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Abstract

Background: Peptide YY (PYY) is an anorexigenic gut hormone that also has anti-osteogenic 

effects, inhibiting osteoblastic activity and inducing catabolic effects. It has been postulated that 

increases in PYY after Roux-en-Y gastric bypass (RYGB) contribute to declines in bone mineral 

density (BMD) and increases in bone turnover. The aim of this study is to determine the role of the 

PYY Y2-receptor in mediating bone loss post-RYGB in mice.

Methods: We compared adult male wildtype (WT) and PYY Y2 receptor-deficient (KO) 

C57BL/6 mice that received RYGB (WT: n=8; KO: n=9), with sham-operated mice (Sham; WT: 

n=9; KO: n=10) and mice that were food-restricted to match the weights of the RYGB-treated 

group (Weight-Matched, WM; WT: n=7; KO: n=5). RYGB or sham surgery was performed at 

15–16 weeks of age, and mice sacrificed 21 weeks later. We characterized bone microarchitecture 

with micro-computed tomography (μCT) at the distal femur (trabecular) and femoral midshaft 

(cortical). Differences in body weight, bone microarchitecture and biochemical bone markers 

(parathyroid hormone, PTH; C-telopeptide, CTX; and type 1 procollagen, P1NP) were compared 

using 2-factor ANOVA with Tukey’s adjustments for multiple comparisons.

Results: Body weights were similar in the WT-RYGB, WT-WM, KO-RYGB, and KO-WM: 41–

44g; these groups weighed significantly less than the Sham surgery groups: 55–57g. Trabecular 

BMD was 31–43% lower in RYGB mice than either Sham or WM in WT and KO groups. 

This deficiency in trabecular bone was accompanied by a lower trabecular number (19%−23%), 
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thickness (22%−30%) and increased trabecular spacing (25%–34%) in WT and KO groups 

(p<0.001 for all comparisons vs. RYGB). RYGB led to lower cortical thickness, cortical 

tissue mineral density, and cortical bone area fraction as compared to Sham and WM in WT 

and KO groups (p≤0.004 for all). There were no interactions between genotype and bone 

microarchitecture, with patterns of response to RYGB similar in both WT and KO groups. CTX 

and P1NP were significantly higher in RYGB mice than WM in WT and KO groups. PTH did not 

differ among groups.

Conclusions: RYGB induced greater trabecular and cortical deficits and high bone turnover 

than observed in weight-matched mice, with a similar pattern in the WT and Y2RKO mice. Thus, 

skeletal effects of RYGB are independent of weight loss, and furthermore, PYY signaling through 

Y2R is not a key mediator of bone loss post-RYGB.
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1. Introduction

Among U.S. adults, the prevalence of obesity has reached more than a third of the total 

population[1]. Bariatric surgery has proven to be the most effective treatment of obesity 

and obesity-related comorbidities such as type 2 diabetes mellitus[2]. In the US alone, there 

were approximately 252,000 bariatric procedures performed in 2018, a number expected to 

increase in the setting of up-trending obesity rates and emerging strong evidence of efficacy 

and safety for these procedures[3]. Although there are overwhelming cardiometabolic 

benefits, there is also increasing evidence that bariatric surgery leads to a rapid reduction 

in bone mineral density (BMD), an increase in bone turnover markers as well as increased 

fracture risk[4].

The two most common procedures used currently are vertical sleeve gastrectomy (VSG) 

and Roux-en-Y gastric bypass (RYGB), both of which lead to significant weight loss and 

metabolic improvements that often last for years if not decades [5]. Both preclinical and 

clinical studies have shown that calcium and vitamin D supplementation are insufficient in 

preventing bone loss post bariatric surgery [6, 7]. Rapid and drastic changes in levels of gut 

hormones such as Glucagon-like peptide-1 (GLP-1) and Peptide YY (PYY) are trademarks 

of both VSG and RYGB, but their causal role in producing weight loss and metabolic 

improvements is controversial [8, 9]. Namely, RYGB in GLP-1R and PYY/Y2R- knockout 

mice is as effective as in wildtype mice in reducing body weight and improving metabolism 

[10, 11]. Nonetheless, post-surgical alterations in gut hormones may play a role in skeletal 

effects [7, 12–14]. One of the most significant hormonal changes following RYGB is the 

elevation in PYY levels. PYY is an anorexigenic gut hormone secreted from intestinal 

L-cells in response to nutrient stimulation to promote satiety. Postprandial serum PYY is 

proportional to caloric intake thus increasing satiety.

Several lines of evidence suggest that PYY may have a direct negative impact on the 

skeleton. In human studies, a cross-sectional evaluation of healthy premenopausal women 

showed a negative association between hip BMD and PYY levels [15]. Clinical studies of 
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women with anorexia nervosa have shown an inverse association between elevated PYY 

levels and lower spinal BMD and reduced bone formation serum marker of pro-collagen 

type I N-terminal propeptide (P1NP) [16]. Conversely, obesity has been associated with 

lower PYY levels and greater BMD suggesting an inverse relationship between serum PYY 

levels and bone homeostasis especially under conditions that alter energy balance [15–18]. 

Following RYGB, fasting and postprandial PYY levels are considerably elevated compared 

to peak levels in lean and obese individuals [19, 20]. Bone loss is also significant post 

bariatric surgery [21, 22], while interestingly following gastric banding which does not alter 

PYY levels [23, 24], bone loss is less pronounced [25]. Indeed, PYY has been correlated 

with changes in bone resorption markers and bone density after gastric bypass[7, 13]. 

However, causal evidence linking post-surgical PYY elevations to changes in bone mass are 

currently lacking.

Murine models also suggest that the importance of PYY signaling to bone health. Male and 

female PYY knockout (KO) mice exhibit enhanced osteoblast activity and greater trabecular 

bone mass, and conversely mice with PYY overexpression display diminished osteoblast 

activity in [26]. Another study demonstrated adult PYY KO mice had increased bone 

mineral content with increased mineralization of both cortical and trabecular compartments 

[12]. Moreover, systemic PYY acts through various Y receptors. PYY signaling through 

Y2 receptors in the brain and periphery is thought to reduce hunger and food intake in 

rodents [27] and its role in bone homeostasis was revealed with the demonstration of 

increased bone formation in the distal femur (trabecular) of mice in germ line deletion of Y2 

receptors [28]. Furthermore, deletion of hypothalamic Y2 receptors in adult mice has been 

associated with marked elevation in cortical bone formation [29]. In a study by Seldeen et 

al, ovariectomized mice treated with a brain penetrant Y2 receptor small molecule antagonist 

showed reduced weight, increased whole-body BMD and a decrease in bone resorption 

biomarkers, C-terminal telopeptide 1 (CTX-1) [30]. Although this evidence suggests a 

negative association between PYY signaling via Y2-receptor and bone homeostasis, to 

the best of our knowledge, no study has assessed the link between PYY Y2-receptor in 

mediating bone loss post RYGB.

The aim of this study is to determine the role of the PYY Y2-receptor in mediating bone loss 

post-RYGB using a murine model.

2. Materials and methods

a. Animals

We evaluated wild-type and Y2 receptor (Y2R) deficient mice that were part of a larger 

study examining the role of Y2R signaling on body weight and body composition, food 

intake and food choice, energy expenditure, glucose tolerance and insulin sensitivity 

post RYGB surgery[10]. Constitutive Y2R-knockout mice (C57BL/6NTac-Npy2rem3978Tac; 

Y2RKO) were generated at Taconic (San Diego, CA, USA). Wild-type mice (C57BL/6) 

were obtained from heterozygous breeding pairs housed at Jackson Labs (Bar Harbor, ME, 

USA). Mice were housed in standard caging at 22 °C in a 12-h light:12-h dark cycle at 

standard temperature and humidity conditions with ad libitum access to water and food 

(except where noted). Starting at about 6 weeks of age, mice were exposed to a two-choice 
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diet consisting of a 60% high-fat (HF) diet (Kcal%: Carb, 20; Fat, 60; Prot, 20, Diet 

D12492, Research Diets, New Brunswick, NJ, USA) and 10% low-fat (LF) diet (Kcal%: 

Carb, 58; Fat, 13; Prot, 28.5, 5001, Purina LabDiet, Richmond, IN, USA) for the duration 

of the experiment. The rationale for the two-choice diet was to better mimic the human 

situation, to measure food choice, and that mice eat relatively more chow immediately after 

RYGB to maintain motility of the small gastric pouch. All animal studies were conducted 

according to protocols reviewed and approved by the Pennington Biomedical Research 

Center Institutional Animal Care and Use Committee (IACUC).

b. Surgery and specimen preparation

The cohort of mice consisted of 24 adult male wildtype (WT) and 24 adult male Y2 

receptor knock out (KO) mice. Mice of each genotype at approximately 16 weeks of age 

were stratified into 3 groups: Roux-en-Y gastric bypass surgery (RYGB) [WT: n=8, KO: 

n=9], sham surgery (Sham) [WT: n=9, KO: n=10] and weight-matched to RYGB by calorie 

restriction (WM) [WT: n=7, KO: n=5]. At 15 to 16 weeks of age, the RYGB mice underwent 

a jejuno-gastric anastomosis: the cut end of the mid jejunum was connected to a small 

gastric pouch and the other end of the cut jejunum was anastomosed to the lower jejunum, 

resulting in a 5–6 cm long Roux limb, a 9–11 cm long biliopancreatic limb, and a 20–25 

cm long common limb. Sham surgery consisted of laparotomy only, without transection of 

jejunum. Mice weight-matched to the RYGB group were initially restricted to about 50–70% 

of the calorie intake of the RYGB group. Pre-weighed amounts of food (Kcal:~93% high-fat, 

~7% chow) were given once per day during the light period. At approximately 35 to 37 

weeks of age (21 weeks after surgery), mice were food deprived for 3–5 h and euthanized 

by decapitation, after which the femur was harvested, and trunk blood was collected. Plasma 

parathyroid hormone (PTH) was assessed by ELISA (Immutopics, San Clemente, CA), and 

plasma levels of the bone resorption marker, type 1 collagen C-telopeptide (CTX) and bone 

formation marker, amino-terminal propeptide of type I procollagen (P1NP) were measured 

using mouse ELISA kits (IDS, Fountain Hills, AZ).

a. μCT analysis of bone microarchitecture

Micro-computed tomographic (μCT) imaging was performed of the femoral distal 

metaphysis and mid-diaphysis using a benchtop imaging system (μCT40, Scanco Medical, 

AG, Brüttisellen, Switzerland). Scans were acquired using 10 μm3 isotropic voxel size, 70 

kVp peak potential, 114 μA intensity, 200 msec integration time and scanning and analysis 

was performed in accordance with guidelines for assessment of bone microstructure in 

rodents [31]. Trabecular bone microarchitecture was evaluated in the endocortical region 

of the distal femoral metaphysis in a region of interest that started 200μm above the peak 

of the distal growth plate and extended proximally 1.5mm (150 slices). Cortical bone 

microarchitecture was also evaluated in the femoral diaphysis in a region that began 55% 

of the femoral length below the top of the femoral head and extended distally 500μm. 

Segmentation thresholds of 375 and 700 mg HA/ cm3 were used for the evaluations of 

trabecular and cortical bone, respectively. All analyses were carried out using the scanner 

manufacturer (Scanco Medical) evaluation software. Trabecular bone outcomes included 

trabecular bone volume fraction (Tb. BV/TV, %), trabecular bone mineral density (Tb. 

BMD, mg HA/cm3), trabecular thickness (Tb. Th, mm), trabecular number (Tb. N, mm−1), 
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trabecular separation (Tb. Sp, mm), connectivity density (Conn.D, mm−3), and structural 

model index (SMI). Cortical bone outcomes included cortical tissue mineral density (Ct. 

TMD, mg HA/ cm3), cortical thickness (Ct. Th, mm), cortical bone area (Ct.Ar, mm2), total 

bone area (Tt.Ar, mm2), cortical bone area fraction (Ct.Ar/ Tt.Ar, %), cortical porosity 

(Ct.Po, %), polar moment of inertia (pMOI, mm4), and the maximum and minimum 

moments of inertia (Imax and Imin, mm4).

b. Statistical analysis

Differences in body weight, bone microarchitecture and biochemical labs were analyzed 

with two-way analysis of variance (ANOVA). Within each genotype, we compared means 

between the 3 treatment groups (RYGB, Sham, Weight-Matched) using Tukey’s adjustments 

for multiple comparisons. Šidák adjustments were used to compare sets of means between 

the two genotypes. All data analyses were performed using GraphPad Prism software 

version 9.4.0 (San Diego, CA, USA). The threshold of statistical significance was set at 

P≤0.05 and data reported as mean ±SD.

3. Results

a. Body weight

Presurgical body weights were similar in the wildtype and Y2 receptor knockout (Y2RKO) 

mice, assigned to the RYGB, sham surgery (Sham) and weight-matched (WM) groups 

(Table 1). After surgery, wildtype (WT), RYGB and WM groups had similar body weights 

(41.0 ± 6.1 g; 42.2 ± 0.5 g, Figure 1) which were significantly lower than the WT- Sham 

group (57.0 ± 3.4 g; p values <0.0001, Figure 1). A similar pattern was seen among Y2RKO 

genotype (RYGB 43.8 ± 4.5 g; WM 43.5 ± 0.5 g; Sham 55.0 ± 5.3 g; comparisons vs. 

Sham p-values <0.0001, Figure 1). There were no differences between wildtype and Y2RKO 

genotypes in post-surgical body weights.

b. Bone microarchitecture

Within wildtype mice, RYGB group had 41% and 31% lower trabecular BMD (Tb. BMD) in 

comparison to Sham and WM groups, respectively (Figure 2a; p≤0.01). There was a similar 

pattern within Y2RKO with RYGB having a 43% and 39% lower Tb. BMD in comparison 

to Sham and WM (Figure 1a; p≤0.0001). The deficiency in trabecular bone among the 

RYGB mice was accompanied by a lower trabecular number (19%−23%) (Figure 2b), 

thickness (22%−30%) (Figure 2c) and increased trabecular separation (25%–34%) (Figure 

2d) within both the wildtype and Y2RKO mice (p≤0.001 for all). There was no difference in 

most trabecular parameters between Sham and WM, except for trabecular thickness which 

was lower in the WM group as compared to Sham in both genotypes (Figure 2c, p≤0.01). 

There were no differences between wildtype and Y2RKO genotypes for RYGB, Sham or 

WM groups in any of the trabecular parameters (Figure 2a–d).

RYGB led to lower cortical tissue mineral density, cortical thickness, and cortical bone 

area fraction as compared to Sham and WM in both wildtype and Y2RKO genotypes 

(Figure 3a–c, p≤0.01 for all). Wildtype RYGB had nearly 3-fold higher cortical porosity in 

comparison to Sham or WM (Figure 3d, p≤0.0001). Cortical porosity was less prominently 
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observed after RYGB in the Y2RKO mice (WT vs Y2RKO; Figure 3d, p≤0.01) and was 

not significantly higher than Sham or WM within the Y2RKO group (Figure 3d). There 

were no differences seen for any of the other cortical parameters between WT and Y2RKO 

genotypes.

a. Bone turnover markers and PTH

CTX and P1NP were significantly higher in RYGB mice than WM within both Wildtype 

and Y2RKO mice (Figure 4a,b; p≤0.05). Additionally, there were higher CTX levels within 

Wildtype RYGB as compared to Sham (Figure 4a; p≤0.05). P1NP was elevated in RYGB 

group as compared to Sham within both genotypes (Figure 4b; p≤0.0001). The only 

difference appreciated between Wildtype and Y2RKO groups was seen in P1NP with overall 

higher levels seen in the Y2RKO mice (Figure 4b; p≤0.0001). PTH did not differ within or 

between genotypes (Figure 4c).

4. Discussion

This study, the first to examine the role of PYY via Y2 receptor in bone homeostasis post 

RYGB, shows that loss of signaling via Y2 receptors is not protective in mediating bone 

loss in mice. Despite experiencing similar post-surgical weight loss, RYGB and WM groups 

had a dramatically different bone phenotype. Specifically, RYGB mice within each genotype 

had a significantly lower trabecular vBMD, number, and thickness with greater trabecular 

spacing, as well as lower cortical TMD, thickness and area along with greater cortical 

porosity. Furthermore, CTX and P1NP were significantly elevated in RYGB compared to 

Sham and WM groups, with a similar pattern in both genotypes. The distinctive skeletal 

pattern observed in the RYGB group implies weight-independent and surgery-specific 

skeletal effects that are not impacted by Y2 receptor deletion.

These results suggest that PYY signaling through the Y2 receptor does not play a significant 

role in mediating bone loss after RYGB. Prior clinical studies have shown that elevated PYY 

is associated with lower bone mass and higher bone turnover in many pathologic conditions, 

including after bariatric surgery[7, 12, 13, 26, 32]. These studies, however, have been limited 

by small sample sizes and observational study designs, and are unable to demonstrate 

causality. Understanding the effects of PYY on bone loss have remained limited, partly due 

to the presence of multiple Y receptors and their variable downstream effects. PYY binds 

with differing affinities to receptors of the neuropeptide Y-receptor family (Y1,Y2, Y3, Y4 

and Y5 in humans and Y6 in rodents) expressed across a number of different brain regions 

and central nervous system. While Y1, 4 and 5 receptors are generally considered to be 

post-synaptic, Y2 is primarily located pre-synaptically and functions as an autoreceptor to 

inhibit PYY release along with other neurotransmitters thus suggesting a central role for 

compound action in bone homeostasis [30, 33]. Despite its potential role as a regulator 

of bone, the Y2 receptor is not located within bone tissue; indeed, prior studies have 

demonstrated Y1 receptor to be the only Y receptor known to be expressed on osteoblasts 

[34–36]. Given increasing body of experimental evidence to suggest that bone remodeling 

is under central, hypothalamic regulation [37], Y2R mediated action is thought to affect 

bone physiology by decreasing number of progenitors and potentially altering Y1 receptor 

Zahedi et al. Page 6

Bone. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression within bone cells, leading to lower bone density [29]. Here we provide evidence 

that Y2R mediated action of PYY does not contribute to in bone deficits as evidenced by 

our finding that Y2RKO mice are not protected against bone loss post-RYGB. It remains 

unknown, however, whether PYY might still exert RYGB-associated skeletal decline via the 

bone-specific Y1, or other receptors even in the absence of Y2R’s paracrine and central 

effects.

In our present study, the only significant differences between wildtype and Y2RO genotypes 

were observed in P1NP levels and cortical porosity within the RYGB groups. P1NP was 

somewhat higher in Y2RKO-RYGB as compared to wildtype-RYGB, perhaps an indicator 

that Y2RKO has a global effect of increasing bone turnover. This finding would be 

consistent with preclinical studies demonstrating increased bone mass in PYY KO mice 

as well as clinical studies that have shown decreased P1NP levels after post-prandial 

elevations in PYY [38–40]. Similarly, the increase in cortical porosity after RYGB was 

less pronounced in the Y2RKO genotype as compared to Wildtype. This finding contrasts 

with the overall increased cortical porosity observed in PYY KO mice in another study 

[12]. Our result could imply that Y2RKO provides partial protection from RYGB-induced 

cortical porosity. Regardless, considering that the bone-sparing phenotype is not seen in any 

other cortical or trabecular parameters for the Y2RKO-RYGB mice, this partial decrease in 

cortical porosity elevation is unlikely to have a large overall impact on skeletal strength.

Other mechanisms have been postulated to account for the pathophysiology of post-bariatric 

decreased bone density and increased fracture risk. Prevailing theories suggest a multitude of 

factors including nutritional factors, secondary hyperparathyroidism, mechanical unloading, 

changes in bone marrow adiposity, body composition and gut-hormones to explain RYGB-

associated skeletal changes. Although our primary focus was to investigate the actions of the 

gut-hormone PYY via Y2 receptor, data from our study also allows for examination of the 

role of weight loss on the post-RYGB skeleton. In our study, despite achieving equivalent 

body weight in RYGB and WM groups within both genotypes, RYGB had greater bone 

loss as evidenced by deficits in micro-computed tomography (μCT) parameters as well 

as elevated bone turnover markers. These data are consistent with the skeletal findings of 

other murine models of bariatric surgery that have involved weight-matched groups, and 

suggests that mechanical unloading is not the primary driver in bone loss post-RYGB [41–

43] .This phenotype is also consistent with prior longitudinal clinical studies that found that 

substantial bone loss and deterioration in bone strength continues after weight stabilization 

[44, 45]. In addition, serum PTH showed did not differ between RYGB, Sham and WM 

groups nor between genotypes, demonstrating that secondary hyperparathyroidism due 

to calcium and/or vitamin D malabsorption did not play a significant role in mediating 

differential bone loss. Similar PTH levels as well as coupling of elevated bone resorption 

index, CTX and bone formation index, P1NP in the setting of high bone turnover state in 

RYGB groups as compared to Sham are consistent with prior murine RYGB studies [43].

Our study has several limitations. We used a germline knockout model, thus it is possible 

that the early absence Y2R-signaling induced compensatory changes that could have 

obscured normal physiology. Inducible knockout models should therefore be used in future 

experiments. We did not measure calcium and vitamin D levels, although it was reassuring 
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that PTH values were similar across all groups within and between genotypes. Although 

our study evaluated trabecular and cortical bone microarchitecture within the femoral 

metaphysis and diaphysis, respectively, it is possible that the femur may not reflect the 

skeletal phenotype at all sites. Thus, future studies might consider performing biomechanical 

testing and/or examining the microarchitecture of other skeletal sites (e.g. vertebrae) for 

a more comprehensive understanding of post-RYGB skeletal phenotypes. While our study 

provided evidence that the Y2R is not involved in RYGB-associated bone loss, PYY activity 

via the Y1 receptor was not evaluated. It will be important to gather further understanding 

of PYY action via Y1 receptor on the regulation of bone mass and strength post RYGB, 

especially given its known direct effects on osteoblast differentiation [34–36] . Future 

studies might also consider other post-bariatric hormonal changes to determine whether they 

contribute to deficits in bone microarchitecture post-RYGB. For example, in mouse models 

of sleeve gastrectomy, circulating GranulocyteColony Stimulating Factor (G-CSF) and 

intestinal Fibroblast-Growth Factor 15 (FGF15) have been found to be important mediators 

of skeletal changes [14, 46]; it remains unclear whether these pathways also contribute 

to gastric bypass associated bone loss. Overall, a more comprehensive understanding of 

the associations between skeletal homeostasis and gut hormones mediating bone active 

pathways may be illuminating.

In summary, this study provides important information about bone microarchitecture 

outcomes and the role of PYY via Y2 receptor post-RYGB, with RYGB mice in 

both Wildtype and Y2RKO genotypes demonstrating decreased trabecular and cortical 

bone density and disrupted bone microarchitectural characteristics as compared to weight-

matched mice. Our findings suggest that skeletal effects of RYGB are independent of 

PYY’s actions through the Y2 receptor, as well as being independent of weight loss and 

PTH. Further studies are required to elucidate a more comprehensive understanding of the 

mechanisms of perturbed bone homeostasis after RYGB.

Acknowledgement

We thank Taconic (San Diego, CA, USA) and Jackson Labs (Bar Harbor, ME, USA) for their assistance in 
generation and housing of knockout and heterozygous breeding pairs respectively.

Funding

Supported by National Institutes of Health grants T32 DK007028 (BZ), DK047348 (HRB), and P30AR075042 
(MLB, DJB, and MB)

Disclosures

EWY has received a research grant to the Massachusetts General Hospital from Amgen for unrelated studies. Other 
authors have nothing to disclose.

References

1. Flegal KM, et al. , Trends in Obesity Among Adults in the United States, 2005 to 2014. JAMA, 
2016. 315(21): p. 2284–91. [PubMed: 27272580] 

2. Aminian A, et al. , A nationwide safety analysis of bariatric surgery in nonseverely obese patients 
with type 2 diabetes. Surg Obes Relat Dis, 2016. 12(6): p. 1163–70. [PubMed: 27425840] 

3. Arterburn DE, et al. , Benefits and Risks of Bariatric Surgery in Adults: A Review. JAMA, 2020. 
324(9): p. 879–887. [PubMed: 32870301] 

Zahedi et al. Page 8

Bone. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Beavers KM, Greene KA, and Yu EW, MANAGEMENT OF ENDOCRINE DISEASE: Bone 
complications of bariatric surgery: updates on sleeve gastrectomy, fractures, and interventions. Eur J 
Endocrinol, 2020. 183(5): p. R119–R132. [PubMed: 32869608] 

5. Paccou J, et al. , Bariatric Surgery and Osteoporosis. Calcif Tissue Int, 2022. 110(5): p. 576–591. 
[PubMed: 33403429] 

6. Corbeels K, et al. , The curious fate of bone following bariatric surgery: bone effects of sleeve 
gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB) in mice. Int J Obes (Lond), 2020. 44(10): 
p. 2165–2176. [PubMed: 32546862] 

7. Yu EW, et al. , Effects of Gastric Bypass and Gastric Banding on Bone Remodeling in Obese 
Patients With Type 2 Diabetes. J Clin Endocrinol Metab, 2016. 101(2): p. 714–22. [PubMed: 
26600045] 

8. Yoshino M, et al. , Effects of Diet versus Gastric Bypass on Metabolic Function in Diabetes. N Engl 
J Med, 2020. 383(8): p. 721–732. [PubMed: 32813948] 

9. Albaugh VL, et al. , Regulation of body weight: Lessons learned from bariatric surgery. Mol Metab, 
2022: p. 101517. [PubMed: 35644477] 

10. Boland B, et al. , The PYY/Y2R-Deficient Mouse Responds Normally to High-Fat Diet and 
Gastric Bypass Surgery. Nutrients, 2019. 11(3).

11. Ye J, et al. , GLP-1 receptor signaling is not required for reduced body weight after RYGB 
in rodents. Am J Physiol Regul Integr Comp Physiol, 2014. 306(5): p. R352–62. [PubMed: 
24430883] 

12. Leitch VD, et al. , PYY is a negative regulator of bone mass and strength. Bone, 2019. 127: p. 
427–435. [PubMed: 31306808] 

13. Kim TY, et al. , Increases in PYY and uncoupling of bone turnover are associated with loss of bone 
mass after gastric bypass surgery. Bone, 2020. 131: p. 115115. [PubMed: 31689523] 

14. Bozadjieva-Kramer N, et al. , Intestinal-derived FGF15 protects against deleterious effects of 
vertical sleeve gastrectomy in mice. Nat Commun, 2021. 12(1): p. 4768. [PubMed: 34362888] 

15. Scheid JL, et al. , Estrogen and peptide YY are associated with bone mineral density in 
premenopausal exercising women. Bone, 2011. 49(2): p. 194–201. [PubMed: 21549231] 

16. Utz AL, et al. , Peptide YY (PYY) levels and bone mineral density (BMD) in women with anorexia 
nervosa. Bone, 2008. 43(1): p. 135–139. [PubMed: 18486583] 

17. Misra M, et al. , Elevated peptide YY levels in adolescent girls with anorexia nervosa. J Clin 
Endocrinol Metab, 2006. 91(3): p. 1027–33. [PubMed: 16278259] 

18. Russell M, et al. , Peptide YY in adolescent athletes with amenorrhea, eumenorrheic athletes and 
non-athletic controls. Bone, 2009. 45(1): p. 104–9. [PubMed: 19344792] 

19. Chan JL, et al. , Peptide YY levels are elevated after gastric bypass surgery. Obesity (Silver 
Spring), 2006. 14(2): p. 194–8. [PubMed: 16571843] 

20. Karamanakos SN, et al. , Weight loss, appetite suppression, and changes in fasting and postprandial 
ghrelin and peptide-YY levels after Roux-en-Y gastric bypass and sleeve gastrectomy: a 
prospective, double blind study. Ann Surg, 2008. 247(3): p. 401–7. [PubMed: 18376181] 

21. Viegas M, et al. , Bariatric surgery and bone metabolism: a systematic review. Arq Bras Endocrinol 
Metabol, 2010. 54(2): p. 158–63. [PubMed: 20485904] 

22. Canales BK, et al. , Gastric bypass in obese rats causes bone loss, vitamin D deficiency, metabolic 
acidosis, and elevated peptide YY. Surg Obes Relat Dis, 2014. 10(5): p. 878–84. [PubMed: 
24969093] 

23. Bose M, et al. , Superior appetite hormone profile after equivalent weight loss by gastric 
bypass compared to gastric banding. Obesity (Silver Spring), 2010. 18(6): p. 1085–91. [PubMed: 
20057364] 

24. von Mach MA, et al. , Changes in bone mineral content after surgical treatment of morbid obesity. 
Metabolism, 2004. 53(7): p. 918–21. [PubMed: 15254887] 

25. Wucher H, et al. , Effects of weight loss on bone status after bariatric surgery: association between 
adipokines and bone markers. Obes Surg, 2008. 18(1): p. 58–65. [PubMed: 18074189] 

26. Wong IP, et al. , Peptide YY regulates bone remodeling in mice: a link between gut and skeletal 
biology. PLoS One, 2012. 7(7): p. e40038. [PubMed: 22792209] 

Zahedi et al. Page 9

Bone. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Niida A, et al. , Antiobesity and emetic effects of a short-length peptide YY analog and its 
PEGylated and alkylated derivatives. Bioorg Med Chem, 2018. 26(3): p. 566–572. [PubMed: 
29279243] 

28. Lundberg P, et al. , Greater bone formation of Y2 knockout mice is associated with increased 
osteoprogenitor numbers and altered Y1 receptor expression. J Biol Chem, 2007. 282(26): p. 
19082–91. [PubMed: 17491022] 

29. Baldock PA, et al. , Hypothalamic regulation of cortical bone mass: opposing activity of Y2 
receptor and leptin pathways. J Bone Miner Res, 2006. 21(10): p. 1600–7. [PubMed: 16995815] 

30. Seldeen KL, et al. , Neuropeptide Y Y2 antagonist treated ovariectomized mice exhibit greater 
bone mineral density. Neuropeptides, 2018. 67: p. 45–55. [PubMed: 29129406] 

31. Bouxsein ML, et al. , Guidelines for assessment of bone microstructure in rodents using micro-
computed tomography. J Bone Miner Res, 2010. 25(7): p. 1468–86. [PubMed: 20533309] 

32. Jensen NW, et al. , Associations between Postprandial Gut Hormones and Markers of Bone 
Remodeling. Nutrients, 2021. 13(9).

33. Michel MC, et al. , XVI. International Union of Pharmacology recommendations for the 
nomenclature of neuropeptide Y, peptide YY, and pancreatic polypeptide receptors. Pharmacol 
Rev, 1998. 50(1): p. 143–50. [PubMed: 9549761] 

34. Igwe JC, et al. , Neuropeptide Y is expressed by osteocytes and can inhibit osteoblastic activity. J 
Cell Biochem, 2009. 108(3): p. 621–30. [PubMed: 19670271] 

35. Lee NJ, et al. , Osteoblast specific Y1 receptor deletion enhances bone mass. Bone, 2011. 48(3): p. 
461–7. [PubMed: 21040809] 

36. Lee NJ, et al. , Critical role for Y1 receptors in mesenchymal progenitor cell differentiation and 
osteoblast activity. J Bone Miner Res, 2010. 25(8): p. 1736–47. [PubMed: 20200977] 

37. Driessler F and Baldock PA, Hypothalamic regulation of bone. J Mol Endocrinol, 2010. 45(4): p. 
175–81. [PubMed: 20660619] 

38. Fuglsang-Nielsen R, et al. , Consumption of nutrients and insulin resistance suppress markers 
of bone turnover in subjects with abdominal obesity. Bone, 2020. 133: p. 115230. [PubMed: 
31954199] 

39. Bjornshave A, Holst JJ, and Hermansen K, Pre-Meal Effect of Whey Proteins on Metabolic 
Parameters in Subjects with and without Type 2 Diabetes: A Randomized, Crossover Trial. 
Nutrients, 2018. 10(2).

40. Heikura IA, et al. , A Short-Term Ketogenic Diet Impairs Markers of Bone Health in Response to 
Exercise. Front Endocrinol (Lausanne), 2019. 10: p. 880. [PubMed: 32038477] 

41. Abegg K, et al. , Roux-en-Y gastric bypass surgery reduces bone mineral density and induces 
metabolic acidosis in rats. Am J Physiol Regul Integr Comp Physiol, 2013. 305(9): p. R999–
R1009. [PubMed: 24026074] 

42. Stemmer K, et al. , Roux-en-Y gastric bypass surgery but not vertical sleeve gastrectomy decreases 
bone mass in male rats. Endocrinology, 2013. 154(6): p. 2015–24. [PubMed: 23554454] 

43. Yu EW, et al. , Cortical and trabecular deterioration in mouse models of Roux-en-Y gastric bypass. 
Bone, 2016. 85: p. 23–8. [PubMed: 26806052] 

44. Shanbhogue VV, et al. , Bone structural changes after gastric bypass surgery evaluated by HR-
pQCT: a two-year longitudinal study. Eur J Endocrinol, 2017. 176(6): p. 685–693. [PubMed: 
28289103] 

45. Lindeman KG, et al. , Bone Density and Trabecular Morphology at Least 10 Years After 
Gastric Bypass and Gastric Banding. J Bone Miner Res, 2020. 35(11): p. 2132–2142. [PubMed: 
32663365] 

46. Li Z, et al. , G-CSF partially mediates effects of sleeve gastrectomy on the bone marrow niche. J 
Clin Invest, 2019. 129(6): p. 2404–2416. [PubMed: 31063988] 

Zahedi et al. Page 10

Bone. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Roux-en-Y Gastric Bypass (RYGB) leads to a reduction of cortical and 

trabecular bone mass, and an increase in markers of bone formation (P1NP) 

and resorption (CTX) in our murine model

• Peptide YY (PYY) signaling through Y2R is not a key mediator of bone loss 

post RYGB, as evidenced by similar skeletal phenotypes in the Y2R knockout 

and wildtype mice

• Skeletal effects of RYGB are independent of weight loss

Zahedi et al. Page 11

Bone. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1- 
Post-surgical body weight (g)

Y2RKO: Y2 receptor knockout; RYGB: Roux-en-Y gastric bypass; WM: weight-matched [* 

p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001]
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Figure 2. 
Effect of RYGB, Sham or WM on micro-computed tomographic (μCT) trabecular 

parameters. (a) Trabecular vBMD, (b) Trabecular number, (c) Trabecular thickness, (d) 

Trabecular spacing. [* p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001]
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Figure 3. 
Effect of RYGB, Sham or WM on micro-computed tomographic (μCT) cortical parameters. 

(a) Cortical tissue mineral density, (b) Cortical thickness, (c) Cortical bone area fraction, (d) 

Cortical porosity. [* p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001]
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Figure 4. 
Effect of RYGB, Sham or WM on bone turnover markers in WT and Y2RKO mice. (a) 

CTX-1, (b) P1NP, (c) PTH. [* p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001]
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Table 1-

Pre-surgical body weight (g)

Wildtype Y2RKO

RYGB 45.1 ±3.9 46.0 ±2.0

Sham 45.9 ±2.5 45.9 ± 3.7

WM 43.3 ±3.0 47.6 ±3.1

Y2RKO: Y2 receptor knockout; RYGB: Roux-en-Y gastric bypass; WM: weight-matched [p>0.05 for all; no statistical significance appreciated 
within RYGB, sham surgery and weight-matched groups as well as between two genotypes, wildtype and Y2RKO]
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