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Abstract
Objective. The aim of the study was to determine the effect of nesfatin-1 on bone properties in female rats in the conditions 
of developing osteopenia induced by ovariectomy (OVX).  
Materials and method. The experiment was performed on 21 female Wistar rats assigned to 3 groups receiving 
intraperitoneally physiological saline (SHO, OVX-PhS) and nesfatin-1 in dose 2 μg/kg BW of (OVX-NES) once a day for 8 wks. 
At the end of the experiment, the rats were scanned using the DXA method to determine the body composition, tBMC, 
and tBMD. The isolated femora and tibia were tested with the DXA method for BMD and BMC, and with the pQCT method 
for separate analysis of the cortical and trabecular bone tissue. The bone strength parameters were also determined. The 
immunohistochemical method was used for determination of nesfatin-1 localization in growth cartilage. Bone metabolism 
markers (osteocalcin, bALP, and NTx) were identified using an ELISA kit.  
Results. OVX exerts a negative effect on bone tissue. The nesfatin-1 administration influenced positively the DXA parameters 
of tibia. TvBMD and TbvBMD measured by pQCT in metaphysis of bones were significantly higher in the OVX-NES group 
than in OVX-PhS. No differences were found in the values of bone strength parameters between SHO and OVX-NES females. 
Extra- and intracellular immunohistochemical reaction for nesfatin-1 was observed in all zones of growth cartilage, with the 
strongest reaction detected in the calcifying zone. Nesfatin-1 administration caused a significant increase in the osteocalcin 
and bALP concentration in relation to the OVX-PhS animals.  
Conclusion. The results of the experiment indicate that nesfatin-1 exerts a protective effect on bone tissue properties and 
can be used in the prevention of osteoporosis.
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INTRODUCTION

The skeletal system of humans and animals undergoes 
remodeling over the entire lifetime, including osteoblastic 
bone formation and osteoclastic resorption. During aging, 
bone resorption intensifies, which leads to a gradual 
physiological loss of bone mass and osteopenic changes. 
However, osteopenia may be more pronounced and lead 
to osteoporosis (OP). According to the WHO definition, 
OP is a systemic disease characterized by a progressive loss 
of bone mass and disturbances in bone microarchitecture 
leading to reduction of its strength. OP has manifold basis, 
but the most common cause is the decrease in the level of 
sex hormones – estrogens and androgens, progressing with 
age [1, 2]. Reduction in the level of these hormones induces 
an increase in bone turnover with stronger severity of bone 
resorption, consequently causing a gradual loss of bone mass 
[2, 3, 4].

Currently, OP is considered a civilization disease in highly 
developed societies. OP can result in fractures, re-fractures, 
reduction or loss of mobility, decreased independence, lowered 
self-esteem, and increasing costs of treatment. Moreover, 
osteoporotic fractures may lead to serious complications, 

mainly cardiovascular, respiratory, and gastrointestinal 
disorders, and death. Thus, OP involves a huge personal and 
economic burden [5, 6, 7]. Due to the high health, social, and 
economic costs of OP, it is necessary to conduct research to 
determine the various physiological factors that may affect 
the bone tissue.

Recent studies indicate that different adipokines, e.g. 
leptin, adiponectin, resistin, and visfatin, have an effect on 
the skeletal system [8–17]; their action, however, is not explicit 
and fully understood. One of the adipokines is NUCB-2/
nesfatin-1 discovered in 2006 by Oh-I et al. [18]. Nesfatin-1 
is derived from protein called nucleobindin-2 (NUCB-2), 
which has the ability to attach Ca2+ and DNA. In the presence 
of the prohormone convertase (PC)-1/3, NUCB-2 forms 
three peptides: nesfatin-1 (residues 1–82), nesfatin-2 (residues 
85–163), and nesfatin-3 (residues 166–396). Studies have 
shown that only nesfatin-1 has biological activity [18, 19].

The first studies on the effect of nesfatin-1 on bone and 
cartilage originate from 2013, and later. Expression of the 
nesfatin-1 gene has been demonstrated in joint cartilage, 
osteophytes, meniscus, synovium, and infrapatellar fat 
pads of healthy and osteoarthritis (OA) cartilage [20]. The 
higher expression of nesfatin-1 mRNA and the stronger 
immunohistochemical reaction for nesfatin-1 in OA 
cartilage, compared to healthy cartilage, indicate that 
nesfatin-1 may participate in the pathogenesis of OA. This 
can be confirmed by the significantly higher serum nesfatin-1 
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level in patients with OA [20, 21] and the increase in the 
nesfatin-1 concentration in synovial fluid progressing with 
the development of OA [21].

In addition, a correlation was observed between the 
serum concentration of nesfatin-1 and the high-sensitivity 
C-reactive protein (hsCRP), as well as the level of nesfatin-1 
and interleukin-18 (IL- 18) in synovial fluid in patients 
with OA [20]. Because IL-18 and hsCRP are associated with 
the development of cartilage inflammation [22, 23], these 
correlations may confirm the participation of nesfatin-1 
in the pathogenesis of OA and suggest that it may be used 
as an OA marker. The participation of nesfatin-1 in the 
pathogenesis of OA is also supported by in vitro studies. 
It was shown that NUCB2/nesfatin-1 mRNA and protein 
were expressed in human primary OA chondrocytes and 
murine chondrocytes ATD-5 [24]. In these cells, nesfatin-1 
induces chemotactic and pro-inflammatory mediators, i.e. 
interleukin-8 (IL-8), interleukin-6 (IL-6), cyclooxygenase-2 
(COX-2), and macrophage inflammatory protein-1α (MIP-1α). 
This effect is exerted by nesfatin-1 alone or in combination 
with interleukin-1 (IL-1) [24]. In turn, IL-1 and tumour 
necrosis factor-α (TNF-α) increase mRNA expression and 
NUCB2/nesfatin-1 synthesis in human primary and mouse 
differentiated chondrocytes [24].

Expression of NUCB2/nesfatin-1 mRNA was also found 
in osteoblastic and osteoclastic cell lines in in vitro studies 
[25]. It was shown that NUCB2/nesfatin-1 increased alkaline 
phosphatase activity (ALP) in murine preosteoblastic cells 
in a dose-dependent manner, but this effect was dependent 
on recombinant human bone morphogenetic protein-2 
(rhBMP2), because nesfatin-1 alone showed no direct 
effect on ALP activity. Nevertheless, nesfatin-1 stimulated 
mineralization without the addition of rhBMP-2. Moreover, 
it inhibited the differentiation of macrophages towards 
osteoclasts (OC), thus limiting osteoclastogenesis [25]. 
The only available in vivo study showed a positive effect 
of intravenous administration of nesfatin-1 on bone tissue 
manifested by an increase in the mineral density of femurs 
and lumbar vertebrae in gonadectomized female rats [25].

Taken together, data concerning the interaction of 
nesfatin-1 with skeletal system tissues are very limited and 
inconsistent. However, it can be assumed that nesfatin-1 may 
be a protective physiological factor for bone. Hence, the main 
objective of the study is to determine whether nesfatin-1 
influences bone metabolism in vivo and can be used in the 
prevention of OP. The effect of exogenous nesfatin-1 on bone 
tissue will be assessed in conditions of developing osteopenia 
induced by surgical elimination of the endocrine function 
of ovaries in female rats.

MATERIALS AND METHOD

The research was carried out with the approval of the 
Local Ethics Committee for animal experiments at the 
University of Life Sciences in Lublin, Poland. All experiments 
complied with the Guiding Principles for Research Involving 
Animals.

The studies were conducted on 21 female Wistar rats, 
aged approximately 3 months, with initial body weight 
(BW) 210–230 g. Throughout the experiments, the animals 
were maintained in standard environmental conditions 
(temperature 22 °C ± 2 °C, day/night cycle 12h/12h), humidity 

55% ± 5%), with constant access to water and feed (LSM, 
Agropol, Motycz, Poland).

After 7 days of acclimatization, the animals were randomly 
divided into 2 groups. The animals of the first group 
underwent pseudogonadectomy surgery (SHO, n=7). In the 
second group, ovariectomy was performed (OVX, n=14). The 
abdominal wall was cut in the white line along the length 
of approx. 8 mm. Ovaries were isolated from the peritoneal 
cavity, carefully isolated from the uterine horns, ligated, and 
finally removed. Surgical procedures were performed under 
general anesthesia using intramuscular injection of ketamine 
(Biowet-Pulawy, Poland), atropinum sulphuricum (Polfa-
Warszawa, Poland), and xylazine (Biowet-Pulawy, Poland) 
at doses of 3 mg/kg BW, 0.05 mg/kg BW, and 10 mg/kg BW, 
respectively. Immediately after surgery, the animals were 
placed individually in cages for a period of 7 days to reduce 
the risk of postoperative complications and fatalities. After 
this period, 3–4 animals were placed in each cage. After 7-day 
postoperative recovery, the OVX animals were randomly 
divided into 2 groups of 7 individuals in each, which received 
intraperitoneal injection of physiological saline (OVX-PhS) 
or nesfatin-1 (Phoenix Pharmaceuticals, Inc., Burlingame, 
CA, USA) at a dose of 2 μg/kg (OVX-NES) once a day for 
8 weeks. Before use, nesfatin-1 was dissolved in physiological 
saline (0.1 ml PhS – 0.2 μg nesfatin-1). Animals subjected 
to the sham operation (SHO) received physiological saline 
for 8 weeks. Animals from the OVX-PhS and SHO groups 
received physiological saline in a similar volume as the OVX-
NES solution of nesfatin-1. Nesfatin-1 and physiological 
saline were administered between 10:00–12:00. In order to 
determine the amount of administered nesfatin-1, the BW 
of the animals was monitored every 2 days.

After an 8-wk period of nesfatin-1 or physiological saline 
administration, and after a 12-hour night fasting with 
access to water, the animals were weighed to assess BW 
and then euthanized by CO2 overdose. Blood was collected 
via intraventricular puncture into sample tubes containing 
a coagulation activator for further analysis of serum. The 
animals were then euthanized by cervical dislocation. 
Immediately after euthanasia, densitometric measurements 
of the body composition were performed. Subsequently, 
the femur and tibia were isolated, stripped of soft tissues, 
and secured for immunohistochemical examination in 4% 
formaldehyde solution (left femur), or at -20 °C for further 
densitometric, tomographic, and mechanical analyses (right 
femur and tibia).

Bone densitometric analysis (DXA). Densitometric 
measurements were made using the dual energy X-ray 
absorption method (DXA) with the use of the Norland 
Excel Plus apparatus (Fort Atkinson, WI, USA) and the 
Small Subject Scan 4.4.1 programme. Whole bodies of rats 
were analyzed to determine lean mass (LM), fat mass (FM), 
total mineral density (tBMD), and total mineral content 
(tBMC) of skeletons. The isolated right femur and tibia 
were subjected to assessment of mineral density (BMD) 
and mineral content (BMC). The speed of prescan was set 
at 100 mm/s at a 1.5x1.5 mm prescan resolution. The speed 
of the proper scan was 30 mm/s, resolution – 1.0 x 1.0 mm. 
The densitometer was calibrated before each measurement 
session using a hydroxyapatite phantom provided by the 
manufacturer.
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Bone tomographic analysis (pQCT). Tomographic 
examination of isolated bones was performed using high-
resolution peripheral quantitative computed tomography 
(pQCT) (XT Research SA Plus, Stratec Medizintechnik, 
GmbH, Pforzheim, Germany) and Stratec 6.2.C software. The 
bone cross-section and trabecular and cortical bone tissue were 
analyzed. After the initial scanning, carried out at 10 mm/s, 
the region to be analyzed was determined. Examination of 
the trabecular bone was carried out in the distal metaphysis 
of the femur (5 mm from the surface of the knee-joint) and in 
the proximal metaphysis of the tibia (5 mm from the proximal 
end). The threshold for trabecular bone was determined to 
be 0.630 cm-1. Analysis of femur and tibia cortical bone was 
performed at half their length, threshold factor – 0.790 cm-1. 
After setting the appropriate measurement parameters, proper 
scanning was carried out at a speed of 4 mm/min. The device 
was calibrated using a hydroxyapatite phantom according 
to the procedure recommended by the manufacturer. The 
following parameters of the total cross-section of the femur 
and tibia, as well as the cortical bone at 50% of the bone length, 
were determined: Total Bone Mineral Content (TotBMC), 
Total Mineral Density (TotBMD), Cortical Bone Mineral 
Content (CtBMC), Cortical Bone Mineral Density (CtBMD), 
Total Area (TotA), Cortical Area (CtrA), Cortical Thickness 
(CtrTh), Peripheral Circumference (Peri.C), Endocortical 
Circumference (Endo.C), and Strenght Strain Index (SSI). For 
trabecular bone in distal femoral metaphysis and proximal 
tibial metaphysis, the parameters examined included: Total 
Bone Mineral Content (TotBMC), Total volumetric Mineral 
Density (TotvBMD), Trabecular Bone Mineral Content 
(TbBMC), Trabecular Bone Mineral Density (TbBMD), Total 
Area (TotA), and Trabecular Area (TbA).

Bone mechanical analysis. After the densitometric and 
tomographic analyses, the isolated femur and tibia were 
subjected to a 3-point bending test, according to Feretti 
et al. [26] using a Zwick-Roell Testing Machine Z010 (Zwick-
Roell GmbH & Co. KG, Ulm, Germany) connected to the 
computer registering the relationship between force acting 
perpendicular to the long axis of the bone and deformation. A 
measuring head 0–10 KN (Xforce HD) moving at a constant 
speed of 10 mm/min was used in the tests. The bones were 
placed on 2 supports with a spacing corresponding to 40% 
of the bone length. The obtained results were analyzed with 
testXpert II 3.1 software (Zwick-Roell GmbH & Co. KG, Ulm, 
Germany). The following bone strength parameters were 
assessed: ultimate strength, relationship of work to ultimate 
strength, and Young’s modulus.

Immunohistochemical staining. The isolated left femurs 
stripped of soft tissues were fixed in 4% buffered formaldehyde, 
rinsed in water, and then decalcified in a disodium edetate 
solution (Eurochem BGD S.A., Poland). After decalcification, 
the bones were rinsed in water and then placed in 50% 
and 70% ethanol solutions. In the next stage, the samples 
were dehydrated and processed using a tissue processor 
(Microm STP 120, Microm International GmbH, Germany) 
and the Ottix Shaper and Ottix Plus reagents (Diapath, 
Microstain Division, Via Savoldini, Martinengo, Italy). The 
samples were immersed in paraplast (Sigma-Aldrich GmbH, 
Steinheim, Germany) and then embedded in paraplast in 
the form of blocks that were cut into 4-μm thick sections 
with a microtome (Microm HM 355, Microm International 

GmbH, Germany). The slides were then deparaffinised using 
xylene, and then hydrated in a range of ethyl alcohol solutions 
with decreasing concentrations up to distilled water. The 
samples were rinsed in buffered saline (PBS) and then 
incubated in a solution of 3% hydrogen peroxide in order 
to inactivate the tissue enzyme and thus prevent the non-
specific reaction. In the next stage, controlled digestion at 
37 °C using a proteolytic enzyme (Proteinase K, Cell Marque 
Corporation, Rocklin, California, USA) was carried out, 
aimed at restoring antigens to their original characteristics. 
Afterwards, the samples were incubated with Ultravision 
Protein Block reagent (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA) containing immunologically inactive 
bovine serum, preventing the occurrence of unspecific 
reactions. Subsequently, incubation with anti-nesfatin-1 
primary antibodies [Nesfatin-1 (1–82) (Rat) Antibody, 
Phoenix Pharmaceuticals, Inc. Burlingame, CA, USA] was 
carried out in a humid chamber at room temperature for 
1 hour. The antibodies were diluted in PBS at a ratio of 
1:2,000 before use. Further labelling steps were performed 
using the UltraVision Quanto Detection System (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) and DAB 
Quanto (Thermo Fisher Scientific, Waltham, Mass., USA), 
according to the manufacturer’s instructions. In addition, 
the preparations were stained with Mayer’s haematoxylin 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA) to 
visualize cell nuclei. A negative control was performed with 
the omission of the primary antibodies. After completion 
of the immunohistochemical reactions, the samples were 
dehydrated in ethanol, xylaned, and closed in DPX (Fluka 
Chemie GmbH, Switzerland). The obtained specimens were 
photographed using a Zeiss Axioskop 40 FL microscope 
with a magnification of 400x. The location of cells showing 
a positive immunohistochemical reaction for nesfatin-1 
and the intensity of the immunohistochemical reaction 
were examined in the growth cartilage. The following 
scale was used to assess the semi-quantitative intensity 
of the immunohistochemical reaction: (+/-) – slight 
immunoreactivity, (+) – medium immunoreactivity, (++) – 
high immunoreactivity, (+++) – very high immunoreactivity.

Blood biochemical analysis. The measurements of bone 
metabolism markers in serum were performed using 
commercial ELISA kits: osteocalcin [Rat Osteocalcin/Bone 
gla protein (OT/BGP) ELISA kit, Sunred Biotechnology 
Company, Shanghai, China], bone alkaline phosphatase 
(bALP) [Rat bone alkaline phosphatase (BALP) ELISA kit, 
Sunred Biotechnology Company, Shanghai, China], and 
N-terminal crosslinked telopeptide type I collagen (NTx) [Rat 
cross-linked N-telopeptide of type I collagen (NTx) ELISA 
kit, Sunred Biotechnology Company, Shanghai, China]. 
The assessment of the concentration of bone metabolism 
markers was carried out using a Benchmark Plus microplate 
spectrophotometer with Microplate Manager Software ver. 
5.2.1. (Bio-Rad Laboratories Inc., Hercules, LA, USA).

Statistical analysis. The obtained results were subjected to 
statistical analysis and the values of the analyzed parameters 
presented in the form of mean values, together with the 
standard error of the mean (mean ± S.E.M.). Statistically 
significant differences were assumed for the mean results 
at P ≤ 0.05. Statistical analysis of the results was carried out 
in the STATISTICA 13.1 programme (StatSoft, Inc., Tulsa, 
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Oklahoma, USA). Differences between the means were tested 
using the one-way analysis of ANOVA variance and the 
Tukey post-hoc test.

RESULTS

Body weight, bone mass and length. Assessment of BW of 
the rats after 8 weeks of physiological saline and nesfatin-1 
administration showed statistically significantly lowest 
values of this parameter (239.9 ± 4.94 g) in the SHO group 
(P≤0 05). Similar values of BW were observed in the OVX-
NES (274.4 ± 5.07 g) and OVX-PhS (280.1 ± 10.33 g) groups. 
There were no statistically significant differences in the mass 
and length of femur and tibia between the groups (data not 
shown).

Densitometric parameters. The results of densitometric 
analysis of the body composition, whole skeleton, and isolated 
bones are presented in Table 1. The ovariectomized group 
receiving nesfatin-1 (OVX-NES) was characterized by a 
significantly higher mean value of LM (P≤0.05), compared 
to the SHO and OVX-PhS groups. There were no statistically 
significant differences in LM between the SHO and OVX-PhS 
groups, despite the fact that LM in OVX-PhS was greater. 
The OVX-PhS group was characterized by significantly 
higher values of FM (by approx. 8.6%) in relation to the SHO 
and OVX-NES groups. Ovariectomy caused reduction of 
tBMD values of the whole skeleton by 5.42% (OVX-PhS) and 
4.19% (OVX-NES), compared to SHO. The analysis of tBMC 
did not show statistically significant differences in the values   
of this parameter between the individual groups. The highest 
BMD and BMC values of the femur   and tibia were found in 
the sham-operated animals. Ovariectomy caused statistically 
significant reduction in BMD and BMC for both bones in 
the OVX-PhS females (P≤0.05). The BMD and BMC values   
of the femur in the OVX-NES females showed no statistically 
significant differences, compared to the SHO and OVX-PhS 
groups. In turn, the BMD and BMC values of the tibia in the 
OVX-NES females were higher than in the OVX-PhS group, 
and lower in comparison to the SHO group (P≤0,05).

Tomographic parameters. The analysis conducted using 
pQCT demonstrated higher values of TotBMC and TbBMC 

of the distal femoral metaphysis in the SHO group, compared 
to the OVX-PhS and OVX-NES groups (P≤0.05) (Tab. 2). 
Similar values   of these parameters were observed in both 
ovariectomized groups. Ovariectomy significantly also 
reduced TotvBMD and TbBMD of femoral metaphysis in both 
groups (Tab. 2). However, the lowest TotvBMD and TbBMD 
values   showing statistical significance in comparison to the 
other groups were found in the OVX-PhS females. Nesfatin-1 
administration to the ovariectomized rats significantly 
increased the values of TotvBMD and TbBMD, compared 
to the OVX-PhS group, i.e. by 3.66% and 24%, respectively 
(P≤0.05). There were no statistically significant differences in 
the mean values   of TotA and TbA of the distal metaphysis of 
the femur between the individual groups (Tab. 2). The pQCT 
analysis of the cross-section of the shaft and the cortical 
bone tissue of the femur revealed statistically significant 
differences between the examined groups only in relation 
to the CtBMD, with the lowest value determined in the 
OVX-PhS group (P≤0.05) (Tab. 2). The femur CtBMD values 
of the SHO and OVX-NES rats were similar. There were no 
statistically significant differences in the values of TotBMC, 
TotBMD, CtBMC, TotA, CtrA, CtrTh, Peri.C, Endo.C, and 
SSI between the analyzed groups.

The proximal metaphysis of the tibia in the SHO group 
was characterized by the significantly highest values of 
TotBMC, TbBMD, and TotvBMD, in comparison to both 
ovariectomized groups (P≤ 0.05) (Tab. 3). Moreover, 
ovariectomy significantly reduced the TbBMC values of the 
proximal metaphysis of the tibia (P≤ 0.05) in the OVX-PhS 
females, compared to the SHO females (Tab. 3). The lowest 
values of the above-mentioned parameters were determined 
in the OVX-PhS group. Nesfatin-1 administration induced a 
significant (P≤ 0.05) increase in the TotvBMD and TbBMD 
values in comparison to the OVX-PhS group, i.e. by 24.7% and 

Table 1. Parameters of body composition and densitometric parameters 
of whole skeleton and isolated bone of female rats in conditions of 
developing osteopenia

Parameters SHO OVX-PhS OVX-NES

LM (g) 20.01±5.24 32.17±5.09 55.24± 6.54 *§

FM (g) 203.2±6.05 220.7±6.46 * 203.5±5.66 §

tBMC (g) 7.586±0.2303 7.8580±0.1558 8.2303±0.1309

tBMD (g/cm2) 0.1457±0.0019 0.1378±0.0019 * 0.1396±0.0011 *

Femur

BMC (g) 0.3486±0.0076 0.3316±0.0051 * 0.3274±0.0056

BMD (g/cm2) 0.1185±0.0018 0.1053±0.0007 * 0.1079±0.0005

Tibia

BMC (g) 0.2609±0.0062 0.2297±0.0031 * 0.2331±0.0029 *§

BMD (g/cm2) 0.0943±0.0016 0.0833±0.0007 * 0.0861±0.0005 *§

Data are mean ±S.E.M for 7 animals. Statistical significance is indicated as * P<0.05 vs. SHO; § 
vs. OVX-PhS at P≤0.05

Table 2. Parameters of cross-section and trabecular and cortical bone 
tissue of femur of female rats in conditions of developing osteopenia

Parameters SHO OVX-PhS OVX-NES

Distal metaphysis

TotBMC (mg/mm) 13.43±0.479 9.55±0.406 * 8.91±0.322 *

TotvBMD (mg/mm3) 864±18.87 573±10.63 b * 594±10.03 *§

TbBMC (mg/mm) 4.11±0.233 1.46±0.254 * 1.79±0.236 *

TbBMD (mg/mm3) 586±20.35 191±17.98 * 238±20.15 *§

TotA (mm2) 15.55±0.528 16.64±0.512 16.69±0.362

TbA (mm2) 6.99±0.237 7.48±0.277 7.44±0.465

Diaphysis

TotBMC (mg/mm) 7.9±0.128 7.6±0.112 7.86±0.095

TotBMD (mg/mm3) 967±8.75 953±11.29 949±7.78

CtBMC (mg/mm) 7.54±0.106 7.14±0.170 7.47±0.082

CtBMD (mg/mm3) 1445±1.65 1429±3.69 b * 1446±5.11 §

TotA (mm2) 8.18±0.161 8.06±0.096 8.28±0.102

CtrA (mm2) 5.21±0.071 4.99±0.116 5.16±0.049

CtrTh (mm) 0.64±0.009 0.61±0.017 0.63±0.007

Peri.C (mm) 10.14±0.098 10.06±0.059 10.20±0.063

Endo.C (mm) 6.09±0.125 6.20±0.114 6.25±0.092

SSI (mm3) 5.63±0.141 5.22±0.236 5.71±0.132

Data are mean ±S.E.M for 7 animals. Statistical significance is indicated as * P<0.05 vs. SHO; § 
vs. OVX-PhS at P≤0.05
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31.9%, respectively (Tab. 3). Furthermore, nesfatin-1 given to 
the OVX rats significantly (P≤ 0.05) increased the TotA and 
TbA of the proximal tibial metaphysis in comparison to the 
SHO rats. Analysis of the total bone cross-section and cortical 
bone parameters of the tibia shaft, i.e. TotBMC, TotBMD, 
CtBMC, CtBMD, TotA, CtrA, CtrTh, Peri.C, Endo.C, and 
SSI, did not show statistically significant differences between 
the particular groups.

Based on the results obtained in the 3-point bending test, 
it was found that the OVX-PhS group was characterized by 
the lowest values of ultimate strength of the femur (P≤ 0.05) 
(Tab. 4). The mean values of this parameter were lower by 
about 26% in relation to the SHO and OVX-NES groups. The 
results of Young’s modulus measurements and the work-to-
ultimate strength ratio did not show statistically significant 
differences between the study groups; however, a downward 
tendency was observed in the OVX-PhS group (Tab. 4). The 
values of the mechanical parameters of the femur in the SHO 
and OVX-NES animals were similar. The lowest values   of the 

tibia ultimate strength and work-to-ultimate strength ratio 
parameters were observed in the OVX-PhS group (Tab. 4). 
The OVX-NES females did not show statistically significant 
differences in the ultimate strength and work-to-ultimate 
strength ratio   in relation to the other groups (Tab. 4), but 
nesfatin-1 administration caused a statistically insignificant 
increase in the values of these parameters compared to the 
OVX-PhS group.

The semi-quantitative method was used to assess the 
immunoreactivity of nesfatin-1 in the individual layers of 
the growth cartilage of the distal metaphysis of the femur. A 
positive immunohistochemical reaction for nesfatin-1 located 
intracellularly as well as extracellularly was observed in all 
zones of the growth cartilage, but its severity varied from (-/+) 
to (+++) (Fig. 1, Tab. 5). The strongest immunohistochemical 
reaction for nesfatin-1 was observed in the calcifying zone 
in all groups. Furthermore, the highest immunoreactivity of 
nesfatin-1 (+++) distributed intra- and extracellularly was 
found in the OVX-PhS group (Fig. 1, Tab. 5).

The ovariectomy significantly increased (P≤0.05) the 
serum osteocalcin level (Tab. 6), which was the highest in 
animals from the OVX-NES group (P≤0.05). The lowest 
serum bALP concentration, in comparison to the other 
groups (P≤0.05), was noted in OVX-PhS group (26.8% vs. 
SHO, 36.4% vs. OVX-NES). The bALP concentration in 
the SHO and OVX-NES groups did not differ significantly. 
The NTx concentration exhibited the highest values of this 
parameter in the OVX-PhS group. A statistically (P≤0.05) 
lower concentration of NTx, compared to the OVX-PhS 
group, was found in the SHO group (by 25.8%). In the OVX-
NES group, the NTx concentration was by 11.16% higher than 
in the OVX-PhS group, but these changes were statistically 
insignificant (Tab. 6).

Table 3. Parameters of cross-section and trabecular and cortical bone 
tissue of tibia of female rats in conditions of developing osteopenia

Parameters SHO OVX-PhS OVX-NES

Proximal metaphysis

TotBMC (mg/mm) 14.43±0.260 8.25±0.288 * 8.87±0.385 *

TotvBMD (mg/mm3) 851±18.66 555±8.27 * 692±14.96 *§

TbBMC (mg/mm) 3.21±0.136 0.98±0.118 b * 1.3±0.254

TbBMD (mg/mm3) 532±24.3 144±13.95 * 190±13.89 *§

TotA (mm2) 13.43±0.171 14.89±0.473 14.96±0.350 *

TbA (mm2) 6.04±0.076 6.7±0.214 6.74±0.157 *

Diaphysis

TotBMC (mg/mm) 5.22±0.803 5.29±0.126 5.29±0.099

TotBMD (mg/mm3) 1063±10.14 1066±5.359 1068±14.88

CtBMC (mg/mm) 4.99±0.071 4.96±0.110 5.0±0.093

CtBMD (mg/mm3) 1410±4.727 1394±7.327 1409±3.721

TotA (mm2) 4.91±0.095 4.96±0.127 4.96±0.156

CtrA (mm2) 3.54±0.045 3.56±0.067 3.55±0.074

CtrTh (mm) 0.59±0.008 0.58±0.005 0.59±0.006

Peri.C (mm) 7.85±0.075 7.89±0.100 7.88±0.125

Endo.C (mm) 4.13±0.108 4.20±0.095 4.19±0.140

SSI (mm3) 2.79±0.079 2.74±0.115 2.77±0.118

Data are mean ±S.E.M for 7 animals. Statistical significance is indicated as * P<0.05 vs. SHO;  
§ vs. OVX-PhS at P≤0.05

Table 4. Mechanical parameters of femur and tibia of female rats in 
conditions of developing osteopenia

Parameters SHO OVX-PhS OVX-NES

Femur

Young’s modulus (GPa) 4.579±0.339 3.762±0.367 4.136±0.289

Ultimate strength (N) 118.46±7.88 87.27±10.75 * 117.79±3.84 §

Work/ultimate strength (N×mm) 25.81±3.25 18.81±2.265 27.197±1.157

Tibia

Young’s modulus (GPa) 7.46±1.712 10.2±1.415 11.42±1.202

Ultimate strength (N) 93.55±6.303 69.27±9.033 * 73.92±3.649

Work/ultimate strength (N×mm) 27.91±2.714 13.91±1.306 * 16.502±4.697

Data are mean ±S.E.M for 7 animals. Statistical significance is indicated as * P<0.05 vs. SHO; 
§ vs. OVX-PhS at P≤0.05

Table 5. Immunoreactivity of nesfatin-1 located in particular zones of the 
distal femoral growth cartilage of the femur of female rats in conditions 
of developing osteopenia

Layers of growth cartilage
Groups

SHO OVX-PhS OVX-NES

Resting zone
intracellularly + +/- +/-

extracellularly + +/- ++

Proliferation zone
intracellularly + + +

extracellularly + ++ ++

Hypertrophic zone
intracellularly + + +/-

extracellularly +/- + +/-

Calcifying zone
intracellularly ++ +++ ++

extracellularly ++ +++ ++

Data are mean ±S.E.M for 7 animals. (+/-) slight immunoreactivity of nesfatin-1, (+) medium 
immunoreactivity, (++) high immunoreactivity, (+++) very high immunoreactivity

Table 6. Concentration of osteocalcin, bone alkaline phosphatase (bALP) 
and N-terminal crosslinked telopeptide alpha type I collagen (NTx) in 
serum of female rats in conditions of developing osteopenia

Parameters SHO OVX-PhS OVX-NES

Osteocalcin (ng/ml) 2.61±0.229 3.74±0.133 * 5.31±0.301 *§

bALP (ng/ml) 11.38±0.626 8.33±0.315 * 13.10±1.157 §

NTx (nmol/ml) 20.18±1.434 25.39±0.605 * 22.84±1.038

Data are mean ±S.E.M for 7 animals. Statistical significance is indicated as * P<0.05 vs. SHO; 
§ vs. OVX-PhS at P≤0.05
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DISCUSSION

This study attempts to determine the effect of nesfatin-1 on 
the metabolism and properties of bone in female rats with 
elimination of gonadal hormonal function as a result of 
ovariectomy. The evaluation of the effects of nesfatin-1 was 
carried out in the conditions of developing osteopenia. The 
ovariectomized female rats used in the experimental system 
are one of the classic animal models used to induce osteopenia, 
and ovariectomy is a recognized procedure in OP trials [27, 
28]. Nevertheless, although the model of ovariectomized rats 
is the ‘golden standard’ in experimental animal models for 
OP trials [29, 30, 31], it has several disadvantages, such as 
the failure to achieve full skeletal maturity and the low rate 
of remodeling of the cortical bone [32, 33].

Natural menopause is associated with a decrease in the 
level of circulating estrogens [34–36], and one of the effects 
of diminution in their concentration is the increase in BW 
[37]. Similar effects are also observed in laboratory animals 
after gonadectomy [38, 39, 40]. The present investigations also 
showed a significant increase in BW in the ovariectomized 
females in the conditions of developing osteopenia in 
comparison with the SHO group. The increase in BW of the 
OVX animals was accompanied by a statistically significant 
increase in FM, compared to the SHO group. These changes 
in BW in the ovariectomized animals were a result of fat 
deposition caused by estrogen deficiency [41]. In a human 
study, a correlation between menopausal transition and an 
increase in total and visceral adipose tissue has also been 
observed [42, 43, 44].

Control of BW includes the impact of many different 
factors, such as genes, central nervous system functions, 
nutrition, physical exercise, hormones, and adipokines [45, 
46, 47, 48]. Adipokines are secretory factors derived from 
adipose tissue, and this group also includes nesfatin-1. 
Oh-I et al. [18], who first described this peptide, found that 
the intracerebroventricular administration of nesfatin-1 
reduces food intake in a dose-dependent manner and inhibits 
weight gain in rats. These results have been confirmed and 
extended by data provided by several independent groups 
of researchers showing the anorexigenic effect of nesfatin-1 
after injection into the lateral, third, fourth ventricles of 
the brain, cisterna magna, or directly to paraventricular 
nucleus, lateral hypothalamic nucleus, dorsal motor nuclei 
of the vagus nerve in mice [49, 50], rat [51, 52, 53, 54], and 
goldfish [55, 56]. Nesfatin-1 administered to the lateral 
ventricle of rat brain reduced food intake with delay (during 
the third hour after administration), and the anorexigenic 
effect persisted for a relatively long time (6–48 h) [57, 58]. In 
turn, the intracerebroventricular nesfatin-1 administration 
to mice delayed the anorexigenic effect of this peptide (2 
h) and the duration of its action was 8 h [49]. It is highly 
probable that different microstructures are involved in these 
anorexigenic interactions in various animal species, which 
may additionally have different sensitivity to nesfatin-1. 
This is indicated by the fact that intracerebroventricular 
administration of nesfatin-1 to mice resulted in decreased 
food intake during the dark phase by reducing the size of 
the meal and prolonging the intervals between meals [50]. 
However, after intracerebroventricular administration of the 
central fragment of nesfatin-1 to rats, the observed reduction 
in food intake was only associated with prolongation of the 
intervals between meals [19].

Figure 1. Immunohistochemical localization of nesfatin-1 
(brown colour) in fragments of distal growth cartilage 
of femur in SHO rats receiving PhS (SHO group), and 
ovariectomized rats receiving PhS (OVX-PhS group) or 
nesfatin-1 (OVX-NES group). Localization of nesfatin-1: 
extracellular – red arrow, and intracellular – green arrow; 
H – hypertrophic zone, C – calcifying zone (mag. 400x)
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The anorexigenic effect of nesfatin-1 was also observed 
after its peripheral administration. Intraperitoneal injection 
of nesfatin-1 in a dose-dependent manner inhibited food 
intake for 3 hours in the dark phase in mice, whereas the 
subcutaneous injection resulted in prolongation of its 
anorexigenic action for up to 14 hours [59]. In the authors’ 
studies, the intraperitoneally administered nesfatin-1 to 
ovariectomized rats did not significantly affect their BW, 
compared to the OVX-PhS animals. However, it should 
be remembered that nesfatin-1 in the current study was 
administered at the same time in the morning.

Elimination of the ovary function increases the rate of 
bone remodeling and imbalances between bone formation 
and bone resorption, with predominance of the latter process. 
In the presented study, the results of the densitometric tests 
showed that the elimination of endocrine ovarian function 
by ovariectomy resulted in a reduction in tBMD, BMD, 
and BMC values of the femur and tibia. This indicates 
predominance of resorption over bone formation. The 
authors’ observations are confirmed by the results obtained 
by other authors who performed studies on the model of 
ovariectomized animals [40, 60, 61, 62]. A decrease in the 
value of densitometric parameters was also observed in 
clinical trials in postmenopausal women [63, 64]. In the 
current study, it was shown that the administration of 
nesfatin-1 positively affects the densitometry parameters of 
bone tissue. The BMC and BMD values   of tibia after nesfatin-1 
administration were higher by 6.9% and 6.8%, respectively, 
than in the OVX-PhS group. The BMD and BMC values   
of femurs did not show statistically significant differences 
between the ovariectomized groups; however, the values   of 
these parameters in the OVN-NES group were higher by 
2.5% and 5%, respectively, in relation to the OVX-PhS group. 
Moreover, the results noted in the OVX-NES group did not 
differ statistically from those in the control group.

Only one research team has previously attempted to 
determine the effect of nesfatin-1 on DXA parameters in 
conditions of sex hormone deficiency [25]. Intravenous 
administration of nesfatin-1 in established osteopenia 
resulted in an increase in BMD of the lumbar vertebrae 
and femur in OVX rats. The increase in DXA parameters 
values found in the present and aforementioned study, which 
is a consequence of intensification of bone formation and 
mineralization, is most likely an effect of direct interaction 
of nesfatin-1 on osteoblasts (OB). Li et al. [25] demonstrated 
in vitro expression of nesfatin-1/NUCB2 mRNA in osteoblast 
line cells, as well as a promising effect of this hormone on 
mineralization.

The effect of other adipokines on DXA parameters is not 
entirely clear. For example, a positive relationship between 
leptin and BMD values in postmenopausal women was 
demonstrated by Thomas et al. [65], Yamauchi et al. [66], 
Blain et  al. [67], and Roux et  al. [68]. Nevertheless, there 
are also results that indicate negative or no correlations 
between the concentration of leptin and BMD of bone tissue 
[12, 69, 70, 71]. Wang et al. [15], who compared the effect 
of ovariectomy on BMD and strength parameters of bone 
tissue in adiponectin-deficient mice and wild-type mice, 
showed that adiponectin deficiency was protective against 
the development of osteoporotic changes. No significant 
relationships among other adipokines, i.e. apelin, resistin 
and visfatin, and bone DXA parameters, were found by Peng 
et al. [12] and Zhang et al. [17].

Peripheral quantitative computed tomography (pQCT) 
facilitates detailed examination of skeleton parameters. In 
addition, pQCT provides separate assessment of trabecular 
and cortical bone parameters, which allows accurate 
examination of the distribution of bone tissue, as well as its 
architecture and geometry, especially in areas susceptible 
to fractures [72]. The results obtained in the current study 
showed that the ovariectomy did not significantly affect the 
majority of bone parameters measured in the mid-length of 
the femoral and tibial shaft in the female rats in the conditions 
of developing osteopenia. These observations confirm the 
results obtained by other authors [73, 74]. In the presented 
study, statistically significant differences were observed only 
for the femur CtBMD, when the ovariectomy significantly 
reduced the value of this parameter. The use of nesfatin-1 
markedly improved the CtBMD values, which were close to 
the values   found in the SHO animals. On the other hand, 
tomographic examination of the distal part of femur and 
proximal part of tibia showed a significant reduction of the 
parameters determined for the total bone cross-section, i.e. 
TotBMC and TotvBMD, and trabecular bone tissue (TbBMC 
and TbBMD), in the OVX rats. In turn, administration of 
nesfatin-1 caused a significant increase in the TotvBMD 
and TbBMD values   of the femur and tibia, compared to the 
OVX-PhS group, which indicates its protective function in 
the development of atrophic changes.

In the available literature, there are no studies indicating 
a relationship between nesfatin-1 administration and 
tomographic parameters of bone tissue, while there are 
reports on the effects of other adipokines; however, they 
are ambiguous and often present opposite results. A low 
bone mass combined with the reduction of the values of 
tomographic parameters was observed by Williams et al. [13] 
in ob/ob and db/db mice. In turn, adiponectin deficiency in 
young and adult mice caused positive changes in the values   
of tomographic parameters, i.e. an increase in bone mass, 
trabecular bone volume, and the number of bone trabeculae 
[14]. On the other hand, administration of adiponectin to 
mice caused growth of trabecular bone mass combined 
with a decline in the OC number [11]. The positive effect 
of adiponectin on bone tissue manifested by an increase 
in trabecular bone mass, a decrease in the OC number and 
bone resorption was also found in transgenic animals with 
adiponectin overexpression [16].

The results of mechanical analysis of bones confirm the 
results of densitometric and tomographic examinations 
that predict mechanical strength. It has been shown that 
ovariectomy resulted in a decrease in the strength parameters 
of the femur and tibia, i.e. the ultimate strength and work-
to-ultimate strength ratio. The results reported by other 
authors also indicate a negative effect of gonadectomy on 
the mechanical features of bone [75]. On the other hand, 
the nesfatin-1 administration to the OXV females limited 
the negative effects of sex hormone deficiency on bone 
metabolism, which was reflected in the increase in the 
strength parameters. The administration of nesfatin-1 to 
the OVX animals had the strongest influence on the ultimate 
strength values of the femur, which increased in comparison 
with OVX-PhS, approaching the results obtained in SHO.

The immunohistochemical analysis showed intra- and 
extracellular localization of nesfatin-1 in all layers of growth 
cartilage of the distal metaphysis of the femur of the female 
rats. These results are in part a confirmation of previous 
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reports by Petersson et al. [76], who were the first to report 
that the NUCB protein, which later turned out to be a 
precursor to nesfatin-1, exhibited intra- and extracellular 
localization within the bone tissue. As demonstrated by 
Petersson et  al. [76], the NUCB expression was relatively 
low during cell proliferation, increased during matrix 
differentiation and maturation, and then decreased during 
the mineralization process [76]. The results of the current 
study are in agreement with these findings. It was found 
that the intensity of the immunohistochemical reaction 
for nesfatin-1 enhanced with the increase in the degree 
of chondrocyte maturity, and the highest intensity of the 
reaction was noted in the calcifying zone. This suggests 
that nesfatin-1 may act as a modulator of maturation of the 
matrix in the bone mineralization process and is in line 
with previous assumptions [76]. This role of nesfatin-1 was 
confirmed by Li et al. [25], who found its stimulated effect 
on in vitro mineralization. Increased expression of nesfatin-1 
during the maturation of chondrocytes was also observed 
by Scotece et al. [24] in in vitro studies performed on the 
chondrogenic ATDC-5 cell line.

An important indicator of processes occurring in bone 
tissue during the development and involution of the skeleton, 
as well as in metabolic diseases, facilitating characterization 
and determination of the intensity of changes related to bone 
formation and resorption, include biochemical indicators 
of bone tissue metabolism, referred to as bone metabolism 
markers. These are chemical compounds released from OB 
and OC or collagen metabolism products [77, 78]. In the 
present research, three markers of bone metabolism were used: 
osteocalcin, bALP, and NTx. Osteocalcin is a specific non-
collagen protein of the bone matrix synthesized by mature 
OB, odontoblasts, and hypertrophic chondrocytes. It is a 
recognized indicator of bone formation and metabolic activity 
of OB [77, 78]. An increase in the osteocalcin concentration 
is observed in peri- and postmenopausal women and in 
diseases associated with increased bone turnover, such as OP 
or Paget’s disease [79, 80]. In the present studies, there was 
an increase in the osteocalcin concentration in the serum 
of both OVX groups. Similar results were observed by other 
authors who conducted studies on the model of OVX rats 
[75, 81]. The highest values of this parameter were noted after 
nesfatin-1 treatment – an increase by 103%.

Bone alkaline phosphatase, like osteocalcin, is produced 
by OB, and an increase in its concentration may indicate 
increased metabolism of these cells and intensification of 
bone formation and mineralization [77, 78]. In the presented 
study, the bALP concentration decreased in OVX-PhS 
compared to SHO, whereas the administration of nesfatin-1 
induced an increase in the bALP serum concentration in 
rats undergoing ovariectomy, compared to the SHO group 
(by 15.1%). The obtained results were in agreement with 
previous observations reported by Li et  al. (2013). These 
authors demonstrated a dose-dependent effect of nesfatin-1 
on the increase in bALP activity in a mouse model of 
MC3T3-E1 preosteoblastic cells, but only in combination 
with rhBMP2 (recombinant human bone morphogenetic 
protein 2). Oshima et al. [11] demonstrated in in vitro studies 
that another adipokine – adiponectin, influences the increase 
in the ALP mRNA expression in preosteoblastic murine 
MC3T3-E1 cells. An increase in the bALP concentration in 
the serum after ovariectomy was also observed, while leptin 
administration limited this increase [82].

In the presented study, the intensity of osteoclastic 
bone resorption was assessed based on the NTx serum 
concentration. Ovariectomy significantly increased the NTx 
concentration compared to the SHO animals. Increased 
serum NTx levels due to osteoclastic bone resorption were 
previously documented in studies on ovariectomized rats [81, 
83]. The increase in NTx has also been confirmed in clinical 
trials in women [84]. There are no papers in the literature 
describing the effect of nesfatin-1 on the NTx concentration, 
while the analysis of the results of the current study showed 
that intraperitoneal administration of nesfatin-1 caused 
a decrease in the NTx concentration, compared to OVX-
PhS. Nevertheless, the NTx concentration in animals with 
developing osteopenia receiving nesfatin-1, was statistically 
insignificant compared to the SHO and OVX-PhS rats, 
although a downward trend was observed.

Analysis of the bone metabolism markers confirmed the 
negative effect of surgical elimination of endocrine function 
of ovaries on bone metabolism. The increase in the NTx 
and osteocalcin concentration in combination with the 
decrease in the bALP concentration in the OVX-PhS animals 
unambiguously indicated an increase in bone turnover, with 
strong stimulation of bone resorption. In turn, the increase 
in the bALP concentration, together with the increase in the 
osteocalcin concentration after nesfatin-1 administration 
in conditions of steroid hormone deficiency, demonstrated 
increased metabolic activity of OB with subsequent 
intensification of bone formation and mineralization. 
The simultaneous decrease in the NTx concentration may 
indicate an inhibitory role of nesfatin-1 in the osteoclastic 
bone resorption. However, the dominant effect of nesfatin-1 
interaction, assessed on the basis of bone markers in the serum, 
appears to stimulate bone formation and mineralization. This 
is confirmed by the changes in the densitometric, tomographic, 
and strength parameters of bones, which are a reflection of 
the predominance of osteosynthesis over bone resorption.

The positive changes in the densitometric, tomographic 
and mechanical parameters resulting from the increase 
in osteosynthesis and mineralization after the nesfatin-1 
administration, indicate that this hormone mediates 
these processes. This is confirmed by the increase in 
the intensity of the immunohistochemical reaction for 
nesfatin-1 in the growth plate, along with the increase in 
the degree of chondrocyte maturity. The highest intensity of 
immunohistochemical reaction observed in the calcifying 
zone confirmed the earlier suggestions that nesfatin-1 may 
act as a modulator of maturation of the matrix in bone 
mineralization. The changes in the bone metabolism markers 
after the nesfatin-1 administration prove these findings.

Unfortunately, the presented study also has some limitations, 
the main one certainly being the lack of nesfatin-1 serum 
concentration before and at the end of the experiment. Therefore, 
the assessment of possible changes in the concentration of 
nesfatin-1 should be the goal of further studies.

CONCLUSION

The results of the presented research indicate that nesfatin-1 
is a physiological factor that mediates bone metabolism. 
Moreover, nesfatin-1 exerts a protective effect on bone tissue 
properties in rats in the conditions of developing osteopenia. 
The comprehensive assessment of bone tissue parameters 

AAEM Annals of Agricultural and Environmental MedicineONLINE FIRST

ONLINE FIRST

ONLINE FIRST

ONLINE FIRST



Iwona Puzio, Grzegorz Tymicki, Marta Pawłowska-Olszewska, Marek Bieńko, Radosław Piotr Radzki. Nesfatin-1 prevents negative changes in bone in conditions…

using recognized methods guarantees reliability of the 
results, which may be the basis for further research in the 
field of basic and clinical sciences. Since osteoporosis is now 
a global problem, the proposed research is of great health, 
social, and economic importance.
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