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Abstract

Vertical sleeve gastrectomy (VSG), the most utilized bariatric procedure in clinical practice, 

greatly reduces body weight and improves a variety of metabolic disorders. However, one of 

its long-term complications is bone loss and increased risk of fracture. Elevated circulating 

sclerostin (SOST) and granulocyte-colony stimulating factor (G-CSF) concentrations have been 

considered as potential contributors to VSG-associated bone loss. To test these possibilities, we 

administrated antibodies to SOST or G-CSF receptor and investigated alterations to bone and 

marrow niche following VSG. Neutralizing either SOST or G-CSF receptor did not alter beneficial 

effects of VSG on adiposity and hepatic steatosis, and anti-SOST treatment provided a further 

improvement to glucose tolerance. SOST antibodies partially reduced trabecular and cortical 

bone loss following VSG by increasing bone formation, whereas G-CSF receptor antibodies had 

no effects on bone mass. The expansion in myeloid cellularity and reductions in bone marrow 

adiposity seen with VSG were partially eliminated by treatment with Anti-G-CSF receptor. Taken 

together, these experiments demonstrate that antibodies to SOST or G-CSF receptor may act 
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through independent mechanisms to partially block effects of VSG on bone loss or marrow niche 

cells, respectively.
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1. Introduction

Obesity is a prevalent health concern that contributes to other detrimental conditions 

such as cardiovascular diseases and type 2 diabetes. Treatment of obese individuals 

primarily revolves around weight management through diet and exercise, but in cases of 

severe obesity, the use of various bariatric surgical approaches is gaining popularity for 

significantly reducing body weight 1 and ameliorating type 2 diabetes 2, 3. Unfortunately, 

bariatric surgeries are also associated with adverse side effects, including bone loss and 

increased fracture risk 4–6. Investigation of the mechanisms underlying bariatric surgery-

induced bone loss is essential, as these insights have potential to uncover novel therapeutic 

targets. The most commonly performed bariatric surgery is vertical sleeve gastrectomy 

(VSG), which removes a significant portion of the stomach along the greater curvature. 

Using a mouse model, our previous work found that VSG causes trabecular and cortical 

bone loss due to impaired osteoid mineralization and bone formation 7.

Osteocytes comprise 90% of the cells in bone, and are considered to be the ‘command 

and control’ for skeletal remodeling. Sclerostin (SOST) is a secretory product of osteocytes 

that travels through canalicular networks to reach bone surfaces where sclerostin inhibits 

WNT signaling to reduce osteoblastogenesis and accelerate osteoclastogenesis 8, 9. Clinical 

literature suggests that sclerostin is elevated in human patients after bariatric surgery and 

is correlated with bone loss 5, 10. Inhibition of sclerostin with specific antibodies has been 

extensively analyzed in mouse models and humans as a therapy for combating bone losses 

in response to estrogen-depletion 11, 12, age 13, hyperthyroidism 14, disuse 15, and myeloma 
16, 17. However, anti-sclerostin (Anti-SOST) monoclonal antibodies have not been evaluated 

for their potential to prevent bone loss following VSG.

In mice, VSG also has profound effects on the bone marrow niche, including loss of bone 

marrow adipose tissue (BMAT) and expansion of myeloid cellularity, leading to increased 

circulating neutrophils 7. To delineate factors mediating effects of VSG on bone and the 

marrow niche, we found that circulating granulocyte-colony stimulating factor (G-CSF) was 

increased in both mice and young female VSG patients. Elevation of circulating G-CSF 

recapitulated many effects of VSG on bone and the marrow niche, including loss of bone, 

expansion of myelopoiesis and depletion of marrow adipocytes. In mice lacking G-CSF, 

effects of VSG on BMAT depletion and myeloid expansion were reduced, but did not 

ameliorate VSG-induced bone loss, suggesting G-CSF plays an intermediary role for some 

effects of VSG on the bone marrow niche. Since G-CSF is a factor integral to development 

of these negative effects of VSG on bone and marrow niche, we investigated whether 

blocking the G-CSF receptor (GCSFR) would alleviate negative side effects.
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Our results demonstrate that antibody treatment targeting SOST or GCSFR did not interfere 

with the beneficial effects of VSG to reduce fat mass and hepatosteatosis; anti-SOST 

even contributed a further improvement of glucose homeostasis. Furthermore, Anti-SOST 

treatment substantially increased trabecular and cortical bone. However, the increase in 

endocortical bone formation only partially rescued losses of bone mass and mechanical 

strength following VSG. Blocking G-CSF receptor did not influence bone mass, but VSG-

induced myeloid expansion was largely eliminated and BMAT depletion was diminished. 

In summary, antibodies to SOST and G-CSF receptor act through distinct mechanisms to 

partially block effects of VSG on bone or the marrow niche. Further studies will be required 

to identify cellular therapeutic targets of SOST and G-CSF in osteocytes, osteoblasts, bone 

marrow adipocytes, and/or other hematopoietic cell populations.

2. Material and Methods

2.1 Animals

C57BL/6J male mice were obtained from the Jackson Laboratory at six weeks of age. Mice 

were housed on a 12-hour light/dark cycle in the Unit for Laboratory Animal Medicine at 

the University of Michigan. Mice were provided ad libitum access to high-fat diet (HFD; 

60% calories from fat, D12492; Research Diets) for eight weeks prior to surgery to induce 

obesity, and for the four weeks following surgery.

2.2 Vertical sleeve gastrectomy

Obese C57BL/6J mice were randomly assigned into VSG and Sham groups. The VSG 

surgery used an Echelon-Flex 35 Powered Stapler (Ethicon Endo-Surgery, USA) to resect 

the lateral ~60% of the stomach, leaving a tubular gastric remnant in continuity with the 

proximal esophagus and distal pylorus. Sham surgery consisted of opening the abdomen, 

isolating, and clamping the stomach briefly with forceps, and closing the incision. Mice 

were fed Diet Gel Boost during the 4 days following surgery and were subsequently 

returned to HFD for the remainder of the study. Body weight was monitored at least weekly 

throughout the experiment. Body composition was assessed via NMR (Echo MRI) prior to 

and weekly after surgery. At 3 weeks post-surgery, mice were fasted for 16 hours, and a 

glucose tolerance test (GTT) was performed. Blood was taken from the tail vein at week 

two and by heart puncture at euthanasia at week four, respectively, for complete blood cell 

(CBC) analysis, and for measurement of bone turnover markers.

2.3 Antibody treatments

Subcutaneous injections of monoclonal antibodies were started one day prior to surgery and 

for the subsequent four weeks. Sham and VSG mice were administered an isotype control 

antibody (IgG; 10 mg/kg; every three days; Regeneron Pharmaceuticals, Inc.), or antibodies 

to sclerostin (Anti-SOST; 10 mg/kg; every three days; Regeneron Pharmaceuticals, Inc.) 

or G-CSFR (Anti-GCSFR; 50 mg; every two days; CSL Limited) 18. After excluding 

mice for perisurgical complications, animal numbers for each group were as follows: 

Sham+IgG, n=8; VSG+IgG, n=10; Sham+Anti-SOST, n=8; VSG+ Anti-SOST, n=10; 

Sham+Anti-GSCFR, n=7; VSG+ Anti-GSCFR, n=7.
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2.4 Intraperitoneal glucose tolerance test (ipGTT)

Glucose homeostasis was assessed as described previously 19. Briefly, mice were fasted 

overnight (~16 hours), and body weight and glucose levels were measured at baseline. 

Following an intraperitoneal injection of glucose (1g glucose/kg body weight), glucose 

concentrations in tail vein blood were measured with Bayer Contour test strips at 15, 30, 60, 

90 and 120 min time points.

2.5 Measurement of circulating factors

Circulating insulin, procollagen type 1 N-terminal propeptide (P1NP) and C-terminal 

telopeptide of type 1 collagen (CTX-1) concentrations were determined using Ultra 

Sensitive Mouse Insulin enzyme-linked immunosorbent assay (ELISA) (90080; Crystal 

Chem; Elk Grove Village, IL), Rat/mouse P1NP ELISA (AC33F1; Immunodiagnostic 

Systems Inc; Tyne & Wear; UK), and RatLaps™ (CTX-I) EIA (AC06F1; Immunodiagnostic 

Systems Inc; Tyne & Wear; UK). Concentrations in serum were measured according to 

manufacturers’ instructions.

2.6 Histology and histomorphometry

Tissue histology was performed essentially as described previously 7. Briefly, soft 

tissues were fixed in formalin and embedded in paraffin for sectioning. Tibiae were 

fixed in paraformaldehyde, decalcified in EDTA for at least two weeks, and fixed post-

decalcification with 4% paraformaldehyde. Bone tissues were then embedded in paraffin 

and sectioned. After staining with hematoxylin and eosin (H&E), soft tissues and bones 

were imaged with an Olympus BX51 microscope. Non-decalcified femurs were used for 

plastic sectioning and evaluated with Masson Trichrome Staining. For dynamic studies, 

calcein (CO857; Sigma-Aldrich; St. Louis, MO) dissolved in 0.02 g/ml sodium bicarbonate 

with 0.9% saline at 20 mg/kg was injected intraperitoneally nine and two days before 

sacrifice. Quantification of inter-label width (Ir. L. Wi), mineral apposition rate (MAR), and 

mineralizing surface (MS) on endocortical and periosteal surfaces of femur was performed 

with Bioquant Osteo 2014 software on randomized samples by a blinded investigator.

2.7 μCT analysis

Tibiae were placed in a 19-mm diameter specimen holder and were scanned over the entire 

length of the tibiae using a μCT system (μCT100 Scanco Medical). Scan settings were 

as follows: voxel size 12 μm, 70 kVp, 114 μA, 0.5 mm AL filter, and integration 500 

ms. Density measurements were calibrated to the manufacturer’s hydroxyapatite phantom. 

Analysis was performed using the manufacturer’s evaluation software with a threshold of 

180 Gy for trabecular bone and 280 Gy for cortical bone.

2.8 Bone marrow lipid quantification via osmium tetroxide staining and μCT

After analyses of bone variables, tibiae were decalcified in 14% EDTA for osmium tetroxide 

staining using our previously published method 20. A lower threshold (300 grey-scale units) 

was used for quantification of proximal tibial regulated BMAT (rBMAT), because density 

of osmium staining is low due to smaller adipocyte size and number. A threshold of 400 

grey-scale units was used for quantification of constitutive BMAT (cBMAT) in distal tibia.
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2.9 Mechanical testing: 4-point bending assay

After μCT scanning, femora were kept hydrated in saline-soaked gauze until mechanical 

testing. Femora were loaded to failure in a servohydraulic four-point testing machine 

(MTS 858 MiniBionix). The mid-diaphysis was loaded with the posterior surface oriented 

under tension. A custom MATLAB script was used to calculate stiffness, yield load, yield 

displacement, ultimate load, failure displacement, post-yield displacement, and energy to 

failure.

2.10 RNA extraction and quantitative real-time PCR (qPCR)

RNA was extracted from caudal vertebrae after powdering in liquid nitrogen and lysis 

in RNA STAT-60 reagent in a pre-cooled Dounce homogenizer. Quantitative PCR was 

performed using an Applied Biosystems QuantStudio 3 qPCR machine (Waltham, MA). 

Gene expression was calculated based on a cDNA standard curve within each plate and 

normalized to expression of the geometric mean of housekeeping genes Hprt and Rpl32A.

2.11 Statistics

Significant differences between groups were assessed using two-way (antibody and surgery) 

or three-way (antibody, surgery, and time) ANOVA in R using the aov() function with 

the consideration of interactions between variables, followed by Tukey’s HSD (honestly 

significant difference) post-hoc test for pairwise comparisons. All graphical presentations 

are mean ± SD. For statistical comparisons, a p-value of < 0.05 was considered significant.

3. Results

3.1 Anti-SOST improves glucose homeostasis, but otherwise, neither Anti-SOST nor Anti-
GCSFR influences effects of VSG on body composition or metabolism.

Six-week-old C57BL/6J male mice were fed a 60% HFD for eight weeks to induce obesity. 

One day prior to surgery, sham and VSG mice were subcutaneously administered either 

control IgG, Anti-SOST, or Anti-GCSFR antibodies. Throughout the rest of the study, IgG 

and Anti-SOST were injected every three days, whereas Anti-GCSFR was administered 

every second day (Supplemental Figure 1A). After a three-day post-surgical decline, body 

weights for sham treatments steadily increased over the subsequent 25 days (Figure 1A). 

Following VSG, body weight also declined for about three days during recovery from 

the surgical procedure (Figure 1A); however, VSG groups remained at the nadir, without 

substantial regain of body weight. Although Anti-SOST may have the greater degree of 

decline in body weight following surgery (Figure 1A), body weight changes over the 

course of the experiment and end-point body weights were not influenced by Anti-SOST 

or Anti-GCSFR treatments (Figure 1B and Supplemental Figure 1B). Reduction of body 

weight with VSG was mainly attributed to a significant loss of fat mass (Figure 1C), 

including subcutaneous WAT (sWAT), epididymal WAT (eWAT) and brown adipose tissues 

(BAT) (Supplemental Figure 1C–1E). A minor and transient reduction in lean mass was 

observed during the first two weeks (Figure 1D), without significant effects on liver weight 

(Supplemental Figure 1F). Consistent with our previous studies 7, spleen weights were 

higher in VSG groups (Supplemental Figure 1G). Of note, VSG in Anti-SOST group also 
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caused a significant splenomegaly, whereas VSG in Anti-GCSFR group had no significant 

effects on spleen weight (Supplemental Figure 1G).

As reported previously 7, VSG improves glucose tolerance. Whereas Anti-SOST also 

improved glucose homeostasis, Anti-GCSFR did not alter glucose tolerance (Figure 1E). 

Random-fed circulating insulin concentrations were decreased overall in VSG groups, and 

were significantly reduced by VSG in mice treated with Anti-SOST (Figure 1F), suggesting 

that these mice might have greater insulin sensitivity. Consistent with this notion, insulin 

concentrations were lower in Sost−/− mice fed either a NCD or HFD 21. As expected 

with a reduction of fat mass and adipose tissue weights in VSG groups, the size of white 

and brown adipocytes was reduced, as was the extent of hepatic steatosis (Figure 1G–1H; 

Supplemental Figure 1H–1I). However, adipocyte size was not influenced by Anti-SOST 

or Anti-GCSFR treatments. Overall, these data suggest that Anti-SOST improves insulin 

sensitivity, and that neither antibody treatments otherwise alters the positive effects of VSG 

on body composition or metabolism of mice on HFD.

3.2 G-CSF receptor antibody treatment partially eliminates VSG-induced leukocyte 
elevation and loss of BMAT.

In our previous studies, we observed an elevation of circulating white blood cells (WBC) 

and neutrophils after VSG 7. In this study at two- and four-weeks post-surgery, WBC and 

neutrophils were increased in IgG and Anti-SOST treated VSG mice, but induction of 

these immune cells was largely blocked by Anti-GCSFR treatment (Figure 2A and 2B; 

2D and 2E). VSG decreased circulating lymphocytes in mice at two weeks but not four 

weeks after surgery (Figure 2C, 2F). As observed previously 7, VSG mice developed anemia 

two and four weeks after surgery, with decreases in red blood cells (RBC), hemoglobin 

(HGB) and hematocrit (HCT), with a slight induction of circulating platelets four weeks 

post-surgery (Supplemental Figure 2A–2H). Elevated neutrophils and reduced RBCs in 

circulation is consistent with our previous observation that VSG causes expansion of 

myeloid cells and reduction of erythroid cells in bone marrow 7. We also confirmed our prior 

observation 7 that VSG stimulates a remarkable loss of proximal tibial rBMAT and distal 

tibial cBMAT, respectively, at post-surgery week four (Figure 2G–2J). Whereas Anti-SOST 

and Anti-GCSFR treatments did not alter rBMAT or cBMAT content in sham animals, Anti-

SOST caused further loss of cBMAT content of distal tibiae with VSG, whereas Anti-GCSF 

showed a trend (p = 0.13) towards reducing loss of cBMAT with VSG. Taken together, these 

data indicate that elevated GCSF following VSG stimulates myelopoiesis, and may play a 

role in loss of cBMAT depots.

3.3 Anti-SOST increases trabecular and cortical bone in sham mice, but only slightly 
reduces loss of bone mass and bone strength with VSG.

As expected 7, VSG caused trabecular bone loss in proximal tibiae characterized by 

decreases in trabecular bone volume fraction (Tb. BV/TV), bone mineral density and 

trabecular thickness (Tb. Th), and increased trabecular separation (Tb. Sp) (Figure 3A–

3E). Although Anti-SOST treatment dramatically elevated trabecular bone volume fraction, 

mineral density, and thickness in Sham mice, Anti-SOST mice had only slightly more 

trabecular bone mass following VSG than mice receiving IgG and VSG. Anti-GCSFR 
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treatment did not influence bone parameters in sham or VSG mice. VSG and Anti-SOST 

treatments had effects in cortical bone similar to those observed for trabecular bone. 

Whereas VSG decreased cortical bone area fraction (Ct. BA/TA) and bone mineral density 

(Ct. BMD), Anti-SOST increased these parameters, and a combination of VSG and Anti-

SOST resulted in intermediate cortical bone values, similar to IgG-sham controls (Figure 

3F–3H). Anti-GCSFR did not protect tibiae from cortical bone loss with VSG (Figure 3F–

3H). Mechanical testing of femoral cortical bone revealed that VSG caused bone fragility 

characterized by reduced ultimate load, stiffness, and fail load (Figure 3I–3K). Although 

Anti-SOST administration greatly increased femoral ultimate load, stiffness, and failure 

load, combination of VSG and Anti-SOST resulted in an intermediate femoral strength, 

similar to that of IgG-sham controls for ultimate load and stiffness, with no change from 

IgG-VSG for failure load (Figure 3I–3K).

3.4 Effects of VSG, Anti-SOST, and Anti-GCSFR on mineralization of cortical surfaces.

To further characterize mechanisms for increase of bone mass with Anti-SOST, and loss of 

bone with VSG, we measured circulating markers of bone homeostasis. Concentrations of 

P1NP, a bone formation marker, were increased with VSG, but not enough to counterbalance 

the increase in bone resorption with VSG, as indicated by elevated concentrations of 

circulating CTX-1, a bone resorption marker (Figure 4A and 4B). Anti-SOST increased 

circulating concentrations of P1NP in Sham mice, without effects on CTX-1, consistent with 

elevated trabecular and cortical bone (Figure 3). Although Anti-SOST caused an elevation of 

P1NP in VSG mice, the increase in CTX-1 and bone turnover observed with VSG resulted 

in a bone mass intermediate between IgG-VSG and IgG-Anti-SOST (Figure 4A, 4B; Figure 

3). Anti-GCSFR treatment did not influence circulating concentrations of P1NP or CTX-1 

compared to IgG treatment of sham or VSG mice (Figure 4A and 4B).

To further evaluate mechanisms for how VSG and Anti-SOST cause changes in bone, 

mid-shaft femurs were used for static and dynamic histomorphometry. Quantification of 

cortical bone area fraction (BA/TA) and width in 2D by histomorphometry (Figure 4C–4E) 

confirmed the 3D data from μCT (Figure 3F–3H) that cortical bone mass is reduced by 

VSG, Anti-SOST elevates cortical bone mass, and VSG and Anti-SOST treatment results in 

an intermediate bone mass. Anti-GCSFR did not cause changes to cortical bone compared to 

Sham or VSG mice treated with IgG (Figure 4C–4E). Dynamic histomorphometry showed 

that neither VSG nor Anti-GCSFR altered bone formation parameters relative to controls 

(Figure 4F–4L). Whereas Anti-SOST treatment strikingly increased the mineralizing surface 

of endocortical bone in IgG treated Sham mice, Anti-SOST treatment of VSG mice resulted 

in an intermediate mineralization perimeter relative to the two treatments individually 

(Figure 4G–4H). Interestingly, in Anti-SOST sham mice, nearly all the endocortical 

surface was covered by double-labelling (Ec.dl.Pm), but the endocortical inter-label width 

(Ec.Ir.L.Wi) and mineral apposition rate (MAR) were not changed (Figure 4I–4L). Whereas 

a combination of VSG and Anti-SOST treatments had much milder changes in double-

labelling surface, these treatments did increase Ec.Ir.L.Wi and MAR, indicating that Anti-

SOST treatment works through different mechanisms to increase bone formation in sham 

versus VSG mice. Although Anti-SOST treatment increased mRNA expression of bone 

formation markers, Bglap (Osteocalcin) and Alpl (Alkaline phosphatase), in both sham 
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and VSG groups, combination of VSG and Anti-SOST had slightly reduced expression 

compared to Anti-SOST alone. Anti-GCSFR did not influence mRNA expression of these 

bone formation markers (Figure 4M and 4N).

Anti-SOST increases periosteal bone formation.—We also evaluated treatment 

effects on periosteal bone formation and found that VSG alone did not 

influence mineralization parameters (Supplemental Figure 3A–3F). However, Anti-SOST 

administration increased periosteal bone formation by increasing the mineralizing surface 

(Supplemental Figure 3A and 3B). Whereas VSG Anti-SOST mice showed a slight 

diminution of double-labeled mineralization compared to Anti-SOST alone, MAR was 

similar. Interestingly, Anti-GCSFR treatment alone did not influence bone formation as 

assessed by dynamic histomorphometry; however, Anti-GCSFR interacted with VSG to 

cause a dramatic decrease in mineralizing surface, double-labelled surface, and mineral 

apposition rate (Supplemental Figure 3A–3F). Differences in effects of Anti-GCSFR 

between endocortical and periosteal surfaces suggest that expression of GSCF receptor in 

osteoblasts or neighboring cells may differ between endosteum and periosteum.

4. Discussion

VSG is an important component of clinical management of obese patients, and this surgery 

currently accounts for over 60% of the bariatric procedures performed in the United States 

(asbms.org). Although VSG causes a 51–70% reduction of excess weight, and improves 

glucose tolerance and cardiovascular disease risk 22, this therapy also has negative side-

effects such as rapid bone loss and elevated risk of fracture 5, 7, 23. Several mechanisms 

for bone loss with VSG have been explored, such as adaptation to mechanical unloading, 

nutritional malabsorption (e.g. calcium, vitamin D, and amino acids), abnormalities in 

calciotropic hormones, and altered endocrine factors including gut hormones (e.g. GLP, 

PYY and ghrelin), adipokines (e.g. adiponectin, leptin and visfatin) and the cytokine, 

G-CSF 2, 5, 7, 24. Altered bile acids and microbiota might also contribute mechanistically 

to bone loss following bariatric surgery 25. In addition, clinical studies suggest that SOST, 

primarily secreted by osteocytes, is elevated in patients after bariatric surgery and circulating 

concentrations are correlated with bone loss. SOST binds LRP 4, 5 and 6 and prevents 

their interaction with WNTs, which are important stimulators of bone formation 8, 9, 26, 27. 

Inhibition of SOST with antibodies increases bone mass in animals 28, 29, and humans with 

osteoporosis 30, 31, and is clinically available as a therapy.

Our experiments demonstrate that Anti-SOST dramatically increases bone mass in sham 

mice, but only mildly protects against loss of bone observed with VSG. Thus, it appears 

that elevated SOST is not a primary cause of bone loss following VSG, or perhaps that 

the stomach is required for effects of Anti-SOST on bone metabolism. Interestingly, Anti-

SOST treatment increased bone mineralizing surface in both endosteum and periosteum 

in sham mice without affecting bone formation rate, whereas under VSG conditions, Anti-

SOST mainly stimulated bone formation and mineralization rate in endosteum but not in 

periosteum. These observations suggest that SOST influences osteoblasts/osteocytes through 

different mechanisms in sham and VSG mice. There may also be unknown overriding 

factors or mechanisms that modify effects of Anti-SOST in the periosteum under the VSG 
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conditions, which may partially explain why Anti-SOST treatment could not fully rescue 

VSG-caused bone loss.

In addition to inhibiting bone formation, SOST has been reported to be associated with 

obesity and diabetes 10, 32, 33. Circulating SOST concentrations were negatively correlated 

with fasting insulin and HOMA–IR in both young and adult subjects 33–35, and positively 

correlated with serum glucose, HbA1c and free fatty acids in adults 35. Consistent with 

these clinical observations, Kim et al. observed that serum SOST concentrations were 

increased in HFD, ob/ob and db/db mouse models 21. Whereas AAV8-Sost overexpression 

increased fat mass, Sost−/− mice had reduced fat mass and adipocyte sizes, and improved 

glucose metabolism and insulin sensitivity when fed HFD 21. Moreover, administration 

of SOST-neutralizing antibody to mice also decreased fat mass and lowered circulating 

insulin concentrations. In our current study, we used a lower dose than Kim et al. 21 (i.e.10 

mg/kg vs 30 mg/kg). Under the conditions of our experiments, Anti-SOST did not affect 

total fat mass or white adipocyte sizes; however, Anti-SOST improved glucose tolerance 

and when combined with VSG also decreased random-fed insulin concentrations. In line 

with our findings, Carbone et al. found that baseline serum concentrations of SOST were 

negative predictors of worse glycemic recovery after VSG which was assessed by fasting 

glycemia and HbA1c 36. Mechanisms by which SOST influences insulin resistance are still 

unclear, but may involve adipose tissues. As mentioned above, SOST binds LRPs to prevent 

activation of WNT-signaling pathways. Adipocyte specific-Lrp4 knockout mice mirrored 

effects of SOST deficiency, with reductions in adipocyte hypertrophy, blood glucose, insulin 

and serum fatty acids, and improved glucose and lipid homeostasis 37.

Our prior work indicated that G-CSF is increased in circulation of mice following VSG, 

and is also transiently elevated in serum of female adolescents after surgery 7. In mice, 

raising G-CSF in circulation by ectopic expression of AAV8-GCSF recapitulates many of 

the effects of VSG on bone and the marrow niche, including reductions in bone mass and 

BMAT, and stimulation of myelopoiesis. Whereas endogenous G-CSF is required for the 

effects of VSG on induction of neutrophils and depletion of marrow adiposity, mice deficient 

for G-CSF still lost bone following VSG. In our current investigation, we found that Anti-

GCSFR largely blocks the myeloid expansion and partially reduces constitutive BMAT 

loss following VSG. This differential effect on myeloid cells and BMAT suggests two 

possibilities: 1) G-CSF receptor might be differentially expressed between myeloid cells and 

bone marrow adipocytes, or 2) BMAT loss might be secondary to myeloid cell expansion 

following VSG. Each bone marrow adipocyte interacts directly and indirectly with over 

100 hematopoietic cells 38, suggesting that these adipocytes may serve as energy reservoirs 

to support hematopoietic cell proliferation and functioning. This notion is supported by 

our recent study that demonstrated lipolysis of bone marrow adipocytes is required for 

myelopoiesis in caloric restricted mice 39.

Although Anti-GCSFR does not influence bone loss with VSG, it is interesting that it had 

different effects on endosteal and periosteal bone in sham vs VSG mice. Anti-GCSFR 

injections did not alter endocortical bone formation and mineralization, but inhibited 

periosteal mineralizing surfaces, double-labelled surfaces and bone formation rate following 

VSG. We speculate that GCSFR might be increased or sensitized in periosteal osteoblasts 
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by VSG, the mechanisms of which are still unclear. Although a bone phenotype was 

not observed in Csf3r−/− mice, a recent study showed that when SOCS3 was absent in 

Dmp1+ osteocytes, Csf3r-deficiency further promoted STAT1/3 signaling in osteocytes, 

delayed cortical bone maturation and elevated local angiogenesis, bone resorption, and bone 

formation 40.

G-CSF treatment in healthy adults has been associated with alterations of metabolite 

profiles, including lipids, amino acids, nucleotides, and their related metabolites 41, though 

the relevance of these changes to metabolic health is still unclear. Interestingly, the Csf3 
gene encoding G-CSF is induced by saturated fatty acids, and has a SNP rs8078723 that 

is associated with glucose tolerance and adipose tissue insulin resistance 42. Full-scale 

profiling of circulating metabolites or metabolism in Anti-GCSFR treated mice was not 

performed in our study, but we did not observe significant changes in glucose tolerance or 

adipose depots.

5. Conclusion

Anti-SOST or Anti-GCSFR act through distinct mechanisms to regulate the biology of bone 

and marrow niche cells, respectively. Anti-SOST partially improves loss of bone following 

VSG, whereas Anti-GCSFR diminishes the effects of VSG to expand myeloid cellularity 

and deplete BMAT.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anti-SOST improves glucose homeostasis, but otherwise, neither Anti-SOST nor Anti-
GCSFR influences effects of VSG on body composition or metabolism.
C57BL/6J male mice at six weeks of age were fed a 60% HFD for eight weeks prior to 

surgery, and for another four weeks after surgery. − indicates sham; + indicates VSG.

A. Body weights at the indicated times.

B. Total body weight changes before surgery and four weeks after surgery were calculated.

C-D. Weekly fat and lean masses determined by NMR prior to and after surgery.

E. Glucose tolerance test was performed three weeks after surgery.

F. Random-fed serum insulin concentrations were measured by ELISA at week four.

G. Epididymal white adipose tissue were fixed, paraffin-sectioned, and H&E stained. 

Photomicroscopy was at 200x magnification. Scale: 100 μm.

H-I. Adipocyte sizes were quantified by MetaMorph software.
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*, # and $ indicate p < 0.05 with three-way (A, C, D, E and H) ANOVA followed by Tukey’s 

HSD post-hoc test for pairwise comparisons. Comparisons between groups were labeled 

under each panel. * indicates p < 0.05 with two-way (B, F and I) ANOVA analyses followed 

by Tukey’s HSD multiple comparisons test. Significant effects of VSG, time, antibody 

treatments, or their interactions are shown.
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Figure 2. Anti-GCSFR partially eliminates VSG-induced leukocyte elevation and loss of cBMAT.
Obese C57BL/6J male mice underwent sham or VSG surgery and treated with antibodies 

throughout four weeks after surgery. − indicates sham; + indicates VSG.

A-F. Whole blood was collected for complete blood count (CBC) two and four weeks after 

surgery. White blood cell (WBC), neutrophils (NEU) and lymphocyte (LYM) numbers were 

determined.

G and I. Tibiae were decalcified, paraffin-sectioned, and H&E stained four weeks 

after surgery. Proximal (G) and distal tibiae (I) photomicrographs were taken at 100X 

magnification. Scale: 200 μm.
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H and J. Decalcified tibiae were stained with osmium tetroxide and scanned by μCT. 

Proximal (Pro. Tb. rBMAT) and distal tibial BMAT (Dis. Tb. cBMAT) were quantified and 

normalized to total bone volume (TV).

* indicates p < 0.05 with two-way ANOVA analyses followed by Tukey’s HSD multiple 

comparisons test. Significant effects of VSG, antibody treatments, or their interactions (VSG 

x Anti-SOST, VSG x Anti-GCSFR) are shown.
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Figure 3. Anti-SOST increases trabecular and cortical bone in sham mice, but only slightly 
reduces loss of bone mass and bone strength with VSG.
Obese C57BL/6J male mice underwent sham or VSG surgery and were treated with 

antibodies for the four weeks after surgery. Tibiae were collected for μCT scanning. − 

indicates sham; + indicates VSG.

A. Representative 3D images of trabecular bone in proximal tibiae. Scale: 500 μm.

B-D. Quantification of trabecular bone (Tb.) variables, including bone volume fraction (BV/

TV), mineral density, trabecular thickness (Th) and separation (Sp) was performed.

F. Representative 3D images of cortical bone in mid-shaft tibiae. Scale: 500 μm.
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G-H. Cortical bone (Ct.) area fraction (BA/TA) and mineral density (BMD) were measured 

by μCT.

I-K. Fresh femoral bone tissues were used for the four-point bending assay, in which 

ultimate load (UltLoad), stiffness and failure load were determined.

* indicates p < 0.05 with two-way ANOVA analyses followed by Tukey’s HSD multiple 

comparisons test. Significant effects of VSG, antibody treatments, or their interactions (VSG 

x Anti-SOST) are shown. No significant interaction between VSG and Anti-GCSFR was 

detected.
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Figure 4. Effects of VSG, Anti-SOST, and Anti-GCSFR on mineralization of cortical surfaces.
Obese C57BL/6J male mice underwent sham or VSG surgery and were treated with 

antibodies for four weeks after surgery. Serum and femurs were collected. − indicates sham; 

+ indicates VSG.

A-B. Circulating bone turnover makers for bone formation (P1NP) and bone resorption 

(CTX-1) were measured by ELISAs.

C-L. Calcein injections were performed at nine and two days prior to euthanization. Femurs 

were collected for plastic sectioning.

C-E. Cross-sections of femurs were used for Goldner’s Trichrome staining. Bone area 

fraction and cortical bone thickness were quantified by BioQuant software.

F-L. Cross-sections of femurs were scanned under a fluorescent microscope. Double-

labelled and single-labelled bone surfaces in endosteum were calculated. Ec. M. Pm: 

Endocortical mineralizing perimeter; Ec. M. Pm/Ec. Pm: Endocortical mineralizing 

perimeter/ endocortical perimeter; Ec. Ir. Wi: Endocortical interlabel width; Ec. MAR: 
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Endocortical mineralizing apposition rate; Ec. sL. Pm: Endocortical single-labelled 

perimeter; Ec. dL. Pm: Endocortical double-labelled perimeter.

M-N. The 4th-6th caudal vertebrae were collected for mRNA purification and qPCR analysis. 

Gene expression was normalized by geomean of Hprt and Rpl32a.

* indicates p < 0.05 with two-way ANOVA analyses followed by Tukey’s HSD multiple 

comparisons test. Significant effects of VSG, antibody treatments, or their interactions (VSG 

x Anti-SOST, VSG x Anti-GCSFR) are shown.
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