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The most effective treatment for obesity is bariatric surgery. However, there is increasing concern
that bariatric surgery can cause nutrient deficiencies that translate into metabolic bone disease.
Whether this is true for all surgery types is not yet clear. We therefore investigated the effects of
2 commonly applied bariatric surgeries (Roux-en-Y gastric bypass [RYGB] and vertical sleeve gas-
trectomy) on energy and bone metabolism in rats 60 days after surgery. Both surgeries resulted in
similar reductions of body weight, body fat, and food intake. Glucose tolerance was improved to
a similar extent after both surgeries and was accompanied by increased postprandial secretion of
glucose-dependent insulinotropic peptide. Using microcomputed tomography, we found that,
relative to sham-operated rats, bone volume was significantly reduced after RYGB but not vertical
sleeve gastrectomy. RYGB rats also had markedly reduced lipid absorption from the intestine and
significantly lower serum 25-hydroxyvitamin D and calcium levels. Importantly, dietary supple-
mentation with calcium and vitamin D could not fully rescue the reduced bone volume after RYGB
surgery. Both surgeries resulted in a significant increase in stomach pH, which may have worsened
the malabsorption in RYGB rats. Our findings suggest that bone loss in RYGB rats is not exclusively
drivenbycalciumandvitaminDmalabsorptionbutalsobyadditional factors thatmaynotberescuable
by dietary supplementation. These data point toward important similarities and differences between
bariatric procedures that should be considered in clinical settings as guidance for which procedure will
be best for specific patient populations. (Endocrinology 154: 2015–2024, 2013)

Obesity and its comorbidities, such as type 2 diabetes,
hypertension, dyslipemia, and chronic kidney dis-

ease, are health problems of the first order and currently
linked to more worldwide deaths than inadequate calorie
supply (1). Lifestyle interventions such as hypocaloric di-
ets and increased exercise fail to produce sustained weight
loss. Even current pharmacological therapies produce

weight loss that is substantially less than what is achieved
with bariatric procedures (2–4). In contrast, bariatric sur-
gery results in greater weight loss that is far more durable
than other available therapies.

Roux-en-Y gastric bypass (RYGB) surgery is currently
the most commonly performed bariatric surgery type in
the United States (5). During RYGB, the size of the stom-
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ach is reduced to a small pouch, the remainder is connected
to the midjejunum, and the pancreaticobiliary flow is de-
livered to the distal jejunum. RYGB surgery has been hy-
pothesized to combine elements that restrict the amount of
food that can be consumed and reduce the intestinal sur-
face area available for nutrient absorption (6).

RYGB is associated with improvements in a wide range
of obesity-related comorbidities. This includes a 40% re-
mission rate in patients with type 2 diabetes 1 year after
surgery (7). Despite substantial weight loss and metabolic
improvements after RYGB surgery, there is growing clin-
ical evidence that it causes abnormalities in bone metab-
olism. For instance, retrospective studies reveal increased
bone resorption and reduced bone mineral density (BMD)
after RYGB (8, 9). One suggested mechanism to account
for this finding is malabsorption of vitamin D from the
manipulated intestine. Subsequent impairments in cal-
cium absorption followed by secondary hyperparathy-
roidism could then cause increased calcium mobilization
from the bones leading to decreased BMDs (10–12). How-
ever, quantification of vitamin D in plasma samples from
RYGB patients has resulted in conflicting findings of ei-
ther decreased (10), similar, or even increased (13, 14)
vitamin D levels after RYGB. Confounding factors include
a high variation in vitamin D plasma levels in obese pa-
tients, even without receiving surgery (15–17). Also, the
lack of standard approaches for micronutrient supple-
mentation and postoperative evaluation, as well as differ-
ences in eatingbehaviorafter surgery (18),make it difficult
to demonstrate a causal link between bariatric surgery and
the development of bone diseases.

A relatively novel, less invasive bariatric surgical tech-
nique is vertical sleeve gastrectomy (VSG). In VSG, 80%
of the stomach is removed along the greater curvature,
whereas the intestinal tract remains unaltered (19). Im-
portantly, RYGB and VSG result in similar changes in gut
hormone secretion in humans (20) and rodents (21) and
similar metabolic rates of type 2 diabetes remission in hu-
mans (7). Notably, 2 recent studies suggested decreased
BMD in patients after VSG (22, 23). However, a system-
atic comparison of effects of both surgery types on bone
density has not been done in experimental models.

The use of animal models of bariatric surgery would
facilitate comparison of alternative surgical techniques in
terms of both metabolic benefits and potential adverse
effects under defined experimental conditions. In this
study, we compared bone loss in cohorts of rats that un-
derwent VSG, RYGB, or sham surgery. We found a sig-
nificant decrease in bone volume after RYGB, and this did
notoccurafterVSG.Decreasedbonevolume inRYGBrats
was accompanied by significantly decreased levels of se-
rum calcium and vitamin D. Importantly, dietary supple-

mentation normalized calcium and vitamin D serum levels
but did not rescue the decreased bone volume in RYGB
compared with sham-operated rats. Overall, our data sug-
gest similar metabolic improvements after RYGB and
VSG but a significantly lower risk of bone loss in VSG-
operated rats.

Materials and Methods

Animals
Male Long-Evans rats (250–300 g, 8–10 wk of age; Harlan

Laboratories, Indianapolis, Indiana) were single housed at the
Metabolic Diseases Institute of the University of Cincinnati un-
der standard controlled conditions. All animal experiments were
performed in compliance with the University of Cincinnati In-
stitutional Animal Care and Use Committee. To cause over-
weight and metabolic impairments, rats were ad libitum fed with
high-fatdiet (HFD) (40%fat; 4.54kcal/g,D03082706;Research
Diets, New Brunswick, New Jersey) for 8 weeks. Three days
before surgery, rats were matched for body weight and fat mass
and assigned to RYGB, VSG, RYGB sham, and VSG sham sur-
gical groups.

Surgical procedures
VSG, RYGB, and respective sham surgeries were conducted

as described previously (21, 24). Briefly, for RYGB surgery, the
stomach was divided into an upper small pouch that receives
food from the esophagus, and a larger distal portion, physically
separated from the pouch that remained connected to the duo-
denum. The jejunum was then transected 30 cm beyond the sus-
pensory muscle of the duodenum (ligament of Treitz). The distal
end of the transected jejunum was then anastomosed to the new
pouch, whereas the remaining proximal intestine was anasto-
mosed to the jejunum distal to the initial transection. After sur-
gery, food absorption from the intestine begins at the anasto-
mosis of the jejunum and the pouch, whereas the remainder of
the stomach and the duodenum are bypassed. For VSG surgery,
the lateral 80% of the stomach was excised using an ETS 35-mm
staple gun, leaving a tubular gastric remnant in continuity with
the esophagus superiorly and the pyloric sphincter and duode-
num inferiorly. For the RYGB sham surgery, the jejunum was
transected and reanastomosed. For VSG sham surgery, the stom-
ach was isolated, followed by manually applying pressure with
blunt forceps at a vertical line starting at the esophagus superi-
orly and ending at the duodenum inferiorly. For all experiments,
equal numbers of rats that received either RYGB sham or VSG
sham surgery were combined to one group, as no differences in
any parameters measured were detected between the groups.

Postoperative care
All surgical groups received postoperative care consisting of

sc injections of Metacam (0.25 mg/100 g body weight once daily
for 4 d), gentamicin (0.8 mg/100 g body weight on the day of
surgery), Buprenex (0.3 mL twice a day for 5 d), and warm saline
(10 and 5 mL twice daily for d 0–3 and 4–5, respectively). During
the 5 days of postoperative care, rats had free access to Osmolite
OneCal liquid diet (Abbott, Columbus, Ohio) until they were
switched back to a solid diet.
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Dietary regimen
The first experimental group included sham (n � 9)-, VSG

(n � 8)-, and RYGB (n � 7)-operated rats, which were kept on
HFD until the end of experiment, 60 days after surgery. Addi-
tional sham (n � 10)- and RYGB (n � 10)-operated rats of the
same surgical cohort were switched to an isocaloric HFD, mod-
ified by the addition of 2200-IU vitamin D per kg, 2% calcium
(calcium phosphate and calcium carbonate), 1.25% phospho-
rus, and the replacement of 20% of carbohydrates from corn
starch, maltodextrin 10, and sucrose with lactose (D03082706;
Research Diets) and were kept on this diet until day 60 after
surgery. This “rescue diet” was previously documented to nor-
malize calcium homeostasis in vitamin D receptor mutant mice
(25).

Body composition and food intake
Body weight was recorded daily from the day of surgery for

2 weeks. From day 14 until the day of killing, rats were weighed
every fifth day. Food intake was recorded daily starting at day 5
after surgery, after switching the animals back from liquid diet to
solid HFD. Magnetic resonance imaging was performed 3 days
before surgery and 5 days before killing to determine body com-
position using a whole-body composition analyzer (EchoMedi-
cal Systems, Houston, Texas).

Mixed meal tolerance test
Rats (n � 7–10) were fasted for 6 hours, and baseline glucose

levels (0 min) were measured with a hand-held glucose analyzer
(Accu-Chek; Roche Diagnostics, Indianapolis, Indiana) in all
groups. All animals were subsequently gavaged with 2.5-mL (3.7
kcal) Ensure Plus liquid diet (21). Blood glucose was again mea-
sured at 15, 30, 60, and 120 minutes. At the 0- and 15-minute
time points, 180-�L blood was collected into tubes containing
20-�L antiproteolytic cocktail (21). Glucose-dependent insuli-
notropic peptide (GIP) was measured using an ELISA (Meso
Scale Discovery, Gaithersburg, Maryland) according to the man-
ufacturer’s instructions.

Intestinal lipid absorption
Dietary lipid absorption from the intestine was assessed as

described previously (26). Briefly, rats (n � 7–9) were tempo-
rarily placed on a HFD containing 5% sucrose polybehenate
(behenic acid). Fecal lipid content was assayed by gas chroma-
tography of fatty acid methyl esters. Fat absorption was calcu-
lated from the ratio of behenic acid to other fatty acids in the diet
and feces.

Killing and sample collection
Eight weeks after surgery, rats were fasted for 6 hours and

then killed by decapitation after CO2 anesthesia. Trunk blood
was collected for serum analysis. Femurs were carefully removed
without injuring the acetabulofemoral joint and cooled on ice for
later sample processing.

Gastrointestinal (GI) pH measurement
For direct measurement of the stomach pH, immediately after

killing, a small cut was made into the center of the intact stomach
(sham animals), the center of the sleeve (VSG), or the gastric
pouch (RYGB). An electrode was inserted, and pH measures

were taken. Similarly, pH was assessed in the upper duodenum
(sham and VSG rats) or the bypassed duodenum and the jejunum
connected to the gastric pouch (RYGB rats).

Microcomputed tomography (�CT) analysis
Rat femurs were dissected free of soft tissue, fixed in 10%

formalin, and scanned using a desktop microtomographic im-
aging system (SkyScan 1172; SkyScan, Kontich, Belgium) in ac-
cordance with the recommendations of the American Society for
Bone and Mineral Research (27). The femur was scanned at 50
keV and 200 mA using a 0.5-mm aluminum filter with an iso-
tropic voxel size of 10 �m. The resulting 2-dimensional cross-
sectional images are shown in gray scale.

Serum parameters
Handling and storage of serum samples has been performed

as previously recommended (28). IGF-I, 25-hydroxyvitamin D
(25[OH2]D), �-CrossLaps, aminoterminal propeptide of type 1
procollagen (P1NP); parathyroid hormone (rat intact PTH, Im-
munotropics, San Clemente, California); leptin (Alpco Diagnos-
tics, Salem, New Hampshire); and fibroblast growth factor
(FGF)21 (Merck Millipore, Darmstadt, Germany) were mea-
sured in serum samples with commercially available kits accord-
ing to the manufacturer’s instructions. Total serum calcium,
phosphate, high density lipoprotein cholesterol, triglycerides,
and albumin were measured using an automated system (Cobas
Integra 800; Roche Diagnostics, Mannheim, Germany), as de-
scribed previously (29).

Statistical analyses
All data are expressed as mean � SEM. Body weight, fat and

lean mass, food intake, and glucose excursions after the mixed
meal tolerance test were analyzed via 2-way ANOVA (variables:
treatment and time) with a Sidak’s multiple comparisons test.
Statistical differences between surgical groups of all other mea-
surements were analyzed using 1-way ANOVA followed by a
Tukey post hoc test. Analyses were done using GraphPad Prism
6.0 software (GraphPad, San Diego, California). P � .05 was
considered statistically significant.

Results

RYGB and VSG lead to similar body weight
reductions and metabolic improvements in rats

After 8 weeks of HFD, weight- and fat-matched groups
of dietary obese rats were subjected to either RYGB, VSG,
or sham surgery. Body weights were taken before and con-
tinuously after surgery, to compare the efficacy of both
surgeries. During the first 10 days of surgical recovery, all
surgical groups (sham, VSG, and RYGB) lost significant
body weight. During this time, RYGB- and VSG-operated
rats displayed a similar but more pronounced reduction in
body weight than the sham-operated controls. After 10
days, all groups started to regain body weight while on the
HFD until the end of the experiment, 60 days after surgery.
The weight regain up to day 60 was significantly lower for
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both RYGB and VSG rats, compared with the sham con-
trols (Figure 1A). Body weight reduction in RYGB and
VSG rats was accompanied by a significant reduction of
cumulative food intake. However, there was no difference

in food intake between RYGB and
VSG rats at any time throughout the
experiment (Figure 1B). Body weight
changes were reflected by parallel
changes in adipose tissue mass. Al-
though sham-operated rats contin-
ued to gain body fat on HFD, VSG-
and RYGB-operated rats had simi-
larly significant reductions in their
adipose tissue mass 55 days after sur-
gery (Figure 1C). Lean mass was not
affected by either surgical interven-
tion (Figure 1D). In addition, both
types of bariatric surgery improved
glucose tolerance after the ingestion
of a mixed meal, as indicated by the
lower glucose excursions 15, 30, and
60 minutes after the gavage (Figure
1, E and F). Investigation of post-
prandial plasma glucose-dependent
insulinotropic peptide (GIP) levels
before and 15 minutes after the in-
tragastric mixed meal revealed a sim-
ilar and significant increase in VSG
and RYGB rats compared with the
sham controls (Figure 1G). Further-
more, serum triglycerides (Figure
1H) were significantly decreased in
VSG and RYGB rats compared with
levels in sham controls. In summary,
these findings confirm that RYGB
and VSG result in substantial and
comparable metabolic improve-
ments in this paradigm.

RYGB but not VSG leads to
decreased bone volume

Distal femoral bone volume (ex-
pressed as bone volume over total
volume [BV/TV]) was similar in
sham- and VSG-operated rats. In
contrast, RYGB-operated rats had a
50% reduction of their bone volume
at day 60 after surgery compared
with the sham controls (Figure 2, A
and B). Cancellous bone osteopenia
was associated with a decrease in tra-
becular thickness (Figure 2C) and
trabecular number (Figure 2D), as

well as with an increase in trabecular separation (Figure
2E). To assess the effects of bariatric surgery on bone turn-
over, we next analyzed gene expression in bone marrow

Figure 1. RYGB and VSG lead to similar body weight reductions and metabolic improvements in
rats. (A) Similar reductions in bodyweight after VSG (***P � .001) and RYGB (***P � .001)
surgery compared with sham-operated controls. (B) Average cumulative food intake was higher
in sham-operated rats vs RYGB vs VSG (***P � .001) and RYGB (**P � .01). (C) (Left panel) Fat
tissue mass was significantly increased in sham-operated rats in response to 55 days of HFD
feeding (##P � .01) but decreased in RYGB (###P � .001) and VSG (###P � .001) rats.
Accordingly, at day 55, fat tissue mass was substantially lower in RYGB and VSG rats compared
with the sham controls (***P � .001). (Right panel) Similar and significant fat mass change after
RYGB (***P � .001) and VSG (***P � .001). (D) No significant changes in lean tissue mass were
observed in any treatment group. (E) Blood glucose levels before (time 0) and after an oral mixed
meal tolerance test indicate that RYGB- and VSG-operated rats had similar but significantly lower
glucose excursions compared with the sham-operated controls (*P � .05 for RYGB rats; ***P �
.001 for VSG rats). (F) Area under the curve (AUC) for plasma glucose across the 2-hour glucose
tolerance test showed a significant decrease in RYGB-operated (*P � .05) and VSG-operated
(***P � .001) rats vs sham controls. (G) Fifteen-minute glucose-dependent insulinotropic peptide
(GIP) excursions after the mixed meal tolerance test: RYGB and VSG produced similar increases in
postprandial GIP release that were much greater than changes in sham-operated rats (**P �
.01). (F) Significantly improved levels of serum triglyceride after VSG and RYGB surgery (**P �
.01).
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and biochemical bone markers in serum from animals in
each surgery group. Gene expression analyses only re-
vealed trends towards a higher bone resorption and lower
bone formation in RYGB rats (Supplemental Figure 1,
published on The Endocrine Society’s Journals Online
web site at http://endo.endojournals.org). However, the
analysis of serum markers showed significantly increased
serum levels of the bone resorption marker �-CrossLaps in
RYGB but not VSG rats, whereas the bone formation
marker P1NP was not significantly different in animals

from each group (Table 1). IGF-I, an-
other important regulator of bone
metabolism, was slightly but signif-
icantly decreased in VSG rats com-
pared with the sham controls. How-
ever, IGF-I levels were much lower in
RYGB rats and significantly differ-
ent from levels in both sham and
VSG rats (Table 1). Similarly, RYGB
but not sham or VSG rats had signif-
icantly decreased serum albumin. In
contrast, FGF21, a key mediator of
the response to fasting and impor-
tant regulator of lipolysis (30–33),
which was recently discovered to be
involved in bone mass loss (34), did
not change in response to any sur-
gery, as indicated by similar serum
concentrations (Table 1) and similar
expression levels in the liver (Supple-
mental Figure 1A). Serum leptin lev-
els were decreased by a similar extent
after RYGB and VSG. Importantly,
RYGB but not VSG rats had a small
but statistically significant decrease

inserumcalciumand25(OH2D)levels, comparedwithsham
controls and VSG rats, indicating an impairment of their
vitamin D and calcium metabolism (Table 1). In contrast, no
significant changes were detected for serum phosphate. PTH
measures were taken. However, interindividual variation
within the surgical groups was too high to make firm con-
clusions.Together, these findingssuggest thatRYGBsurgery
leads to an imbalance in calcium and vitamin D homeostasis,
which could be a result of impaired nutrient absorption from
their manipulated GI tract.

Figure 2. RYGB but not VSG surgery leads to decreased bone densities. (A) Quantitative �CT
demonstrated a significant decrease in BV/TV in RYGB rats compared with VSG rats (*P � .05)
and the sham-operated group (***P � .001). (B) Representative �CT images of the trabecular
bone structure in sham-, VSG-, and RYGB-operated groups. (C) Trabecular thickness was
decreased in RYGB rats compared with sham-operated (**P � .01) and VSG-operated (*P � .05)
rats. (D) Decreased trabecular number in RYGB-operated compared with sham-operated (**P �
.01) and VSG-operated (*P � .05) rats. (E) Increased trabecular separation in RYGB rats
compared with sham-operated (**P � .01) and VSG-operated (**P � .01) rats.

Table 1. Serum Markers of Bone Turnover

Sham VSG RYGB

�-CrossLaps (ng/mL) 26.16 � 5.51 30.97 � 3.45 54.78 � 8.28ad

P1NP (ng/mL) 1.92 � 0.23 2.38 � 0.25 1.93 � 0.15
IGF-I (ng/mL) 1283 � 55.0 1050 � 26.6a 870.7 � 66.9cd

Albumin (g/dL) 4.13 � 0.16 3.89 � 0.08 3.06 � 0.16ce

FGF21 (pg/mL) 564.7 � 96.4 274.0 � 62.0 427.1 � 114.2
Leptin (pg/mL) 908.6 � 253.8 172.6 � 40.9b 32.2 � 7.5b

Calcium (mmol/L) 2.98 � 0.03 2.97 � 0.04 2.81 � 0.08ad

Phosphate (mg/dL) 8.30 � 0.43 8.86 � 0.212 8.36 � 0.30
25(OH2)D (ng/mL) 9.31 � 0.63 11.24 � 0.820 6.52 � 0.88ae

PTH (pg/mL) 1410 � 279.1 1713 � 657.9 1183 � 151.3
Data are presented as mean � SEM. Differences between groups were calculated by 1-way ANOVA with Bonferroni’s post hoc test.
a Significantly different vs sham-operated controls (P � 0.05).
b Significantly different vs sham-operated controls (P � 0.01).
c Significantly different vs sham-operated controls (P � 0.001).
d Significantly different vs VSG-operated rats (P � 0.05).
e Significantly different vs VSG-operated rats (P � 0.01).

doi: 10.1210/en.2012-2130 endo.endojournals.org 2019



Impaired gastric acidification after RYGB and VSG
surgery

Calcium absorption from the intestine is influenced by
the stomach pH, whereby an acidic pH facilitates ion
bonding and absorption in the intestine (35). However, no
studies have addressed whether surgical manipulation of
the GI tract alters gastric intestinal pH. First, we compared
stomach pH in the remaining sleeve (for VSG rats), in the
gastric pouch (for RYGB rats), or in the center of the intact
stomach of the sham-operated group. After 6 hours of
fasting, sham rats had a pH at an expected physiological
level of 2.79 � 0.47 (36). Stomach pH was significantly
higher in RYGB (4.8 � 0.50) and VSG rats (4.7 � 0.37)
(Figure 3A). In contrast, pH in the duodenum of sham and
VSG rats, as well in the bypassed duodenum of RYGB rats,
was in the range of 6.0 and did not differ among groups
(Figure 3B). However, pH in the jejunum (which is directly
connected to the gastric pouch) of RYGB rats was signif-
icantly lower than that in the duodenum distal to the py-
lorus of all other groups and was similar to the pH in the
RYGB gastric pouch (4.03 � 0.42) (Figure 3B). Together,
these findings suggest that RYGB rats lack a physiological
pH gradient in the upper GI tract, which may impair pas-
sive calcium absorption by the intestine.

RYGB leads to nutrient malabsorption
Besides being absorbed by passive diffusion, calcium is

also taken up via active transport in the intestine, a process
that is regulated by vitamin D. In addition, vitamin D is
also absorbed from the intestine to provide the correct
balance of calcium and phosphorus to support bone min-
eralization (37). Owing to its fat-soluble nature, vitamin D
absorption mainly depends on the presence of dietary lip-

ids, and pharmacological blockage of lipid absorption sig-
nificantly impairs vitamin D absorption (38). We there-
fore compared intestinal lipid absorption in our cohort of
RYGB-, VSG- and sham-operated rats as a surrogate mea-
surement for vitamin D uptake. Although sham and VSG
rats had similar percentages of intestinal lipid absorption
(82% for sham and 84% for VSG rats), the intestinal ab-
sorption of dietary fat was significantly decreased in
RYGB rats (Figure 4A). Indeed, circulating 25(OH2)D,
the most commonly used index of vitamin D status, was
significantly reduced in the serum of RYGB rats compared
with VSG rats or sham controls (Table 1). Together, these
findings suggest that vitamin D malabsorption could con-
tribute to bone loss in RYGB rats.

Dietary supplementation increases serum levels of
calcium and 25(OH2)D but does not fully rescue
bone density loss in RYGB rats

Our data suggest that an impaired calcium and vitamin
D absorption could be involved in bone loss in RYGB rats.
If malnutrition is indeed the initiating factor for loss of
bone mass after RYGB surgery, it should be possible to
rescue the phenotype by supplementing the diet with cal-
cium and vitamin D. Although dietary supplementation
did not affect body weight, food intake, glucose tolerance,
or triglyceride levels (Supplemental Figure 2), it resulted in
an overall increase of serum 25(OH2)D levels in supple-
mented sham and RYGB rats compared with the respec-
tive nonsupplemented groups (Figure 4B). Similarly, cir-
culating calcium levels were no longer different between
the surgical groups (Figure 4C). Although dietary supple-
mentation produced a nonsignificant trend towards
higher bone volume in RYGB rats, supplementation could
not reverse the detrimental effect of RYGB on bone vol-
ume and structure (Figure 4, D–G). Similar serum levels of
�-CrossLaps (Figure 4H) in supplemented and nonsupple-
mented animals were consistent with this finding. To-
gether, these findings suggest that factors other than ma-
labsorption contribute to bone loss in RYGB rats.

Discussion

Bariatric surgical procedures have become the therapy of
choice for many severely obese individuals, including
those suffering from type 2 diabetes (5, 39). Although
RYGB and VSG surgeries are commonly applied, the
mechanisms underlying the broad spectrum of metabolic
improvements and potential adverse effects are poorly un-
derstood. In the present study, we directly compared
RYGB and VSG surgery using a rat model of HFD-in-
duced obesity. We demonstrate that both surgeries result

Figure 3. Impaired gastric acidification after RYGB and VSG surgery.
(A) Increased stomach pH in VSG- and RYGB-operated rats compared
with sham-operated controls (*P � .05). (B) pH measures in the
bypassed (bp) duodenum (duod.) of RYGB rats after 6 hours of fasting
were similar to the duodenal pH of VSG- and sham-operated rats. pH
in the jejunal segment reconnected to the gastric pouch was
significantly lower than in the duodena of all groups (***P � .001).
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in a similar decrease in body weight, fat mass, and cumu-
lative food intake, as well as improved glucose tolerance
and serum lipids. In contrast to the comparable beneficial
effects of both surgeries, our data demonstrate that RYGB
but not VSG results in a significant loss of cancellous bone
volume that could not be rescued by dietary supplemen-
tation. The increased serum levels of the bone resorption
marker �-CrossLaps, together with the unchanged levels
of the bone formation marker P1NP, suggest that RYGB-
induced bone loss is caused by an imbalance between in-
creased bone resorption and unchanged formation.

BMD and bone metabolism are influenced by age, ge-
netic, mechanical, endocrine, and nutritional factors (40).
The current rat model allows us to control for many of
these factors by using rats of the same age and genetic
background. The finding of similar metabolic improve-
ments in RYGB and VSG rats further excludes several
possible factors that may have contributed to the broad
difference in bone mass. For instance, body weight, which
provides a mechanical force on the bones, has been pos-
itively correlated with bone density (41). Similar body

weight reductions in RYGB and VSG rats, however, ex-
clude weight loss-induced changes in mechanical factors
as major contributors to RYGB-induced loss of bone mass
and point towards a critical role for endocrine or nutri-
tional factors.

Consistent with a role for endocrine factors, some of the
hormonal changes after bariatric surgery have been di-
rectly linked to different bone-controlling mechanisms.
One of the best studied examples is leptin (42–44). How-
ever, our finding that serum leptin levels declined similarly
in RYGB- and VSG-operated rats indicates that leptin
does not play a significant role in bone remodeling after
bariatric surgery. More recent findings have demonstrated
that insulin is also necessary to maintain normal bone
mass in mice (45). However, fasting and postprandial in-
sulin levels were changed to a similar extent after VSG and
RYGB surgery in rats (46). RYGB and VSG resulted in
comparable postprandial plasma levels of the GIP. Al-
though a bone-protective role for GIP has been reported
(47, 48), the increase observed here is not sufficient to
rescue the bone loss after RYGB surgery. Similarly, the

Figure 4. RYGB surgery leads to nutrient malabsorption. (A) RYGB significantly reduced intestinal lipid absorption compared with sham- and
VSG-operated rats (***P � .01). (B) Dietary supplementation with calcium, vitamin D, phosphate, and lactose resulted in increased serum levels of
25(OH2)D in RYGB- and sham-operated rats (*P � .05) and blunted the decreased serum 25(OH2)D levels in RYGB rats. (C) Serum calcium levels
tended to be increased after dietary supplementation. (D) Dietary supplementation resulted in a slight overall increase of BV/TV but did not rescue
the significant decrease (***P � .001) in RYGB- vs sham-operated rats. (E) Significantly decreased trabecular thickness in RYGB vs sham operated
rats (**P � .01) was still abundant after dietary supplementation (**P � .01). (F) Dietary supplementation resulted in a slightly increased overall
trabecular number per millimeter (#/mm) but did not rescue the significant difference between sham and RYGB surgery (**P � .01). Trabecular
separation (G) and �-CrossLaps (H) were significantly increased in RYGB- vs sham-operated rats (**P � .01), despite dietary supplementation.
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small change in liver or serum FGF21 in RYGB rats cannot
explain their bone phenotype, because previous studies
have reported that genetic and pharmacologic FGF21 gain
of function causes a significant decrease in bone mass (34).

IGF-I is another well-established bone anabolic hor-
mone (49, 50). We found that serum IGF-I levels were
decreased in RYGB rats compared with VSG- and sham-
operated rats. Synthesis of IGF-I and its action on different
target organs are largely GH dependent (51) but can be
also impaired by other factors, such as protein or carbo-
hydrate malnutrition (52, 53). Our finding that serum al-
bumin levels were significantly decreased only in RYGB
rats suggests a state of relative protein malnutrition after
RYGB that is associated with bypassing protein absorp-
tion sites in the duodenum.

Recent studies have raised concerns that some types of
bariatric surgery can cause or exacerbate micro- and ma-
cronutrient deficiencies (12, 54). One candidate to medi-
ate negative effects of bariatric surgery on bone health is
calcium homeostasis. In rats, it was estimated that any-
where from 65% to 88% of calcium absorption occurs in
the ileum, 4% to 17% in the jejunum, and 7% to 8% in the
duodenum (55, 56). When sufficient amounts of calcium
are available, it is primarily absorbed from the ileum and
jejunum by passive diffusion. Active and vitamin D-de-
pendent transport in the duodenum is of greater impor-
tance under low calcium conditions (57). Accordingly, by-
passing the duodenum in RYGB rats mainly affects active
calcium transport, which could be specifically detrimental
under conditions of low calcium. The increased stomach
pH in our RYGB rats could have resulted in lower ion-
ization of dietary calcium, leading to lower levels of ab-
sorbable calcium. Although gastric pH was increased to a
similar extent in VSG as in RYGB rats, the presence of the
active calcium transport in the duodenum could have com-
pensated for the decreased levels of absorbable calcium.
This could be reflected by the small decrease in serum
calcium levels in RYGB but not VSG rats, 60 days after
surgery. Unfortunately, PTH measurements were highly
variable, and we were unable to conclude whether low
calcium levels were also translated into a secondary
hyperparathyroidism.

In addition to calcium and protein absorption, the du-
odenum is also an important site for the absorption of
lipids. Indeed, RYGB but not VSG rats demonstrated a
decrease in intestinal lipid absorption. Efficient absorp-
tion of lipophilic vitamin D is strongly dependent on the
presence of fat in the gut lumen (58). Our finding of de-
creased lipid absorption in RYGB but not VSG rats is
consistent with their decreased serum levels of 25-OH-
vitamin D. Furthermore, clinical studies have demon-
strated that nutritional deficiencies after bariatric surgery

are often proportional to the degree of malabsorption cre-
ated by the surgical procedure (12, 54). To avoid nutri-
tional deficiencies and loss of bone mass after bariatric
surgery, patients are supplemented with multivitamin and
mineral tablets in combination with additional calcium
(12, 59). Whether these suggestions are sufficient for all
patients and for all surgery types remains to be deter-
mined. Indeed, our findings indicate that dietary supple-
mentation with an established rescue diet rich in calcium,
vitamin D, phosphate, and lactose (25) could normalize
serum vitamin D and calcium levels. However, the sup-
plemented diet did not fully prevent the bone loss in RYGB
rats 60 days after surgery. Together, these findings suggest
that bone loss in RYGB-operated rats could stem from a
combination of independent factors, including nutritional
and endocrine modulations that do not occur after VSG
surgery.

Conclusion

Taken together, our findings demonstrate that RYGB and
VSG result in similar metabolic improvements, despite in-
volving very distinct manipulations of the GI tract. This
suggests that despite the disparate surgical techniques,
there are common metabolic mechanisms that contribute
to the potent benefits of both RYGB and VSG. In contrast,
bypassing the duodenum causes major impairments in mi-
cronutrient and macronutrient balances that negatively
affect bone volume. The finding that extensive dietary sup-
plementation with calcium, vitamin D, phosphate, and
lactose cannot fully rescue the bone loss points to the con-
tribution of additional factors, such as hormones or
changes in stomach pH that could have significantly added
to the bone phenotype observed in RYGB rats. In addition
to providing important insights into the mechanisms of
bone loss after RYGB, the present findings also provide
information that may eventually result in clinical guidance
as to which patients are most appropriate for which sur-
gical procedure.
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