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Abstract
Summary Despite effective weight reduction, the impact of
bariatric surgery on bone is a major concern. Mechanisms
include decreased mechanical loading, calcium and vitamin
D malabsorption, deficiency in other nutrients, and alterations
in fat- and gut-derived hormones. The evidence to support
clinical care pathways to prevent bone loss and fractures is at
this point weak.
Introduction There is a growing concern regarding the poten-
tial deleterious impact of bariatric surgery on bone metabo-
lism. This comprehensive review addresses this controversial
topic.
Methods We reviewed and analyzed articles evaluating bone
metabolism and mechanisms for the ensuing putative bone
loss in adult patients exclusively undergoing Roux-en-Y gas-
tric bypass (RYGB) surgery, for the period spanning 1942 till
September 2012.
Results Mechanisms identified to contribute to alterations in
bone metabolism after bypass surgery include: decreased me-
chanical loading, calcium and vitamin D malabsorption with
secondary hyperparathyroidism, deficiency in other nutrients,
in addition to alterations in adipokines, gonadal steroids, and
gut-derived hormones favoring bone loss, with the exception of
serotonin and glucagon-like peptide-1. The relative contribu-
tion of each of these hormones to changes in bone homeostasis
after bypass surgery remains undefined. Bone loss reflected by
a decline in bone mineral density (BMD) and an increase in
bone turnover markers have been reported in many studies,
limited for the most part by the exclusive use of dual energy
X-ray absorptiometry.Well-designed long-termprospective trials

with fractures as an outcome, and studies investigating the
magnitude, reversibility, and impact of the observed metabolic
changes on fracture outcomes are lacking.
Conclusion Robust conclusions regarding bone loss and frac-
ture outcome after RYGB surgery cannot be drawn at this
time. Although not evidence based, baseline evaluation and
sequential monitoring with measurement of BMD and
calciotropic hormones seem appropriate, with adequate calci-
um and vitamin D replacement. Beneficial interventions re-
main unclear.

Keywords Adipokines . Bonemetabolism . Gut
neuroendocrine hormones . Obesity . Roux-en-Y gastric
bypass

Introduction

The prevalence of obesity is dramatically rising; 35.7 % of US
adults from the NHANES 2009–2010 population were found
to be obese [1]. Estimates from the World Health Organization
(WHO) project that by 2015, around 2.3 billion adults will be
overweight and more than 700 million will be obese [2].
Unfortunately, diet therapy and medical management have
limited success in the treatment of morbid obesity. Bariatric
surgery has proven to be the only effective long-term treatment
option for weight reduction, resulting, in addition, to improve-
ments or complete remission of associated co-morbidities. In a
meta-analysis including 22,904 patients, bariatric surgery
resulted in a mean weight loss of 61 %, with substantial
improvement in several co-morbidities including diabetes, hy-
perlipidemia, hypertension, and obstructive sleep apnea [3].
Many other conditions including infertility, menstrual irregu-
larities, nonalcoholic liver disease, pseudo tumor cerebri, de-
generative joint disease, and cardiovascular disease, can also be
ameliorated or even resolve after bariatric surgery [4].
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Although obesity has long been considered a protective factor
for bone disease, concomitant vitamin D deficiency and elevated
parathyroid hormone (PTH) levels, mediators of bone loss, are
common findings in obese individuals. However, unlike other
obesity-related co-morbid conditions, vitamin D deficiency and
secondary hyperparathyroidism are not corrected after bariatric
surgery, andmay even be exacerbated by the malabsorptive state
that often ensues. In addition, a negative impact of bariatric
surgery on bone metabolism could also be explained by a
decrease in the mechanical loading and subsequent reduction
in osteoblast differentiation, and by the resulting hormonal
changes produced by changes in the adipose tissue mass and in
the normal anatomy and physiology of the gastrointestinal tract.

RYGB is currently one of themost commonly performed, and
is considered bymany surgeons as the “gold standard” procedure
[5]. Studies investigating the impact of RYGB surgery on bone
metabolism have demonstrated a decrease in calcium absorption,
secondary hyperparathyroidism, accelerated bone loss, and en-
hanced risk for skeletal fragility [6]. However, the mechanisms
by which RYGB surgery affect bone integrity has not been fully
elucidated. In this paper, wewill present a comprehensive review
of the potential factors that impact bonemetabolism at baseline in
obese subjects and post-RYGB procedure.

Methodology for literature search

A PubMed search was conducted from the period of 1946
until September 2012 using the search terms: “adipokines”,
“adiponectin”, “amylin”, “bariatric surgery”, “BMD”, “bone
loss”, “bone markers”, “calciotropic hormones”, “estradiol”,
“fractures”, “ghrelin”, GLP-1”, “glucose-dependent insulino-
tropic polypeptide (GIP)”, “gut hormones”, “insulin”, “leptin”,
“neuropeptides”, “obesity”, “peptide YY (PYY)”, “RYGB”,
“secondary hyperparathyroidism”, “serotonin”, “testosterone”,
and “vitamin D.” The above terms were used in mixed combi-
nations. Boolean operators and truncations were used to expand
our search results, and only English articles were selected. Our
search yielded 526 articles that were screened by abstract and
title and the most relevant studies were selected for inclusion in
the review. Studies reporting on changes in calciotropic hor-
mones only, studies in adolescents, or studies including restric-
tive procedures or other malabsorptive procedures were exclud-
ed. Thirty-one cross-sectional and prospective studies pub-
lished until September 2012 assessing bone markers, and/or
BMD in adult patients undergoing RYGB were identified; of
which 16 studies exclusively reporting on RYGB in adults,
were retained. The results of these 16 studies, including five
cross-sectional and 11 prospective studies, were reviewed in
detail and summarized in Table 2.

References from the retrieved articles, and publications
available in the authors’ libraries and three suggested by
journal reviewers were also used.

For a review regarding the mechanisms of actions for the
main relevant hormones and their changes post-RYGB, the
most comprehensive and/or recent reference was used in view
of the limit on the number of references allowed.

RYGB surgery and gut hormones

RYGB surgery is a combined malabsorptive and restrictive
procedure that diverts food from a large portion of the stomach
and the proximal small intestine into the distal small intestine.
It consists of creating a small gastric pouch connected to the
small intestine via a Roux-en-Y configuration as shown in
Fig. 1. The Roux limb is anastomosed to the gastric pouch and
connected downstream to the biliopancreatic limb; the latter
conduct biliary and pancreatic secretions. The lengths of the
Roux limb and the biliopancreatic limb can be adjusted to
determine the degree ofmalabsorption [7].With these changes
in the anatomy of the gastrointestinal tract, a substantial alter-
ation in the secretion of several gut hormones ensues. These
hormones are involved in appetite regulation, energy balance,
and glucose homeostasis as well. Alterations in these hor-
mones contribute to the resulting metabolic benefits seen after
RYGB surgery. In addition, an effect of these changes in gut
peptides on bone metabolism have been demonstrated as well
(Fig. 2). The next section follows a detailed review of indi-
vidual gut hormones, their known impact on bone metabo-
lism, changes in levels after RYGB surgery, and the anticipat-
ed or known effect of such a change on bone as summarized in
Table 1.

Fig. 1 RYGB configuration, P gastric pouch, AL alimentary limb, BPL
biliopancreatic limb
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Neuroendocrine/gut hormones and bone

Peptide YY

Peptide YY (PYY) is a 36-amino acid peptide produced by the
enteroendocrine L-cells of the terminal ileum and colon, and
reduces appetite and food intake [8]. PYY has also been
shown to influence bone metabolism as well. It circulates in
two forms PYY1–36 and PYY3–36, both of which bind to the
hypothalamic NPY Y2 receptor with high affinity [9, 10].

It has been reported to circulate in lower levels in obese
subjects [11], and obese subjects with lower levels of PYY
[10] had a higher BMD [12]. High levels of PYY were found
in anorexic female adolescents and were associated with low
levels of bone turnover markers [13]. Amenorrheic anorexic
athletes had higher PYY levels and lower bone density com-
pared to eumenorrheic control athletes and furthermore, PYY
was also found to be a negative predictor of PINP, a bone
formation marker, and of lumbar bone mineral apparent den-
sity Z-scores in adolescent athletes [14]. The above data
suggest a negative correlation between PYYand bone forma-
tion. In animal models, conflicting data has been reported on
PYY knockout mice. Baldock et al. showed that Y2 receptor
knockout mice exhibited a twofold increase in cancellous
bone volume [15], suggesting a central hypothalamic inhibi-
tory influence on bone. Similarly, Wong et al. reported that
PYY knockout mice displayed an increased bone mass phe-
notype [16]. In contrast, Wortley demonstrated a decrease in

BMD and bone mineral content (BMC) and a reduction in
bone strength in PYY-deficient mice [17]. The conflicting
findings in animal models warrant further investigation into
the effect of PYYon bone metabolism.

RYGB surgery has been associated with an increase in
PYY levels [18] and since human data support a negative
relationship between PYY and bone; a potential negative
impact on bone mass would be anticipated. However, to our
knowledge, no studies have yet assessed the changes in PYY
levels after RYGB surgery, and their relationship to bone
remodeling and density.

Glucose-dependent insulinotropic polypeptide

Another gut hormone affecting bone homeostasis is GIP. GIP
is a 42-amino acid gastrointestinal peptide secreted by the K
cells in the proximal small bowel. Elevated levels of GIP have
been found in obese subjects [19].

In vitro, exogenous GIP showed an anti-apoptotic effect on
mouse and human osteoblasts [20]. Bollag et al. reported an
increase in intracellular cAMP and calcium and stimulation of
alkaline phosphatase activity and collagen type 1 synthesis in
osteoblast-like cell lines treated with GIP, reflecting an in-
crease in bone formation [21]. Furthermore, GIP was found
to have an inhibitory effect on osteoclast-resorptive activity
[22]. Daily administration of GIP in ovariectomized Sprague–
Dawley rats reduced the rate of estrogen-deficiency-induced
bone loss [23]. In addition, mice lacking GIP receptors had
decreased osteoblastic bone formation and increased osteo-
clastic bone resorption [20, 24]. These data suggest that GIP, a
gut-released peptide, plays a direct role in the modulation of
bone formation. One clinical study evaluated GIP levels in
young women with anorexia nervosa and found no correlation
between GIP and BMD in those women [25].

Bypassing the duodenum and part of the jejunum in the
RYGB surgery is expected to result in a decrease in GIP
secretion. Studies investigating changes in GIP post-RYGB
surgery reported a decrease for the most part, a change that
would be expected to negatively affect bone, but inconsis-
tencies have been noted [26]. However, studies evaluating
changes in GIP after RYGB surgery in correlation with
changes in bone mass are lacking.

Ghrelin

Ghrelin is a 28-amino acid orexigenic gut peptide secreted by
X/A like cells of the gastric mucosa. Its levels are increased
pre-prandially and suppressed after meals [27]. Lehto-
Axtelius et al. initially proposed that loss of oxyntic mucosa
is mainly responsible for gastrectomy-induced osteopenia
[28]. Ghrelin stimulates the release of growth hormone (GH)
via binding to growth hormone secretagogue receptor (GHS-
R). Since GH is well known to enhance bone formation,

Fig. 2 Gut hormones and impact on bone. Changes in gut hormones
post-RYGB (blue arrows) and impact on bone (red signs). GIP glucose-
dependent insulinotropic polypeptide secreted by K cells in proximal
small bowel, GLP-1 glucagon-like peptide-1 secreted by L-cells of the
distal ileum and the colon, PYY peptide YY secreted by L cells of the
distal ileum and colon. Ghrelin secreted by X-A like cells of the stomach,
serotonin secreted by entero-chromaffin cells in the duodenum, amylin
and insulin secreted by pancreatic β cells. RYGB: Roux-en-Y gastric
bypass. References describing above are provided in the text
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therefore ghrelin may play a role in bone metabolism via the
GH/IGF-1 axis [29]. Indeed, ghrelin’s direct action on bone
was further confirmed by Fukushima et al. who reported an
increase in BMD in GH-deficient rats treated with a 4-week
intraperitoneal ghrelin infusion [30]. In vivo, ghrelin has been
also shown to enhance osteogenesis of intramembranous bone
and stimulate new bone formation in calvarial bone defects in
rats [31]. Furthermore, many in vitro studies have demonstrat-
ed the effects of ghrelin on bone cells. Ghrelin enhanced
proliferation and differentiation of osteoblast cell lines in both
rats and humans and repressed apoptosis of osteoblastic cells
in rats [30, 32]. In humans, studies on the association of
ghrelin with BMD and bone markers have led to conflicting
results, both in adults and children. Biver et al. found no
convincing data to support an association between ghrelin
and BMD. Differences in study population, gender, body
mass index (BMI), bony sites assessed, and ghrelin sampling
assay could partially explain the discrepancies between the
studies. In addition, an age-dependent effect of ghrelin on

bone has been more recently evoked that could also explain
the inconsistencies [33].

Since RYGB surgery consists of reducing the stomach to a
small gastric pouch, ghrelin produced by the gastric fundus, is
expected to be reduced after surgery. This has been confirmed
by Cummings et al. who demonstrated a profound suppres-
sion of ghrelin after RYGB [34], findings confirmed by sev-
eral other studies. Conversely, increased or unchanged ghrelin
levels following RYGB were also observed [35]. This incon-
sistency in the obtained results have been explained by differ-
ent surgical techniques including variable pouch configuration
[36], and possible iatrogenic vagal nerve dysfunction as
has been demonstrated in the study by le Roux et al.
[37]. Heterogeneity in the populations studied, differ-
ences in postoperative improvements [38], as well as
variability in plasma ghrelin assays could also explain this
inconsistency. If RYGB results in decrease in ghrelin level, a
negative effect on bone metabolism would be anticipated,
based on animal studies.

Table 1 Overview of impact of adipokines, sex hormones, and neuropeptides on bone and of studies evaluating impact of such hormones on bone
mineral changes post-Roux-en-Y surgery

Hormones Effect on bone Change in hormone
after RYGB [ref ]

Anticipated effect of
such a change on bone

Correlation in changes in hormones
to changes in bone mass after RYGB

Sex steroids

Estradiol ↓ bone loss
↑ bone formation (role less clear)

↓, ↔ [155] ↓ in bone mass No studies

Testosterone ↑ bone formation
↓ bone loss

↑ in total testosterone
[152]

↑ in bone mass No studies

Adipokines

Leptin ↑ in bone formation
↓ in bone resorption (peripheral)
↓ in bone formation
↑ in bone loss (central)

↓ [18] ↓ in bone mass (loss
of peripheral action )

Reduction in leptin correlated with an
increase in NTX [79]

Adiponectin Unclear effect on bone ↑ [18] ? No correlation between adiponectin
and bone turnover markers [79]

Significant association between
serum adiponectin and reduction
in BMD [90]

Neuropeptides

Ghrelin ↑ bone formation ↓ [34]
↑ ↔ [35]

↓ in bone mass No studies

PYY Negative correlation between
PYYand BMD

Direct effect of PYYon bone?

↑ [18] ↓ in bone mass No studies

GIP ↑ in bone formation (animal studies)
No correlation between GIP and

BMD in anorectic women

↓, ↑ [26] ↓ in bone mass No studies

GLP-1 Osteogenic effect on bone
Direct and indirect effects

↑ [18] ↑ bone mass No studies

Amylin Inhibition of bone resorption
↑ in bone formation

↓ [58]
↔ [56, 57]

↓ bone mass No studies

Insulin ↑ in bone formation ↓ [18] ↓ bone mass No studies

Serotonin ↑ in bone formation (peripheral)
↓ in bone formation (central)

↓ (expected)
No studies

↑ in bone mass
(loss of peripheral action)

No studies

Abbreviations: BMD bone mineral density, GIP glucose-dependent insulinotropic polypeptide, GIPR glucose-dependent insulinotropic polypeptide
receptor, GLP-1 glucagon like peptide-1, NTX N-telopeptide of type I collagen, PYY peptide YY, RYGB Roux-en-Y gastric bypass, Ref reference
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Glucagon-like peptide-1

Glucagon-like peptide-1 (GLP-1), a 30-amino acid peptide
secreted by the L-cells of the distal ileum and the colon,
stimulates insulin secretion and ameliorates beta cell function
[39, 40]. It has been shown to affect bone metabolism as well.
Initially, Yamada published that GLP-1 lacked any direct
effect on osteoblasts and osteoclasts but resulted in increased
bone resorption via a calcitonin-dependent pathway [41].
However, more recently, Nuche-Berenguer et al. demonstrat-
ed that GLP-1 can directly influence osteoblastic cells through
a GPI/IPG-coupled receptor different than the pancreatic
cAMP-linked GLP-1 receptor [42]. Furthermore, an insulin
and PTH-independent bone osteogenic effect of GLP-1 has
been demonstrated in insulin-resistant and type 2 diabetic rat
models, after a continuous 3-day infusion [43]. In humans, a
44-week treatment of exenetide did not affect BMD and
markers of bone metabolism despite a significant weight
reduction [44].

Many investigators observed increased GLP-1 levels after
RYGB [18]. The resulting increase in GLP-1 is expected to
positively influence bone metabolism. Data correlating the
increase in GLP-1 after RYGB with changes in bone metab-
olism is lacking.

Amylin

Amylin, a 37-amino acid hormone co-secreted with insulin by
the pancreatic beta cells, circulates at higher levels in obese
people, suggesting a state of amylin resistance [45]. Amylin
has been shown to affect both bone resorption and bone
formation through its action both on osteoblasts and osteo-
clasts, as demonstrated in animal models and cell cultures.
Amylin was shown to stimulate both human [46] and rodent
[47] osteoblast proliferation and activity, to inhibit osteoclast
development in mouse bone marrow cultures, and to reduce
the activity of mature osteoclasts via increases in intracellular
cyclic AMP concentration [48, 49]. In addition, a reduction in
both basal and PTH hormone-stimulated bone resorption was
demonstrated in neonatal mouse calvariae treated with amylin
[50]. Systemic administration of amylin improved bone mass
by inhibiting resorption and stimulating formation in adult
male mice [51]. Amylin-deficient mice displayed a low bone
mass phenotype secondary to an increase in bone resorption
[52]. In human studies, Wojcik recently reported a positive
association between fasting amylin and BMD at the PA spine,
total hip, and femoral neck in 15 women with anorexia
nervosa. This association persisted for femoral neck and total
hip after controlling for percent body fat [25]. Furthermore,
amylin deficiency may contribute to the impaired bone for-
mation seen in type 1 diabetics [53]. Interestingly, amylin
analogues are currently under development as potential anti-
osteoporotic agents [54].

Few data has been reported on the changes in amylin levels
after RYGB surgery. Male Sprague–Dawley obese rats
showed significant reduction in plasma amylin levels after
RYGB surgery [55]. While short-duration studies up to
4 weeks post-RYGB reported no change in amylin levels
[56, 57], a decrease was reported by Bose el al. in a study of
eleven morbidly obese diabetic women, at 1 month that
remained unchanged at 12 months after RYGB [58]. Weight
loss post-RYGB surgery, would be expected to result in a
decrease in amylin, and to thus negatively influence bone
metabolism.

Insulin

Insulin is a 53-amino acid hormone secreted by the beta cells
of the pancreas. Both anabolic and catabolic effects of insulin
on bone have been described. The exact mechanisms under-
lying the anabolic effect remain unclear [59]. Insulin has been
shown to promote osteoblast proliferation and differentiation
via MAPK and PI3K pathway in MG-63 cells [59]. In addi-
tion, the anabolic action of insulin on bone could be mediated
indirectly through IGF-1 receptors [60]. Hyperinsulinemia
also results in an increase in free androgen levels that have
been shown to positively impact bone in women [61]. Further-
more, Thomas et al. demonstrated the presence of insulin
receptors on osteoclasts that could mediate the inhibitory effect
of insulin on bone resorption in vitro [62]. Conversely, insulin
signaling in human osteoblasts favored bone resorption by
reducing the ability of osteoblasts to produce osteoprotegerin
and resulted in an increase in undecarboxylated osteocalcin
[63]. Insulin resistance and hyperinsulinemia are associated
with an enhanced free fatty acid levels which are known to
modulate osteoclastogenesis [64]. A positive correlation be-
tween circulating insulin levels and bone density has been
shown in several clinical studies independent of BMI and fat
mass [65].

After RYGB surgery, a reduction in insulin levels have
been observed [18], and the expected consequence would
therefore be a negative effect on bone mass. However, further
studies are needed to better define the potential role of insulin
in regulation of bone metabolism in humans.

Serotonin

Over 90 % of the body’s serotonin is synthesized by the
enterochromaffin cells within the gastrointestinal tract. Circu-
lating peripheral serotonin acts as a hormone to inhibit bone
formation, while brain derived serotonin acts as a neurotrans-
mitter favoring bone mass accrual [66]. Yadav et al. have
demonstrated that the expression of the rate-limiting enzyme
in the biosynthesis of serotonin, tryptophan hydroxylase 1
(Tph1), is inhibited by LDL-receptor-related protein 5
(LRP5) [67]. Loss of function mutations in LRP5 were
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identified to play a central role in the pathophysiology of
osteoporosis in pseudoglioma syndrome [68], while gain of
function mutations result in a high bone mass phenotype [69].
Paracrine signaling through the Wnt pathway has been sug-
gested as the implicated mechanism; however, this is not
widely accepted. Reducing serotonin blood levels by a low
tryptophan diet normalized bone formation and bone mass in
Lrp5 knockout mice [67]. A study in postmenopausal women,
not on hormonal therapy, revealed a negative correlation be-
tween serum serotonin levels and bone density [70]. In addi-
tion, patients treated with SSRI displayed enhanced bone loss,
decreased bone mass, and an increased risk for fractures [71].

We were unable to identify any studies investigating alter-
ations in serotonin levels after RYGB surgery. However, by
excluding the duodenum in RYGB, serotonin levels are
expected to decrease, and thus would eliminate the negative
effect of gut-derived serotonin on bone. Indeed, of all
concerned hormones with RYGB (Fig. 2), serotonin and
GLP-1 are the only known hormones so far whose altered
secretion and levels post-RYGB would be anticipated to pos-
itively affect bone homeostasis.

Effect of RYGB on bone markers, BMD, and fractures

Among the different bariatric surgeries, malabsorptive surger-
ies including RYGB surgery have shown the most substantial
adverse effects on bone metabolism compared to purely re-
strictive surgeries [72–75].

Significant increments in serum and urinary N-telopeptide,
C-telopeptide, and serum osteocalcin have been consistently
reported in patients after RYGB surgery, and are summarized
in Table 2 [76–80]. These increments vary widely between
studies, ranging between 29 and 319 %, and have been ob-
served as early as 3 months after surgery [76] and persisted at
18 months post-surgery [78], regardless of calcium and vita-
min D supplementation.

In all retrospective studies reported herein, no significant
difference in femoral neck BMD was observed in patients up
to 10 years after RYGB surgery compared to overweight
controls [81], and to body mass index matched controls [82,
83]. However, as shown by Beck et al., patients with a greater
BMI have more robust femur geometry and thus a higher hip
BMD [84]. Similarly, cross-sectional and retrospective studies
reported similar or greater bone density at the lumbar spine,
total body, and radius in subjects post-bariatric surgery com-
pared to controls [76, 81–83, 85]. However, in view of the
cross-sectional design of the studies, the small number of
patients, and the heterogeneity of the population included,
no robust conclusions could be drawn.

Prospective studies assessing changes inBMDup to 3 years
[86] after RYGB surgery in men, and women in various
menopausal stages, are detailed in Table 2. The greatest

reduction in BMD was noted in the hip region including the
trochanter [76], femoral neck [79, 87, 88], and total hip [86,
89], with losses ranging from 9 to 11 %. While two studies
showed no significant change in lumbar spine BMD after
RYGB surgery [79, 82], the remaining three studies reported
a decline, that varied from 3 to 7 % at 9–12 months [76, 87,
88], and an additional 3 % decrement in one of the studies at
3 years [86] (Table 2). Bone density changes at the distal
radius after RYGB surgery were evaluated in two studies with
conflicting results [79, 82]. While Fleischer et al. reported no
significant BMD change at the radius 12 months after RYGB
surgery, Goode et al. reported a decrease in ultradistal radius
BMD despite a 6 months supplementation of calcium and
vitamin D. Similarly, total body BMD either showed no
change [87] or decreased [89, 90] by less than 3.2 % up to
1 year following RYGB. Therefore, prospective studies show
that bone density continues to decline after the first postoper-
ative year, even after maximal weight loss has been achieved,
as observed in one study [86]. However, the greater decline in
bone density at the hip, a weight-bearing site, may be in part
due to the decreased loading of the skeleton after weight
reduction. More importantly, the reported decrements in bone
mass by dual energy X-ray absorptiometry (DXA) should be
interpreted with caution in view of issues of reproducibility
[91], as well as possible confounding from artifacts due to loss
of fat and soft tissue. Extreme obesity and excess fat reduce
the accuracy of DXAmeasurements, resulting in an erroneous
estimation of the actual decreases in bone density following
substantial weight reduction [20]. Indeed, this was reflected
by a reduction in total bone area in addition to the decrease in
BMD and BMC after RYGB surgery which is highly sugges-
tive of technical artifact such as fat loss [90]. Measurement of
skeletal sites with less fat overlay, such as the forearm, is less
likely to be prone tomeasurement errors as compared to others
with more surrounding fat, such as the spine [91, 92]. Studies
evaluating the effects of fat simulation on BMD measure-
ments by DXA have reported under- or overestimation in
BMD values, depending on the DXA scanner model and
software used [93, 94]. Another limitation is the difficulty
faced by technicians in positioning obese subjects within the
scan area [95], and variability in positioning of the fat
panniculus affecting accuracy of BMD measurements at the
hip. Limitations of the prospective studies are their limited
number, the small number and heterogeneity of study subjects,
and the fact that all but one [82] lacked a control group.

Studies evaluating fracture as an outcome post-bypass
surgery are scarce. One retrospective uncontrolled study eval-
uated the incidence of falls and fractures after RYGB in 167
individuals via a telephone survey who underwent RYGB for
morbid obesity. Themean age of the participants was 47 years;
the majority were women who experienced a mean weight
loss of 127 lbs. Of the participants, 5 % reported postoperative
fractures involving wrists, arms, ankles, thumbs, and toes, and
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8 % reported a new diagnosis of osteoporosis or osteopenia
during a mean postoperative interval of 2.4 years. One third
reported a history of one or more falls postoperatively [96].
Another recent retrospective controlled cohort study, taking
advantage of the General Practice Research database, included
all bariatric surgery techniques and among which RYGB
accounted for 29 % of the surgeries performed. While there
was no increased risk of fracture at a mean follow-up of
2.2 years in patients after bariatric surgery compared with
controls, the authors report a trend towards an increased
fracture risk after 5 years, and in patients who had the greatest
reduction in body weight [97]. The numbers were 1.19 %
fractures/person-years in the surgical group and 0.91 %
fractures/person-years in the control group, P value was not
significant. Similarly, the adjusted relative risk for any frac-
tures in those who experienced an excess weight loss greater
than 50 % was 1.46 [0.55–3.85], P value was not significant.
In rats that underwent gastro-jejunal bypass, a reduction in
cortical as well as trabecular BMD, and a deterioration in bone
quality, as assessed by X-ray microtomography, were ob-
served, thus suggesting true bone loss [26]. Such CT-based
studies that would help elucidate the relative contribution of
artifactual changes of bone density by DXA on true bone loss,
if any, are lacking in humans. In addition, evidence of fragility
through fracture occurrence is also missing.

Other factors implicated in changes in bone metabolism
after RYGB surgery

Several factors, besides changes in gut hormones, have been
implicated in bone loss after RYGB surgery including de-
creased mechanical loading, malabsorption, and changes in
adipose tissue and its hormones (Fig. 3). The impact of each

on the regulation of bone turnover before and after bariatric
surgery, and their effect on bone, are reviewed in detail.

Decreased mechanical loading

Mechanical loading of bone has recently been shown to
decrease sclerostin gene (SOST) expression in osteocytes
leading to a significant reduction in sclerostin levels [98].
Sclerostin antagonizes the Wnt/β catenin signaling pathway
implicated in osteoblast differentiation and function, and thus
negatively regulates bone formation [99]. Weight loss de-
creases mechanical loading, and would be anticipated to in-
crease SOST, and thus to cause bone loss. Such pathway could
at least partially explain the bone loss associated with the
dramatic weight reduction after bariatric surgery. Studies eval-
uating changes in sclerostin with surgically induced weight
loss are lacking. However, diet-induced weight loss of
9.6±1.2 % in obese older adults was associated with a signif-
icant increase of sclerostin levels of 6.6±1.7 % and
10.5±1.9 % at 6 and 12 months, respectively, increments that
were prevented by exercise training [100]. Sclerostin antibody
drug molecules are currently being tested in phase II and III
trials in postmenopausal osteoporosis and such drugs may
provide an attractive strategy for the prevention and treatment
of bone loss after weight reduction surgeries.

Calciotropic hormones

Changes in calciotropic hormones after RYGB surgery

Circulating serum 25 hydroxy-vitamin D, 25(OH)D, is the
most appropriate marker of vitamin D nutritional status. A
large number of studies report a low level of circulating
25(OH)D in obese individuals with a prevalence ranging from

Fig. 3 Pathways for bone loss
after RYGB surgery. Details for
the effect of each hormone
provided in Table 1 and in the
text. GIP glucose-dependent
insulinotropic polypeptide, GLP-
1 glucagon-like peptide-1, PTH
parathyroid hormone, RYGB
Roux-en-Y gastric bypass
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21 to 90%. This large proportion could in part also be due to a
decreased bioavailability of vitamin D as a result of its se-
questration in excess adipose tissue and from lower sun ex-
posure related to a more sedentary lifestyle and a tendency to
be overdressed [101, 102]. As opposed to other obesity-
related complications, vitamin D deficiency, and secondary
hyperparathyroidism if present preoperatively, are not
corrected, and may even be exacerbated, after bariatric sur-
gery. However, the impact of bariatric surgery on vitamin D
levels remains controversial. Vitamin D deficiency states were
not significantly altered after RYGB surgery in some studies
[80, 103, 104] while others demonstrate a fall in 25(OH)D
levels that progressed over time [86, 105]. At 3 years after
RYGB surgery, mean 25(OH)D levels in 59 morbidly obese
women decreased from a baseline of 55.3 to 37.9 nmol/l
despite calcium and vitamin D supplementation [86].Though
the skin remains the predominant source of vitamin D ac-
counting for more than 80 % of circulating vitamin D, dietary
intake may also play a role [106]. A few studies reported an
increase in postoperative vitamin D levels after 6 months in
subjects supplemented with calcium and vitamin D [78, 82].
After 18 months of RYGB surgery, 25(OH)D levels increased
significantly from a mean of 17.7 to 25.6 ng/ml however
remained in the insufficient range, if one considered the norms
defined by the International Osteoporosis Foundation and by
the Endocrine Society [78, 107, 108]. The prevalence of
vitamin D deficiency varied from 7–51 % in different studies
depending on the vitamin D supplementation, the type of
surgery, and duration of follow-up [109]. It is noteworthy to
mention that the high prevalence of hypovitaminosis D re-
ported at baseline or post-RYGB surgery, in part reflects the
variable definitions and cut-offs used to define vitamin D
deficiency (for e.g., 25(OH)<20 ng or<30 ng/ml), type of
assay used, diet, and lifestyle of study subjects, in addition to
the geographic latitude of the countries where the studies were
conducted. Several studies have shown a positive association
of obesity with increased levels of serum PTH [101,
110–113]. Post-bariatric surgery, further increments in PTH
levels have been reported in up to 53 % of patients [105, 114,
115]. This could be explained by a postoperative depletion in
vitamin D and calcium secondary to reduced intake and
malabsorption. When the true fractional excretion of calcium
absorption (TFCA) was measured following a calcium load, a
significant decrease in TFCA of 34% was noted in 21 women
6 months after RYGB as compared to baseline [77]. Patients
may also develop magnesium depletion postoperatively with
resulting skeletal resistance to PTH effect [116]. However,
decrements in serum Mg levels after bypass surgery have not
been consistently reported across studies [82, 114, 117]. The
fact that serum magnesium level is a poor predictor of intra-
cellular and total body magnesium stores may underestimate
magnesium deficits, and thus explain those discrepancies.
Nevertheless, secondary hyperparathyroidism due to calcium

and vitamin Dmalabsorption cannot by itself explain the bone
loss observed after RYGB surgery. Weight loss per se, and the
resulting decrease in fat mass, seem to play an important role
in the pathophysiology of bone loss after bariatric surgery.

Other nutritional and micronutrients deficiencies

In addition to the above described alterations, multiple mac-
ronutrients and micronutrients deficiencies have been reported
after RYGB surgery. Protein malabsorption is the major mac-
ronutrient deficiency described that would negatively impact
bone. Indeed, a reduced dietary protein intake implies a neg-
ative effect on bone as noted by increased bone turnover
markers and a rise in PTH with a low protein diet [118].
Additional micronutrient deficiencies include deficiencies in
trace elements (chromium, copper, manganese, selenium, and
zinc); essential minerals (iodide and iron); and water-soluble
vitamins including thiamine, riboflavin, niacin, folic acid,
pyridoxine, biotin, pantothenic acid, cobalamin, and vitamin
C. In addition to vitamin D deficiency, deficiencies in other
fat-soluble vitamins (A, E, and K) are also observed. Many of
these micronutrients have been shown to support bone health
although their exact contribution remains to be elucidated
[119].

Adipokines and bone

Fat is an important organ that has been increasingly recog-
nized to harbor hormones with a substantial impact on bone
metabolism [120] (Fig. 4). One particular research group has
systematically investigated the cross-talk between fat and
bone over the last decade, and unraveled novel pathways
between mineral and fuel metabolism [121, 122]. A number
of adipokines including leptin, adiponectin, tumor necrosis
factor-α (TNF-α), and interleukin-6 (IL-6), among others,

Fig. 4 Sex steroids, adipokines, and bone. Changes in levels of sex
steroids and adipokines post-RYGB (blue arrows) and impact on bone
(red signs). RYGB: Roux-en-Y gastric bypass. Adiponectin can also be
produced by bone-forming cells. References describing above are pro-
vided in the text
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appear to be involved in bone physiology. Conversely, bone-
derived factors such as osteocalcin and osteopontin seem to
also regulate glucose homeostasis. The two most studied
adipokines to-date are leptin and adiponectin, and the impact
of bariatric surgery on this bone–adipose axis remains to be
delineated [65].

Leptin

Leptin, a 167-amino acid peptide primarily secreted by adi-
pocytes, circulates at levels proportional to fat stores and
regulates appetite and energy expenditure [123]. However,
increased levels of leptin seen in obese individuals do not
effectively suppress appetite because of an underlying resis-
tance to the hormone [124]. In addition to its role in appetite,
reproduction, and energy expenditure, leptin plays a role in
bone physiology. Leptin receptors have been identified
throughout the body including bone marrow stem cells, oste-
oblasts, and osteoclasts, and several in vitro studies have
reported an anabolic effect of leptin on osteoblasts. Leptin
was shown to promote proliferation of isolated fetal rat
calvarial osteoblasts [125] and differentiation of human oste-
oblast precursor cells. It was also shown to stimulate matrix
mineralization, and increase the production of osteoblast spe-
cific proteins such as osteocalcin, alkaline phosphatase, and of
collagen type 1 [126–128]. An inhibitory effect of leptin on
bone resorption has also been demonstrated, through inhibi-
tion of osteoclast generation from human peripheral blood
mononuclear cells and osteoclast differentiation from mouse
spleen cells [129]. This is consistent with findings of an
inhibition of osteoclastogenesis in mouse bone marrow cul-
tures [125]. This effect of leptin could be mediated by an
increase in osteoprotegerin, and/or a decrease in RANK ligand
levels [130]. Thus, findings from in vitro studies indicate that
leptin could positively influence bone density by increasing
bone formation and reducing bone resorption. However,
in vivo studies have yielded contradictory results. Steppan
et al. showed an increase in femoral length, total body bone
area, bone mineral content, and bone density in ob/ob mice
after administration of leptin intraperitonially [131]. Similarly,
Cornish et al. showed an increase in bone strength of greater
than 20 % in adult mice treated with subcutaneous leptin for
4 weeks [125]. Ovariectomized rats showed a decrease in
trabecular bone loss when treated with continuous subcutane-
ous leptin [130]. Conversely, Ducy et al. showed that intra-
cerebro-ventricular administration of leptin resulted in de-
creased bone formation and increased bone loss in ob/ob
(deficient in leptin) and wt mice [132]. Takeda et al. reported
that the central anti-osteogenic effect of leptin on bone may be
mediated by the sympathetic nervous system through β2
receptors on osteoblasts since it was effectively blocked by
propranolol [133]. In addition to its binding to hypothalamic
receptors, leptin enhances sympathetic signaling by inhibiting

serotonin release from the brainstem. Serotonin promotes
bone formation and bone mass accrual by stimulating HTR2C
receptors on neurons in the ventromedial hypothalamus [134].
Another mediator identified in leptin regulation of bone me-
tabolism is the cocaine amphetamine regulated transcript
(CART). Leptin increases CART that in turn decreases bone
resorption by inhibiting RANK-ligand expression on osteo-
blasts in contrast to the antiosteogenic central effect on bone
[135]. Therefore, leptin seems to regulate bone metabolism
differentially, negatively through central pathways via the
sympathetic nervous system and CART, and positively via a
direct local peripheral effect on bone cells. Human studies
assessing leptin’s effects on bone homeostasis have yielded
controversial results. Some studies found a positive associa-
tion between leptin and BMD including that from the large
Rancho Bernardo Study [136–138], while others found no
association between leptin and BMD [139] or bone turnover
markers [140, 141]. The discrepancies in the reported results
could be attributed to differences in the study populations,
BMI, bone sites assessed, and lack of adjustments for bone-
related factors. Furthermore, all of these were exclusively
association studies.

Leptin circulates in proportion to body fat mass [142] and
as expected, a decrease in leptin levels has been reported after
RYGB surgery [18]. A decrease in peripheral leptin levels
would be anticipated to result in a decrease in bone mass, if
one considered its peripheral effects exclusively. Indeed, the
reduction in leptin levels reported were highly correlated with
the increase in serum N-telopeptide of type I collagen (NTX)
at 6 and 12 months after RYGB surgery [78]. However, the
ultimate effect of leptin on bone post-RYGB remains to be
elucidated.

Adiponectin

Adiponectin, a 244-amino acid also produced by adipocytes
that tends to circulate at lower levels in obese individuals
[143]. Interestingly, in addition to its production by adipo-
cytes, adiponectin is also secreted at low levels by bone-
forming cells [144]. Besides its anti-inflammatory properties
and its role in regulation of insulin sensitivity and fatty acid
oxidation, adiponectin may also be involved in bone homeo-
stasis [145]. Most but not all the association studies reported
an inverse relationship between adiponectin and BMD. The
reduced levels of adiponectin associated with obesity, and the
inverse relationship between adiponectin and BMD could
partially explain the protective effects of fat on bone. In a
recent meta-analysis of 59 studies, most of which were cross-
sectional, a total of 10,451 healthy men and women of vari-
able menopausal status were sampled. Among the various
adipokines assessed, including leptin, adiponectin, resistin,
and ghrelin, adiponectin showed the highest negative associ-
ation with BMD (pooled r from −0.14 to −0.4), a relationship
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that was independent of BMI, gender, and menopausal status
[146]. However, in contrast to most clinical studies, adiponectin
was shown to decrease osteoclastogenesis and activate osteo-
blastogenesis both in vivo and in vitro [147]. Adiponectin
increased human osteoblast proliferation, enhancedmatrixmin-
eralization [148], and inhibited osteoclastogenesis in murine
macrophage cell lines [149]. Conversely, and in line with
clinical studies, adiponectin knockout mice displayed an in-
crease in bone mass [145] and osteoprogenitor cell cultures
treated with recombinant mouse adiponectin showed a decrease
in osteogenesis [150]. Therefore, the effect of adiponectin on
bone remains unclear. Post-RYGB surgery, an increase in
adiponectin levels has been described and the impact of such
an increment on bone remains to be clarified [18]. One study
reported a significant association between the rise in adiponectin
and the reduction in BMD at 12 months after RYGB [89] while
another found no correlation between adiponectin and bone
turnover markers [78] after surgery.

Gonadal steroids and bone

Gonadal steroids play a critical role in bone modeling, the
attainment of peak bone mass [151], and bone remodeling
afterwards. A reduction in estradiol and an increase in sex
hormone binding globulin (SHBG), in free and total testoster-
one, are observed both after nonsurgical and surgical weight
loss [152]. The impact of the changes in those hormones after
bariatric surgery on the skeletal integrity of bone is however
not well studied. Interestingly, besides the favorable action of
bone on glucose metabolism and energy expenditure via
osteocalcin, a similarly novel role in the regulation of repro-
ductive function, mainly testosterone synthesis, has been de-
scribed by the same group [153].

Estradiol

Estrogen is a major sex steroid for bone health, modulating
bone growth and remodeling. An enhancing effect of estrogen
on intestinal calcium reabsorption has been described in both
experimental animals and humans [151]. In addition, estrogen
reduces osteoclast formation and activity by enhancing the pro-
duction of tumor growth factor-β (TGF-β) and osteoprotegerin
(OPG), and decreasing the expression of RANK-ligand
(RANK-L). Estrogen also enhances osteoclast apoptosis, by
reducing the synthesis of cytokines such as interleukin 1 (IL-1),
IL-6, TNF-α, and macrophage colony stimulating factor
(M-CSF). The effect of estrogen on osteoblasts is less clear, with
conflicting results [153] and is summarized in Fig. 5. Adipocytes
are an important source of estrogens derived from aromatization.
Whereas one study showed significant decrements in serum
estradiol levels from112.27±9.23 to 87.64±7.92 pg/ml in 14
premenopausal women post-vertical banded gastroplasty [154].
We are unaware of any such study being conducted post-RYGB.

Conversely, a reduction in estradiol levels was demonstrated in
64 severely obese men 2 years after such surgery [155]. In view
of the established protective effect of estrogen on bone, the
anticipated lower estrogen levels post-RYGB would increase
bone remodeling.

Testosterone

Androgens also play a major role in maintaining skeletal ho-
meostasis through several mechanisms. Intestinal calcium ab-
sorption is enhanced either directly or indirectly through a
vitamin-D-mediated effect as demonstrated in prepubertal boys
[156] and sexuallymaturingmale rats [157]. A positive effect of
androgens on calcium reabsorption by the kidney has also been
suggested by some studies [158]. Furthermore, androgens stim-
ulate osteoblast proliferation and differentiation and regulate
various autocrine and paracrine cytokines involved in bone
homeostasis, such as transforming growth factor-β, insulin-
like growth factors, interleukin-6, and fibroblast growth factor.

Fig. 6 Testosterone effect on mediators of bone metabolism. IL-6 inter-
leukin 6, IGF-2 insulin growth factor-2, TGF-β tumor growth factor-β,
FGF fibroblast growth factor, OPG osteoprotegerin. References describ-
ing above are detailed in text

Fig. 5 Estrogen effect onmediators of bonemetabolism. IL-1 interleukin
1, IL-6 interleukin 6, TNF-α tumor necrosis factor-α, M-CSF macro-
phage colony stimulating factor, TGF-β tumor growth factor-β, OPG
osteoprotegerin, RANK-L receptor activator of nuclear factor kappa-B
ligand. References describing above are detailed in text
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Furthermore, through the regulation of OPG production, andro-
gens decrease osteoclast activity and hence bone resorption
[153, 159] (Fig. 6). In addition, androgens protect against
oxidative-stress-induced bone loss and promote bone strength
by increasing muscle mass [159]. Obesity has been associated
with altered sexual male function including erectile dysfunc-
tion, abnormalities in sperm parameters, and infertility that can
be explained by obesity-associated hormonal changes [160,
161]. Obese men are described to be in a state of hypogona-
dotropic hyperestrogenic hypoandrogenemia, with decreased
total and free testosterone, gonadotropin, and SHBG levels,
and increased circulating estrogen levels [160]. Diet-induced
weight loss and surgical weight loss have been associated with
an increase in testosterone levels and an improvement in sexual
function. An increase in total testosterone up to 101 % has been
reported after RYGB compared to an increase of 37–57 % after
nonsurgical weight loss [152]. Hammoud et al. reported a
significant increase in total testosterone in 22 severely obese
subjects 2 years after gastric bypass surgery by 310.8±47.6 ng/dl
vs. 14.2±15.3 ng/dl in 42 obese controls, and an increase in free
testosterone by 45.2±5.2 pg/ml in subjects vs. 0.4±3.0 pg/ml in
controls [155]. Hence, the increase in androgen levels after
bariatric surgery would be expected to positively influence bone
metabolism. Indeed, a variation in serum-free testosterone levels
within the normal range was an independent positive predictor
of BMD and of prior osteoporosis-related fractures in older men
[162].

Conclusion

RYGB surgery has been shown to have a major impact on
bone metabolism secondary to the resulting malabsorption
and the ensuing hormonal changes (Table 1). Themechanisms
by which bariatric surgery affects bone metabolism and the
contribution of the gut and fat hormones to bone integrity are
not well elucidated. Decreased mechanical loading, by antag-
onizing Wnt-signaling pathway, and calcium and vitamin D
malabsorption with secondary hyperparathyroidism, would
contribute to bone loss. In addition, changes in fat- and gut-
derived hormones tend to favor bone loss, with the exception
of serotonin and GLP-1. Indeed, among the various described
hormones, the effects of the adipokines leptin and adiponectin
on bone are well described, while data on the impact of
serotonin, GLP-1, ghrelin, PYY, and GIP is less abundant
but emerging. Scarce are the studies investigating relation-
ships between changes in such hormones, bone remodeling,
and bone density. Furthermore, the extent to which the antic-
ipated increased bone turnover would last, and whether such
changes would result in an increased risk for fractures, re-
mains to be demonstrated. Conversely, the role of bone as an
endocrine organ that modulates energy metabolism and stim-
ulates insulin and adiponectin secretion through osteocalcin is

increasingly being recognized. Increases in osteocalcin after
RYGB could contribute to the metabolic benefits seen with
this surgery. Finally, well-designed prospective studies on
bariatric surgery patients are needed and a better understand-
ing of the role of gut and neuropeptide hormones in bone
metabolism is warranted. In the interim, in view of the current
evidence, we would recommend that patients submitted to
RYGB surgery have an evaluation with measurement of
BMD and calciotropic hormones, receive adequate replace-
ment with calcium and vitamin D, with close monitoring for
alterations in their bone metabolism. The evidence is not
sufficient to recommend specific clinical care pathways and
management guidelines to prevent bone loss.
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