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Article 
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Abstract: The impact of obesity upon bone metabolism is controversial since both negative and positive effects 

have been reported. Bone remodeling is modulated by the central nervous system through cytokines, hormones 

and neuromodulators. The present study aimed to evaluate the effects evoked by bilateral retroperitoneal white 

adipose tissue (rWAT) denervation (Dnx) upon bone mineral metabolism and remodeling in an experimental 

model of obesity in rats. Male Wistar rats were fed during 18 weeks with high-fat diet (HFD) or standard diet 

(SD) as controls, and rWAT Dnx or Sham surgery was performed at the 14th week. Biochemical and hormonal 

parameters, bone histomorphometry, rWAT and hypothalamus protein and gene expression were analyzed. 

HFD group presented decreased bone formation parameters, increased serum and bone leptin and FGF23, 

increased serum and hypothalamic neuropeptide Y (NPY) and decreased serum 1,25-dihydroxyvitamin D3 and 

PTH. After rWAT Dnx, bone markers and histomorphometry showed restoration of bone formation, serum 

and hypothalamic NPY decreased, without alteration in leptin levels. The present study showed that the de-

nervation of rWAT improved bone formation in obese rats mediated by a preferential reduction in neurohor-

monal actions of NPY, emphasizing the relevance of the adipose tissue-brain-bone axis in the control of bone 

metabolism in obesity. 

Keywords: bone histomorphometry; bone-nervous system interactions; bone-fat; neuropeptide Y 

 

1. Introduction 

Obesity predisposes to several comorbidities but its interaction effects in bone metabolism are 

complex and not yet fully elucidated. Although increased body weight had been traditionally con-

sidered as protective against osteoporosis due to mechanical loading [1–3], more recent studies have 

reported an inverse association of fat mass with bone mineral density (BMD) in both women and 

men [4–6] and with bone formation by histomorphometric analysis [7]. However, the underlying 

mechanisms behind this controversy remain unknown. 

A recent meta-analysis evidenced that both obesity and overweight are characterized by sym-

pathetic overactivation to different target organs, contributing to the development of comorbidities, 

such as hypertension and increased risk of cardiovascular disease [8]. Interestingly, some epidemio-

logical studies have disclosed that the use of beta-adrenergic blocking therapy for hypertension was 

associated with increased BMD and decreased hip fracture risk, suggesting that the central control of 

bone mass is mediated by a neuronal pathway involving the sympathetic nervous system [9,10]. 

Moreover, the treatment with propranolol, a nonselective beta-adrenergic blocker, significantly in-

creases bone formation and bone mass in mice [11]. Adipokines and hormones released by adipose 

tissue such as leptin and others have complex effects on bone metabolism as demonstrated by several 
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experimental studies [12]. Although it has been suggested that leptin may exert direct stimulatory 

effects on bone cells as opposed to indirect inhibitory brain effects [13,14], it is still a matter of con-

troversy [12]. Leptin receptor ObRb is expressed in serotonergic neurons within the brainstem that 

project to the ventromedial hypothalamus, where they control bone mass through hypothalamic-

generated sympathetic tone. Increased sympathetic drive mediates signaling in osteoblasts through 

β2-adrenergic receptors inhibiting bone formation and increasing release of the receptor activator of 

nuclear factor kappa-Β ligand (RANKL) thus increasing bone resorption [11,15]. Neuropeptide Y 

(NPY) is another neuromodulator of bone metabolism, widely distributed in the central nervous sys-

tem (CNS), but mainly expressed in the hypothalamus and released from the sympathetic nerve ter-

minal [16–18]. It acts predominantly through its receptors Y1 expressed in peripheral tissues includ-

ing osteoblasts [19], and Y2, expressed predominantly in the hypothalamus [20]. The underlying 

mechanism of NPY action in bone mass may involve the inhibition of cAMP pathway followed by 

ERK phosphorylation, resulting in osteoblast differentiation inhibition [21] which in turn is seen in 

mouse models expressing higher levels of NPY [22]. A negative effect on bone mass has been de-

scribed under conditions of NPY excess [23]. 

Given that retroperitoneal white adipose tissue (rWAT) is an important fat visceral depot which 

receives intense sympathetic and sensory innervation, and that its denervation is able to induce sys-

temic responses in other organs and tissues as previously reported [24], the present study aimed to 

determine the effects evoked by bilateral rWAT denervation (Dnx) on the adipose tissue-CNS-bone 

axis. We evaluated biochemical and hormonal parameters of bone mineral metabolism, including 

leptin and NPY, as well as bone histomorphometry in an experimental model of high-fat diet (HFD) 

induced obesity in rats before and after rWAT Dnx. 

2. Materials and Methods 

2.1. Animals 

Male Wistar rats (9 weeks-old) acclimated to a room temperature of 25 °C, on a 12-h light/dark 

cycle, were given a high-fat diet (HFD) or standard diet (SD) as controls for a period of 18 weeks and 

body weight (BW) was weekly recorded. Rats were injected intraperitoneally with 20 mg/kg oxytet-

racycline (Pfizer, Manhattan, USA), at -11, -10, -4 and -3 days, respectively, before euthanasia, for 

kinetic evaluation of bone histomorphometry. Twenty-four urine samples were collected at 18th 

week followed by euthanasia of animals by an intraperitoneal anesthetic overdose of ketamine and 

xylazine (270 and 90 mg/kg i.p. respectively). Fasting blood was collected by cardiac puncture and 

stored at -80 °C for biochemical and hormonal analyses. Both tibias, rWAT and hypothalamus were 

removed and stored for bone histomorphometry, protein and gene expressions analyses. The study 

was approved by Ethics Committee for Animal Experiments of the University (No. 3561110817) and 

was reported in agreement with ARRIVE guidelines (https://arriveguidelines.org). All experiments 

were performed in accordance with relevant guidelines and regulations. 

2.2. Diet composition 

SD diet contained 9 Kcal% of fat, 15 Kcal% of protein and 76 Kcal% of carbohydrate, providing 

3.80 Kcal/g (American Institute of Nutrition - AIN-93) [25]. HFD was modified from AIN-93 (Supple-

mentary Table S1) by adding lard to provide 60 Kcal% of fat, 15 Kcal% of protein and 25 Kcal% of 

carbohydrate, yielding 5.36 Kcal/g. Micronutrients content from both diets were equivalent.  

2.3. Surgery 

Total bilateral rWAT denervation (Dnx) or Sham surgery were performed at the 14th week of 

the protocol under ketamine and xylazine (80 and 10 mg/kg, i.p. respectively) anesthesia. The three 

visible branches of the nerves entering the rWAT were sectioned before and after crossing the fat pad 

and a portion of approximately 2 mm of each nerve was removed [26]. In Sham surgery, the three 

branches innervating the rWAT were identified but not sectioned. As postoperative analgesia, melox-

icam was administered for 3 days (1 mg/kg/day, i.m.). 
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2.4. Confirmation of rWAT Denervation by Western Blot 

The proteins were extracted from rWAT by RIPA solution and quantified using the modified 

Lowry method (Bio-Rad laboratories, California, USA). Proteins (30 μg) were separated by 10 % SDS-

PAGE electrophoresis, electro blotted to nitrocellulose membranes (GE Life Sciences, Bracknell, 

United Kingdom) and incubated with primary and secondary antibodies as described in Supplemen-

tary Table S2. Immobilon Western HRP substrate (Millipore, Massachusetts, USA) were used to vis-

ualize protein bands and Uvitec analysis software (Uvitec Limited, Cambridge, United Kingdom) for 

quantification. 

2.5. Serum biochemical markers and hormones 

Serum and urinary calcium, phosphorus and creatinine were measured by colorimetric assays 

(Labtest Diagnostics, Lagoa Santa, Brazil). The FeP and FeCa were calculated as FeP = [(urinary phos-

phorus * serum creatinine) / (serum phosphorus * urinary creatinine)] x100 and FeCa = [(urinary cal-

cium * serum creatinine) / (serum calcium * urinary creatinine)] x100. Levels of 25(OH)D3 and 

1,25(OH)2D3 were determined by a chemiluminescence immunoassay kit (LIAISON® Diasorin Inc, 

Stillwater, USA). A Milliplex rat bone panel (Millipore, Massachusetts, USA; Cat# RBN1MAG-31K) 

was used to measure serum levels of PTH, FGF23, sclerostin and DKK1 by Luminex magnetic mi-

crobead array technology. Specifics ELISA Kits were used to determine serum levels of leptin, NPY 

(Millipore, Massachusetts, USA and MyBiosource, California, USA respectively), P1NP and CTX, re-

spectively (Immunodiagnostic Systems, Maryland, USA). 

2.6. Bone histomorphometry 

The right tibia was removed and embedded in methyl methacrylate as previously described [27]. 

Bone sections of 5 μm were cut and stained with toluidine blue. The bone histomorphometric param-

eters were measured at the region of the distal metaphysis, 195 μm from the epiphyseal growth plate, 
using a semi-automatic image analyzer (Osteomeasure; Osteometrics Inc., Atlanta, USA). Static pa-

rameters included the bone volume (BV/TV, %), trabecular number (Tb.N, n/mm), trabecular thick-

ness (Tb.Th, μm), trabecular separation (Tb.Sp, μm), osteoid volume (OV/BV, %), osteoid thickness 
(O.Th, μm), osteoblastic and osteoid surface (Ob.S/BS and OS/BS, %, respectively), osteoclastic and 
eroded surface (Oc.S/BS and ES/BS, %, respectively). Kinetic parameters, obtained from unstained 10 

μm sections and evaluated under ultraviolet light microscopy, included the mineralizing surface 
(MS/BS, %), mineral apposition rate (MAR, μm/day), bone formation rate (BFR/BS, μm3/μm2/day) 
and mineralization lag time (Mlt, days). All animal data were obtained by blind measurements and 

all histomorphometric parameters were reported according to the standardized nomenclature rec-

ommended by the American Society of Bone and Mineral Research [28]. The histological analysis was 

performed in the Laboratory of Renal Osteodystrophy at the Universidade Federal de São Paulo. 

2.7. Protein expression analysis 

The bone marrow of tibia was harvested by placing the tibia with the cut end down in a centri-

fuge tube followed by centrifugation for 30 s at 5700 × g. Hypothalamus was collected as previously 

described [29]. Proteins were extracted with Trizol reagent (Thermo Scientific, Massachusetts, USA) 

and quantified using the modified Lowry method (Bio-Rad laboratories, California, USA). Bone pro-

tein samples were used to perform Milliplex rat bone panel (Millipore, Massachusetts, USA; Cat# 

RBN1MAG-31K) to determine bone protein levels of leptin, FGF23, sclerostin and DKK1 by Luminex 

magnetic microbead array technology and hypothalamus protein samples were used to determine 

NPY levels by specific Elisa Kit (MyBiosource, California, USA). 
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2.8. RNA extraction and Real time PCR 

The hypothalamic mRNA was extracted using Trizol (Thermo Scientific, Massachusetts, USA) 

and reverse-transcribed by High-Capacity cDNA Reverse Transcription Kit (Thermo Scientific, Mas-

sachusetts, USA). Quantitative real-time PCR was performed in QuantStudio® 7 Flex real-time PCR 

system (Thermo Scientific, Massachusetts, USA) with specific primers (Supplementary Table S3). The 

relative mRNA levels were calculated as 2(-delta C(t)) method. HPRT was used for normalization of 

gene expression. 

2.9. Statistical Analysis 

Groups mean values were compared by two-way Analysis of Variance (ANOVA) followed by 

Bonferroni post-hoc test whenever a significant interaction was detected. Variables non-normally dis-

tributed were log-transformed to stabilize variance. P value < 0.05 was considered statistically signif-

icant. SPSS v.23 (IMB Inc, Armonk, USA) and GraphPad Prism 8 (GraphPad Software, California, 

USA) were used for calculations and graphics. 

3. Results 

3.1. Body weight (BW), waist circumference (WC) and white adipose tissue (WAT) pads before and after Dnx 

At baseline, BW did not differ among the four groups, but after six weeks until the end of the 

18th week, HFD and HFD+Dnx groups presented statistically higher BW compared to the standard 

diet (SD) corresponding groups, SD and SD+Dnx (Figure 1a). At the end of the protocol, WC, total 

WAT, retroperitoneal WAT, mesenteric WAT and epididymal WAT pad weights were significantly 

higher in HFD groups than SD but no effect after Dnx had been observed (Figure 1b–f). Both Dnx 

groups presented significantly lower tyrosine hydroxylase protein in rWAT compared to both Sham 

groups, testifying that Dnx surgery had been successful (Supplementary Figure S1). 

 

Figure 1. Body weight, waist circumference and white adipose tissue (WAT) pads (median and inter-

quartile range) under standard diet (SD) or high fat diet (HFD) in Sham groups (open bars) and Dnx 

(closed bars): (a) body weight, (b) waist circumference, (c) total WAT weight, (d) retroperitoneal WAT 
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weight, (e) mesenteric WAT weight, (f) epididymal WAT weight. (c) and (e) values were log-trans-

formed to stabilize variance. A significant effect of diet was observed in (b) through (f). 

3.2. Bone histomorphometric parameters before and after Dnx 

The static bone histomorphometric parameters revealed that HFD group presented significantly 

lower median values of trabecular volume (BV/TV), osteoid volume (OV/BV), osteoblastic surface 

(Ob.S/BS) and osteoid surface (OS/BS) than SD (Figure 2a,d–f). Additionally, significantly lower tra-

becular number (Tb.N) and higher trabecular separation (Tb.Sp) were observed in both HFD groups 

compared to both SD groups (Figure 2b,c). When compared to HFD, HFD-Dnx group presented 

higher osteoid volume (OV/BV), osteoblastic surface (Ob.S/BS) and osteoid surface (OS/BS) (Figure 

2d–f). No statistical differences in the remaining structural parameters such as trabecular thickness 

(Tb.Th) and osteoid thickness (O.Th) and resorption parameters like eroded surface (ES/BS) and os-

teoclastic surface (Oc.S/BS) were observed (Figures S2 and 2g,h). 

 

Figure 2. Static histomorphometric parameters (median and interquartile range) under standard diet 

(SD) or high fat diet (HFD) in Sham groups (open bars) and Dnx (closed bars): (a) bone volume – 

BV/TV, (b) trabecular number – Tb.N, (c) trabecular separation – Tb.Sp, (d) osteoid volume – OV/BV, 

(e) osteoblastic surface – Ob.S/BS, (f) osteoid surface – OS/BS, (g) eroded surface – ES/BS and (h) oste-

oclastic surface – Oc.S/BS. A significant effect of diet was observed in (b) and (c). Interaction was 

significant in (a) p=0.044, (d) p=0.001, (e) p<0.001 and (f) p<0.001. 

Regarding dynamic bone histomorphometric parameters, HFD group presented significantly 

lower mineralizing surface (MS/BS) than SD group (Figure 3a), and bone formation rate (BFR/BS) was 

significantly lower in both HFD and HFD-Dnx versus their SD counterparts (Figure 3b). Moreover, 

HFD-Dnx presented significantly higher MS/BS when compared to HFD (Figure 3a). The remaining 

parameters such as mineral apposition rate (MAR) and mineralization lag time (Mlt) were not statis-

tically different among all groups (Figure 3c,d). 
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Figure 3. Dynamic histomorphometric parameters and serum bone formation and resorption markers 

(median and interquartile range) under standard diet (SD) or high fat diet (HFD) in Sham groups 

(open bars) and Dnx (closed bars): (a) mineralizing surface – MS/BS, (b) bone formation rate – BFR/BS, 

(c) mineral apposition rate – MAR and (d) mineralization lag time – Mlt. Serum (e) P1NP and serum 

(f) CTX. (f) values were log-transformed to stabilize variance. A significant effect of diet was observed 

in (b). Interaction was significant in (a) p=0.002 and (e) p=0.003. 

3.3. Serum bone markers before and after Dnx 

Serum procollagen type I amino-terminal propeptide (P1NP) was significantly lower in HFD 

compared to SD, but significantly higher in HFD+Dnx compared to HFD and SD-Dnx groups (Figure 

3e). Serum C-terminal telopeptide of type I collagen (CTX) was not statistically different among all 

groups (Figure 3f). 

3.4. Serum and bone hormones and biochemical markers before and after Dnx 

Significantly higher serum and bone levels of leptin and fibroblast growth factor 23 (FGF23), 

higher fractional excretion of phosphate (FeP) and lower serum 1,25-dihydroxyvitamin D3 

(1,25(OH)2D3), parathyroid hormone (PTH) and phosphate were observed in both HFD groups com-

pared to both SD groups while no effect was depicted after Dnx (Figure 4a–h). There have been no 

statistically significant changes in serum calcium, fractional excretion of calcium (FeCa) and 25-hy-

droxyvitamin D3 (25(OH)D3) levels (Supplementary Figure S3). Serum levels and bone expression of 

sclerostin and Dickkopf related protein 1 (DKK1) levels also did not differ among groups (Figure 5a–
d). 
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Figure 4. Serum calciotropic hormones/ levels of serum and urinary phosphate/ bone levels of leptin 

and FGF23 (median and interquartile range) under standard diet (SD) or high fat diet (HFD) in Sham 

groups (open bars) and Dnx (closed bars) : (a) serum leptin, (b) bone leptin protein expression, (c) 

serum FGF23, (d) bone FGF23 protein expression, (e) serum 1,25(OH)2D3, (f) serum PTH, (g) serum 

phosphate and (h) fractional excretion of phosphate – FeP. (b) and (d) values were log-transformed 

to stabilize variance. A significant effect of diet was observed in (a) through (h). 

 

Figure 5. Serum and bone levels of sclerostin/DKK1 (median and interquartile range) under standard 

diet (SD) or high fat diet (HFD) in Sham groups (open bars) and Dnx (closed bars): (a) serum scle-

rostin, (b) bone sclerostin, (c) serum DKK1 and (d) bone DKK1. (b) and (d) values were log-trans-

formed to stabilize variance. 
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3.5. Serum and hypothalamic NPY levels before and after Dnx 

Serum levels of NPY and hypothalamic NPY protein and gene expression were significantly 

higher in HFD compared to SD group. However, all these parameters were significantly decreased 

in HFD+Dnx compared to HFD, (Figure 6a–c). 

 

Figure 6. Serum levels and hypothalamic protein and gene expression of NPY (median and interquar-

tile range) under standard diet (SD) or high fat diet (HFD) in Sham groups (open bars) and Dnx 

(closed bars): (a) serum NPY, (b) hypothalamic NPY protein levels and (c) hypothalamic NPY gene 

expression. Interaction was significant in (a) p<0.001, (b) p<0.001 and (c) p=0.014. 

4. Discussion 

The relationship between obesity and bone mass is complex and still debatable. The increase in 

adipose afferent reflex observed in obesity is known to induce sympathetic overactivity to different 

target organs such as heart, vessels, kidney and bone [24,30]. The current experimental model of 

rWAT denervation has been designed in order to address how the adipose tissue-CNS-bone signaling 

modulates changes in bone remodeling induced by obesity. 

The present study disclosed that rWAT denervation blunted the decrease in bone formation ob-

served in HFD-induced obesity rat model possibly through a preferential reduction in the neurohor-

monal actions of serum and hypothalamic NPY. 

The reduced bone formation in HFD animals observed in this study evidenced by both de-

creased serum P1NP and histomorphometric bone formation parameters (lower Tb.N, higher Tb.Sp 

and consequent lower BV/TV, accompanied by lower BFR/BS in tibia) is in agreement with previous 

observations from Tencerova et al. [31] in a model of HFD-induced obesity in mice. Accordingly, 

current findings might have been ascribed to a shift favoring differentiation of bone marrow mesen-

chymal stem cells (BM-MSC) into adipocytes, at the expense of compromised osteoblast differentia-

tion and bone formation [32]. The lack of alterations in histomorphometric indices of bone resorption 

as well as in serum markers such as CTX in HFD groups in the current HFD-induced obesity animal 

model is in line with other investigators [31] although differing from other obesity models in which 

metabolic syndrome had been induced by high-carbohydrate resulting in higher eroded surfaces and 

CTX levels[33]. The effects of leptin on bone cells are known to be site-specific [12]. Although the 

increased sympathetic tone through hypothalamic relay is expected to inhibit bone formation and 

increase bone resorption, opposite effects have been described at peripheral levels acting directly on 

osteoblasts, leading to reduced bone resorption and increased bone formation [12–14]. 

The increased levels of serum leptin in HFD rats found herein are in line with a recent study 

using a similar HFD-induced obesity design [24] and importantly, the current observation of higher 

levels of leptin in bone tissue further emphasizes the impact of adiposity in bone remodeling. Both 

positive and negative associations of circulating leptin with bone mass have already been reported 

in clinical and experimental studies [12,34–37] supporting the persistent controversy. Herein we also 

observed increased serum and bone protein levels of FGF23 in HFD rats, coupled with decreased 

serum levels of 1,25(OH)2D3 and phosphate and higher fractional excretion of phosphate, the latter 

effect as an expected coordinated modulation of renal phosphate handling by FGF23 [38]. Such 
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findings agree well with Tsuji et al. [39] who suggested that leptin directly stimulates FGF-23 bone 

production inhibiting 1,25(OH)2D3 synthesis. The present high FGF23 levels in the setting of reduced 

bone formation found in histomorphometry in addition to lower P1NP, are coherent with in vitro 

observations showing suppression of osteoblast differentiation and matrix mineralization induced 

by FGF23 overexpression [40]. The decreased levels of PTH observed in HFD rats might have been 

ascribed to the direct actions of FGF23 on the parathyroid through the MAPK pathway [41]. Unex-

pectedly, despite reduced bone formation in HFD rats, reduction of serum and bone protein levels of 

sclerostin and DKK1 were not evidenced in the present study, for reasons that remain unclear. 

Finally, we observed higher levels of serum and hypothalamic NPY in HFD rats, corroborating 

clinical and experimental data in obesity conditions [42,43]. Moreover, NPY knockout mice present 

increased bone mass resulting from enhanced osteoblast activation and conversely, hypothalamic 

NPY overexpression reduces osteoblastic activity [22], suggesting a critical role of such mediators 

controlling bone formation. In a clinical study of patients with chronic kidney disease, Panuccio et al. 

[23] also demonstrated inverse associations of NPY levels with alkaline phosphatase reflecting oste-

oblast activity. In agreement with our present findings related to bone resorption, Matic et al. [44] did 

not observe increased osteoclast activity in mice overexpressing NPY. 

Experimental evidence in mice demonstrate that at the hypothalamic arcuate nucleus, the leptin 

receptor is co-expressed with NPY-positive neurons and its activation inhibits NPY secretion pro-

moting anorexigenic effects [45]. However, prolonged exposure to increased leptin levels as observed 

in obese subjects may promote leptin resistance leading to a disruption in the regulation of NPY se-

cretion by leptin and consequently imbalance in energy homeostasis [46]. 

To the best of our knowledge, this is the first study to show that bilateral removal of rWAT 

innervation blunted the decrease of bone formation parameters in obese animals, namely Ob.S/BS, 

OV/BV, OS/BS, bone formation marker P1NP and mineralization surface (MS/BS), without changing 

bone resorption, as shown by histomorphometry and lack of alterations in CTX. It can be hypothe-

sized that additional effects upon bone resorption after Dnx were not herein found because of the 

counteracting peripheral effects of leptin possibly reducing bone resorption that in its turn, was not 

even increased by obesity alone. 

The higher serum leptin levels observed in HFD rats were not blunted after denervation surgery 

contrasting with findings of Garcia et al. [24]. However, in an elegant experimental study, Yamada et 

al. [47] showed that epididymal WAT denervation promoted a decrease in NPY expression in the 

hypothalamus without changes in serum glycaemia, insulin and leptin levels, suggesting that neu-

ronal signals from intra-abdominal adipose tissue possibly participate in the NPY hypothalamic ex-

pression control but that leptin regulation is independent of this signaling pathway. Moreover, we 

did not observe significant alterations in serum and bone FGF23 levels, as well as 1,25(OH)2D3 and 

PTH after Dnx surgery suggesting that the latter did not change the peripheral signaling of these 

hormone secretions. 

In summary, the interruption of the communication between rWAT and hypothalamus by the 

denervation procedure might have decreased hypothalamic NPY expression through an unknown 

mechanism resulting in decreased sympathetic activation to rWAT and possibly to bone tissue (hy-

pothetical mechanism is shown in Figure 7). 
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Figure 7. Hypothetical mechanism of the interaction between neuropeptide Y (NPY) and bone remod-

eling. (A) Obesity: increases in circulating and hypothalamic NPY levels may promote sympathetic 

overactivity to bone tissue through activation of hypothalamic Y2 receptor. NPY acts on Y1 receptor 

expressed in osteoblasts inhibiting cAMP signaling pathway, followed by phosphorylation of ERK, 

which leads to reduced osteoblast differentiation and bone formation. (B) Retroperitoneal white adi-

pose tissue (rWAT) denervation (Dnx): the interruption of the communication between rWAT and 

hypothalamus by Dnx might have restored central NPY levels resulting in normalization of sympa-

thetic activation to rWAT and possibly to bone tissue as well, rescuing bone formation. Decreased 

peripheral levels of NPY induced by Dnx might have also contributed to restore bone formation. SNS 

- sympathetic nervous system. 

Limitations of the present study included the lack of bone marrow gene expression evaluation 

and measurement of bone marrow adiposity. Since only male rats were used to minimize the con-

founding effects of female sex hormones on bone, present findings cannot be extrapolated to female 

rats. Additional functional studies employing inhibitors of NPY receptors are still warranted to vali-

date present findings and to further elucidate cause-effect underlying mechanisms between NPY and 

bone formation in the current model. Whether NPY actions in response to adipose tissue denervation 

are central, peripheral, or both, also remain to be investigated. 

5. Conclusions 

In conclusion, the present study demonstrated that rWAT denervation surgery blunted the neg-

ative effects of obesity on bone formation possibly through a preferential modulation by central or 

peripheral neurohormonal NPY actions, emphasizing the relevance of the adipose tissue-brain-bone 

axis in the control of bone metabolism in obesity. 
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