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Vertical sleeve gastrectomy (VSG) is an effective therapeutic approach for obesity and type 2 diabetes but is associated
with osteoporosis. In this issue of the JCI, Li et al. report that VSG rapidly reduces bone mass, as observed in humans,
via rapid demineralization and decreased bone formation, independent of weight loss or Ca2+/vitamin D deficiency. VSG
also reduces bone marrow adipose tissue, in part via increased granulocyte–colony stimulating factor (G-CSF). The
interplay between VSG-mediated effects on systemic metabolism and bone biology remain to be investigated. These
findings suggest novel mechanisms and therapeutic targets for bariatric surgery–induced osteoporosis.
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Vertical sleeve gastrectomy (VSG) is an effective therapeutic approach for
obesity and type 2 diabetes but is associated with osteoporosis. In this issue
of the JCI, Li et al. report that VSG rapidly reduces bone mass, as observed
in humans, via rapid demineralization and decreased bone formation,
independent of weight loss or Ca2+/vitamin D deficiency. VSG also reduces
bone marrow adipose tissue, in part via increased granulocyte–colony
stimulating factor (G-CSF). The interplay between VSG-mediated effects
on systemic metabolism and bone biology remain to be investigated. These
findings suggest novel mechanisms and therapeutic targets for bariatric
surgery–induced osteoporosis.

Impact of bariatric surgery on
bone health

Obesity and type 2 diabetes (T2D) are
important public health threats worldwide.
Bariatric surgeries, such as vertical sleeve
gastrectomy (VSG) and Roux-en-Y gastric
bypass (RYGB), are powerful interventions
that can lead to marked and sustained
weight loss, improved control of T2D, and
reduced cardiovascular mortality. Understanding the mechanisms responsible for
these impressive outcomes as well as the
side effects that limit their success is a critical scientific and medical need.
Previous studies in humans and mice
have highlighted that both VSG and RYGB
are associated with rapid bone loss and
increased risk of osteoporosis and fracture
over time. Bone loss was initially attributed to vitamin D deficiency and reduced
absorption of calcium, especially after
RYGB (1). Subsequent studies demonstrated increased markers of bone turnover, increased marrow adiposity, and
other potent effects on bone metabolism
after both VSG and RYGB, even when vitamin D levels are sufficient (2, 3). However, the mechanisms responsible for these

Ca2+/vitamin D–independent effects of
VSG and RYGB on bone health and the
differences between the two procedures
are not well understood in humans. In this
issue, Li and colleagues investigate the
impact of VSG on bone health, bone marrow adipose tissue (BMAT), and potential
contributors to surgery-induced osteoporosis in a rodent model (4) (Figure 1). In
mice fed a high-fat diet (HFD) to induce
obesity, VSG caused both trabecular and
cortical bone loss as early as two weeks
after surgery. While the effects of VSG
on body weight were greater in mice fed
a HFD, bone loss was independent of sex,
body weight, and diet. VSG was associated with impaired mineralization of osteoid and reduced bone formation, despite
normal serum levels of calcium, vitamin
D, and parathyroid hormone.VSG also
had a major impact on the marrow niche,
with reductions in BMAT. Interestingly,
effects were distinct in subpopulations of
marrow adipocytes, with near-complete
loss of regulated BMAT and lesser effects
on the so-called constitutive BMAT at
only one week after surgery, even before
bone loss. This is particularly interesting
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because these subpopulations are regulated independently of peripheral adipose
tissue and have distinct developmental
and transcriptional lineages (5). Hematopoietic lineages were also modified early
after VSG, with increased myeloid cells
and reduced erythroid cells.

Mechanisms underlying the
effects of bariatric surgery on
bone loss

Which mechanisms mediate these diverse
effects of bariatric surgery on bone and the
marrow niche? Li and colleagues hypothesized that granulocyte–colony stimulating factor (G-CSF) might contribute to the
robust increase in myeloid-lineage cells
in the marrow and bone loss after VSG.
Indeed, G-CSF was markedly increased as
early as one week after VSG surgery in mice,
with more modest increases observed in a
human cohort. The mechanisms responsible for increased G-CSF remain uncertain.
Experimental increases in G-CSF stimulated myelopoiesis, as expected, while also
reducing bone marrow adipocytes and
bone mass. Finally, the effects of VSG on
bone marrow phenotypes were reduced in
G-CSF–null mice. However, bone mass was
still reduced after VSG in G-CSF–null mice,
indicating that other factors are required for
VSG-induced bone loss.
What additional factors modulated in
response to intestinal surgery might contribute to bone loss and changes in the
marrow niche? After both VSG and RYGB,
ingested food rapidly exits the revised
stomach pouch. This accelerated delivery
of undigested food to the intestine yields
pleiotropic effects on intestinal cell populations, secretion of metabolically active
peptides, increases in bile acids, changes
in the microbiome, and altered absorption
of glucose and other nutrients — all potential mediators of the so-called gut-brainliver axis regulating appetite and systemic
metabolism (6). Li et al. demonstrate that
weight loss, changes in calcium metabolism (at least those discernible from
plasma measurements), and the intestinally derived hormones GLP1/2 are not
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Figure 1. VSG induces bone loss by reducing
mineralization and bone formation. VSG-
induced bone loss (left). In parallel, G-CSF
decreases bone marrow adipose tissue and
activates myeloid proliferation (right). The contribution of altered gastrointestinal physiology
and systemic metabolism to both bone loss and
increased G-CSF remain to be investigated.

required for the profound bone loss occurring early after VSG. However, many additional candidates could contribute to bone
metabolic effects. These could be primary
(resulting directly from changes in intestinal anatomy) or secondary (resulting
from changes in systemic metabolism).
For example, intestinally derived hormone
peptide YY, which is induced after bariatric surgery, has been linked with increased
bone turnover in mice (7). By contrast, the
glucose-dependent insulinotropic polypeptide (8), also increased after surgery,
can inhibit markers of bone resorption
(9). The gut microbiome can also regulate
bone mass; thus, bacterial species or their
metabolic byproducts altered in response
to VSG may be an important missing link
in this paradigm (10). Changes in bile acid
levels or metabolism, downstream pathways stimulated by bile acids, and other
metabolites could contribute to functional
changes in bone and or marrow adipocyte
populations (11, 12).
Beyond the gastrointestinal tract, bariatric surgery induces secondary changes
in other metabolically active organs such
as muscle and pancreatic islets. Interestingly, a muscle-derived hormone, irisin,
is increased after both bariatric surgery
and exercise, and can modulate bone
mineralization (13, 14). Thus, irisin could
mediate a muscle-bone axis altered after
bariatric surgery. Likewise, plasma levels of G-CSF are increased after exercise,
potentially from muscle (15). Bariatric surgery and weight loss improve whole-body
insulin sensitivity, with reduced fasting
insulin levels. Because insulin is anabolic

for bone, it would be interesting to investigate the contribution of insulin and other
growth factors to bone remodeling after
bariatric surgery (16, 17).

Bone marrow adipocytes and
bariatric surgery–mediated
bone loss

A distinct role for bone marrow adipocytes
remains a possibility. VSG induces a major
loss of bone marrow adipocyte populations,
particularly from the so-called regulated
BMAT and less so from the constitutive
BMAT. BMAT is an important source of the
insulin sensitizer adiponectin. Although
bone marrow adipocyte loss was not
observed in humans undergoing bariatric
surgery (2), this could reflect less sensitive
methodologies in human studies. Paradoxically, recent studies have demonstrated
a crucial role for the expansion of marrow
adipocytes during caloric restriction (18),
potentially via BMAT-derived adiponectin.
Thus, future studies examining the impact
of bone marrow adipocytes in mediating
the systemic metabolic and bone effects
of bariatric surgery will be critical for our
understanding of bariatric surgery.

Unanswered questions

While the data of Li et al. add much to our
understanding, many questions remain.
What mechanisms and tissues are responsible for increases in G-CSF after VSG? Are
mechanisms underlying early post–bariatric
surgery bone loss conserved from rodents to
humans? Do these same mechanisms apply
to osteoporosis occurring late after bariatric
surgery in humans? What is the impact of

vitamin D deficiency, which is common in
obese individuals preoperatively and at late
postoperative periods? Could tissue-level
vitamin D deficiency or cellular resistance
contribute to impaired osteoid formation in
the early postoperative state? Since increased
myeloid and reduced erythroid populations
emerge in parallel after VSG, which of these
play a primary pathogenic role?
In summary, the study by Li et al. adds
to our understanding of the alterations in
bone structure and function following VSG.
Future studies are needed to define the
molecular mediators of bone loss and marrow niche remodeling and to assess the contribution of BMAT to metabolic response to
bariatric surgery. Further understanding of
these factors will provide crucial information to guide optimal osteoporosis prevention and treatment strategies in this population. Moreover, identification of factors
mediating metabolic improvement after
bariatric surgery may aid in the design of
bariatric mimetics for obesity and T2D.
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