
O R I G I N A L  R E S E A R C H

Oral Exposure to ZnO Nanoparticles Disrupt the 
Structure of Bone in Young Rats via the OPG/ 
RANK/RANKL/IGF-1 Pathway

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine

Xinyue Xu1,* 
Yizhou Tang2,* 
Yuanyuan Lang3,* 
Yanling Liu1 

Wenshu Cheng1 

Hengyi Xu 2 

Yang Liu1

1Department of Pediatrics, The Second 
Affiliated Hospital of Nanchang 
University, Nanchang 330006, People’s 
Republic of China; 2State Key Laboratory 
of Food Science and Technology, 
Nanchang University, Nanchang 330047, 
People’s Republic of China; 3Medical 
Imaging Center, The Second Affiliated 
Hospital of Nanchang University, 
Nanchang 330006, Jiangxi Province, 
People’s Republic of China  

*These authors contributed equally to 
this work  

Purpose: To evaluate the effects of ZnO NPs on bone growth in rats and explore the 
possible mechanisms of action.
Materials and Methods: Three-week-old male rats received ultrapure water or 68, 203, 
and 610 mg/kg zinc oxide nanoparticles (ZnO NPs) for 28 days, orally.
Results: The high-dosage groups caused significant differences in weight growth rate, body 
length, and tibia length (P<0.05), all decreasing with increased ZnO NP dosage. There were 
no significant differences in body mass index (BMI) (P>0.05). The zinc concentration in 
liver and bone tissue increased significantly with increased ZnO NP dosage (P<0.05). Clearly 
increased aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels were 
observed in the 610 mg/kg ZnO NP group (P>0.05), whereas alkaline phosphatase (ALP) 
increased in the 610 mg/kg ZnO NP group (P<0.05). Significant differences in insulin-like 
growth factor type 1 (IGF-1) levels and a decrease in calcium (Ca) levels were observed in 
203 and 610 mg/kg ZnO NP groups (P<0.05). Phosphorus (P) levels increased and the Ca/P 
ratio decreased in the 610 mg/kg ZnO NP group (P<0.05). Micro-computed tomography 
(micro-CT) of the tibia demonstrated signs of osteoporosis, such as decreased bone density, 
little trabecular bone structure and reduced cortical bone thickness. Micro-CT data further 
demonstrated significantly decreased bone mineral density (BMD), trabecular number (Tb. 
N), and relative bone volume (BV/TV) with increasing dosage of ZnO NPs. Osteoprotegerin 
(OPG) expression and the ratio of OPG to receptor activator of nuclear factor-κB ligand 
(RANKL) were statistically lower in the 610 mg/kg ZnO NP group (P<0.05), whereas 
RANKL expression did not change significantly (P>0.05).
Conclusion: We infer that ZnO NPs affect bone growth in young rats directly or indirectly 
by altering IGF-1 levels. Overall, the results indicate that ZnO NPs promote osteoclast 
activity and increase bone loss through the OPG/RANK/RANKL/IGF-1 pathway.
Keywords: ZnO NPs, young rats, bone growth, OPG/RANK/RANKL/IGF-1 pathway

Introduction
Nanoparticles (NPs) are defined as particles falling within the nanometer-scale, 
ranging from 1 to 100 nm in diameter.1 They are used extensively in a variety of 
fields of biology and medicine, in addition to within the manufacture of food, 
cosmetics, and everyday consumables.2 More than 800 consumer products that 
contain NPs are listed on the Woodrow Wilson Center database.3 Of these NPs, 
those based on zinc oxide nanoparticles (ZnO NPs) are reportedly the most widely 
used nanomaterials.4 ZnO NPs are used in food additives5 and can thus enter the 
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human body through the food chain.6 ZnO NPs are also 
used in everyday consumables, such as in cosmetics, med-
icines, ceramics, and pigments,7 in addition to children’s 
products such as pacifiers, teddy bears, and other basic 
products.8 Using products that contain ZnO NPs increases 
the risk of exposure.9

Given the wide-ranging applications for nanotechnol-
ogy and the use of nanoproducts, the potential health risks 
of ZnO NPs, especially to children, require thorough eva-
luation. In China, each child whose height is two standard 
deviations less than the mean height of children of the 
same sex, age, and race are considered to have a short 
stature.10 The age-standardized prevalence of short stature 
is 3.70% in China.11 A number of studies have found that 
short stature may affect the physical and mental health of 
children, especially boys.12 Bone development is regulated 
by growth hormone, thyroid hormone, and estrogen. 
Growth hormone affects bone growth through insulin- 
like growth factor type 1 (IGF-1). A previous study used 
the frailty index of osteoporotic fractures and found that 
the frail group exhibited a low level of IGF-1.13 The 
results in another study indicated that bone length, rate 
of formation, and bone mineral density (BMD) were 
increased by IGF-1.14 Yang et al established that short 
stature caused by the deficiency of growth-hormone 
reduced bone density and bone strength.15 Thus, IGF-1 
plays an important role in bone growth of children and it 
is a developmental factor to which clinicians should pay 
great attention.

Drugs, chemicals, and other environmental agents 
reportedly have toxic effects on bone tissue.16,17 Many 
previous studies have explored the toxicity of ZnO NPs, 
such as damage to liver function,18 intestinal microenvir-
onment, intestinal epithelium,19 and fetal growth and 
development.20 But there were few studies to explore the 
toxicity between the bone tissue and ZnO NPs. Notably, 
one study suggested that ZnO NPs can increase bone 
resorption and decrease bone formation, thereby leading 
to bone loss.21 However, the mechanism was not clear. 
Besides, few studies have focused on the effects of ZnO 
NPs on bone in young animal models of development, 
especially to bone longitudinal growth.

Therefore, given the potential risks posed by ZnO NPs 
to the development of bone, especially in children, their 
toxicity should be urgently explored. In the present study, 
the influence of ZnO NPs on bone growth and develop-
ment by its oral exposure to young (three-week-old) male 
rats were investigated.

Materials and Methods
Preparation of ZnO NPs
The ZnO NPs used in the present study were purchased 
from Xiya Reagent, LLC (Chengdu, China). The mean 
diameter and size distribution of the ZnO NPs were mea-
sured using scanning electron microscopy (SEM) with 
Nano Measurer software, as described in previous 
studies.18,22,23 Powdered ZnO NPs (27.5nm±4.1nm) were 
weighted and added into ultrapure water for dissolving. 
The mixture was ultrasonicated for half an hour to produce 
an even dispersion.

Animals
Ten pregnant female Sprague–Dawley rats (SD rats) were 
purchased from the Experimental Animal Center of 
Nanchang University (Nanchang, China). All experimental 
procedures involving animals were approved by the 
Animal Care Review Committee (approval number 
0064257), Nanchang University, Jiangxi, China, which 
adhered to the institutional animal-care committee 
guidelines.

Rat offspring were breastfed on the day immediately 
postnatal (PND 1). Prior to weaning (PND 21), 32 young 
male rats were randomized into four groups (n = 8), 
namely, three ZnO NP treatment groups and one control 
group. They were maintained at room temperature (25°C) 
in a 12 h light-dark cycle with unlimited water and feed. 
Each young SD rat was marked on their tail, back, and feet 
for easy identification.

Experimental Design
Nutritional zinc (Zn) is used as a supplement to prevent and 
treat human diseases, especially in children.24 In the food 
industry, ZnO NPs have replaced ZnO as an additive to 
enhance bioavailability.25 Thus, the oral toxicity of ZnO 
NPs requires additional investigation. In the present study, 
three-week-old SD rats were studied.26,27 The highest 
dosage of Zn allowed in children is 7 mg/d.28 The dosage 
in rats, 100-fold greater than the maximum dosage for 
children was based on an additional safety factor stated by 
a number of toxicologists.26 In addition to this, we aimed to 
find a harmful threshold for ZnO NPs in animals undergoing 
bone growth. Accordingly, 610 mg/kg was selected as the 
highest dosage in the present study and decreased it three 
and nine-fold for two other dosage groups.

The young SD rats in the experimental groups received 
different doses of ZnO NPs (68, 203, and 610 mg/kg/d) by 
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oral gavage. The control group was treated with the same 
volume of ultrapure water on PND 22 and each 
subsequent day for a further 28 days. Body weight and 
length, food intake, and water consumption were recorded. 
The mental state of each animal was also observed daily.

After 28 days, the blood of each rat was collected after 
anesthetization by ether inhalation. Blood was collected by 
eyeball extraction immediately after sacrifice by cervical 
dislocation. The rats were dissected and the liver was 
collected. All soft tissue was stripped from the tibia and 
placed in a centrifuge tube filled with 4% paraformalde-
hyde for fixation. Both the serum and tissue samples were 
stored in a freezer at −80°C until use.

Evaluation of Growth and Development
The animals were measured and weighed prior to the 
administration of ZnO NPs or ultrapure water. The body 
weight of the 32 SD rats was recorded every day. The 
body length of all rats was measured every 2 weeks (on 
days 1, 14, and 28 of exposure). Body length was mea-
sured from the tip of the nose to the tail. The length of the 
tibia was measured after sacrifice. The body mass index 
(BMI) was calculated from weight and body length (BMI 
= body weight/body length2). Food intake and water con-
sumption were also recorded.

Zn Concentration in Tissue
Liver and bone tissue (weight = 0.5–1 g) was harvested 
from the animals in the control and experimental groups. 
Each sample was placed in a mixture of HNO3 (10 mL) 
and HClO4 (2 mL) then heated to 230°C for 1 h. The 
temperature was further increased to 280°C until the liquid 
became clear and transparent. After cooling, 25 mL of 
ultrapure water was added to each sample, and then Zn 
concentration was measured.

Biochemical Indicator Assay
Liver function was evaluated by measurement of serum levels 
of aspartate aminotransferase (AST), alkaline phosphatase 
(ALP), and alanine aminotransferase (ALT). The serum 
levels of total calcium (Ca) and total phosphorus (P) were 
measured using a colorimetric assay in a biochemical analy-
zer (Roche Cobas c702). The Ca/P ratio was also measured. 
The methodological details have been described previously.29

ELISA for IGF-1
The serum level of IGF-1 was measured using an ELISA 
(Youersheng Biology Company, SEA050Ra). All procedures 

were performed by a skilled professional tester, in accor-
dance with the manufacturer’s instructions.

Micro-Computed Tomography 
(Micro-CT)
The tibia scanned using a micro-CT imager (SkyScan 
1276, Bruker, Germany) at 85 kV, 200 µA. The projection 
images were reconstructed using Nrecon 1.7.3.0 software. 
Bone samples were analyzed following extraction of mor-
phological data from the images using CTAn software. 
A number of parameters of bone morphology were used 
to ascertain changes in the trabecular bone using image 
processing software. A region of interest (ROI) was 
selected on the scanned micro CT images. Tissue volume 
(TV) refers to the total volume of ROI and bone volume 
(BV) refers to the volume defined as bone within the ROI. 
Relative bone volume (BV/TV) indicates the ratio of bone 
tissue volume to tissue volume, which directly reflects 
changes in bone mass. BMD indicates the bone mineral 
density within the bone tissue in the ROI. These para-
meters above reflect bone mass. In addition to this, micro 
CT is able to provide 3D imaging of the trabecular micro-
structure, from which trabecular number (Tb.N), trabecu-
lar thickness (Tb.Th) and trabecular separation (Tb.Sp) 
can be measured. These are the principal indicators for 
describing the spatial morphological structure of trabecular 
bone. Tb.N and Tb.Th decreases whereas Tb.Sp increases 
as osteoporosis develops. The structure model index (SMI) 
is defined as the degree to which the elements within 
a tissue are “rod-like” or “plate-like”. If the trabecular 
bone is mostly “plate-like”, the SMI is close to 0. 
Conversely, if the trabecular bone is mostly “rod-like”, 
the SMI will be close to 3. Where osteoporosis has devel-
oped, trabecular bone changes from a plate-like shape to 
a rod-like shape, and SMI increases.

Immunohistochemistry
The tibia sections were immersed in citric acid antigen- 
repair buffer (pH 6.0) and placed in a microwave oven for 
antigen retrieval. The slides were then placed in PBS (pH 
7.4) and washed three times for 5 min each on a decolorizing 
shaker after cooling naturally. The slides were then placed in 
3% hydrogen peroxide and incubated at room temperature 
without light for 25 min, after which the decolorization step 
in the previous step was repeated. The slides were blocked 
using 3% BSA at room temperature for 30 min. Primary 
antibodies for osteoprotegerin (OPG) and receptor activator 
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of nuclear factor-κB ligand (RANKL) were incubated in 
a moist chamber at 4°C overnight. The slides were incubated 
with an HRP-labeled secondary antibody at room tempera-
ture for 50 min, then stained with DAB and counterstained 
with hematoxylin for 3 min. Images were captured using 
a light microscope (E100, Nikon). The percentage of posi-
tive staining within the whole field of view was quantified 
using Image Pro Plus (v6.0) software at 200× magnification.

Statistical Analysis
Data are expressed as means ± SD following analysis with 
SPSS v23.0 software using a one-way ANOVA. P values 
<0.05 were considered statistically significant.

Results
Analysis of Growth and Development
As shown in Figure 1A, no difference was observed in the 
initial weight for the four groups. For the 68 and 203 mg/kg 
ZnO NP samples, there was no significant difference in 

weight or growth rate compared with the control group 
over the first 6 days (P > 0.05). However, weight growth 
rate clearly decreased in the 610 and 203 mg/kg ZnO NP 
groups after the first 6 days (P < 0.05).

As shown in Figure 1B, initial body length was not 
significantly different between groups. After 14 days of 
administration of ZnO NP, body length shortened signifi-
cantly compared with the control group in the 610 mg/kg 
ZnO NP group (P < 0.05). On the 28th day of exposure, 
the 68 and 203 mg/kg ZnO NP groups were significantly 
different from the 610 mg/kg ZnO NP group (P < 0.01), 
but not the control group (P > 0.05). The length of the tibia 
in the 610 mg/kg ZnO NP group was shorter than that of 
the control group (Figure 1C). BMI in each group was not 
significantly different from the control group (Figure 1D).

Zn Concentration Analysis
Zn concentration in the liver and the bone tissue increased 
significantly with increasing ZnO NP dosage, especially in 
the 610 mg/kg ZnO NP group (P < 0.05), which was 

Figure 1 Characterization of growth. (A) Body weight growth. (B) Body length. (C) Tibia length. (D) Body mass index. *P<0.05, **P<0.01.
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significantly higher than other experimental groups 
(P < 0.05), as shown in Figure 2A and C.

Biochemical Indicator Analysis
AST and ALT are frequently used to evaluate liver func-
tion. ALP can be used to evaluate liver and bone tissue 
function. As shown in Figure 2B, AST and ALT clearly 
increased in the 610 mg/kg ZnO NP group (P > 0.05), 
while for ALP the increase was significant (P < 0.05).

To examine the toxicity of ZnO NPs on bone metabolism, 
the concentrations of total Ca and P in serum were evaluated 
(Figure 2E). The Ca/P ratio was also measured, as shown in 
Figure 2F. The Ca/P ratio was lower in the 610 mg/kg ZnO 
NP group (P < 0.05). Serum Ca level was significantly 
greater in the 203 and 610 mg/kg ZnO NP groups than in 
the control group (P < 0.05) while serum P level was higher 
in the 610 mg/kg ZnO NP group than the control (P<0.05).

Analysis of IGF-1 Serum Levels
The level of IGF-1 dictates longitudinal growth of the 
body. Figure 2D indicates that there was no significant 
difference in the 68 mg/kg ZnO NP group compared 
with the control group. IGF-1 serum level decreased sig-
nificantly in the 203 and 610 mg/kg ZnO NP groups 
(P<0.05). These results indicate that higher dosages of 
ZnO NPs cause lower IGF-1 serum levels.

Bone-Structure Observation by 
Micro-CT
Micro-CT can display the micro-architecture of bone. The 
3D reconstruction of trabecular bone displayed different 
viewing planes for each group including coronal and trans-
verse images. A 3D reconstruction of the tibia is shown in 
Figure 3A, and internal structure in the transverse direc-
tion of the proximal-tibia in Figure 3B. Non-reconstructed 
images are displayed in Figure 3C and D. In the control 
group, the bone exhibited normal external shape and struc-
ture (Figure 3A (a)). Additionally, the internal spaces of 
the trabecular bone in the proximal tibia metaphysis of the 
control group demonstrated that the cortical and trabecular 
bone were normal with appropriate bone mineral density 
(Figure 3B–D (a)). However, in the experimental groups, 
the shape appeared straighter, the physiological curvature 
changing with increasing ZnO NP dosage (Figure 3A 
(b–d)). The tissue within the trabecular bone declined 
accompanied by thinning of the cortical bone, especially 
in the higher ZnO NP groups (Figure 3B–D (b–d)). These 
results indicate that higher dosages of ZnO NPs corre-
sponded to increasing damage to the bone tissue.

Micro-CT Data
Quantitative morphological data extracted from the micro- 
CT images are displayed in Figure 4 and found to be 

Figure 2 Analysis of biochemical indicators and accumulation of Zn. (A) Concentration of Zn in the liver. (B) Biomarkers of liver function. (C) Concentration of Zn in bone 
tissue. (D) Serum IGF-1 levels measured by ELISA. (E) Concentration of Ca and P in serum. (F) Ratio of Ca and P. *P<0.05 compared with control.
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consistent with the corresponding images. With increasing 
ZnO NP dosage, Tb.Th decreased whereas Tb.Sp and TV 
increased, although not statistically different from the control 
group (P>0.05). BV was significantly lower in the 610 mg/kg 
ZnO NP group (P<0.05) compared with the control group, 
and BV/TV was significantly lower in the 203 and 610 mg/kg 
ZnO NP groups (P<0.01). BV/TV in the 610 mg/kg ZnO NP 
group was significantly lower than that of the 68 mg/kg ZnO 
NP group (P<0.05). Tb.N was significantly lower in the 
68 mg/kg ZnO NP group than the control group (P<0.05) 
and very significantly lower in the 203 and 610 mg/kg ZnO 
NP groups (P<0.01). BMD was significantly lower in the 203 
and 610 mg/kg ZnO NP groups (P<0.05). Thus, BV, BV/TV, 
Tb.N, and BMD were all declined as the dosage of ZnO NPs 
increased. SMI was significantly higher in the 203 and 

610 mg/kg ZnO NP groups compared with the control 
group (P<0.05 and P<0.01, respectively).

OPG and RANKL Expression Levels in 
the Tibia
OPG and RANKL protein expression is observed as brown- 
yellow staining in osteoblasts (Figure 5A and B). OPG expres-
sion decreased with increasing ZnO NP dosage, the differences 
between the control and the 203 and 610 mg/kg ZnO NP 
groups being significant (Figure 5C). Additionally, RANKL 
expression increased with increasing ZnO NP dosage although 
the difference was not significant (Figure 5D). The OPG/ 
RANKL ratio reduced in the ZnO NP treatment groups in 
a dose-dependent manner, and was especially apparent in the 
610 mg/kg ZnO NP group (Figure 5E).

Figure 3 Micro-CT images of rat tibias. (A) Macroscopic 3D image reconstruction of the tibias. (B) 3D image reconstruction of the proximal tibias in the transverse plane. 
(C) Micro-CT images of the tibias in the coronal plane. (D) Micro-CT images of transverse sections of the tibias. In which: a) Control; b) 68 mg/kg ZnO NPs; c) 203 mg/kg 
ZnO NPs; d) 610 mg/kg ZnO NPs.
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Discussion
Multiple products containing ZnO NPs are used exten-
sively and thus may become easily ingested by children. 
Previous studies have explored the toxicity of ZnO NPs in 
the liver, ovaries, and testes of rats,6,18 but limited research 
has been conducted to explore their effects on the bone 
tissue in young rats. In the present study, the potential risks 
to bone tissue of ZnO NPs by oral administration were 
investigated in young rats.

Body weight is a visual indicator of growth and 
development. As shown in Figure 1A, body weight 
increased less quickly in ZnO NP-exposed groups, espe-
cially in the 203 and 610 mg/kg ZnO NP groups. These 
results were consistent with those of Hong et al. They 
evaluated a range of dosages (0, 100, 200, and 400 mg/ 
(kg·d)) of 20 nm ZnO NPs for 15 days and found that 
the gain in body weight was lower in the 400 mg/kg 
ZnO NP group.30

Similarly, body length, especially longitudinal growth 
can evaluate the growth and development of the body. 
A review found evidence that ZnO NPs can shorten the 
body length of zebrafish embryos and cause 
malformation.31 In the present study, with increased dura-
tion of exposure, body length decreased in the 610 mg/kg 
ZnO NP group compared with the control and other ZnO 
NP groups (Figure 1B). Accordingly, we speculated that 
ZnO NPs affected longitudinal growth and that the damage 
caused by higher dosages of ZnO NPs occurs earlier and is 
more severe. The BMI results further indicate that ZnO 
NPs did not influence body type (Figure 1D).

A number of researchers suggest that the tibia or femur 
should be used as indicators of longitudinal growth.32,33 

Accordingly, we selected the tibia to assess the longitudi-
nal growth of rats. Hong et al indicated that ZnO NPs can 
induce skeletal malformation, such as short ribs and 
incomplete ossification of the thoracic centrum in fetuses. 

Figure 4 Quantitative morphological analysis from micro-CT images of tibias. (A) Trabecular thickness (Tb.Th). (B) Trabecular separation (Tb.Sp). (C) Tissue volume (TV). (D) 
Bone volume (BV). (E) Relative bone volume (BV/TV). (F) Trabecular number (Tb.N). (G) Bone mineral density (BMD). (H) Structure model index (SMI). *P<0.05, **P<0.01.
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However, changes in longitudinal bone were not described 
in Hong’s study.30 In the present investigation, tibia length 
was significantly different only in the 610 mg/kg ZnO NP 
group (Figure 1C). We concluded that tibia length was 
therefore only affected by high dosages of ZnO NPs.

Micro-CT was used to assess the condition of bone 
damage in the proximal tibia in the present study. We 
evaluated the biomechanical strength and risk of bone 
fracture. As shown in Figure 3, the proximal tibia was 
evaluated from two perspectives. In the experimental 
groups, there appeared insufficient trabeculae and thinned 
cortical bone combined with a changed physiological cur-
vature when viewed in the coronal or transverse perspec-
tive. Conversely, the control group displayed a normal 
external shape and internal structure. Tibia micro-CT 

demonstrated that the trabecular bone was sparse with 
cortical bone becoming thinner following exposure to 
ZnO NP, indicating osteoporosis. We further evaluated 
the microstructure of the trabecular bone with a number 
of quantitative parameters. SMI indicates the degree of 
being “rod-like” or “plate-like”. Conversion from plate- 
like to rod-like elements (SMI values tending from 0 to 3, 
respectively) indicates destruction of the trabecular bone 
structure.34 In the present study, the value of SMI 
increased significantly in the 203 and 610 mg/kg ZnO 
NP groups, indicating the adoption of rod-like elements 
and that the trabecular bone structure was damaged in the 
high-dosage groups (Figure 4H). Combined with 
decreased Tb.N, Tb.Th, and BMD, we conclude that at 
a sufficient dosage of ZnO NPs, the biomechanical 

Figure 5 Immunohistochemical staining of rat tibia sections. (A) OPG expression stained brown-yellow in the cytoplasm of osteoblasts (200x, 400x). (B) RANKL-positive cells stained 
brown-yellow (200x, 400x). (C) Average optical density values of OPG expression in tibia specimens of four groups. (D) Average optical density values of RANKL expression in tibia 
specimens of four groups. (E) OPG/RANKL ratio. In which, a) Control, b) 68 mg/kg ZnO NPs, c) 203 mg/kgZnO NPs, d) 610 mg/kg ZnO NPs (200x); e) Control; f) 68 mg/kg ZnO NPs; 
g) 203 mg/kg ZnO NPs; h) 610 mg/kg ZnO NPs (400x).
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strength of the bone decreases with an increased risk of 
bone fracture.

In clinical settings, patients with liver disease display 
decreased bone density and increased risk of bone 
fracture.35 To determine why ZnO NPs inflict bone 
damage, we further analyzed Zn concentration in the 
liver and bone tissue. We found that higher dosages of 
ZnO NPs caused greater accumulation in the liver and 
bone (Figure 2A and C). Indicators of liver function, 
namely, AST, ALT, and ALP, increased in the 610 mg/kg 
ZnO NP group, indicating that liver function was affected 
by deposits of ZnO NPs (Figure 2B). ALP is also an 
indicator of bone damage. The results of 610 mg/kg ZnO 
NP group demonstrate significant differences compared 
with the control. Thus, we conclude that ZnO NPs directly 
affect the liver and bone tissue.

The liver is the master organ of synthesis and 
secretes IGF-1. We found decreased serum levels of 
IGF-1 in the 203 and 610 mg/kg ZnO NP groups 
(Figure 2D). In accordance with a previous finding that 
liver function is injured by ZnO NPs, we speculate that 
decreased IGF-1 levels were due to ZnO NP damage to 
liver function. Interestingly, IGF-1 is a factor critical in 
the regulation of longitudinal length. Bachagol et al 
found that longitudinal length is substantially related to 
serum levels of IGF-1.14 Combined with previous 
results indicating that longitudinal length, including 
both body and tibia length, shortens with increased 
dosage of ZnO NPs, we speculated that the shortened 
longitudinal length also resulted from decreased serum 
level of IGF-1.

During bone formation, osteoblasts and osteoclasts are 
the principal cell types involved. They play important 
roles in bone formation and resorption.36 Bone resorption 
and formation remain stable under physiological condi-
tions such that skeletal structure and function are 
maintained.37 Levels of total Ca and P in serum can also 
reflect changes in bone metabolism. Normally, Ca and 
P are relatively balanced so that normal bone structure is 
maintained. The normal serum level of Ca will increase 
due to increased osteoclast activity. As bone Ca is deliv-
ered to the blood, bone strength decreases, increasing the 
risk of bone fracture. In the present study, Ca levels 
increased in the 203 and 610 mg/kg ZnO NP groups, but 
there was no apparent change in P levels (Figure 2E). This 
finding indicates that ZnO NPs disrupt the balance 
between bone formation and resorption. The Ca/P ratio is 
an indication of the same phenomenon (Figure 2F). 

However, Abdelkarem et al reported that serum levels of 
Ca and P did not significantly differ when rats were dosed 
with 600 mg/kg ZnO NPs for 5 days by oral 
administration.10 Herein, we found that increasing the 
duration of administration may increase the possibility of 
damage to the bone tissue. Thus, we believe that ZnO NPs 
disrupt the balance of bone metabolism and promote 
osteoclast activity.

However, the mechanism by which ZnO NPs affect 
osteoclasts requires further investigation. A number of stu-
dies have reported that the OPG/RANK/RANKL pathway 
has a close connection with the balance between osteoblasts 
and osteoclasts. RANKL and OPG reflect osteoclast activity. 
RANKL produced by osteoblasts binds to receptor activator 
of nuclear factor-κB (RANK) on the surface of osteoclasts 
resulting in increased bone resorption. Where OPG blocks 
RANKL to bind with RANK,38 thereby inhibiting osteoclast 
activity. If RANKL were overexpressed or OPG levels were 
abnormally low, bone resorption would be greater than bone 
formation, resulting in osteoporosis. A number of studies 
have also shown that IGF-1 receptors exist in osteoblasts 
and osteoclasts, indicating that IGF-1 may directly act on 
osteoblasts to stimulate osteoclast function.39 By contrast, 
a number of researchers have reported that the effect of IGF- 
1 on bone remodeling may be mediated by the OPG/RANK/ 
RANKL system. Rubin et al found that IGF-1 decrease OPG 
expression but increase RANKL expression in mouse stro-
mal cells.40 Zhao et al drew the same conclusion.39 However, 
Guerra-Menéndez et al reported that low-levels of IGF-1 can 
decrease OPG expression and increase RANKL 
expression.41 Gorny et al demonstrated similar results and 
believed that differences are due to variations in cell pheno-
type in vitro.42 In the present study, we drew the same 
conclusion that low levels of IGF-1 were accompanied by 
decreased OPG expression, increased RANKL expression, 
and therefore a low OPG/RANKL ratio, especially in the 
610 mg/kg ZnO NP group, in addition to abnormal levels of 
Ca and Ca/P ratio. We believe that osteoclast activity 
increases with decreased levels of IGF-1. Overall, the results 
suggest that decreased OPG expression and increased 
RANKL expression promote osteoclast activity leading to 
accelerated bone loss, which may be related to reduced IGF-1 
levels via the OPG/RANK/RANKL pathway. ZnO NPs 
affect bone growth indirectly by decreasing IGF-1 levels 
via abnormal liver function.

In summary, combined with abnormal liver function, 
higher Zn concentrations were observed in the liver and 
bone tissues leading to modified biochemical indicators, 
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OPG, RANKL, and alteration of trabecular bone struc-
ture with a high dosage of ZnO NPs (Figures 2–5). We 
conclude that ZnO NPs directly or indirectly hinder 
bone growth through deposition in bone and by 
decreased levels of IGF-1. ZnO NPs may also decrease 
bone formation and accelerate bone loss due to the 
effect of the OPG/RANK/RANKL/IGF-1 pathway on 
bone remodeling, which led to bone growth restriction 
in young rats (Figure 6).

Conclusions
We evaluated the effects of different dosages of ZnO NPs 
on the growth of bone in young rats. The results indicate 
that ZnO NPs reduced the rate of weight gain and 
decreased the length of the body and tibias. Micro-CT 

analysis demonstrated that ZnO NPs exert a clear detri-
mental effect on the tissue within the tibia with increasing 
dosage, as indicated by significantly decreased BMD, Tb. 
N, and BV/TV. Levels of AST, ALT, and ALP, serum 
levels of IGF-1, the expression of OPG, and the OPG/ 
RANKL ratio were also clearly lower in rats exposed to 
high-dose ZnO NPs. Changed serum Ca/P levels increased 
the disruption of bone-metabolism. In addition, we 
observed the accumulation of Zn in the liver and bone. 
These observations demonstrate that ZnO NPs affect bone 
growth in young rats by altering IGF-1 levels or by direct 
injury, thereby inhibiting their development. ZnO NPs can 
also promote osteoclast activity and bone loss, which may 
be due to transduction of the OPG/RANK/RANKL/IGF-1 
pathway.

Figure 6 The schematic diagram for the ZnO NPs induced bone growth restriction in young rats through OPG/RANK/RANKL/IGF-1 pathway.
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