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Abstract: Angular deformities of adolescents can be treated with temporary hemiepiphysiodesis. It is confirmed that 
mechanical staples leading to apoptosis of chondrocyte in the growth plate. In addition, clinical evidences revealed 
that release from growth-inhibition condition resulted in catch-up growth, which caused damage to the patients. 
Thus, the current study aimed to investigate the mechanisms underlying the cell growth inhibition and the rebound 
growth during the temporary hemiepiphysiodesis on the growth plate. Rats with knee stapling were housed for indi-
cated weeks, then were separated into control group, hemiepiphysiodesis groups and removal of staple groups. The 
tissue samples were analyzed by histopathological staining or western blotting. The results indicated there was sig-
nificant growth arrest and cell apoptosis in rats treated with mechanical stress loaded (hemiepiphysiodesis group). 
Additionally, immunohistochemistry staining and western blotting revealed the ER-stress induced cell apoptosis was 
involved in growth inhibition. In removal of staple group, growth-inhibition, apoptotic cells, ER stress and autophagy-
related markers were all decreased when the staples were removed from mice. Moreover, IκB/NF-κB pathway were 
activated in the growth plate of rats when the loads were released. In conclusion, mechanical load leaded to growth 
inhibition in the growth plate. ER-stress induced apoptosis and autophagy might be responsible for this process. In 
contrast, the possible reason for the rebound growth of growth plate may be due to the elevated IκB/NF-κB activity. 
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Introduction

In children and adolescents, longitudinal bo- 
ne growth is mediated by the endochondral 
ossification in the growth plates. Clinical study 
demonstrated that mechanical compression 
across a growth plate would slow the rate of 
endochondral ossification and thus could be 
used to correct angular limb deformities [1]. 
Transient growth guidance is obtained by uni-
lateral inhibition of the growth plate, while nor-
mal growth ensues in the rest. The implants are 
then removed to allow resumption of natural 
growth [2, 3]. The mechanism of temporary 
hemiepiphysiodesis during modulation of en- 
dochondral ossification is incompletely under-
stood, but the stress loaded on the growth 
plate plays an essential role. It is known in 
Hueter-Volkmann law that decreased stress 
leads to increased growth, while excessive 

stress leads to growth retardation. According  
to this rule, Stokes found linear relationship 
between stress and percentage growth mo- 
dulation in a diverse set of non-human growth 
plates [4]. However, there is no clinical data 
supporting this. Congdon also predicted that  
an increase in stress would first lead to an 
increased growth, while excessive stress to a 
part of the joint would lead to retardation in  
the subluxated shoulders [5]. In addition, a hi- 
stomorphometric study revealed that the pro- 
liferation of proliferative layer and hypertrop- 
hic cartilage layer were suppressed by the co- 
mpression of the stapling [6], which indicated 
that mechanical modulation might result fr- 
om changes in the proliferative and/or hyper- 
trophic zones [7]. However, the mechanical  
failures resulted from undercorrection or over-
correction might produce permanent damage 
in epiphyseal plate and unpredictable effect. 
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Besides, the rebound growth after removal of 
stables also cause huge burden to the patients 
and society [8, 9].

It is demonstrated that endoplasmic reticul- 
um (ER) stress played an important role in 
chondrocyte proliferation, differentiation and 
endochondral ossification [10-12]. During en- 
dochondral ossification, chondrocytes secre- 
te an elaborate extracellular matrix (ECM), wh- 
ich place burden on the ER. ER homeostasis 
was maintained by the unfolded protein res- 
ponse (UPR) [13]. Gualeni at al found that 
chronic ER stress decreased chondrocyte  
proliferation in mouse with chondrodysplasia 
[14]. Li et al also revealed that ER stress pl- 
ayed a critical role in chondrocyte apoptosis 
and mandibular cartilage thinning in response 
to compressive mechanical force [15]. Based 
on these findings, we hypothesized that ER 
stress was induced by mechanical loading on 
the growth plate. There are several ways for 
generating apoptotic signals in the ER, includ-
ing PERK/eI2-dependent induction of the pro-
apoptotic transcription factor CHOP, BAK/BAX 
regulated Ca2+ release from the ER, IRE1-me- 
diated activation of apoptosis signal-regulating 
kinase (ASK)1/JNK, and activation of caspase 
12 [11, 16, 17]. 

Autophagy is a general term that refers to the 
degradation of cytoplasmic components within 
lysosomes [18]. However, recent studies sug-
gest that autophagy has a broader range of 
functions including mediating the adaptation to 
starvation conditions, intracellular protein and 
organelle clearance, elimination of microorgan-
isms and tumor suppression [18]. It is now 
known that ER stress is one of the potent trig-
ger for autophagy. PERK, IRE1 and increased 
Ca2+ have been implicated as mediators of ER 
stress-induced autophagy in mammalian cells 
[19, 20]. In addition, autophagy may play a role 
of tumor promoter or tumor inhibitor in different 
tumor cell lines, which is a context-dependent 
matter [21]. However, the relationship between 
ER stress and autophagy in growth plate is still 
under investigation. 

The nuclear transcription factor Nuclear Factor 
κB (NF-κB) regulates the expression of a large 
number of genes that are critical for the regula-
tion of cell proliferation, differentiation and 
apoptosis. Upon activation by various stimuli, 

NF-κB is released from the IκB family and trans-
locates into the nucleus, where it modulates 
the expression of target genes [22]. Previous 
evidence indicated that NF-κB exerted a regula-
tory role in bone growth and development [23]. 
It is demonstrated that NF-κB p65 facilitates 
chondrogenesis and longitudinal bone growth 
in growth plate by upregulation of BMP-2 [24, 
25]. Histological analysis revealed that after 
removal of sustained loading, the thickness of 
the growth plate exceeded that of the control 
[24]. In addition, the expression of factors relat-
ed to endochondral ossification and cartilage 
and bone calcification were upregulated [25]. 
Based on all these findings, we hypothesized 
that NF-κB pathway might involve in the catch-
up growth of the growth plate after removal of 
mechanical loading.

The present study aimed to investigate the 
mechanism underlying the growth inhibition 
and the rebound growth during the temporary 
hemiepiphysiodesis in the growth plate of rats.

Materials and methods

Animals and tissue processing

Female Sprague-Dawley rats were purchased 
from BiKai biochemistry Co. (Shanghai, China). 
Animals were housed for one week and fed with 
a standard laboratory food and water. The labo-
ratory was maintained at a constant room tem-
perature (25°C) with a 12:12 hr light/dark 
cyclic. The rats were anesthetized with 7% chlo-
ral hydrate and their right knees shaved. A lon-
gitudinal skin incision to the anterior of the right 
knee was made, the staples were inserted into 
the epiphyseal and metaphysis. After that, the 
position of the staples was checked with radio-
graph. The rats were then randomly divided into 
7 groups. Control group; hemiepiphysiodesis 
groups: hemiepiphysiodesis with stapling for 1, 
2 or 3 weeks (1W, 2W, 3W); removal of staple 
groups: hemiepiphysiodesis stapling for 1, 2 or 
3 weeks, and housed for another week after 
removal of staple (1W+1, 2W+1, 3W+1). Right 
knees of rats were carried out in an X-ray radia-
tion field at the linear accelerator (Varian 
Unique SN2213, USA) at room temperature 
[26]. When the rats were sacrificed with CO2, 
the shank were taken out and fixed with 4% 
formaldehyde in PBS, then decalcified with 
10% EDTA. Group 0W was set as control group.
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Histological staining 

Growth plate samples were cut into 4 micr- 
ometer thick slices and mounted from a for- 
malin fixed paraffin-embedded tissue block on 
microscope slides, then baked at 60°C for 1 h. 
Then, he slides were deparaffinized in xylene 3 
times for 10 minutes each, rehydrated throu- 
gh descending concentrations of ethanol so- 
lutions for 5 minutes each, and rinsed in dis-
tilled water. Next, the sections were stained 
with hematoxylin (Beyotime, Shanghai) and 
eosin (BBI Life Sciences, Shanghai) for mor- 
phological visualization. After that, the slides 
were baked at 60°C for 15 minutes, dehydrat-
ed with ascending concentrations of ethanol 
solutions, and embedded in paraffin. The sec-
tions were viewed and recorded under an 
Inversed Fluorescent Microscope (Olympus 
IX71, Tokyo, Japan). 

Immunohistochemistry

After deparaffinization with xylene and rehy- 
dration with graded alcohol solutions, the sl- 
ides were treated with 3% hydrogen peroxide 
for 30 minutes to inactivate the endogenous 
peroxidase. Antigen retrieval was performed  
by incubating the sections in the boiled saline 
sodium citrate for 10 minutes. Then the slid- 
es were cooled to room temperature for 1 h, 
rinsed with PBS for 3 times, and blocked with 
1% BSA for 20 minutes at room temperature. 
The sections were washed with PBS 3 time, 
then incubated with the primary antibody  
at 4°C overnight. Primary antibodies: anti-Ki67 
(1:200 dilution), anti-Bip (1:50 dilution), anti-
caspase-12 (1:100 dilution) and anti-LC-3 
(1:100 dilution) (Cell Signaling, MA, USA). Aft- 
erward, slides were incubated with secondary 
antibody for 30 minutes and stained with DAB 
(DAKO Liquid DAB, CA, USA) for 5 minutes. The 
sections were counterstained with hematoxylin 
and mounted as previously described [14].

TUNEL assay

Terminal deoxyribonucleotidyl transferase-me- 
diated dUTP nick end labeling (TUNEL, Thermo 
Fisher Scientific, Waltham, MA, USA) assay was 
performed to assess apoptosis. After deparaf-
finization with xylene and rehydration with gra- 
ded alcohol solutions, the sections were incu-
bated in PBS with 40 µg/mL proteinase K for 

30 minutes at 37°C. Then, the sections were 
treated with 2% H2O2 in distilled water for 30 
min at 37°C, followed with incubation with anti-
digoxigenin peroxidase conjugate for another 
30 min at 37°C. The sections were counter-
stained with diaminobenzine and hematoxylin, 
and observed under a light microscope. 

Western blotting

Whole growth plates of rates were mashed, 
and the total protein were lysed with RIPA buf-
fer (1% NP-40, 0.1% SDS, 10 mM Tris-HCl pH 
7.4, 150 mM NaCl, 1 mM EDTA) with protease 
inhibitor cocktail (Thermo Fisher Scientific, 
Waltham, MA, USA). Protein concentration was 
determined by using the BCA protein assay kit 
(Promega, Madison, WI, USA). 50 μg protein 
samples were separated on 10% SDS-PAGE 
and transferred to PVDF (Bio-Rad Laboratories, 
Hercules, CA, USA). The membranes were then 
blocked and incubated with primary antibodies 
against caspase 12, p-PERK, PERK, p-eIF2α, 
eIF2, ATF4, LC3, ATG5, Beclin I (Cell Signaling 
Technology, USA) overnight at 4°C. Later on, 
the membranes were incubated with peroxi-
dase-conjugated secondary antibody, and 
detected with ECL (Thermo Fisher Scientific, 
Waltham, MA, USA). The density of each protein 
band was normalized to that of β-actin.

Immunofluorescence staining

After deparaffinization and antigen retrieval, 
the growth plates sections were incubated with 
goat serum, primary antibodies and immuno- 
fluorescence-labeled secondary antibodies to 
perform the dual fluorescence staining. Me- 
anwhile, the nuclei were detected with 4’, 
6-diamidino-2-phenylindole (DAPI), and the im- 
ages were collected with fluorescence micr- 
oscopy.

Measuring the articular line-diaphysis angle 
(ALDA)

The articular line-diaphysis angle was detected 
according to the formerly literature described 
method [27]. The tibial angulation produced by 
the implant was assessed on the true antero-
posterior view by measuring the articular line-
diaphysis angle (ALDA). The angle was mea-
sured weekly. 
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Statistical analysis  

Statistical comparisons between 2 groups we- 
re analyzed by student’t-test and compariso- 
ns between multiple groups were analyzed by 
one way ANOVA followed by Dunnett’s test 
(GraphPad Prism software, version 5.0, La Jo- 
lla, CA, USA). P<0.05 were considered statisti-
cally significant.

Results

Hemiepiphysiodesis on growth plate in rat was 
established

It is speculated that during hemiepiphysiode-
sis, the thickness of epiphyseal plate, the distri-
bution and expression of matrix proteins were 
asymmetrical. The mechanical stress loaded 
on the growth plate constant or variable is still 
unclear. As shown in Figure 1A, axisymmetric 
(3D) finite element analysis supported the point 
that the stress was continuously varied. Under 
the asymmetrical stress, the stress was 
inversely proportional to the distance away 
from the loading point indicating the rate of 
endochondral ossification within the growth 
plate was continuously changed.

X-ray observation and histologic staining of 
growth plate in rats

The staples were inserted between the epiphy-
seal and metaphysis in rats, X-ray was used 

subsequently to check the position (Figure 1B). 
At the indicated time point (1W, 2W, 3W, 1W+1, 
2W+1, 3W+1), the rats were radiographed 
again. Figure 2A and 2B indicated that there 
was a gradual decrease in the length of the 
tibia in rats in the condition of hemiepiphysio-
desis. Since the mechanical stapling affected 
the growth of the medial side, the articular line-
diaphysis angle (ALDA) were all increased in 1, 
2 or 3 weeks. When the staples were removed 
from the knees, the growth of the medial side 
recovered and the ALDA decreased gradually 
(Figure 2A and 2B). In order to examine the his-
tologic changes inside the knees, hematoxylin-
eosin method was used to stain the growth 
plate. Compared with control group, the thick-
ness of the growth plate in Group 1W, 2W, 3W 
were all decreased under the staples loaded, 
while increased after removal of staples (Group 
1W+1, 2W+1, 3W+1) (Figure 2C). Besides this, 
immunohistochemical staining of the samples 
demonstrated a marked increase in Ki67 posi-
tive cells, which was reduced to base level after 
removal of staples (Figure 2D). These results 
were consistent with the radiographs, which 
indicated that transient growth inhibition within 
a growth plate was followed by local catch-up 
growth after removal of staples.

Hemiepiphysiodesis stapling induced apopto-
sis in rat growth plate

As the thickness of the growth plate was 
decreased under mechanical loading, we fur-

Figure 1. Hemiepiphysiodesis stapling on rat growth plate was established. A. Axisymmetric (3D) finite element 
analysis revealing the magnitude of the mechanical stress. B. Radiograph of growth plate with loading apparatus at 
the beginning of the experiment. 
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ther assessed whether apoptosis was involved 
in hemiepiphysiodesis. As shown in Figure 3A 
and 3B, compared with control group, growth 
plate showed an increased TUNEL staining of 
DNA fragmentation under 1, 2, or 3 weeks’ sta-
pling. As the expected, the stained cells were 
decreased when the growth plates were 
released from the loading. These results were 
similar to that of the X-ray and histological 
staining, which suggested that growth-inhibi-

tion within the growth plate was mediated by 
apoptosis.

ER stress-induced apoptosis in rat growth 
plate under the condition of hemiepiphysiode-
sis stapling

As we know, endoplasmic reticulum has an 
important role in sensing cellular stress and 
mediates a specific set of intracellular signaling 
pathways leading to cell apoptosis. In order to 

Figure 2. X-ray observation and histologic staining of growth plate in rats. A. Radiograph of growth plate with loading 
apparatus of groups (1W, 2W, 3W, 1W+1, 2W+1 or 3W+1). B. ALDA of rats were evaluated at indicated time point. 
ALDA: articular line-diaphysis angle. C. H&E staining analysis of representative rat growth plates. D. Immunohisto-
chemical analysis of Ki67 positive cells in rat growth plates. 200 × magnification. **P<0.05, **P<0.01, compared 
to control; ##P<0.01, compared to group 1W, 2W or 3W. 
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evaluate whether ER stress was involved, we 
examined the expressions of several markers 
using immunohistochemistry and western bl- 
otting. We observed an elevated expressions  
of Bip p-PERK, p-eIF2α and ATF4 expression  
in all mechanical loading groups (1W, 2W, 3W) 
as compared with control group (Figures 4A,  
4B and 5A-E). A similar tendency was also 
observed in the expression of caspase-12, wh- 
ich is essential for ER-stress induced apopto-
sis. When the staples were released from rat 
growth plates, the stained of Bip and caspase 
12 in cells were significantly reduced. Similarly, 
the expression of p-PERK, p-eIF2α and ATF4 

were decreased after removal of staples (Fi- 
gures 4A, 4B and 5A-E). All these results su- 
ggested that ER stress induced-apoptosis mi- 
ght be one of the causes for the growth arrest 
of rat growth plate, which could be restored 
after removal of staples.

ER stress and autophagy

It is evidenced that ER stress was a potent trig-
ger for autophagy, which functions as a self-
degradative process to remove the damaged or 
excess organelles [19]. We then examined key 
markers of autophagy in rat growth plates. As 

Figure 3. Hemiepiphysiodesis stapling induced apoptosis in rat growth plate, which was inhibited after removal 
of staples. A. TUNEL staining of apoptosis cells in rat growth plate. B. TUNEL-positive cells (both apoptotic and 
pre-apoptotic cells) per area were quantified in each group. 200 × magnification. **P<0.01, compared to control; 
##P<0.01, compared to group 1W, 2W or 3W. 
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shown in Figure 6A-C, mechanical loading 
resulted in an enhanced expression of LC3 in 
rat growth plates, which was reduced after 
removal of staples. Western blotting analyses 
also revealed the similar tendency in the spe-
cific autophagic markers ATG5 and Beclin 1 
(Figure 6B, 6D and 6E). These data indicated 
that autophagy was involved in the hemiepi-
physiodesis and might mediates the intracellu-
lar protein and organelle clearance in rat growth 
plates.

NF-κB pathway activation was involved in 
catch-up growth in rat growth plate after re-
moval of staples

As NF-κB plays an important role in bone growth 
and development, we examined the pathway of 
NF-κB in the current study. We first evaluated 

the expressions of p-AKT, p-IκBα and p-NF-κB 
p65 in the rat growth plate by western blotting. 
All these proteins were significantly elevated 
after removal of staples compared with hemiep-
iphysiodesis group (Figure 7A-D), which indi-
cated that NF-κB was activated when the load 
was released in rat growth plate. In addition, 
immunofluorescent staining revealed that the 
expression of p-NF-κB p65 was increased in 
nucleus, suggesting that p-NF-κB p65 translo-
cated into the nucleus functioning as transcrip-
tional factor after removal of staples in rat 
growth plates (Figure 7E).

Discussion

Hemiepiphyseal stapling has been used for 
years in growing children or adolescents for 

Figure 4. ER stress-induced apoptosis in rat growth plate under the condition of Hemiepiphysiodesis stapling. A, B. 
Immunohistochemistry analysis of the expressions of Bip and caspase-12 in the rat growth plates with or without. 
200 × magnification.
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treatment of angular deformity of long bones. 
The mechanical load basically inhibits physeal 
growth of the long bone by inhibiting the syn-
thesis and proliferation of chondrocyte [4, 5]. In 
this study, we established rat models of 
hemiepiphyseal by inserting staples between 
the epiphyseal and metaphysis. H&E staining 
revealed that the thickness of the growth plate 
becoming thinner in a time dependent manner 
(Figure 2C). As we know, chondrocyte apopto-
sis can be induced by various stimuli including 
mechanical stress. The number of apoptotic 
chondrocytes was increased in a magnitude-
dependent manner [28, 29]. In this study, we 
confirmed that apoptosis of chondrocyte was 
significantly increased under the condition of 
stapling compared with the control group, 
which were validated by TUNEL assay and Ki67 
staining (Figures 2D, 3A-C). 

As we know, the accumulation of misfolded pro-
teins in the ER cause stress and activate the 
unfolded protein response (UPR) for intracellu-
lar environment maintain. However, ER stress 
is also a potent trigger for autophagy. It has 
become increasingly evident that these two 
interconnected pathways act synergistically in 

controlling a variety of diseases [30]. Recent 
reports indicate that ER stress and autophagy 
may be linked as protective functions or pro-
apoptotic activities [31]. In this study, we also 
found Bip expression was elevated in mice 
treated with mechanical loading, which indicat-
ed an activation of ER stress. Afterward, 
p-PERK, p-eIF2α, ATF4, and caspase 12 were 
all increased in rat growth plate. Besides this, 
autophagy markers (LC3, ATG5, Beclin 1) were 
all found to be increased in hemiepiphyseal 
stapling group as well. All these results sug-
gested that ER stress-induced autophagy 
resulted in apoptosis of the chondrocytes in rat 
growth plate when the mice were treated with 
mechanical load. Although evidence has con-
firmed that mechanical load-induced chondro-
cytes apoptosis is due to ER stress [14, 15], 
this is the first time to found ER stress and 
autophagy interaction with each other in rat 
growth plate under the condition of hemiepiph-
yseal stapling. 

Growth modulation by using eight-Plates to 
treat angular limb deformities is a gentle and 
effective procedure. Particularly in young pa- 
tients with high growth potential and risk 

Figure 5. Hemiepiphysiodesis stapling induced an elevated ER stress-relative proteins in rat growth plates. A. West-
ern blotting analysis of ER stress-related proteins caspase 12, p-PERK, p-eIF2 and ATF4 in each group. B-E. Relative 
band intensity of western blot data was quantified by normalizing to the expression of β-actin. Values are expressed 
as the means ± SD. **P<0.01, compared to control; #P<0.05; ##P<0.01, compared to group 1W, 2W or 3W.
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groups such as obese patients and slight over-
correction is desirable due to the rebound phe-
nomenon [8, 32]. In this study we explored the 
mechanism underlying the rebound growth in 
rat growth plate. As shown in X-rays and histo-
logical staining, rats showed rebound growth 
including decreased ALDA and thickened gr- 

owth plate (Figure 2A-C), which indicated that 
catch-up growth occurred after removal of st- 
apling. Consistent with these results, Ki67 st- 
aining TUNEL assay also revealed an increase 
of Ki67 positive cells and a decreased of the 
apoptotic cells (Figures 2D, 3A-C). Besides th- 
is, ER stress and autophagy related proteins 

Figure 6. Hemiepiphysiodesis stapling induced autophagy in rat growth plates. A. Immunohistochemistry analysis of 
the expression of LC-3 in rat growth plates. 200 × magnification. B. Western blotting analysis of expressions of au-
tophagy markers LC3, ATG5 and Beclin 1 in each group. C-E. Relative band intensity of western blot data was quanti-
fied by normalizing to the expression of β-actin. Values are expressed as the means ± SD. **P<0.01, compared to 
control; ##P<0.01, compared to group 1W, 2W or 3W.
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were recovered after removal of staples, which 
further confirmed that these pathways were 
involved in hemiepiphyseal stapling. In addi-
tion, we found that NF-κB pathway were slightly 
inhibited by stapling in rat growth plate, but it 

was significantly activated after removal of st- 
aples. Immunofluorescence staining also co- 
nfirmed translocation of p-p65 into nucleus 
when the stapling was removed in rats. Th- 
erefore, we can hypothesize that that catch-up 

Figure 7. NF-κB pathway activation was involved in catch-up growth in rat growth plate after removal of staples. A. 
Western blotting analysis of the expressions of p-Akt, p-IκB and p-p65 in rat growth plates. B-D. Relative band in-
tensity of western blot data quantified by normalizing to the expression of β-actin. E. Immunofluorescence staining 
revealed p-NF-κB p65 was translocated into the nucleus in rat growth plates. 200 × magnification. Values are ex-
pressed as the means ± SD. *P<0.05, **P<0.01 compared to control; ##P<0.01 compared to group 1W, 2W or 3W.
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growth may due to NF-κB pathway activation. 
Further studies will be necessary to clarify 
these issues.

Conclusion

In conclusion, we found that mechanical stress 
caused growth-inhibition of the chondrocyte in 
the growth plate. ER-stress induced cell apop-
tosis was found to play an important role during 
this process. Moreover, autophagy related pro-
teins were found to be elevated, indicating a 
link between ER stress and autophagy. Finally, 
we proposed IκB/NF-κB pathway activation 
might be responsible for the rebound.
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