratio 0.97, 95% CI, 0.96 to 0.99) in women. In
contrast, excess genetic risk for hyperandrogenism in PCOS with
higher BMD and reduced fracture risk was not observed in men
(54), which may be because men inherently are exposed to greater
androgens and so increased exposure may have little or no
additional effect on bone. This study examined all-cause fractures,
therefore additional studies using a Mendelian randomisation
approach are warranted to establish whether the protective effect
of hyperandrogenism in PCOS occurs in both traumatic and non-
traumatic (fragility) fractures.

The vast majority of studies exploring the effects of PCOS on
bone metabolism have been undertaken in premenopausal women.
In a prospective 21-year follow-up study (performed initially in
1987 with the participants re-examined in 2008) from Sweden
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investigating whether 25 now post-menopausal women with
PCOS (aged 61 to 78 years) differed from 68 aged-matched
controls regarding BMD and fracture risk, at follow-up the free
androgen index (FAI) remained 42% higher in the PCOS group
(21). However, despite maintaining a markedly higher FAI, post-
menopausal women with PCOS had similar muscle mass (body fat
and lean mass), BMD, and fracture risk compared with controls.
This may suggest that hyperandrogenism plays a less significant
protective effect on bone and muscle mass during the oestrogen-
deprived postmenopausal years [given that oestrogens up-regulate
androgen receptors (56)], resulting in similar BMD and fracture
incidence to age-matched controls (21).

Adiposity

Evidence from the prospective population-based Northern Finland
Birth Cohort 1996 revealed that weight gain in early adulthood plays a
crucial role in the emergence of PCOS in later life (57). Consistent with
this, epidemiological estimates suggest that 38-88% of women with
PCOS have overweight or obesity (58, 59). Outside of PCOS, the
relationship between obesity and bone metabolism is complex and
depends on several factors, including mechanical loading and higher
lean mass (which are associated with better outcomes), the obesity type
(ie., peripheral versus abdominal obesity) and low-grade systemic
inflammation (60, 61). Moreover, in addition to osteoblasts,
chondrocytes, myocytes, and fibroblasts, mesenchymal stem cells also
differentiate into adipocytes. Adipocytes secrete numerous
proinflammatory cytokines such as interleukin 1 beta (IL-18) and
tumour necrosis factor alpha (TNF-o), as well as adiponectin and
leptin (62). Regarding effects on bone, adiponectin has been shown in
mice to increase bone mass by suppressing osteoclastogenesis and by
stimulating osteoblastogenesis (63), whereas leptin has positive (64, 65)
or negative (66, 67) effects depending on the leptin status and the mode
of action (central or peripheral) (68). To this end, a significant number
of studies examining the effect of PCOS on bone have been undertaken
in women with overweight or obesity and are summarised below.

Bone metabolism

Fibroblast growth factor 23 (FGF23) is a bone-derived
phosphaturic hormone predominantly secreted by osteocytes and
osteoblasts (69), which has been shown to be related to abdominal
adiposity in women with PCOS (70). In this age-matched analysis
from Bulgaria of 40 women with PCOS without obesity, 20 women
with PCOS and obesity (BMI > 30 kg/m?), and 20 control women
with obesity alone, FGF23 levels (and serum calcium, parathyroid
hormone [PTH], vitamin D, receptor activator of nuclear factor
kappa-B ligand [RANKL] and osteopontin) were similar between
the PCOS and non-PCOS groups (70). When grouping women with
PCOS based on the presence of abdominal adiposity (waist
circumference > 80 cm), FGF23 levels were 34% higher compared
with the women with waist circumferences < 80 cm. Similarly, in
women with PCOS at increased risk of cardiovascular disease,
assessed according to the Androgen Excess and PCOS Society
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consensus (71), FGF23 was 40% higher and vitamin D 32% lower
compared with women with PCOS not at increased cardiovascular
disease risk (70). Beyond levels of bone-related blood markers,
BMD was not assessed in this study, which would be a fruitful area
for further investigation given the inconsistent clinical evidence
regarding the effects of FGF23 on bone mass and fragility fractures
in non-PCOS cohorts (the elderly and patients with chronic kidney
disease) (72). Overall, whether FGF23 is an important putative
factor in bone health in PCOS, especially in women with obesity
where FGF23 levels are higher, remains to be determined.

Bone mineral density

Several studies have investigated whether there are any
differences in BMD between normal weight and women with
PCOS and obesity. In a prospective cohort study from Hong
Kong of 77 adolescents aged between 16 and 18 years (37 with
newly diagnosed PCOS and 40 age-matched normal-weight healthy
controls), lumbar spine BMD (but not femoral neck, distal radius,
or distal tibia) was significantly lower in the PCOS group (12).
However, in the weight-stratified analysis, whereas normal weight
women with PCOS displayed lower BMD at the lumbar spine and
trochanter as compared with the healthy controls, the overweight
(using a BMI cut-off > 25 kg/m?) PCOS group had similar BMD as
controls (12). Importantly, circulating total testosterone was 73%
higher in the overweight PCOS group compared with the healthy
controls (12), suggesting that hyperandrogenism and raised BMI
may have a combined protective effect on bone. Of note, FAI or free
testosterone was not presented in this study, although likely to be
higher given the lower sex hormone binding globulin (SHBG)
frequently observed in PCOS (73). Similarly, in a meta-analysis of
134,180 women (31,383 with PCOS and 102,797 controls), women
with PCOS and BMI < 27 kg/m” had lower total femoral and
lumbar spine BMD values as compared with the controls, whereas
comparatively in women with PCOS and BMI > 27 kg/m* no
difference with controls was observed (15). From a mechanistic
perspective, osteocalcin (an osteoanabolic marker) levels were
significantly reduced in women with PCOS and BMI < 27 kg/m*
(but not BMI > 27 kg/m*) compared with controls, suggesting that
the reduced BMD in lower-weight PCOS may in part be due to
reduced bone formation (15). Furthermore, in a study from India of
118 women (60 with PCOS and 58 age-matched controls), while no
difference in BMD between the PCOS and control groups was
observed, BMD values at the lumbar spine, femoral neck, and total
hip, were significantly greater in PCOS women with BMI > 25 kg/
m? than in women with PCOS and BMI < 24.9 kg/m2 (24). Across
the whole cohort of women with PCOS, lumbar spine, femoral neck,
and total hip BMD correlated positively with BMI, waist
circumference, and hip circumference (but not with fasting
insulin, HOMA-IR, serum testosterone or DHEA-S levels) (24).
Taken together, this series of studies suggests that BMI is an
important determinant of BMD in women with PCOS with
increasing adiposity playing a protective role by either increasing
BMD or maintaining BMD to similar levels of non-PCOS healthy
controls (summarised in Figure 1).
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Furthermore, it is intriguing to consider the separate effects of
trunk and peripheral fat mass on BMD in women with PCOS. In a
study from Japan investigating the non-weight effects between
trunk and peripheral mass on BMD (using the arm as a non-
weight bearing site) in 123 women with PCOS, trunk fat mass was
noted to positively correlate with arm BMD (74). Of note, this
relationship was most marked in women with upper body fat
distribution than in those women with low body fat distribution.
In contrast, peripheral fat mass was unrelated to BMD in this study
cohort, suggesting that in PCOS, trunk fat mass influences BMD
more than peripheral fat mass, which may relate to differences in
mechanical stresses on bone (74).

Insulin resistance and
hyperinsulinaemia

Insulin resistance and the resulting compensatory
hyperinsulinaemia occurs in approximately 65% of women with
PCOS (75). Compared with women with PCOS without insulin
resistance, those with insulin resistance display greater B-cell
function, which is compatible with their ability to maintain higher
circulating insulin levels (75). Moreover, women with insulin
resistance are also observed to be more obese with a greater
android body fat distribution and are more androgenised (in terms
of circulating androgens, hirsutism, and acne) (75). These findings
are consistent with the established effect of the compensatory
hyperinsulinaemia stimulating androgen secretion from ovarian
thecal cells (76, 77), making insulin resistance and
hyperinsulinaemia key drivers of excess androgens in PCOS (3).
Regarding bone, insulin receptors are expressed on rodent osteoblasts
(78, 79) and osteoclast-like cells (80), as well as human osteoblast
precursors and mature osteoblasts (81). Consistent with this, insulin-
signalling has anabolic effects and has been shown to promote
osteoblast differentiation and osteocalcin expression in mouse
calvarial osteoblasts in vitro (82). Moreover, mice lacking insulin
receptors on osteoblasts have been shown to have low circulating
undercarboxylated osteocalcin levels and reduced bone acquisition
due to diminished bone formation with deficient osteoblasts numbers
(79). Turning to humans, in patients with type 1 diabetes mellitus
(i.e., characterised by insulin deficiency), BMD is decreased, whereas
in type 2 diabetes (i.e., characterised by insulin resistance and so
possibly akin to PCOS with regards to bone) BMD is often normal or
elevated compared with age-matched controls (83). To this end, the
clinical studies examining the influence of insulin resistance and
hyperinsulinaemia in PCOS are summarised below.

Bone metabolism

Osteocalcin is an osteoblast-derived protein which has
modulatory roles in the control of bone turnover and supports
the later stage of bone formation by acting at the bone mineral
surface (84). More recently, osteocalcin has been implicated for its
role in regulating insulin secretion and action (85). Consistent with
this, clinical data from Greece highlight that serum concentrations
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of carboxylated osteocalcin (the predominant bone-active form) are
increased and associated with several components of PCOS (86). In
a study of 97 women (50 with PCOS and 47 age- and BMI- matched
healthy controls), although circulating total osteocalcin was 44%
lower in the PCOS group, carboxylated osteocalcin was 75% higher
(unlike other measures of bone biochemistry such as PTH,
osteoprotegerin, and vitamin D levels which were similar),
independent of obesity (86). Moreover, significant associations
were identified between carboxylated osteocalcin with fasting
insulin levels, insulin resistance (determined by HOMA-IR), and
circulating testosterone levels (86). Collectively, these findings
identify a putative two-way interaction between bone-derived
markers and the metabolic alterations observed in PCOS which
warrants further study.

Bone mineral density

Several investigators have examined the relationship between
insulin resistance and BMD in PCOS, revealing a relative protective
effect against bone loss. In a study from Turkey consisting of 54
premenopausal women (28 amenorrhoeic women with PCOS, 11
amenorrhoeic women without PCOS, and 15 healthy controls),
lumbar spine and femoral neck BMD in the PCOS group were lower
than in healthy controls, but higher than in amenorrhoeic women
without PCOS (11). Notably, the three groups were similar in terms
of age and BMI. Regarding insulin concentrations, mean fasting
insulin levels were 48% higher in the PCOS group than in the
healthy controls and 39% higher than in the amenorrhoeic controls,
whereas the insulin sensitivity index (determined during an insulin
tolerance test) was significantly lower. This is in keeping with the
established insulin excess/resistance observed in PCOS.
Furthermore, in the PCOS group there was a positive correlation
between lumbar spine BMD with insulin and a negative correlation
with insulin sensitivity index (11). Congruent with these findings, in
a separate study from Poland of 99 premenopausal women (69
women with PCOS and 30 age-matched healthy controls), the
lumbar spine BMD values were 16% lower in the PCOS group
overall than in the controls (13). However, in a BMI-stratified
analysis, only the women with PCOS and normal weight had a
lower BMD than the controls, whereas BMD in the women with
overweight and obesity was equivalent to the healthy controls
(providing further evidence for the protective effect of adiposity).
Similar to the earlier data from Turkey, a positive correlation
between lumbar spine BMD and serum insulin levels and
HOMA-IR was observed (13). Moreover, it is significant that
even in those studies, where BMD measurements do not differ
between women with PCOS and healthy controls, that the
association between insulin resistance and hyperinsulinaemia with
BMD persists. For instance, in an analysis of 46 women from
Turkey (29 with PCOS and 17 age- and BMI-matched healthy
controls), fasting insulin concentrations were 40% higher in the
PCOS group and the fasting glucose/insulin ratio was significantly
lower (19). Despite comparable BMD values (total, lumbar spine,
and femoral neck), there were significant positive and negative
correlations between fasting insulin and total BMD and fasting
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glucose/insulin ratio and lumbar spine BMD, respectively, after
controlling for age and BMI (19), suggesting that insulin resistance
and hyperinsulinaemia might play a role in the preserved BMD
(summarised in Figure 1).

Chronic low-grade inflammation

Chronic low-grade inflammation is increasingly recognised as
a perpetuator of the endocrine and metabolic abnormalities
observed in PCOS (87). For instance, women with PCOS display
elevations in circulating C-reactive protein (CRP), which is 96%
higher compared with controls, an effect which is independent of
obesity (88). Furthermore, a relationship between altered bone
metabolism and chronic inflammation has been observed in
numerous widespread diseases, such as inflammatory bowel
disease, multiple sclerosis, and rheumatoid arthritis (89, 90).
From a molecular perspective, inflammation is associated with
overproduction of cytokines, such as interleukin 1 beta (IL-1f), 6
(IL-6) and 17 (IL-17), and TNF-o, which are stimulators of
osteoclastogenesis mainly by promoting the expression of
RANKL and macrophage colony stimulating factors (M-CSF)
(91-95). Similarly, inflammatory chemokines, including the CC
class, are also involved in promoting osteoclastogenesis (96). In
addition to these established effects on osteoclast activity, several
cytokines including TNF-o. have been shown to suppress
osteoblast differentiation and trigger osteocyte apoptosis (95, 97,
98). Taken together, these inflammatory mediators have
significant effects on bone remodelling by driving the system
towards resorption (99). Accordingly, a number of studies have
examined the effect of chronic low-grade inflammation on bone in
the context of PCOS.

Bone metabolism

Osteoprotegerin is an inhibitor of osteoclastic bone resorption
with increasingly recognised anti-inflammatory roles (100, 101). In
a case-control study from Spain of 80 women (40 with PCOS and 40
age- and BMI-matched healthy controls), serum osteoprotegerin
levels were 16% lower in PCOS, an effect which was independent of
obesity (102). Of note, serum levels of RANKL and RANKL:
osteoprotegerin ratio were similar in both cohorts, suggesting that
the reduced osteoprotegerin levels are independent of an increase in
serum RANKL concentration and availability. In addition,
multivariable linear regression of both groups revealed that
PCOS, obesity, and age were significant determinants with 20.8%
of the variation in serum osteoprotegerin levels explained by
differences in these variables (102). Therefore, given the emerging
anti-inflammatory effects of osteoprotegerin, the reduced serum
levels seen in this study might contribute to the chronic low-grade
inflammation seen in PCOS. To what extent the difference in serum
osteoprotegerin levels in PCOS may influence or correlate with
BMD remains to be determined in future studies, particularly given
that higher circulating osteoprotegerin levels are often found in
patients with osteoporosis (103).
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Growth/Differentiation Factor-15 (GDEF-15), also known as
non-steroidal anti-inflammatory drug-inducible gene-1, is a
member of the transforming growth factor f superfamily, which
has diverse physiological functions in pregnancy, and in
pathological conditions (including inflammation, myocardial
ischemia, and cancer) (104, 105). As to its role in bone, GDF-15
has been shown to positively regulate osteoclast differentiation in
osteocytic cells under hypoxia (106). In a study from Turkey of 42
women with PCOS and obesity, plasma levels of GDF-15 were
shown to not differ significantly with 23 women with idiopathic
hirsutism and 20 healthy controls (matched for age and BMI) (107).
In addition, markers of bone formation (serum bone-specific
alkaline phosphatase [ALP] and osteocalcin) and bone resorption
(urine deoxypyridinoline and pyridinoline), as well as BMD
(femoral neck, total hip, and lumbar spine) were similar in all
three groups. However, it is notable that in the subgroup of women
with PCOS, plasma GDEF-15 levels were negatively correlated with
circulating osteocalcin and positively correlated with urine
deoxypyridinoline (107), in keeping with the evidence discussed
earlier relating to the positive regulation of osteoclastic
differentiation by GDF-15 in osteocytic cells (106). Collectively,
these data identify GDF-15 as another putative marker in the
crosstalk between bone and chronic inflammation in PCOS.

Bone mineral density

To determine whether the aforementioned changes in bone
metabolism compromises BMD, the effect of chronic low-grade
inflammation has been investigated in 61 women (22 with PCOS
and 39 controls) (108). In this study from Canada, the presence of
inflammation as assessed by CRP and the CRP/albumin ratio were
two-fold greater in the women with PCOS compared with controls,
whereas there was no difference in markers of oxidative stress
(leukocyte telomere length and urinary 8-hydroxydeoxyguanosine)
(108). Furthermore, in a multivariable linear regression model of the
entire study cohort, a diagnosis of PCOS negatively predicted hip
BMD when weight was included (108). Indeed, in the women with
PCOS, inflammation negated the positive influences of increased
weight and muscle mass on bone strength and was inversely
associated with the radial strength-strain index (a measure of bone
strength and quality independent of body weight on bone size) (108).
From a clinical perspective, abdominal adiposity, and concurrent oral
oestrogen therapy [both of which are associated with increased CRP
levels (109, 110)] were shown to be independent predictors of
subclinical inflammation, suggesting the need to consider the
metabolic manifestations of PCOS and also its treatments
(discussed later in this review) on long-term bone health (108).

Chronic periodontitis is a host-inflammatory condition
occurring when untreated localised inflammation of the gums
progresses to loss of the gingiva, bone, and ligaments supporting
the teeth, and can eventually result in tooth loss (111). A well-
established association between chronic periodontitis and PCOS
exists, which is relevant given that a proinflammatory environment
is common to both conditions (112). Recent evidence from India
provides the first data investigating the effect of PCOS on bone
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metabolism in the presence of chronic periodontitis (16). In this
study, 40 women with PCOS and chronic periodontitis were
compared with 40 women with PCOS alone, 40 women with
chronic periodontitis alone, and 20 control women (16).
Circulating levels of serum C-terminal telopeptide (CTx, bone
resorption marker) were higher in the PCOS and chronic
periodontitis group, whereas serum levels of bone-specific ALP
were lower (16). BMD at the lumbar spine and femoral regions was
significantly lower in women with PCOS and chronic periodontitis
when compared with the other groups, indicating that chronic
inflammation in PCOS negatively effects bone (16), possibly
through bone resorption owing to its ability to induce osteoclast
differentiation with increased serum CTx as discussed earlier
(summarised in Figure 1).

Vitamin D deficiency

Vitamin D plays a critical role in calcium-phosphate
homeostasis and optimal bone health by facilitating intestinal
calcium absorption, reducing urinary calcium losses, and
mobilising skeletal calcium stores (113). In contrast, vitamin D
deficiency is associated with low bone density and fracture risk as a
result of secondary hyperparathyroidism and high bone turnover
with impaired bone mineralisation (114). From a clinical
perspective, estimates highlight that 62-85% of women with
PCOS have a serum 25-hydroxy vitamin D level < 20 ng/ml (115)
and so considered vitamin D deficient (116). Furthermore, genetic
studies have established an association between polymorphisms of
the vitamin D receptor (VDR) gene and PCOS (117). For instance,
the genetic variant rs757343 has been observed to be associated with
the severity of the PCOS phenotype (but not an increased risk for
PCOS) (118), while variants in the Cdx2 and DHCR7 genes are
associated with insulin resistance and insulin sensitivity in
PCOS (119).

As discussed throughout this review, the interplay between
PCOS and bone metabolism is an emerging field of study,
however, no studies have been undertaken to determine the
effects of PCOS on bone specifically in the presence of vitamin D
deficiency. Despite this, there is an association between vitamin D
and several endocrine and metabolic abnormalities that impact
bone health in PCOS. Regarding hyperandrogenism, vitamin D is
positively associated with SHBG and negatively with the FAI in
women with PCOS (120). Accordingly, in a recent randomised
placebo-controlled clinical study, 12 weeks of vitamin D
supplementation (50,000 IU per week) was observed to
significantly lower hirsutism scores and androgen levels of
overweight women with PCOS and vitamin D deficiency (121).
Turning to insulin resistance, meta-analytical data demonstrate that
women with PCOS and vitamin D deficiency are more likely to have
dysglycaemia (including elevated fasting glucose and HOMA-IR)
compared with women with PCOS without vitamin D deficiency
(122). Likewise, in a cross-sectional analysis of women with PCOS,
vitamin D levels were significantly lower in women with PCOS and
obesity or insulin resistance than in counterparts without obesity or
insulin resistance (123). In an additional meta-analysis of 10
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randomised controlled trials comparing the effects of vitamin D
supplementation versus placebo, both low dose (< 4000 IU/day) and
high dose (> 4000 IU/day) vitamin D were found to significantly
reduce fasting glucose and total cholesterol levels (but not BMI,
blood pressure, fasting insulin, triglycerides, or HOMA-IR) (124).
Taken together, given the prevalence of vitamin D deficiency in
women with PCOS, it is possible that low vitamin D levels can
directly affect bone health in this patient cohort, or indirectly
through its relationship with hyperandrogenism, insulin
resistance, and obesity, as discussed above (summarised
in Figure 1).

Age at diagnosis

PCOS can be diagnosed at any age from menarche onwards,
with recent estimates of the global disease burden across 194
countries highlighting that the highest incidence occurs among
women aged 15-19 years (125). The age at diagnosis is therefore
important given that a change in health status during attainment of
peak bone mass may be associated with lifelong lower bone density
and increased fracture risk (126). Data from the US National Health
and Nutrition Examination Survey indicates that the age at
attainment of peak femoral neck, total hip and lumbar BMD are
18.7,19.0 and 20.1 years in females, respectively (127). Along these
lines, a small collection of studies has investigated whether young
age influences bone health in women with PCOS as
described below.

Bone metabolism

In a multicentre study from Finland and Sweden of 492 women
(298 with PCOS and 194 healthy controls), serum levels of the bone
formation markers procollagen type 1 N propeptide (P1INP) and
osteocalcin were 19% and 13% lower in the PCOS group,
respectively, even after adjustment for age and BMI (128). By
comparison, levels of the bone resorption marker CTx were
equivalent (128). Of note, age-stratified analyses demonstrated
that the differences in PINP and osteocalcin were largely due to
the differences observed in the younger age group (< 30 years), even
after adjusting for BMI (128). Specifically, serum PINP and
osteocalcin levels were 22% and 16% lower in the women aged <
30 years compared with controls, respectively, whereas no
differences were observed in other age groups (31-40 years and
40-menopause). Interestingly, after adjusting for BMI, PINP and
osteocalcin were shown not to correlate with testosterone, DHEA-S
or FAI, indicating that circulation androgens may not be associated
with the decreased bone formation markers observed in younger
women with PCOS (128).

Bone mineral density

Given the data indicating decreases in bone formation markers
(but equivalent resorption markers) in younger women, it is
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interesting to consider whether this translates into lower BMD as
one might expect. In an analysis of four cross-sectional studies from
the USA consisting of 170 females aged 12 to 25 years (123 with
PCOS and 47 controls), total BMD and BMD z-scores were similar
in both groups (25). As expected, HOMA-IR and androgens (free
and total testosterone) were significantly raised in the PCOS group
(25). Interestingly, simple, and multiple regression analyses were
fitted to identify putative predictive factors associated with BMD z-
scores, which revealed that obesity status and insulin resistance
were each independent predictors, whereas PCOS status or free
testosterone levels did not independently affect the BMD z-scores
(25). In fact, it was demonstrated that for each unit increase in
HOMA-IR, the BMD z-score increased by 0.06 and that having
obesity increased the BMD z-score by 0.41 (25). Taken together, this
suggests that in adolescents and young women, PCOS may disrupt
bone metabolism but not enough to lower BMD, whereas obesity
and insulin resistance may instead have beneficial effects (25).

Fracture risk

In a large population-based study from Denmark, which
included 76,682 women (19,199 with PCOS and 57,483 age-
matched controls), fracture risk was observed to be lower in
women with PCOS compared with controls (10.3 versus 13.6 per
1000 patient-years), especially in the appendicular skeleton (26).
From an age perspective, the fracture risk reduction was most
pronounced in those women with a younger age at diagnosis
(adjusted hazard ratio for any fracture < 30 years 0.66 [95% CI,
0.60 to 0.71] versus 0.86 [95% CI, 0.76 to 0.93] in the women aged >
30). Remarkably, the risk reduction was not confined to traditional
BMD-dependent fracture sites (forearm, lower leg, femur, and hip),
but also traditionally BMD-independent fracture sites (hands, head,
and face). Collectively, this implies that the relative protective effects
associated with PCOS (such as secondary to hyperinsulinaemia,
hyperandrogenism, and adiposity) may be more prominent in
women who are yet to reach or have just reached peak bone
mass (26).

Effects of PCOS treatments on bone
Weight loss

Lifestyle modification and weight loss are often regarded as the
first line treatment in PCOS. However, as discussed earlier, given
that adiposity is positively associated with BMD in PCOS, studies
have been undertaken to determine the effect of weight loss on bone,
particularly given that weight loss can acutely decrease bone mass in
non-PCOS adults (129). In a recent study from Canada examining
60 premenopausal women with PCOS who were randomised to
either a pulse-based diet (e.g., chickpeas, split peas, and lentils) or
therapeutic lifestyle changes diet for 16-weeks while following an
aerobic exercise programme, both diets resulted in 5% weight
reduction at follow-up (130). This was associated with statistically
significant small improvements in lumbar spine BMD and bone
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mineral content with both interventions, but also a statistically
significant loss in femoral neck BMD (1% in the therapeutic lifestyle
changes diet group and 2% in the pulse-based diet group) (130).
Given that pulse-based diets are associated with lower fasting
insulin (131), this could suggest that the combined effect of
reducing both weight and hyperinsulinaemia can have a
detrimental effect on bone. However, longer duration studies are
required to investigate this further. To this end, a similar study from
Sweden examined the effects of a 12-month structured weight loss
programme with a very low energy diet in 246 women with obesity
(63 with PCOS and 183 without PCOS) (132). In the 72 women (16
with PCOS and 56 without PCOS) who completed the study at
follow-up, the weight reduction was 11% in the PCOS group and
13% in the non-PCOS group (132). Interestingly, in the women
without PCOS, significant reductions in circulating androgens (total
and free testosterone and FAI), fasting insulin, and HOMA-IR, were
observed after 12-months of interventions, along with a diminished
total bone mass (132). In contrast, circulating androgens, fasting
insulin, and HOMA-IR, were not significantly different in the PCOS
group and the total bone mass was preserved (132). Taken together,
this may indicate that the elevated androgens and
hyperinsulinaemia in women with PCOS may have a protective
effect on bone mass in the context of certain weight
loss programmes.

Vitamin D supplementation

There is growing evidence that the benefits of vitamin D
supplementation on BMD is only observed in the context of
vitamin D deficiency (133, 134). Therefore, given that women
with PCOS manifest a high prevalence of vitamin D deficiency,
which likely influences bone via direct mechanisms or indirectly
through its relationship with hyperandrogenism, insulin resistance,
and obesity as discussed earlier, ensuring vitamin D sufficiency (and
supplementing accordingly) may optimise bone health in PCOS.
Importantly, randomised clinical trials with large sample sizes of
women with PCOS and vitamin D deficiency should seek to explore
the dose-response effects of vitamin D supplementation on bone
turnover markers, bone mineral density, and long-term
fracture risk.

Metformin

Metformin is a biguanide medication that is commonly
prescribed in PCOS to increase insulin sensitivity by decreasing
gluconeogenesis, lipogenesis, and enhancing hepatic glucose uptake
(135, 136). Along these lines, the effects of metformin on serum
concentrations of bone turnover markers have been investigated in
118 premenopausal women with PCOS (74 without obesity and 44
with obesity) as part of a multicentre study from Finland whereby
the women were randomised to receive either metformin or placebo
for 3-months (137). Of note, after 3-months of metformin
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treatment, levels of PINP and CTx were significantly decreased in
both those with and without obesity, whereas no significant
differences were seen in the placebo group (137). Specifically, the
decline from baseline values were 27% for PINP and 30% for CTx,
an effect which was shown to be independent of whether the women
had normal or high androgen levels (137). Collectively, these
findings indicate that metformin results in reduced overall bone
turnover as suggested by reduced levels of bone formation as well as
resorption markers (137). Therefore, given that low bone turnover
is associated with a slower rate of bone loss, the addition of
metformin to lifestyle modification (caloric restriction and
exercise) over 6 months has been investigated in 114
premenopausal women with PCOS (55 metformin and 59 placebo
group) (138). In this study from the USA, metformin resulted in
improvements in insulin sensitivity as expected, but without any
significant benefit on circulating androgen levels. From a bone
perspective, a small (but significant) increase in total BMD was
observed in the metformin group (whereas a small decrease was
seen in the placebo group) (138), in keeping with the
aforementioned study of bone turnover markers indicating that
metformin is unlikely to have a detrimental effect on bone but may
have a small benefit (based on these short duration studies).

Steroidal contraceptives

In PCOS, treatment with steroidal contraceptives is used to
regularise menstrual cycles and lower free testosterone by
increasing SHBG, which in theory may influence BMD (139). In
a cross-sectional analysis from Australia of 95 premenopausal
women with PCOS and overweight or obesity who either recently
took steroidal contraceptives (stopped 3 months prior) or were not
taking steroidal contraceptives, total BMD was 8% lower for women
with recent steroidal contraceptives (140). Furthermore, lower
BMD was demonstrated to be independently associated with
contraceptive uses, lower BMI, and higher testosterone (but not
age, multivitamin, calcium intake or vitamin D, HOMA-IR,
calcium, and alcohol) (140). These findings are surprising given
that steroidal contraceptives are frequently used to promote BMD
maintenance (in sex steroid deficient states) and hyperandrogenism
is regarded as having a protective effect on bone in PCOS. However,
it is important to note that high doses of sex steroids in steroidal
contraceptives can suppress upstream reproductive hormones and
other related osteoanabolic factors such as kisspeptin and IGF1 (8,
9). Moreover, the contraceptive formulation in this study varied (in
terms of androgenic, progestin and oestrogen) with each likely to
have different effects on bone (141, 142). Finally, total BMD (as
assessed in the aforementioned study) is regarded as a less sensitive
marker of bone health than BMD at specific measurement sites (e.g.,
lumbar spine and femoral neck) (140). Therefore, the clinical
significance of these findings should be examined further in
randomised controlled trials with assessment of bone turnover
markers and site-specific BMD at baseline and following steroidal
contraceptive use versus placebo.
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Pioglitazone

Pioglitazone is a peroxisome proliferator-activated receptor-y
agonist (PPARY) that can be used as an insulin sensitising treatment
in PCOS (143). Evidence from animal models reveals that PPARy
agonist treatment results in impaired osteoblast function but
unaltered osteoclast activity (144, 145). Osteoprotegerin is an
inhibitor of osteoclastic bone resorption with increasingly
recognised anti-inflammatory roles (100, 101). Given that
pioglitazone reduces the inflammatory state (143), studies have
evaluated circulating osteoprotegerin levels before and after
treatment with pioglitazone 30mg or placebo for 16-weeks (146).
In this analysis from Denmark of 44 premenopausal women (30
with PCOS and 14 age- and BMI-matched healthy controls), plasma
osteoprotegerin levels were comparable between groups and were
unaltered by pioglitazone treatment (146). However, it is significant
that in a separate analysis by the same group, pioglitazone treatment
in these patients resulted in a 7% reduction in total ALP and 14%
reduction in PTH (but had no effect on osteocalcin levels),
suggesting a possible small decrease in osteoblast activity (147) in
keeping with animal models above. Regarding BMD, significant
decreases were observed in the lumbar spine and femoral neck
(1.1%, 1.4%, respectively), compared with placebo, despite
unchanged testosterone and oestradiol levels (147). Taken
together, given that pioglitazone appears to result in adverse
effects on bone health by altering bone balance resulting in bone
loss has led to the recommendation that dual-energy X-ray
absorptiometry assessment should be taken at baseline followed
by 2-yearly intervals if PPARY agonist treatment is instigated in
PCOS (143). Therefore, from a bone-perspective, metformin would
be the preferred insulin-sensitising agent.

TABLE 1 PCOS phenotypes and subtypes and related effects on bone.

PCOS Associated

Characteristics

Phenotype

NIH’s Evidence-based Methodology Workshop on PCOS (5)

A Hyperandrogenism | Hyperandrogenism:
Ovulatory
dysfunction

Polycystic ovarian reduced) (14, 18).

10.3389/fendo.2023.1163771

Conclusions and future directions

PCOS is a highly prevalent and heterogenous endocrine
disorder amongst women of reproductive age. Although its
cardinal features include androgen excess, ovulatory dysfunction,
and/or polycystic ovarian morphology, women with PCOS often
exhibit metabolic manifestations, such as hyperinsulinaemia,
insulin resistance, and obesity. As discussed in this review, an
accumulating body of evidence indicates that hyperandrogenism,
hyperinsulinaemia, insulin resistance, and obesity appear to have a
beneficial impact on bone, whereas chronic low-grade
inflammation and vitamin D deficiency may adversely affect bone
(summarised in Figure 1). In this review, we have discussed the
relative contributions of each of these factors based on the available
evidence. Clearly separating the factors from each other is difficult
given their frequent coexistence in PCOS and so we have
highlighted the many caveats to the studies reviewed. As shown
in Table 1, together with the heterogeneity of PCOS in terms of
phenotype, it is therefore unsurprising to find studies suggesting
that overall PCOS can have a negative effect, a positive effect, or no
effect, on BMD with similar inconsistent evidence regarding long-
term fracture risk when PCOS is taken as a whole. This review has
therefore served to highlight the distinct contributions of each
factor on bone to gain some clarity on the effects.

Furthermore, some of these discordant findings may also be due
to differences in the diagnostic criteria for PCOS employed, the
skeletal sites examined, and various degrees of hormonal imbalance
and medication use in the women studied. As mentioned above,
PCOS is a heterogenous disorder in terms of phenotypes, clinical
manifestations, and metabolic consequences. Hence, the cumulative
effect of PCOS on bone health is difficult to clearly define.

Relative Effects on Bone

« Promotes trabecular bone growth and lowers bone turnover in rodent models (42, 43).
« Maintains BMD to similar levels of healthy controls (unlike in PCOS women without hyperandrogenism where BMD is

« Significantly reduces the risk of all-cause fractures in premenopausal women (54) or maintains a similar BMD and fracture risk

« PCOS women with amenorrhoea have similar BMD (independent of BMI) to healthy controls (unlike women with HA where
BMD is reduced) (18), suggesting that the deleterious effect on bone of amenorrhoea is balanced by other PCOS-related factors

morphology « Positively influences regional BMD through increasing regional muscle mass (50).
to age-matched controls in post-menopausal women (21).
Ovulatory dysfunction:
(e.g., androgens, insulin, and obesity).
Polycystic ovarian morphology:
« Not known to have direct effects on bone.
B Hyperandrogenism | Hyperandrogenism:
Ovulatory « Promotes trabecular bone growth and lowers bone turnover in rodent models (42, 43).
dysfunction

reduced) (14, 18).

Ovulatory dysfunction:

» Maintains BMD to similar levels of healthy controls (unlike in PCOS women without hyperandrogenism where BMD is

« Positively influences regional BMD through increasing regional muscle mass (50).
« Significantly reduces the risk of all-cause fractures in premenopausal women (54) or maintains a similar BMD and fracture risk
to age-matched controls in post-menopausal women (21).
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TABLE 1 Continued

PCOS

Phenotype

Associated
Characteristics

10.3389/fendo.2023.1163771

Relative Effects on Bone

« PCOS women with amenorrhoea have similar BMD (independent of BMI) to healthy controls (unlike women with HA where
BMD is reduced) (18), suggesting that the deleterious effect on bone of amenorrhoea is balanced by other PCOS-related factors
(e.g., androgens, insulin, and obesity).

» Maintains BMD to similar levels of healthy controls (unlike in PCOS women without hyperandrogenism where BMD is

« Significantly reduces the risk of all-cause fractures in premenopausal women (54) or maintains a similar BMD and fracture risk

C Hyperandrogenism | Hyperandrogenism:
Polycystic ovarian « Promotes trabecular bone growth and lowers bone turnover in rodent models (42, 43).
morphology
reduced) (14, 18).
« Positively influences regional BMD through increasing regional muscle mass (50).
to age-matched controls in post-menopausal women (21).
Polycystic ovarian morphology:
« Not known to have direct effects on bone.
D Ovulatory Ovulatory dysfunction:
dysfunction

Polycystic ovarian
morphology

« PCOS women with amenorrhoea have similar BMD (independent of BMI) to healthy controls (unlike women with HA where
BMD is reduced) (18), suggesting that the deleterious effect on bone of amenorrhoea is balanced by other PCOS-related factors
(e.g., androgens, insulin, and obesity).

Polycystic ovarian morphology:

« Not known to have direct effects on bone.

Absence of hyperandrogenism:

« BMD significantly lower in PCOS women without hyperandrogenism than PCOS women with hyperandrogenism (14).

Overweight/Obese and Lean Subtypes (7)

Overweight/ ++ insulin Adiposity:
Obese resistance and « BMD comparable with healthy controls in both overweight/obese adolescents (12) and premenopausal adults (15, 19, 24) with
hyperinsulinaemia PCOS (unlike normal weight PCOS women where BMD is lower).
++ chronic low- « Trunk (but not peripheral) fat mass positively influences BMD, especially in women with upper body fat distribution (74).
grade Insulin resistance and hyperinsulinaemia
inflammation « Positive relationship between fasting insulin and insulin resistance with BMD in PCOS (11, 13, 19).
Chronic low-grade inflammation
« Presence of inflammation negates the positive influence of increased adiposity and muscle mass on bone strength and is
inversely associated with bone strength and quality (108).
« An established association between PCOS and the pro-inflammatory condition chronic periodontitis exists and results in
significantly lower BMD than compared with PCOS without chronic periodontitis or chronic periodontitis without PCOS (16).
Lean + chronic low- Lean:
grade « Lower lumbar spine, femoral and hip BMD in lean PCOS women compared with overweight/obese PCOS women (15, 24).
inflammation « Higher upper skeletal BMD in lean PCOS women compared with weight-matched healthy controls (17).

+ insulin resistance
and
hyperinsulinaemia

Insulin resistance and hyperinsulinaemia

« Positive relationship between fasting insulin and insulin resistance with BMD in PCOS (11, 13, 19).

Chronic low-grade inflammation

« Presence of inflammation negates the positive influence of increased adiposity and muscle mass on bone strength and is
inversely associated with bone strength and quality (108).

o An established association between PCOS and the pro-inflammatory condition chronic periodontitis exists and results in
significantly lower BMD than compared with PCOS without chronic periodontitis or chronic periodontitis without PCOS (16).

BMD, bone mineral density; BMI, body mass index; HA, Hypothalamic Amenorrhoea; NIH, National Institutes of Health; PCOS, Polycystic Ovary Syndrome; ++ indicates prominent features
and + indicates features that are present but less prominent.
Of note, vitamin D deficiency is present with all phenotypes with the effects on bone health displayed in Figure 1.

Furthermore, much of the data is derived from cross-sectional
observational studies (which are associated with a multitude of
confounders), meaning that only associations of interest can be
investigated, rather than causative mechanisms. Further studies
utilising a Mendelian randomisation approach to test the
association of genetic risk for specific risk factors could be a way
of isolating specific risk factors and overcoming the confounding
factors associated with observational studies. Moreover, much of
our understanding relating to PCOS and bone metabolism comes
from studies conducted in Asia, Europe, and North America, and
given the genetic and ethnic differences associated with PCOS,
additional studies in other diverse geographical locations
are warranted.
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To this end, there is conflicting data on the effect of PCOS on
BMD and fracture risk. Owing to phenotypic heterogeneity of
PCOS, future studies in the field should investigate specific PCOS
phenotypes in isolation to clarify the various impacts on bone to aid
individual patient management. These data will be key to defining
to what extent women with PCOS require surveillance of bone
health and bone-directed medications in routine clinical practice.

Author contributions

EM researched the material and wrote the first draft. AC
supervised all aspects of the work and is the corresponding and

frontiersin.org


https://doi.org/10.3389/fendo.2023.1163771
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mills et al.

senior author. All authors contributed to the article and approved
the submitted version.

Funding

This article presents independent research funded by the Medical
Research Council (MRC) and supported by National Institute for
Health Research (NITHR) Imperial Biomedical Research Centre and
NIHR Clinical Research Facility. The views expressed are those of the
authors and not necessarily those of the MRC, NIHR or the
Department of Health. EM is funded by an NIHR Academic
Clinical Lectureship in Endocrinology, AA by an NIHR Clinician
Scientist Fellowship (CS-2018-18-ST2-002), WD by an NIHR Senior
Investigator Award, and AC by the National Health Service.

References

1. Escobar-Morreale HF. Polycystic ovary syndrome: definition, aetiology, diagnosis
and treatment. Nat Rev Endocrinol (2018) 14:270-84. doi: 10.1038/NRENDO.2018.24

2. Joham AE, Norman RJ, Stener-Victorin E, Legro RS, Franks S, Moran LJ, et al.
Polycystic ovary syndrome. Lancet Diabetes Endocrinol (2022) 10:668-80. doi: 10.1016/
$2213-8587(22)00163-2

3. Bulsara J, Patel P, Soni A, Acharya S. A review: brief insight into polycystic
ovarian syndrome. Endocr Metab Sci (2021) 3:100085. doi: 10.1016/
J.ENDMTS.2021.100085

4. Garg A, Patel B, Abbara A, Dhillo WS. Treatments targeting neuroendocrine
dysfunction in polycystic ovary syndrome (PCOS). Clin Endocrinol (Oxf) (2022)
97:156-64. doi: 10.1111/CEN.14704

5. Fauser BCJM. Revised 2003 consensus on diagnostic criteria and long-term
health risks related to polycystic ovary syndrome. Fertil Steril (2004) 81:19-25.
doi: 10.1016/j.fertnstert.2003.10.004

6. DePaolo LV, Chang RJ, Desvigne-Nickens P, Dobs AS, Dunaif A, Epifano O, et al.
Steering committee of the national institute of health evidence-based methodology workshop
on polycystic ovary syndrome. final report. (Bethesda, Maryland, USA:Bethesda) (2012).

7. Aversa A, la Vignera S, Rago R, Gambineri A, Nappi RE, Calogero AE, et al.
Fundamental concepts and novel aspects of polycystic ovarian syndrome: expert
consensus resolutions. Front Endocrinol (Lausanne) (2020) 11:516. doi: 10.3389/
FENDO.2020.00516

8. Mills EG, Yang L, Nielsen MF, Kassem M, Dhillo WS, Comninos AN. The
relationship between bone and reproductive hormones beyond estrogens and
androgens. Endocr Rev (2021) 42:691-719. doi: 10.1210/ENDREV/BNABO015

9. Comninos AN, Hansen MS, Courtney A, Choudhury S, Yang L, Mills EG, et al.
Acute effects of kisspeptin administration on bone metabolism in healthy men. J Clin
Endocrinol Metab (2022) 107:1529-40. doi: 10.1210/CLINEM/DGAC117

10. Behary P, Comninos AN. Bone perspectives in functional hypothalamic
amenorrhoea: an update and future avenues. Front Endocrinol (Lausanne) (2022)
13:923791. doi: 10.3389/FENDO.2022.923791

11. Yiiksel O, Dokmetas HS, Topcu S, Erselcan T, $encan M. Relationship between
bone mineral density and insulin resistance in polycystic ovary syndrome. ] Bone Miner
Metab (2001) 19:257-62. doi: 10.1007/S007740170029

12. To WWK, Wong MWN. A comparison of bone mineral density in normal
weight and obese adolescents with polycystic ovary syndrome. ] Pediatr Adolesc
Gynecol (2012) 25:248-53. doi: 10.1016/].JPAG.2011.12.073

13. Katulski K, Slawek S, Czyzyk A, Podfigurna-Stopa A, Paczkowska K, Ignaszak N,
et al. Bone mineral density in women with polycystic ovary syndrome. J Endocrinol
Invest (2014) 37:1219-24. doi: 10.1007/540618-014-0175-5

14. Karadag C, Yoldemir T, Gogas Yavuz D. Determinants of low bone mineral

density in premenopausal polycystic ovary syndrome patients. Gynecol Endocrinol
(2017) 33:234-7. doi: 10.1080/09513590.2016.1250256

15. Piovezan JM, Premaor MO, Comim FV. Negative impact of polycystic ovary
syndrome on bone health: a systematic review and meta-analysis. Hum Reprod Update
(2019) 25:634-46. doi: 10.1093/HUMUPD/DMZ020

16. Zia A, Hakim S, Khan AU, Bey A, Ateeq H, Parveen S, et al. Bone markers and
bone mineral density associates with periodontitis in females with poly-cystic ovarian
syndrome. ] Bone Miner Metab (2022) 40:487-97. doi: 10.1007/S00774-021-01302-6

Frontiers in Endocrinology

12

10.3389/fendo.2023.1163771

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Good C, Tulchinsky M, Mauger D, Demers LM, Legro RS. Bone mineral density
and body composition in lean women with polycystic ovary syndrome. Fertil Steril
(1999) 72:21-5. doi: 10.1016/S0015-0282(99)00203-4

18. Adami S, Zamberlan N, Castello R, Tosi F, Gatti D, Moghetti P. Effect of
hyperandrogenism and menstrual cycle abnormalities on bone mass and bone turnover
in young women. Clin Endocrinol (Oxf) (1998) 48:169-73. doi: 10.1046/].1365-
2265.1998.3691182.X

19. Noyan V, Yucel A, Sagsoz N. The association of bone mineral density with
insulin resistance in patients with polycystic ovary syndrome. Eur J Obstet Gynecol
Reprod Biol (2004) 115:200-5. doi: 10.1016/j.¢jogrb.2004.01.031

20. Carmina E, Guastella E, Longo RA, Rini GB, Lobo RA. Correlates of increased
lean muscle mass in women with polycystic ovary syndrome. Eur ] Endocrinol (2009)
161:583-9. doi: 10.1530/EJE-09-0398

21. Schmidt J, Dahlgren E, Brannstrém M, Landin-Wilhelmsen K. Body
composition, bone mineral density and fractures in late postmenopausal women
with polycystic ovary syndrome - a long-term follow-up study. Clin Endocrinol (Oxf)
(2012) 77:207-14. doi: 10.1111/].1365-2265.2012.04378.X

22. Attlee A, Nusralla A, Eqbal R, Said H, Hashim M, Shaker Obaid R. Polycystic
ovary syndrome in university students: occurrence and associated factors. Int J Fertil
Steril (2014) 8:261.

23. Gao S, Cheng Y, Zhao L, Chen Y, Liu Y. The relationships of irisin with bone
mineral density and body composition in PCOS patients. Diabetes Metab Res Rev
(2016) 32:421-8. doi: 10.1002/DMRR.2767

24. Ganie MA, Chakraborty S, Sehgal A, Sreejith M, Kandasamy D, Jana M, et al.
Bone mineral density is unaltered in women with polycystic ovary syndrome. Horm
Metab Res (2018) 50:754-60. doi: 10.1055/A-0733-7768

25. Pereira—Eshraghi CF, Chiuzan C, Zhang Y, Tao RH, McCann M, Neugut YD,
et al. Obesity and insulin resistance, not polycystic ovary syndrome, are independent
predictors of bone mineral density in adolescents and young women. Horm Res
Paediatr (2019) 92:365-71. doi: 10.1159/000507079

26. Rubin KH, Glintborg D, Nybo M, Andersen M, Abrahamsen B. Fracture risk is
decreased in women with polycystic ovary syndrome: a register-based and population-
based cohort study. ] Bone Miner Res (2016) 31:709-17. doi: 10.1002/JBMR.2737

27. Yang HY, Lee HS, Huang WT, Chen MJ, Chen SCC, Hsu YH. Increased risk of
fractures in patients with polycystic ovary syndrome: a nationwide population-based
retrospective cohort study. ] Bone Miner Metab (2018) 36:741-8. doi: 10.1007/S00774-
017-0894-8

28. Hsu MI, Liou TH, Chou SY, Chang CY, Hsu C-S. Diagnostic criteria for
polycystic ovary syndrome in Taiwanese Chinese women: comparison between
Rotterdam 2003 and NIH 1990. Fertil Steril (2007) 88:727-9. doi: 10.1016/
J.FERTNSTERT.2006.11.149

29. Zhao Y, Qiao J. Ethnic differences in the phenotypic expression of polycystic
ovary syndrome. Steroids (2013) 78:755-60. doi: 10.1016/].STEROIDS.2013.04.006

30. Hsu MI. Clinical characteristics in Taiwanese women with polycystic ovary
syndrome. Clin Exp Reprod Med (2015) 42:86-93. doi: 10.5653/CERM.2015.42.3.86

31. Kanbour SA, Dobs AS. Hyperandrogenism in women with polycystic ovarian
syndrome: pathophysiology and controversies. Androgens (2022) 3:22-30. doi: 10.1089/
ANDRO.2021.0020/ASSET/IMAGES/LARGE/ANDRO.2021.0020_FIGURELJPEG

frontiersin.org


https://doi.org/10.1038/NRENDO.2018.24
https://doi.org/10.1016/S2213-8587(22)00163-2
https://doi.org/10.1016/S2213-8587(22)00163-2
https://doi.org/10.1016/J.ENDMTS.2021.100085
https://doi.org/10.1016/J.ENDMTS.2021.100085
https://doi.org/10.1111/CEN.14704
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://doi.org/10.3389/FENDO.2020.00516
https://doi.org/10.3389/FENDO.2020.00516
https://doi.org/10.1210/ENDREV/BNAB015
https://doi.org/10.1210/CLINEM/DGAC117
https://doi.org/10.3389/FENDO.2022.923791
https://doi.org/10.1007/S007740170029
https://doi.org/10.1016/J.JPAG.2011.12.073
https://doi.org/10.1007/S40618-014-0175-5
https://doi.org/10.1080/09513590.2016.1250256
https://doi.org/10.1093/HUMUPD/DMZ020
https://doi.org/10.1007/S00774-021-01302-6
https://doi.org/10.1016/S0015-0282(99)00203-4
https://doi.org/10.1046/J.1365-2265.1998.3691182.X
https://doi.org/10.1046/J.1365-2265.1998.3691182.X
https://doi.org/10.1016/j.ejogrb.2004.01.031
https://doi.org/10.1530/EJE-09-0398
https://doi.org/10.1111/J.1365-2265.2012.04378.X
https://doi.org/10.1002/DMRR.2767
https://doi.org/10.1055/A-0733-7768
https://doi.org/10.1159/000507079
https://doi.org/10.1002/JBMR.2737
https://doi.org/10.1007/S00774-017-0894-8
https://doi.org/10.1007/S00774-017-0894-8
https://doi.org/10.1016/J.FERTNSTERT.2006.11.149
https://doi.org/10.1016/J.FERTNSTERT.2006.11.149
https://doi.org/10.1016/J.STEROIDS.2013.04.006
https://doi.org/10.5653/CERM.2015.42.3.86
https://doi.org/10.1089/ANDRO.2021.0020/ASSET/IMAGES/LARGE/ANDRO.2021.0020_FIGURE1.JPEG
https://doi.org/10.1089/ANDRO.2021.0020/ASSET/IMAGES/LARGE/ANDRO.2021.0020_FIGURE1.JPEG
https://doi.org/10.3389/fendo.2023.1163771
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mills et al.

32. Huang A, Brennan K, Azziz R. Prevalence of hyperandrogenemia in the
polycystic ovary syndrome diagnosed by the national institutes of health 1990
criteria. Fertil Steril (2010) 93:1938-41. doi: 10.1016/]. FERTNSTERT.2008.12.138

33. Alexiou E, Hatziagelaki E, Pergialiotis V, Chrelias C, Kassanos D, Siristatidis C,
et al. Hyperandrogenemia in women with polycystic ovary syndrome: prevalence,
characteristics and association with body mass index. Horm Mol Biol Clin Investig
(2017) 29:105-11. doi: 10.1515/HMBCI-2016-0047

34. Almeida M, Laurent MR, Dubois V, Claessens F, O’Brien CA, Bouillon R, et al.
Estrogens and androgens in skeletal physiology and pathophysiology. Physiol Rev
(2017) 97:135-87. doi: 10.1152/PHYSREV.00033.2015

35. Colvard DS, Eriksen EF, Keeting PE, Wilson EM, Lubahn DB, French FS, et al.
Identification of androgen receptors in normal human osteoblast-like cells. Proc Natl
Acad Sci U.S.A. (1989) 86:854-7. doi: 10.1073/pnas.86.3.854

36. Kasperk CH, Wergedal JE, Farley JR, Linkhart TA, Turner RT, Baylink DJ.
Androgens directly stimulate proliferation of bone cells in vitro. Endocrinology (1989)
124:1576-8. doi: 10.1210/endo-124-3-1576

37. Mizuno Y, Hosoi T, Inoue S, Tkegami A, Kaneki M, Akedo Y, et al.
Immunocytochemical identification of androgen receptor in mouse osteoclast-like
multinucleated cells. Calcif Tissue Int (1994) 54:325-6. doi: 10.1007/BF00295958

38. Van Der Eerden BCJ, Van De Ven ], Lowik CWGM, Wit JM, Karperien M. Sex
steroid metabolism in the tibial growth plate of the rat. Endocrinology (2002) 143:4048-
55. doi: 10.1210/en.2002-220093

39. Abu EO, Horner A, Kusec V, Triffitt JT, Compston JE. The localization of
androgen receptors in human bone. J Clin Endocrinol Metab (1997) 82:3493-7.
doi: 10.1210/jcem.82.10.4319

40. Noble B, Routledge J, Stevens H, Hughes I, Jacobson W. Androgen receptors in
bone-forming tissue. Horm Res (1999) 51:31-6. doi: 10.1159/000023310

41. Weinstein RS, Jilka RL, Parfitt AM, Manolagas SC. The effects of androgen deficiency
on murine bone remodeling and bone mineral density are mediated via cells of the
osteoblastic lineage. Endocrinology (1997) 138:4013-21. doi: 10.1210/endo0.138.9.5359

42. Tamura N, Kurabayashi T, Nagata H, Matsushita H, Yahata T, Tanaka K. Effects
of testosterone on cancellous bone, marrow adipocytes, and ovarian phenotype in a
young female rat model of polycystic ovary syndrome. Fertil Steril (2005) 84(Suppl
2):1277-84. doi: 10.1016/]. FERTNSTERT.2005.06.017

43. Mujica LKS, Glanzner WG, Prante AL, Rissi VB, Correa GRE, Premaor MO,
et al. Trabecular bone is increased in a rat model of polycystic ovary syndrome. Exp Clin
Endocrinol Diabetes (2021) 129:757-61. doi: 10.1055/A-1284-5491

44. Sinha-Hikim I, Taylor WE, Gonzalez-Cadavid NF, Zheng W, Bhasin S.
Androgen receptor in human skeletal muscle and cultured muscle satellite cells: up-
regulation by androgen treatment. J Clin Endocrinol Metab (2004) 89:5245-55.
doi: 10.1210/jc.2004-0084

45. Vingren JL, Kraemer W], Ratamess NA, Anderson JM, Volek JS, Maresh CM.
Testosterone physiology in resistance exercise and training: the up-stream regulatory
elements. Sports Med (2010) 40:1037-53. doi: 10.2165/11536910-000000000-00000

46. Mauras N, Hayes V, Welch S, Rini A, Helgeson K, Dokler M, et al. Testosterone
deficiency in young men: marked alterations in whole body protein kinetics, strength,
and adiposity. J Clin Endocrinol Metab (1998) 83:1886-92. doi: 10.1210/jcem.83.6.4892

47. Demling RH, Orgill DP. The anticatabolic and wound healing effects of the
testosterone analog oxandrolone after severe burn injury. J Crit Care (2000) 15:12-7.
doi: 10.1053/jcrc.2000.0150012

48. Pocock N, Eisman J, Gwinn T, Sambrook P, Kelly P, Freund J, et al. Muscle
strength, physical fitness, and weight but not age predict femoral neck bone mass. J
Bone Miner Res (1989) 4:441-8. doi: 10.1002/JBMR.5650040320

49. Kim KM, Lim S, Oh TJ, Moon JH, Choi SH, Lim JY, et al. Longitudinal changes
in muscle mass and strength, and bone mass in older adults: gender-specific
associations between muscle and bone losses. | Gerontol A Biol Sci Med Sci (2018)
73:1062-9. doi: 10.1093/ GERONA/GLX188

50. Douchi T, Oki T, Yamasaki H, Kuwahata R, Nakae M, Nagata Y. Relationship of
androgens to muscle size and bone mineral density in women with polycystic ovary
syndrome. Obstet Gynecol (2001) 98:445-9. doi: 10.1016/50029-7844(01)01450-8

51. Kurzrock R, Cohen PR. Polycystic ovary syndrome in men: stein-leventhal
syndrome revisited. Med Hypotheses (2007) 68:480-3. doi: 10.1016/]. MEHY.2006.03.057

52. Govind A, Obhrai MS, Clayton RN. Polycystic ovaries are inherited as an
autosomal dominant trait: analysis of 29 polycystic ovary syndrome and 10 control
families. J Clin Endocrinol Metab (1999) 84:38-43. doi: 10.1210/JCEM.84.1.5382

53. Yilmaz M, Bukan N, Ersoy R, Karakog A, Yetkin I, Ayvaz G, et al. Glucose
intolerance, insulin resistance and cardiovascular risk factors in first degree relatives of
women with polycystic ovary syndrome. Hum Reprod (2005) 20:2414-20. doi: 10.1093/
HUMREP/DEI070

54. Deshmukh H, Shah N, Papageorgiou M, Abdalla MA, Lhaf F, Aye M, et al.
Genetic risk for the polycystic ovary syndrome, bone mineral density and fractures in
women and men: a UK biobank mendelian randomisation study. Bone (2022)
155:116285. doi: 10.1016/].BONE.2021.116285

55. Day F, Karaderi T, Jones MR, Meun C, He C, Drong A, et al. Large-Scale genome-
wide meta-analysis of polycystic ovary syndrome suggests shared genetic architecture for
different diagnosis criteria. PloS Genet (2018) 14:e1007813. doi: 10.1371/
JOURNAL.PGEN.1007813

Frontiers in Endocrinology

13

10.3389/fendo.2023.1163771

56. Notelovitz M. Androgen effects on bone and muscle. Fertil Steril (2002) 77:34—
41. doi: 10.1016/s0015-0282(02)02968-0

57. Ollila MME, Piltonen T, Puukka K, Ruokonen A, Jarvelin MR, Tapanainen JS,
et al. Weight gain and dyslipidemia in early adulthood associate with polycystic ovary
syndrome: prospective cohort study. J Clin Endocrinol Metab (2016) 101:739-47.
doi: 10.1210/JC.2015-3543

58. Barber TM, Hanson P, Weickert MO, Franks S. Obesity and polycystic ovary
syndrome: implications for pathogenesis and novel management strategies. Clin Med
Insights Reprod Health (2019) 13:117955811987404. doi: 10.1177/1179558119874042

59. Barber TM, Franks S. Obesity and polycystic ovary syndrome. Clin Endocrinol
(Oxf) (2021) 95:531-41. doi: 10.1111/CEN.14421

60. Savvidis C, Tournis S, Dede AD. Obesity and bone metabolism. Hormones
(Athens) (2018) 17:205-17. doi: 10.1007/542000-018-0018-4

61. Hou J, He C, He W, Yang M, Luo X, Li C. Obesity and bone health: a complex
link. Front Cell Dev Biol (2020) 8:600181. doi: 10.3389/FCELL.2020.600181

62. Greco EA, Lenzi A, Migliaccio S. The obesity of bone. Ther Adv Endocrinol
Metab (2015) 6:273-86. doi: 10.1177/2042018815611004

63. 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. doi: 10.1016/j.bbrc.2005.03.210

64. Burguera B, Hofbauer LC, Thomas T, Gori F, Evans GL, Khosla S, et al. Leptin
reduces ovariectomy-induced bone loss in rats. Endocrinology (2001) 142:3546-53.
doi: 10.1210/endo.142.8.8346

65. Holloway WR, Collier FM, Aitken CJ, Myers DE, Hodge JM, Malakellis M, et al.
Leptin inhibits osteoclast generation. ] Bone Miner Res (2002) 17:200-9. doi: 10.1359/
jbmr.2002.17.2.200

66. Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, et al. Leptin
inhibits bone formation through a hypothalamic relay: a central control of bone mass.
Cell (2000) 100:197-207. doi: 10.1016/s0092-8674(00)81558-5

67. Elefteriou F, Takeda S, Ebihara K, Magre J, Patano N, Kim CA, et al. Serum
leptin level is a regulator of bone mass. Proc Natl Acad Sci U.S.A. (2004) 101:3258-63.
doi: 10.1073/pnas.0308744101

68. Cao J]. Effects of obesity on bone metabolism. J Orthop Surg Res (2011) 6:30.
doi: 10.1186/1749-799X-6-30

69. Guo YC, Yuan Q. Fibroblast growth factor 23 and bone mineralisation. Int J
Oral Sci (2015) 7:8-13. doi: 10.1038/1J0S.2015.1

70. Gateva A, Tsakova A, Hristova ], Kamenov Z. Fibroblast growth factor 23 and 25
(OH)D levels are related to abdominal obesity and cardiovascular risk in patients with
polycystic ovarian syndrome. Gynecol Endocrinol (2020) 36:402-5. doi: 10.1080/
09513590.2019.1689550

71. Wild RA, Carmina E, Diamanti-Kandarakis E, Dokras A, Escobar-Morreale HF,
Futterweit W, et al. Assessment of cardiovascular risk and prevention of cardiovascular
disease in women with the polycystic ovary syndrome: a consensus statement by the
androgen excess and polycystic ovary syndrome (AE-PCOS) society. J Clin Endocrinol
Metab (2010) 95:2038-49. doi: 10.1210/JC.2009-2724

72. Sirikul W, Siri-Angkul N, Chattipakorn N, Chattipakorn SC. Fibroblast growth
factor 23 and osteoporosis: evidence from bench to bedside. Int J Mol Sci (2022)
23:2500. doi: 10.3390/1JMS23052500

73. Xing C, Zhang J, Zhao H, He B. Effect of sex hormone-binding globulin on
polycystic ovary syndrome: mechanisms, manifestations, genetics, and treatment. Int |
Womens Health (2022) 14:91. doi: 10.2147/IJWH.S344542

74. Yanazume Y, Kawamura Y, Kuwahata A, Yonehara Y, Matsuo T, Iwamoto I,
et al. Difference in non-weight-bearing effects on bone mineral density between trunk
and peripheral fat mass in women with polycystic ovary syndrome. J Obstet Gynaecol
Res (2010) 36:352-6. doi: 10.1111/].1447-0756.2009.01133.X

75. DeUgarte CM, Bartolucci AA, Azziz R. Prevalence of insulin resistance in the
polycystic ovary syndrome using the homeostasis model assessment. Fertil Steril (2005)
83:1454-60. doi: 10.1016/]. FERTNSTERT.2004.11.070

76. Barbierit RL, Makris A, Randall RW, Daniels G, Kistner RW, Ryan K]J. Insulin
stimulates androgen accumulation in incubations of ovarian stroma obtained from
women with hyperandrogenism. J Clin Endocrinol Metab (1986) 62:904-10.
doi: 10.1210/JCEM-62-5-904

77. Nestler JE, Jakubowicz DJ, Falcon de Vargas A, Brik C, Quintero N, Medina F.
Insulin stimulates testosterone biosynthesis by human thecal cells from women with
polycystic ovary syndrome by activating its own receptor and using inositolglycan
mediators as the signal transduction system. J Clin Endocrinol Metab (1998) 83:2001-5.
doi: 10.1210/JCEM.83.6.4886

78. Martineau-Doizé B, McKee MD, Warshawsky H, Bergeron JJ. In vivo
demonstration by radioautography of binding sites for insulin in liver, kidney, and
calcified tissues of the rat. Anat Rec (1986) 214:130-40. doi: 10.1002/ar.1092140205

79. Fulzele K, Riddle RC, DiGirolamo DJ, Cao X, Wan C, Chen D, et al. Insulin
receptor signaling in osteoblasts regulates postnatal bone acquisition and body
composition. Cell (2010) 142:309-19. doi: 10.1016/j.cell.2010.06.002

80. Thomas DM, Udagawa N, Hards DK, Quinn JM, Moseley JM, Findlay DM, et al.
Insulin receptor expression in primary and cultured osteoclast-like cells. Bone (1998)
23:181-6. doi: 10.1016/s8756-3282(98)00095-7

frontiersin.org


https://doi.org/10.1016/J.FERTNSTERT.2008.12.138
https://doi.org/10.1515/HMBCI-2016-0047
https://doi.org/10.1152/PHYSREV.00033.2015
https://doi.org/10.1073/pnas.86.3.854
https://doi.org/10.1210/endo-124-3-1576
https://doi.org/10.1007/BF00295958
https://doi.org/10.1210/en.2002-220093
https://doi.org/10.1210/jcem.82.10.4319
https://doi.org/10.1159/000023310
https://doi.org/10.1210/endo.138.9.5359
https://doi.org/10.1016/J.FERTNSTERT.2005.06.017
https://doi.org/10.1055/A-1284-5491
https://doi.org/10.1210/jc.2004-0084
https://doi.org/10.2165/11536910-000000000-00000
https://doi.org/10.1210/jcem.83.6.4892
https://doi.org/10.1053/jcrc.2000.0150012
https://doi.org/10.1002/JBMR.5650040320
https://doi.org/10.1093/GERONA/GLX188
https://doi.org/10.1016/S0029-7844(01)01450-8
https://doi.org/10.1016/J.MEHY.2006.03.057
https://doi.org/10.1210/JCEM.84.1.5382
https://doi.org/10.1093/HUMREP/DEI070
https://doi.org/10.1093/HUMREP/DEI070
https://doi.org/10.1016/J.BONE.2021.116285
https://doi.org/10.1371/JOURNAL.PGEN.1007813
https://doi.org/10.1371/JOURNAL.PGEN.1007813
https://doi.org/10.1016/s0015-0282(02)02968-0
https://doi.org/10.1210/JC.2015-3543
https://doi.org/10.1177/1179558119874042
https://doi.org/10.1111/CEN.14421
https://doi.org/10.1007/S42000-018-0018-4
https://doi.org/10.3389/FCELL.2020.600181
https://doi.org/10.1177/2042018815611004
https://doi.org/10.1016/j.bbrc.2005.03.210
https://doi.org/10.1210/endo.142.8.8346
https://doi.org/10.1359/jbmr.2002.17.2.200
https://doi.org/10.1359/jbmr.2002.17.2.200
https://doi.org/10.1016/s0092-8674(00)81558-5
https://doi.org/10.1073/pnas.0308744101
https://doi.org/10.1186/1749-799X-6-30
https://doi.org/10.1038/IJOS.2015.1
https://doi.org/10.1080/09513590.2019.1689550
https://doi.org/10.1080/09513590.2019.1689550
https://doi.org/10.1210/JC.2009-2724
https://doi.org/10.3390/IJMS23052500
https://doi.org/10.2147/IJWH.S344542
https://doi.org/10.1111/J.1447-0756.2009.01133.X
https://doi.org/10.1016/J.FERTNSTERT.2004.11.070
https://doi.org/10.1210/JCEM-62-5-904
https://doi.org/10.1210/JCEM.83.6.4886
https://doi.org/10.1002/ar.1092140205
https://doi.org/10.1016/j.cell.2010.06.002
https://doi.org/10.1016/s8756-3282(98)00095-7
https://doi.org/10.3389/fendo.2023.1163771
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mills et al.

81. Avnet S, Perut F, Salerno M, Sciacca L, Baldini N. Insulin receptor isoforms are
differently expressed during human osteoblastogenesis. Differentiation (2012) 83:242—-
8. doi: 10.1016/;.diff.2012.02.002

82. Zhang W, Shen X, Wan C, Zhao Q, Zhang L, Zhou Q, et al. Effects of insulin and
insulin-like growth factor 1 on osteoblast proliferation and differentiation: differential
signalling via akt and ERK. Cell Biochem Funct (2012) 30:297-302. doi: 10.1002/
cbf.2801

83. Napoli N, Chandran M, Pierroz DD, Abrahamsen B, v. SA, Ferrari SL.
Mechanisms of diabetes mellitus-induced bone fragility. Nat Rev Endocrinol (2017)
13:208-19. doi: 10.1038/NRENDO.2016.153

84. Brennan-Speranza TC, Conigrave AD. Osteocalcin: an osteoblast-derived
polypeptide hormone that modulates whole body energy metabolism. Calcif Tissue
Int (2015) 96:1-10. doi: 10.1007/500223-014-9931-Y

85. Moser SC, van der Eerden BCJ. Osteocalcin-a versatile bone-derived hormone.
Front Endocrinol (Lausanne) (2019) 9:794. doi: 10.3389/FENDO.2018.00794

86. Diamanti-Kandarakis E, Livadas S, Katsikis I, Piperi C, Aimilia M, Papavassiliou
AG, et al. Serum concentrations of carboxylated osteocalcin are increased and
associated with several components of the polycystic ovarian syndrome. J Bone
Miner Metab (2011) 29:201-6. doi: 10.1007/S00774-010-0211-2

87. Ojeda-Ojeda M, Murri M, Insenser M, Escobar-Morreale H. Mediators of low-
grade chronic inflammation in polycystic ovary syndrome (PCOS). Curr Pharm Des
(2013) 19:5775-91. doi: 10.2174/1381612811319320012

88. Escobar-Morreale HF, Luque-Ramirez M, Gonzalez F. Circulating inflammatory
markers in polycystic ovary syndrome: a systematic review and metaanalysis. Fertil
Steril (2011) 95:1048-58. doi: 10.1016/]. FERTNSTERT.2010.11.036

89. Straub RH, Cutolo M, Pacifici R. Evolutionary medicine and bone loss in
chronic inflammatory diseases-a theory of inflammation-related osteopenia. Semin
Arthritis Rheum (2015) 45:220-8. doi: 10.1016/].SEMARTHRIT.2015.04.014

90. Livshits G, Kalinkovich A. Targeting chronic inflammation as a potential
adjuvant therapy for osteoporosis. Life Sci (2022) 306:120847. doi: 10.1016/
J.LFS.2022.120847

91. Gowen M, Wood DD, Thrie EJ, McGuire MK, Russell RG. An interleukin 1 like
factor stimulates bone resorption. vitro Nat (1983) 306:378-80. doi: 10.1038/306378a0

92. Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S, et al. IL-
17 in synovial fluids from patients with rheumatoid arthritis is a potent stimulator of
osteoclastogenesis. J Clin Invest (1999) 103:1345-52. doi: 10.1172/JCI5703

93. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake S, et al.
Tumor necrosis factor alpha stimulates osteoclast differentiation by a mechanism
independent of the ODF/RANKL-RANK interaction. ] Exp Med (2000) 191:275-86.
doi: 10.1084/jem.191.2.275

94. Kwan Tat S, Padrines M, Théoleyre 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. doi: 10.1016/j.cytogfr.2003.10.005

95. Terkawi MA, Matsumae G, Shimizu T, Takahashi D, Kadoya K, Iwasaki N.
Interplay between inflammation and pathological bone resorption: insights into recent
mechanisms and pathways in related diseases for future perspectives. Int | Mol Sci
(2022) 23:1786. doi: 10.3390/ijms23031786

96. Brylka LJ, Schinke T. Chemokines in physiological and pathological bone
remodeling. Front Immunol (2019) 10:2182. doi: 10.3389/fimmu.2019.02182

97. Abbas S, Zhang Y-H, Clohisy JC, Abu-Amer Y. Tumor necrosis factor-alpha
inhibits pre-osteoblast differentiation through its type-1 receptor. Cytokine (2003)
22:33-41. doi: 10.1016/s1043-4666(03)00106-6

98. Bakker AD, Da SVC, Krishnan R, Bacabac RG, Blaauboer ME, Lin Y-C, et al.
Tumor necrosis factor alpha and interleukin-1beta modulate calcium and nitric oxide
signaling in mechanically stimulated osteocytes. Arthritis Rheum (2009) 60:3336-45.
doi: 10.1002/art.24920

99. Epsley S, Tadros S, Farid A, Kargilis D, Mehta S, Rajapakse CS. The effect of
inflammation on bone. Front Physiol (2020) 11:511799. doi: 10.3389/fphys.2020.511799

100. Moschen AR, Kaser A, Enrich B, Ludwiczek O, Gabriel M, Obrist P, et al. The
RANKL/OPG system is activated in inflammatory bowel disease and relates to the state
of bone loss. Gut (2005) 54:479-87. doi: 10.1136/GUT.2004.044370

101. Shimamura M, Nakagami H, Osako MK, Kurinami H, Koriyama H, Zhengda
P, et al. OPG/RANKL/RANK axis is a critical inflammatory signaling system in
ischemic brain in mice. Proc Natl Acad Sci U.S.A. (2014) 111:8191-6. doi: 10.1073/
PNAS.1400544111/-/DCSUPPLEMENTAL/PNAS.201400544SI.PDF

102. Escoblar-Morreale HF, Botella-Carretero JI, Martinez-Garcia MA, Luque-
Ramirez M, Alvarez-Blasco F, San Millan JL. Serum osteoprotegerin concentrations
are decreased in women with the polycystic ovary syndrome. Eur ] Endocrinol (2008)
159:225-32. doi: 10.1530/EJE-08-0107

103. Jabbar S, Drury J, Fordham JN, Datta HK, Francis RM, Tuck SP.
Osteoprotegerin, RANKL and bone turnover in postmenopausal osteoporosis. ] Clin
Pathol (2011) 64:354-7. doi: 10.1136/JCP.2010.086595

104. Wischhusen J, Melero I, Fridman WH. Growth/Differentiation factor-15
(GDF-15): from biomarker to novel targetable immune checkpoint. Front Immunol
(2020) 11:951. doi: 10.3389/FIMMU.2020.00951

105. Vanhara P, Lincova E, Kozubik A, Jurdic P, Soucek K, Smarda J. Growth/
differentiation factor-15 inhibits differentiation into osteoclasts—a novel factor involved

Frontiers in Endocrinology

14

10.3389/fendo.2023.1163771

in control of osteoclast differentiation. Differentiation (2009) 78:213-22. doi: 10.1016/
J.DIFF.2009.07.008

106. Hinoi E, Ochi H, Takarada T, Nakatani E, Iezaki T, Nakajima H, et al. Positive
regulation of osteoclastic differentiation by growth differentiation factor 15 upregulated
in osteocytic cells under hypoxia. ] Bone Miner Res (2012) 27:938-49. doi: 10.1002/
JBMR.1538

107. Berberoglu Z, Aktas A, Fidan Y, Yazici AC, Aral Y. Association of plasma
GDEF-9 or GDF-15 levels with bone parameters in polycystic ovary syndrome. J Bone
Miner Metab (2015) 33:101-8. doi: 10.1007/S00774-013-0560-8

108. Kalyan S, Patel MS, Kingwell E, C6té HCF, Liu D, Prior JC. Competing factors
link to bone health in polycystic ovary syndrome: chronic low-grade inflammation
takes a toll. Sci Rep (2017) 7:3432. doi: 10.1038/S41598-017-03685-X

109. Brooks GC, Blaha M]J, Blumenthal RS. Relation of c-reactive protein to
abdominal adiposity. Am ] Cardiol (2010) 106:56-61. doi: 10.1016/
J. AMJCARD.2010.02.017

110. Kalyan S, Hitchcock CL, Sirrs S, Pudek M, Prior JC. Cardiovascular and
metabolic effects of medroxyprogesterone acetate versus conjugated equine estrogen
after premenopausal hysterectomy with bilateral ovariectomy. Pharmacotherapy (2010)
30:442-52. doi: 10.1592/PHCO.30.5.442

111. Kinane DF, Stathopoulou PG, Papapanou PN. Periodontal diseases. Nat Rev
Dis Primers (2017) 3:1-14. doi: 10.1038/nrdp.2017.38

112. Marquez-Arrico CF, Silvestre-Rangil J, Gutiérrez-Castillo L, Martinez-Herrera
M, Silvestre FJ, Rocha M. Association between periodontal diseases and polycystic
ovary syndrome: a systematic review. J Clin Med (2020) 9:1586. doi: 10.3390/
JCM9051586

113. Janousek J, Pilafova V, Macakova K, Nomura A, Veiga-Matos J, da SDD, et al.
Vitamin d: sources, physiological role, biokinetics, deficiency, therapeutic use, toxicity,
and overview of analytical methods for detection of vitamin d and its metabolites. Crit
Rev Clin Lab Sci (2022) 59:517-54. doi: 10.1080/10408363.2022.2070595

114. Kazemian E, Pourali A, Sedaghat F, Karimi M, Basirat V, Sajadi Hezaveh Z,
et al. Effect of supplemental vitamin D3 on bone mineral density: a systematic review
and meta-analysis. Nutr Rev (2022) 81(5):511-30. doi: 10.1093/NUTRIT/NUAC068

115. Thomson RL, Spedding S, Buckley JD. Vitamin d in the aetiology and
management of polycystic ovary syndrome. Clin Endocrinol (Oxf) (2012) 77:343-50.
doi: 10.1111/].1365-2265.2012.04434.X

116. Vitamin d deficiency in adults | health topics a to z | CKS | NICE. Available at: https://
cks.nice.org.uk/topics/vitamin-d-deficiency-in-adults/ (Accessed February 4, 2023).

117. Ranjzad F, Mahban A, Irani Shemirani A, Mahmoudi T, Vahedi M, Nikzamir
A, et al. Influence of gene variants related to calcium homeostasis on biochemical
parameters of women with polycystic ovary syndrome. J Assist Reprod Genet (2011)
28:225-32. doi: 10.1007/S10815-010-9506-4

118. Zadeh-Vakili A, Ramezani Tehrani F, Daneshpour MS, Zarkesh M, Saadat N,
Azizi F. Genetic polymorphism of vitamin d receptor gene affects the phenotype of
PCOS. Gene (2013) 515:193-6. doi: 10.1016/].GENE.2012.11.049

119. Wehr E, Trummer O, Giuliani A, Gruber HJ, Pieber TR, Obermayer-Pietsch B.
Vitamin d-associated polymorphisms are related to insulin resistance and vitamin d
deficiency in polycystic ovary syndrome. Eur ] Endocrinol (2011) 164:741-9.
doi: 10.1530/EJE-11-0134

120. Li HWR, Brereton RE, Anderson RA, Wallace AM, Ho CKM. Vitamin d
deficiency is common and associated with metabolic risk factors in patients with
polycystic ovary syndrome. Metabolism (2011) 60:1475-81. doi: 10.1016/
J.METABOL.2011.03.002

121. Al-Bayyari N, Al-Domi H, Zayed F, Hailat R, Eaton A. Androgens and
hirsutism score of overweight women with polycystic ovary syndrome improved
after vitamin d treatment: a randomized placebo controlled clinical trial. Clin Nutr
(2021) 40:870-8. doi: 10.1016/].CLNU.2020.09.024

122. He C, Lin Z, Robb SW, Ezeamama AE. Serum vitamin d levels and polycystic
ovary syndrome: a systematic review and meta-analysis. Nutrients (2015) 7:4555-77.
doi: 10.3390/NU7064555

123. WangL, LvS, Li F, Yu X, Bai E, Yang X. Vitamin d deficiency is associated with
metabolic risk factors in women with polycystic ovary syndrome: a cross-sectional
study in shaanxi China. Front Endocrinol (Lausanne) (2020) 11:171. doi: 10.3389/
FENDO.2020.00171

124. Wang L, Wen X, Lv S, Tian S, Jiang Y, Yang X. Effects of vitamin d
supplementation on metabolic parameters of women with polycystic ovary
syndrome: a meta-analysis of randomized controlled trials. Gynecol Endocrinol
(2021) 37:446-55. doi: 10.1080/09513590.2020.1813272

125. LiuJ, Wu Q, Hao Y, Jiao M, Wang X, Jiang S, et al. Measuring the global disease
burden of polycystic ovary syndrome in 194 countries: global burden of disease study
2017. Hum Reprod (2021) 36:1108-19. doi: 10.1093/HUMREP/DEAA371

126. Kralick AE, Zemel BS. Evolutionary perspectives on the developing skeleton
and implications for lifelong health. Front Endocrinol (Lausanne) (2020) 11:99.
doi: 10.3389/FENDO.2020.00099

127. Xue S, Kemal O, Lu M, Lix LM, Leslie WD, Yang S. Age at attainment of peak
bone mineral density and its associated factors: the national health and nutrition
examination survey 2005-2014. Bone (2020) 131:115163. doi: 10.1016/
J.BONE.2019.115163

frontiersin.org


https://doi.org/10.1016/j.diff.2012.02.002
https://doi.org/10.1002/cbf.2801
https://doi.org/10.1002/cbf.2801
https://doi.org/10.1038/NRENDO.2016.153
https://doi.org/10.1007/S00223-014-9931-Y
https://doi.org/10.3389/FENDO.2018.00794
https://doi.org/10.1007/S00774-010-0211-2
https://doi.org/10.2174/1381612811319320012
https://doi.org/10.1016/J.FERTNSTERT.2010.11.036
https://doi.org/10.1016/J.SEMARTHRIT.2015.04.014
https://doi.org/10.1016/J.LFS.2022.120847
https://doi.org/10.1016/J.LFS.2022.120847
https://doi.org/10.1038/306378a0
https://doi.org/10.1172/JCI5703
https://doi.org/10.1084/jem.191.2.275
https://doi.org/10.1016/j.cytogfr.2003.10.005
https://doi.org/10.3390/ijms23031786
https://doi.org/10.3389/fimmu.2019.02182
https://doi.org/10.1016/s1043-4666(03)00106-6
https://doi.org/10.1002/art.24920
https://doi.org/10.3389/fphys.2020.511799
https://doi.org/10.1136/GUT.2004.044370
https://doi.org/10.1073/PNAS.1400544111/-/DCSUPPLEMENTAL/PNAS.201400544SI.PDF
https://doi.org/10.1073/PNAS.1400544111/-/DCSUPPLEMENTAL/PNAS.201400544SI.PDF
https://doi.org/10.1530/EJE-08-0107
https://doi.org/10.1136/JCP.2010.086595
https://doi.org/10.3389/FIMMU.2020.00951
https://doi.org/10.1016/J.DIFF.2009.07.008
https://doi.org/10.1016/J.DIFF.2009.07.008
https://doi.org/10.1002/JBMR.1538
https://doi.org/10.1002/JBMR.1538
https://doi.org/10.1007/S00774-013-0560-8
https://doi.org/10.1038/S41598-017-03685-X
https://doi.org/10.1016/J.AMJCARD.2010.02.017
https://doi.org/10.1016/J.AMJCARD.2010.02.017
https://doi.org/10.1592/PHCO.30.5.442
https://doi.org/10.1038/nrdp.2017.38
https://doi.org/10.3390/JCM9051586
https://doi.org/10.3390/JCM9051586
https://doi.org/10.1080/10408363.2022.2070595
https://doi.org/10.1093/NUTRIT/NUAC068
https://doi.org/10.1111/J.1365-2265.2012.04434.X
https://cks.nice.org.uk/topics/vitamin-d-deficiency-in-adults/
https://cks.nice.org.uk/topics/vitamin-d-deficiency-in-adults/
https://doi.org/10.1007/S10815-010-9506-4
https://doi.org/10.1016/J.GENE.2012.11.049
https://doi.org/10.1530/EJE-11-0134
https://doi.org/10.1016/J.METABOL.2011.03.002
https://doi.org/10.1016/J.METABOL.2011.03.002
https://doi.org/10.1016/J.CLNU.2020.09.024
https://doi.org/10.3390/NU7064555
https://doi.org/10.3389/FENDO.2020.00171
https://doi.org/10.3389/FENDO.2020.00171
https://doi.org/10.1080/09513590.2020.1813272
https://doi.org/10.1093/HUMREP/DEAA371
https://doi.org/10.3389/FENDO.2020.00099
https://doi.org/10.1016/J.BONE.2019.115163
https://doi.org/10.1016/J.BONE.2019.115163
https://doi.org/10.3389/fendo.2023.1163771
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mills et al.

128. Lingaiah S, Morin-Papunen L, Piltonen T, Puurunen J, Sundstrém-Poromaa I,
Stener-Victorin E, et al. Bone markers in polycystic ovary syndrome: a multicentre
study. Clin Endocrinol (Oxf) (2017) 87:673-9. doi: 10.1111/CEN.13456

129. Soltani S, Hunter GR, Kazemi A, Shab-Bidar S. The effects of weight loss
approaches on bone mineral density in adults: a systematic review and meta-analysis of
randomized controlled trials. Osteoporos Int (2016) 27:2655-71. doi: 10.1007/S00198-
016-3617-4

130. McBreairty LE, Kazemi M, Chilibeck PD, Gordon JJ, Chizen DR, Zello GA.
Effect of a pulse-based diet and aerobic exercise on bone measures and body
composition in women with polycystic ovary syndrome: a randomized controlled
trial. Bone Rep (2020) 12:100248. doi: 10.1016/J.BONR.2020.100248

131. Sievenpiper JL, Kendall CWC, Esfahani A, Wong JMW, Carleton AJ, Jiang HY,
et al. Effect of non-oil-seed pulses on glycaemic control: a systematic review and meta-
analysis of randomised controlled experimental trials in people with and without
diabetes. Diabetologia (2009) 52:1479-95. doi: 10.1007/S00125-009-1395-7

132. Kataoka J, Larsson I, Bjorkman S, Eliasson B, Schmidt J, Stener-Victorin E.
Prevalence of polycystic ovary syndrome in women with severe obesity - effects of a
structured weight loss programme. Clin Endocrinol (Oxf) (2019) 91:750-8.
doi: 10.1111/CEN.14098

133. Reid IR, Horne AM, Mihov B, Gamble GD, Al-Abuwsi F, Singh M, et al. Effect
of monthly high-dose vitamin d on bone density in community-dwelling older adults
substudy of a randomized controlled trial. J Intern Med (2017) 282:452-60.
doi: 10.1111/JOIM.12651

134. Macdonald HM, Reid IR, Gamble GD, Fraser WD, Tang JC, Wood AD. 25-
hydroxyvitamin d threshold for the effects of vitamin d supplements on bone density:
secondary analysis of a randomized controlled trial. ] Bone Miner Res (2018) 33:1464-9.
doi: 10.1002/JBMR.3442

135. Naderpoor N, Shorakae S, de Courten B, Misso ML, Moran L], Teede HJ.
Metformin and lifestyle modification in polycystic ovary syndrome: systematic review
and meta-analysis. Hum Reprod Update (2015) 21:560-74. doi: 10.1093/HUMUPD/
DMV025

136. Ma T, Tian X, Zhang B, Li M, Wang Y, Yang C, et al. Low-dose metformin
targets the lysosomal AMPK pathway through PEN2. Nature (2022) 603:159-65.
doi: 10.1038/S41586-022-04431-8

Frontiers in Endocrinology

15

10.3389/fendo.2023.1163771

137. Lingaiah S, Morin-Papunen L, Risteli ], Tapanainen JS. Metformin decreases
bone turnover markers in polycystic ovary syndrome: a post hoc study. Fertil Steril
(2019) 112:362-70. doi: 10.1016/].FERTNSTERT.2019.04.013

138. Ladson G, Dodson WC, Sweet SD, Archibong AE, Kunselman AR, Demers
LM, et al. The effects of metformin with lifestyle therapy in polycystic ovary syndrome:
a randomized double-blind study. Fertil Steril (2011) 95:1059-66. doi: 10.1016/
J.FERTNSTERT.2010.12.002

139. Glintborg D, Andersen M. MANAGEMENT OF ENDOCRINE DISEASE:
morbidity in polycystic ovary syndrome. Eur ] Endocrinol (2017) 176:R53-65.
doi: 10.1530/EJE-16-0373

140. Moran L], Thomson RL, Buckley JD, Noakes M, Clifton PM, Norman R]J, et al.
Steroidal contraceptive use is associated with lower bone mineral density in polycystic
ovary syndrome. Endocrine (2015) 50:811-5. doi: 10.1007/512020-015-0625-7

141. Berenson AB, Radecki CM, Grady JJ, Rickert VI, Thomas A. A prospective,
controlled study of the effects of hormonal contraception on bone mineral density.
Obstet Gynecol (2001) 98:576-82. doi: 10.1016/S0029-7844(01)01495-8

142. Lopez LM, Grimes DA, Schulz KF, Curtis KM, Chen M. Steroidal
contraceptives: effect on bone fractures in women. Cochrane Database Syst Rev
(2014) 2014:CD006033. doi: 10.1002/14651858.CD006033.PUB5

143. Glintborg D, Andersen M. Thiazolinedione treatment in PCOS-an update.
Gynecol Endocrinol (2010) 26:791-803. doi: 10.3109/09513590.2010.491572

144. Rzonca SO, Suva L], Gaddy D, Montague DC, Lecka-Czernik B. Bone is a target
for the antidiabetic compound rosiglitazone. Endocrinology (2004) 145:401-6.
doi: 10.1210/EN.2003-0746

145. Ali AA, Weinstein RS, Stewart SA, Parfitt AM, Manolagas SC, Jilka RL.
Rosiglitazone causes bone loss in mice by suppressing osteoblast differentiation and
bone formation. Endocrinology (2005) 146:1226-35. doi: 10.1210/EN.2004-0735

146. Glintborg D, Hermann AP, Rasmussen LM, Andersen M. Plasma osteoprotegerin
is associated with testosterone levels but unaffected by pioglitazone treatment in patients
with polycystic ovary syndrome. J Endocrinol Invest (2013) 36:460-5. doi: 10.3275/8767

147. Glintborg D, Andersen M, Hagen C, Heickendorff L, Hermann AP. Association
of pioglitazone treatment with decreased bone mineral density in obese premenopausal
patients with polycystic ovary syndrome: a randomized, placebo-controlled trial. J Clin
Endocrinol Metab (2008) 93:1696-701. doi: 10.1210/JC.2007-2249

frontiersin.org


https://doi.org/10.1111/CEN.13456
https://doi.org/10.1007/S00198-016-3617-4
https://doi.org/10.1007/S00198-016-3617-4
https://doi.org/10.1016/J.BONR.2020.100248
https://doi.org/10.1007/S00125-009-1395-7
https://doi.org/10.1111/CEN.14098
https://doi.org/10.1111/JOIM.12651
https://doi.org/10.1002/JBMR.3442
https://doi.org/10.1093/HUMUPD/DMV025
https://doi.org/10.1093/HUMUPD/DMV025
https://doi.org/10.1038/S41586-022-04431-8
https://doi.org/10.1016/J.FERTNSTERT.2019.04.013
https://doi.org/10.1016/J.FERTNSTERT.2010.12.002
https://doi.org/10.1016/J.FERTNSTERT.2010.12.002
https://doi.org/10.1530/EJE-16-0373
https://doi.org/10.1007/S12020-015-0625-7
https://doi.org/10.1016/S0029-7844(01)01495-8
https://doi.org/10.1002/14651858.CD006033.PUB5
https://doi.org/10.3109/09513590.2010.491572
https://doi.org/10.1210/EN.2003-0746
https://doi.org/10.1210/EN.2004-0735
https://doi.org/10.3275/8767
https://doi.org/10.1210/JC.2007-2249
https://doi.org/10.3389/fendo.2023.1163771
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Effects of distinct Polycystic Ovary Syndrome phenotypes on bone health
	Introduction
	Methods
	Hyperandrogenism
	Bone mineral density
	Fracture risk

	Adiposity
	Bone metabolism
	Bone mineral density

	Insulin resistance and hyperinsulinaemia
	Bone metabolism
	Bone mineral density

	Chronic low-grade inflammation
	Bone metabolism
	Bone mineral density

	Vitamin D deficiency
	Age at diagnosis
	Bone metabolism
	Bone mineral density
	Fracture risk

	Effects of PCOS treatments on bone
	Weight loss
	Vitamin D supplementation
	Metformin
	Steroidal contraceptives
	Pioglitazone

	Conclusions and future directions
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


