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ABSTRACT

In this study, open tibial fracture surgery was performed on mice with ovariectomy induced
osteoporosis to investigate the effect of a treatment with sialoglycoprotein isolated from
Carassius auratus eggs (Ca-SGP) on fracture healing. Dynamic histological analysis showed
that Ca-SGP promoted the generation of cartilage callus on day 5 post-surgery, then facili-
tated the transformation of the cartilage callus to bony callus on days 11 and 24 post-surgery,
and enhanced the remodeling of bony callus on 35 day post-surgery. Moreover, Ca-SGP
significantly decreased the secretion of TNF-« and IL-1f in serum on day 5 post-surgery, thus
inhibiting the negative spread of the inflammatory reaction. On day 11 post-surgery, Ca-SGP
clearly decreased the serum level and the mRNA expression of Aggrecan but also increased
the secretion and the expression of VEGF and MMP13, thus promoting the degradation of the
cartilage matrix and vascular invasion. On day 24 post-surgery, Ca-SGP remarkably
increased the mRNA expression of osteogenesis markers Colla and OCN, and increased
callus BV/TV and Tb.N, this facilitating the formation of woven bone. On day 35 post-surgery,
Ca-SGP enhanced the transformation of woven bone into lamellar bone and improved the
callus biomechanical property. In conclusion, Ca-SGP promoted fracture healing in osteo-
porotic mice by accelerating endochondral ossification.
Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Osteoporosis affects hundreds of millions of people world-

high bone fragility with consequent susceptibility to fracture
[1,2]. Osteoporosis and osteoporosis-related fractures are
currently the major causes of morbidity and mortality among
the elderly [3]. Numerous studies have reported that

wide, and is characterized by low bone density and strength,

Abbreviations: Ca-SGP, sialoglycoprotein isolated from eggs of Carassius auratus; ALN, alendronate sodium; IL-1p, interleukin 1p; VEGF,

vascular endothelial growth factor; MMP13, matrix metallopeptidase 13; Col10a, collagen type X; Colla, collagen type I; OCN, osteocalcin.
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osteoporosis could result in not only delayed fracture healing
but also in disturbed callus formation with decreased bone
mineral density, and volume, and altered biomechanical
properties [4—6]. Ovarian hormone deficiency is a key risk
factor for postmenopausal osteoporosis. Estrogen has been
reported to enhance fracture healing in mice thanks to its
effect on the regulation of skeletal growth, development and
maintenance, as well as on the cartilage homeostasis, growth,
and maturation [7,8].

Currently, some anti-resorptive drugs such as bisphos-
phonates, estrogen, selective estrogen receptor modulators
and calcitonin, have been used to promote callus formation
during fracture healing [9,10]. However, these existing ther-
apeutic options are limited not only due to their inherent
adverse effects, but also because of the delay that they imply
in bone remodeling at the late healing stage. Thus, the
identification of novel alternatives for the treatment of
osteoporotic fracture is urgently needed. Sialoglycoproteins
(SGPs) belong to the family of highly acidic glycoproteins
and can be found in the eggs of many vertebrates [11]. Fish
eggs are one of the major byproducts of the fish-processing
industry and can be easily retrieved. In our previous
work, sialoglycoprotein was successfully isolated from the
eggs of Carassius auratus (Ca-SGP), and its anti-osteoporotic
effect was demonstrated using ovariectomized (OVX)
rats and the senescence-accelerated mouse strain P6
in vivo [12—14].

Fracture healing involves a well-characterized cascade of
events including three major phases: the reactive phase, the
reparative phase, and the remodeling phase. Endochondral
ossification is identified as an indispensable process for
reparative phase in fracture healing [15,16]. It begins with
mesenchymal stem cell condensation, followed by chon-
drocyte proliferation, differentiation, maturation, and
apoptosis, as well as vasculature invasion of the fracture site.
In this study, in order to explore the value of Ca-SGP use on
bone metabolism, open tibial fracture surgery was performed
on mice with OVX-induced osteoporosis to investigate the
effect of a Ca-SGP treatment on fracture healing.

2. Materials and methods
2.1. Materials and reagents

Fresh female C. auratus were purchased at a seafood market in
Qingdao, China. The ovaries were quickly taken out under an
ice bath. After removing the egg envelope, the fish eggs were
extracted and stored at —80 °C until use.

Moloney murine leukemia virus reverse transcriptase (M-
MLV), dNTPs, random primer, and PageRuler prestained pro-
tein ladder were procured from TaKaRa Bio Inc. (Otsu, Shiga,
Japan). FastStart Universal SYBR Green Master (Rox) was
purchased from Roche (Roche Applied Science, Mannheim,
Germany). The primers of genes including Aggrecan, collagen
type X(Col10a), vascular endothelial growth factor (VEGEF),
matrix metallopeptidase 13 (MMP13), collagen type I(Colla)
and osteocalcin (OCN) were synthesized by Sangon Biotech
Co. Ltd. (Shanghai, China).

2.2.  Preparation of Ca-SGP

Ca-SGP was prepared as previously reported [14]. Its purity
was 94.76%, and its molecular weight 195.35 kDa. Ca-SGP
contained 62.81% hexose, 14.33% protein, and 19.72% N-ace-
tylneuraminic acid. Monosaccharide composition analysis
showed the presence of mannose, glucosamine, galactos-
amine, and galactose with a molar ratio of 1:2.98:2.65:5.09.

2.3.  Animals and experimental design

This study was approved by the Ethics Committee of Experi-
mental Animal Care at the Ocean University of China (certifi-
cate no. SYXK20120014). Nine-week-old female C57BL/6] mice
(20 + 2.0 g) were purchased from the Vital River Laboratory
Animal Center (Beijing, China; license ID SCXK2012-0001). The
animals were housed four per cage at 23 + 1°C with a 12 hlight/
12 h dark cycle and they were given food and water ad libitum.
After 7 days of acclimatization, the animals were sham-
operated (control, n = 54) or subjected to bilateral ovariec-
tomy (n = 150) and then left untreated for 10 weeks to allow
bone loss. The femurs of six mice were collected in each group
to demonstrate the successful establishment of the osteopo-
rotic model using histological analysis. Then the OVX animals
were randomly allocated to one of the three following groups
(n = 48 per group): a model group (treated with physiological
saline), an OVX + ALN group (treated with alendronate sodium
as a positive control; 1 mg/kg body weight) and an OVX + Ca-
SGP group (treated with Ca-SGP; 500 mg/kg body weight). The
control group was also treated with physiological saline. In
each group, animals were given intragastric administration of
either physiological saline or their respective drugs (1 mL/100 g
body weight) once a day. After 7 days of treatment, all the an-
imals were subjected to an open fracture operation according to
the method described in Ref. [17], with slight modifications.
Briefly, a transverse osteotomy was made at the proximal third
of the right tibia diaphysis under general anesthesia and sterile
conditions. Then, the patella was laterally deflected and a hole
was drilled through the intercondylar eminence of the tibia.
Subsequently, the fracture site was connected by a 0.45-mm
Kirschner wire inserted through the hole across the fracture
ends. The locations of the fracture and the inserted Kirschner
wire were monitored by a HY-450DR X-ray system (KangDa,
Shanghai, China) after operation. Drug administration was
continued after fracture surgery.

Serum was dynamically collected on days 3, 5 and 11 post-
surgery for the determination of biochemical indicators (n = 8
per group). Tibiae callus (n = 6 per group) collected days 5, 11,
24 and 35 post-surgery were used for histological analysis.
Similarly, six tibial calluses per group were collected for a
micro-CT analysis on day 24 post-surgery, for a biomechanical
property testing on day 35 post-surgery, and for the mea-
surement of mRNA expression on days 11 and 24 post-surgery.

2.4.  Determination of serum biochemical indicators
The biochemical indicators including TNF-q, interleukin 1 (IL-

1B), VEGF, Aggrecan and MMP13 in serum were measured using
commercial ELISA kits (R&D Systems, Minneapolis, MN, USA).
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2.5.  Histological analysis and bone biomechanical
testing

The distal femur or the tibial callus was fixed in 10% neutral
formaldehyde for 24 h and then decalcified in 10% EDTA for 3
weeks. The decalcified tissues were then embedded in paraffin
after dehydration with ascending grades of ethanol. The
embedded samples were serially sectioned (thickness = 4 um)
and stained with hematoxylin and eosin (H&E). Tibial callus
stiffness was measured using YLS-16A bone strength tester
(Yiyan, China).

2.6.  Micro-CT analysis

After removal of soft tissues and the intramedullary pin, the
collected tibiae were scanned by a micro-CT system (nCT80
scanner, Scanco Medical AG, Bassersdorf, Switzerland) at a
voltage of 70 kV with a current of 114 pA. The scan range
covered a distance between 3 mm proximal and 3 mm distal to
the fracture line with a resolution of 10 um, this allowing to
calculate morphometric parameters including the bone volume
ratio (BV/TV), the trabecular number (Tb.N) and the trabecular
separation (Tb.Sp). The transverse section of the callus obtained
from 2D CT images was analyzed using Image]J software.

2.7. Real-time PCR

The mRNA expression of genes was measured by real-time
PCR. The RNA extraction and amplification were performed
according to the method previously described in Ref. [18], with
slight modifications. Briefly, the callus tissue was grounded
into powder with liquid nitrogen, then total RNA was extrac-
ted using TRIzol reagent, and 1 ng of RNA was reverse tran-
scribed to cDNA by M-MLV reverse transcriptase. Twenty-five
microliters of reaction system was applied for real-time PCR
and consisted of 5 pL of template, 12.5 uL of FastStart Universal
SYBR Green Master, 0.75 uL each of forward and reverse
primers and 6 pL of sterile Milli-Q water. The thermal process
consisted of an initial denaturation at 95 °C for 10 min fol-
lowed by 45 cycles of denaturation at 95 °C for 15 s, annealing
at 60 °C for 30 s, and extension at 72 °C for 30 s.

2.8.  Statistical analysis

Data were submitted to a one-way analysis of variance
(ANOVA) with SPSS statistical program, and significant dif-
ferences among treatments were compared by the least sig-
nificance difference (LSD) method multiple-range test. The
results are presented as means with their standard deviation.
In statistical analysis, values of P < 0.05 were considered as
significant.

3. Results
3.1.  Establishment of the osteoporotic fracture model

Ten weeks after OVX, H&E stain was applied to the paraffin
sections of the distal femur to examine the changes in

cancellous bone and bone marrow stroma. Fig. 1A shows that
compared with the sham control group, OVX induced a
reduction of bone trabecula under the growth plate and an
increase of adipocytes in the marrow cavity, suggesting that
the osteoporosis phenotype was observed in the model group.
In addition, the location of the fracture and the inserted
Kirschner wire observed by X-ray are shown in Fig. 1B.

3.2.  The dynamic change of serum biochemical
indicators

Fracture healing is accompanied by a cascade of events that
begins with an inflammatory reaction. Fig. 2A shows that on
day 3 post-surgery, the contents of TNF-o and IL-1p in serum
were indistinguishable among the different groups. On day 5
post-surgery, the inflammatory reaction continued to in-
crease in the model group, while the Ca-SGP treatment
inhibited the further spread of the inflammation, as evi-
denced by the significantly reduced TNF-« and IL-1p levels in
the OVX + Ca-SGP group. Fig. 2B shows that on day 11 post-
surgery, the content of Aggrecan in the model group was
obviously higher than that in the control group, while, in
contrast, VEGF and MMP13 levels were lower. Compared with
the model group, the Ca-SGP treatment remarkably
decreased the secretion of Aggrecan and increased the level
of MMP13 and VEGF, indicating that Ca-SGP promoted the
degradation of the cartilage matrix and the invasion of blood
vessel.

3.3. Ca-SGP promoted the generation of a cartilage
callus

On day 5 post-surgery, a cartilage callus was observed around
the fracture site in the control group. Moreover, the
morphology of many chondrocytes was hypertrophic. Never-
theless, there was still a large amount of fibrous callus and
hematoncus in the OVX model group, indicating that osteo-
porosis induced a delay for the mesenchymal stem cells to
differentiate into chondrocytes. Interestingly, compared with
the model group, the treatment with Ca-SGP promoted the
generation of a cartilage callus, in spite of the fact that
chondrocytes were immature and non-hypertrophic (Fig. 3).

3.4. Ca-SGP facilitated the transformation of cartilage
callus into bony callus

H&E stain in Fig. 4A shows that on day 11 post-surgery, a large
proportion of cartilage callus had been replaced by new bone
tissue around the fracture site. However, in the model group,
the callus was still at the peak of chondrocytes proliferation
and hypertrophic differentiation. The Ca-SGP treatment
accelerated the mineralization and the degradation of carti-
lage matrix and the invasion of vascular. The H&E stain shown
in Fig. 4B indicates that on day 24 post-surgery, the formed
woven bone in the control group was compact and inerratic,
whereas there were few new bone tissue generated in the
model group. Fortunately, the treatment with Ca-SGP facili-
tated the unceasing formation of woven bone around the
fracture site. The micro-CT quantification analysis of bony
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Control

Fig. 1 — Establishment of the osteoporotic fracture model. A: H&E staining of the distal femur 10 weeks after OVX (n = 6).
Distal femurs were fixed in 10% neutral formaldehyde for 24 h and then decalcified in 10% EDTA for 3 weeks. The decalcified
tissues were embedded in paraffin after dehydration with ascending grades of ethanol. Then, the embedded samples were
serially sectioned (thickness = 4 pm) and stained with hematoxylin and eosin (H&E). Finally, the tissue slices were observed
and photographed using BH-2 microscope equipped with matching camera software (10 x magnification). B: X-ray testing of
the right tibiae after fracture surgery. After fracture surgery, the locations of the fracture and the inserted Kirschner wire

were immediately monitored by a HY-450DR X-ray system.
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Fig. 2 — Effects of Ca-SGP on serum biochemical indicators. A: TNF-o and IL-1f contents on days 3 and 5 post-surgery. B:
Aggrecan, VEGF, MMP13 contents on days 5 and 11 post-surgery. The biochemical indicators in serum were measured using
commercial ELISA kits. Data are presented as mean + SD (n = 8 per group). Multiple comparisons were done using one way
ANOVA analysis. ® P < 0.05, ® P < 0.01 versus control group; ° P < 0.05, *® P < 0.01 versus model group.

callus on day 24 post-surgery further demonstrated that
compared with the model group,
increased BV/TV and Tb.N, and decreased the callus size and

Ca-SGP significantly

Tb.Sp, this promoting mineralization of the callus (Fig. 5).

3.5. Ca-SGP enhanced the remodeling of the bony callus

Following the transformation of cartilage callus into new bone
tissue around the fracture site, the callus entered a stage of
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+Ca-SG

Fig. 3 — H&E staining of the callus on day 5 post-surgery. The calluses were fixed in 10% neutral formaldehyde for 24 h and
then decalcified in 10% EDTA for 3 weeks. The decalcified tissues were embedded in paraffin after dehydration with
ascending grades of ethanol. Then, the embedded samples were serially sectioned (thickness = 4 pm) and stained with
H&E. Finally, the tissue slices were observed and photographed using BH-2 microscope equipped with matching camera
software (n = 6, 10 x and 20 x magnification).

g ‘ ;
OVX+Ca-SGP

Control Model OVX+ALN
Fig. 4 — H&E staining of the callus on days 11 and 24 post-surgery. A: H&E staining of the callus on day 11 post-surgery
(n = 6, 10 x and 20 x magnification). B: H&E staining of the callus on day 24 post-surgery (n = 6, 10 x magnification). The
calluses were fixed in 10% neutral formaldehyde for 24 h and then decalcified in 10% EDTA for 3 weeks. The decalcified
tissues were embedded in paraffin after dehydration with ascending grades of ethanol. Then, the embedded samples were
serially sectioned (thickness = 4 um) and stained with H&E. Finally, the tissue slices were observed and photographed
using BH-2 microscope equipped with matching camera software.
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Fig. 5 — Micro-CT testing of the callus on day 24 post-surgery. After removal of soft tissues and the intramedullary pin, the
collected tibiae were scanned by a micro-CT system at a voltage of 70 kV with a current of 114 pA. The scan range covered a
distance between 3 mm proximal and 3 mm distal to the fracture line with a resolution of 10 pym and followed for the
calculation of the following morphometric parameters: BV/TV, Tb.N and Tb.Sp. The transverse section of the callus obtained
from 2D CT images was analyzed using Image] software. Data are presented as mean + SD (n = 6 per group). Multiple
comparisons were done using one way ANOVA analysis. ** P < 0.01 versus control group; ® P < 0.05, *® P < 0.01 versus model

group.

continuous bone remodeling to restore its original shape and
function. On day 35 post-surgery, the callus was still made of
woven bone in the model group, while lamellar bone was
observed in the OVX + Ca-SGP group, suggesting that the
treatment with Ca-SGP enhanced the bone remodeling capa-
bility around the fracture site (Fig. 6A). Moreover, the three-
point bending test demonstrated that the Ca-SGP treatment
significantly improved the callus stiffness by 48.35%
compared with the model group (Fig. 6B).

3.6. Ca-SGP regulated the expression of key genes in
endochondral ossification

Endochondral ossification requires the hypertrophic differ-
entiation of chondrocytes and the conversion of cartilage
tissue into bone tissue through the degradation of the carti-
lage matrix and vascular invasion [19]. The mRNA expression
of chondrocyte proliferation marker Aggrecan, chondrocyte
hypertrophic marker Col10a, cartilage matrix degradation
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Fig. 6 — Callus H&E staining and stiffness testing on day 35 post-surgery. A: H&E staining of the callus (n = 6, 10 x and

20 x magnification). B: Callus stiffness. The tibial calluses were fixed in 10% neutral formaldehyde for 24 h and then decalcified
in 10% EDTA for 3 weeks. The decalcified tissues were embedded in paraffin after dehydration with ascending grades of
ethanol. Then, the embedded samples were serially sectioned (thickness = 4 pm) and stained with H&E. Finally, the tissue
slices were observed and photographed using BH-2 microscope equipped with matching camera software. The tibial callus
stiffness was measured using a YLS-16A bone strength tester. Data are presented as mean + SD (n = 6 per group). Multiple
comparisons were done using one way ANOVA analysis. * P < 0.01 versus control group; ®® P < 0.01 versus model group.

marker MMP13, vascularization marker VEGF and osteo-
genesis marker Colla and OCN on days 11 and 24 post-surgery
were determined. As shown in Fig. 7, overall, the mRNA
expression levels of Aggrecan, Col10a, MMP13 and VEGF were
decreased on day 24 post-surgery compared with day 11 post-
surgery. In contrast, Colla and OCN were increased, indicating
the transformation of cartilage callus into bony callus with
time. Specifically, the mRNA expression levels of Aggrecan

and Col10a were clearly higher in the model group than in the
control group, while the expression levels of MMP13, VEGF,
Colla and OCN were remarkably lower, in spite of the unap-
parent change in MMP13 on day 11 post-surgery. This suggests
that our osteoporosis model retarded the conversion of hy-
pertrophic cartilage tissue into new bone tissue. In contrast,
Ca-SGP promoted the entochondrostosis process, as evi-
denced by the significantly decreased expression of Aggrecan
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Fig. 7 — The mRNA expression of key genes on days 11 and 24 post-surgery. The callus tissue was grounded into powder
with liquid nitrogen, then total RNA was extracted using TRIzol reagent, and reverse transcribed to cDNA by M-MLV reverse
transcriptase. The mRNA expression of Aggrecan, Col10a, VEGF, MMP13, Colla and OCN were examined using real-time
PCR. Data are presented as mean + SD (n = 6 per group). Multiple comparisons were done using one way ANOVA analysis. *
P < 0.05, * P < 0.01 versus control group; ° P < 0.05, *° P < 0.01 versus model group.

and Col10a, and the increased expression of MMP13, VEGF,
Colla and OCN.

4, Discussion

In this study, we showed that Ca-SGP can promote tibia frac-
ture healing in mice with OVX-induced osteoporosis by facil-
itating a generation of cartilage callus at the early stage of
healing, improving the conversion of this cartilage callus into
a bony callus at the middle stage, as well as improving the
remodeling of bony callus at the later stage of healing.

Fracture healing is a complex regenerative process initi-
ated in response to injury, which, in the best case, results in
the restoration of the skeletal shape and function. In the
initial phase of fracture repair, the undifferentiated mesen-
chymal cells and fibroblasts are aggregated at the injury site,
then proliferate and differentiate, in response to inflamma-
tory factors and other cytokines [20,21]. Along with the dif-
ferentiation of the mesenchymal cells into chondrocytes, the
secretion of inflammation factors are progressively sup-
pressed [22]. On day 5 post-surgery, the serum contents of
TNF-« and IL-1B in the model group were clearly higher than
in the control group. Also, histological staining showed that
there were still numerous hematoncus and fibrous tissue at
the injury site in the model group instead of cartilage tissue in
the control group, indicating that the continued spread of
inflammatory reaction in the model group inhibited the gen-
eration of cartilage callus around the fracture site. In addition,
the higher serum level of VEGF in the model group also reflects
that the hypoxia status induced by the injury was not timely
alleviated [23]. The treatment with Ca-SGP significantly
decreased the secretion of TNF-¢, IL-1f and VEGF, and pro-
moted the formation of a cartilage callus.

Once cartilage matrix is produced, the steps of chon-
drocyte hypertrophy, cartilage degradation and vascular in-
vasion are well coordinated to further transform this
cartilage into bone tissue. Aggrecan is a cartilage matrix
protein, whereas Coll0a is a chondrocyte hypertrophy
marker, the degradation of cartilage matrix requires MMP13,
while the vascular invasion depends on VEGF [19,24—26]. On
day 11 post-surgery, H&E staining revealed that a large pro-
portion of the cartilage tissue was replaced by new bone

tissue in the control group but not in the model group, while
Ca-SGP enhanced the matrix mineralization and vascular
invasion. In the same time, Ca-SGP significantly decreased
the serum content and the mRNA expression of Aggrecan,
increased the secretion and expression levels of MMP13 and
VEGF, as well as the mRNA expression of the osteogenesis
marker Colla and OCN. This further confirmed the beneficial
effect of Ca-SGP on the osteoporosis-induced delay in endo-
chondral ossification.

On day 24 post-surgery, the process of endochondral
ossification was completed, and the callus entered a contin-
uous remodeling period as shown in the histological staining
of the callus (see Fig. 4B). The increased number of woven
bone on day 24 post-surgery, the enhanced formation of
lamellar bone as well as the improved callus stiffness on day
35 post-surgery in the OVX + Ca-SGP group demonstrated that
Ca-SGP promoted the restoration of skeletal shape and func-
tion. In addition, compared with the model group, the Ca-SGP
treatment significantly increased the mRNA expression of
osteogenesis-associated genes including Colla and OCN, thus
confirming that Ca-SGP enhanced the later bone remodeling.
In conclusion, Ca-SGP promoted fracture healing in osteopo-
rotic mice by accelerating endochondral ossification.

As a novel bioactive compound, Ca-SGP has been demon-
strated to inhibit osteoclasts activity, promote differentiation
and mineralization of osteoblasts in vitro, and ameliorate
osteoporosis in vivo [12—14,27]. This study further showed that
Ca-SGP exhibits fracture healing improving effect in osteo-
porotic mice. These studies may provide some theoretical
basis for the exploitation of functional foods or drugs to pre-
serve bone metabolism, and achieve the high-value applica-
tion of fish eggs in future.

Funding

This study is financially supported by National Natural Sci-
ence Foundation of China (No. 31371876 and No. 31571771).

Conflicts of interest statement

The authors declare no competing financial interest.



724

JOURNAL OF FOOD AND DRUG ANALYSIS 26 (2018) 716—724

Appendix A. Supplementary data

Supplementary data related to this article can be found at
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