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Journal’s performance

Journal Impact Factorg

The Journal Impact Factor (JIF) is a journal-level metric calculated from data indexed in the Web of Science Core Collection. It
should be used with careful attention to the many factors that influence citation rates, such as the volume of publication and
citations characteristics of the subject area and type of journal. The Journal Impact Factor can complement expert opinion and
informed peer review. In the case of academic evaluation for tenure, it is inappropriate to use a journal-level metric as a proxy
measure for individual researchers, institutions, or articles. Learn more
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journals listed in JCR are compiled annually from the JCR

years combined database, regardless of which JCR edition lists
reviews) published by a journal over a recent three year
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Citation distribution ¢ ¢ Bxport

The Citation Distribution shows the frequency with which items published in the year or two years prior were cited in the JCR data
year (i.e., the component of the calculation of the JIF). The graph has similar functionality as the JIF Trend graph, including hover-over
data descriptions for each data point, and an interactive legend where each data element's legend can be used as a toggle. You can
view Articles, Reviews, or Non-Citable (other) items to the JIF numerator. Learn more
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The data included in this tile summarizes the items published in the journal in the JCR data year and in the previous two years. This
three-year set of published items is used to provide descriptive analysis of the content and community of the journal. Learn more
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Rank by Journal Impact Factor

Journals within a category are sorted in descending order by Journal Impact Factor (JIF) resulting in the Category Ranking below. A
separate rank is shown for each category in which the journal is listed in JCR. Beginning in 2023, ranks are calculated by category.

Learn more

CATEGORY

CELL BIOLOGY
164/204

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2024  164/204 Q4

2023 136/205 Q3

Rank by JIF before 2023 for CELL BIOLOGY

EDITION

Science Citation Index Expanded (SCIE)

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2022 137/191 Q3
2021 140/195 Q3
2020 134/195 Q3

2019 130/195 Q3
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JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2024  54/140 Q2

2023 24/136 Q1

Rank by JIF before 2023 for ORTHOPEDICS

EDITION

Science Citation Index Expanded (SCIE)

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2022  25/86 Q2
2021  28/86 Q2
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2019 21/82 Q2
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Journals within a category are sorted in descending order by Journal Citation Indicator (JCI) resulting in the Category Ranking below.
A separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented at the top of
the list, with other years shown in reverse chronological order. Learn more

CATEGORY CATEGORY

CELL BIOLOGY ORTHOPEDICS
91/204 70/140

JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE

2024  91/204 Q2 55.64 — 2024  70/140 Q2 50.36 —
2023 79/205 Q2 61.71 2023 52/136 Q2 62.13

2022 79/203 Q2 61.33 2022 48/130 Q2 63.46

2021  73/204 Q2 64.46 2021  45/127 Q2 64.96

2020  74/201 Q2 63.43 2020  40/119 Q2 66.81

2019  94/200 Q2 53.25 2019  47/119 Q2 60.92

2018  103/200 Q3 48.75 2018  52/118 Q2 56.36

Citation network

Cited Half-life Citing Half-life
9.5 years 7.9 years

The Cited Half-Life is the median age of the items in this journal The Citing Half-Life is the median age of items in other
that were cited in the JCR year. Half of a journal's cited items were publications cited by this journal in the JCR year.
published more recently than the cited half-life.
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Top 20 journals citing CONNECT TISSUE RES by number of citations
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Content metrics

Source data

This tile shows the breakdown of document types published
by the journal. Citable Items are Articles and Reviews. For the
purposes of calculating JIF, a JCR year considers the
publications of that journal in the two prior years. Learn more
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# OF CITES FROM 2024 CUMULATIVE %

2,556 citations 100.00%

18 citations
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109 citations

124 citations

237 citations

200 citations

235 citations
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941 sources >
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The Average Journal Impact Factor Percentile takes the sum of
the JIF Percentile rank for each category under consideratior@
then calculates the average of those values. Learn more
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ALL CATEGORIES

AVERAGE

40.9

ARTICLES REVIEWS COMBINED(C) OTHER o PERCENTAG

DOCUMENT
TYPES(O)

NUMBER IN 29 6 35 0 100%

JCR YEAR

2024 (A)

NUMBER OF 1,394 655 2,049 0 100%

REFERENCES

(B)

RATIO (B/A) 48.1 109.2 58.5 N/A

¥ Export

Contributions by
organizations

Organizations that have contributed the most papers to the

journalin the most recent three-year period. Learn more

RANK  ORGANIZATION COUNT

1 ANHUI MEDICAL 4
UNIVERSITY

- PEKING UNIVERSITY 4

3 CENTRAL SOUTH 3
UNIVERSITY

- HIROSHIMA 3
INTERNATIONAL
UNIVERSITY

- NATL CLIN RES CTR ORAL 3

DIS
- QINGDAO UNIVERSITY 3
- TONGJI UNIVERSITY 3
- UNIVERSITY OF CAI GARY 3

ORTHOPEDICS

61.8

CELL BIOLOGY

19.9

Contributions by $ Export

country/region

Countries or Regions that have contributed the most papers to

the journalin the most recent three-year period. Learn more

Additional metrics
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Eigenfactor
Score

0.00127

The Eigenfactor Score is a reflection of
the density of the network of citations
around the journal using 5 years of
cited content as cited by the Current
Year. It considers both the number of
citations and the source of those

Normalized
Eigenfactor

0.28517

The Normalized Eigenfactor Score is

RANK COUNTRY /
REGION
I
1 CHINA
MAINLAND
I
2 USA
I
3 JAPAN
— 4 CANADA
5 FINLAND
I ) IRAN
- TURKIYE
I
8 ENGLAND
—
- INDIA
I
¥

the Eigenfactor score normalized, by

rescaling the total number of journals
in the JCR each year, so that the
average journal has a score of 1.

Journals can then be compared and

citations, so that highly cited sources

will influence the network more than

influence measured by their score
relative to 1. Learn more
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Article influence *

score
0.595

The Article Influence Score normalizes
the Eigenfactor Score according to the
cumulative size of the cited journal
across the prior five years. The mean
Article Influence Score for each article
is 1.00. A score greater than 1.00
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less cited sources. The Eigenfactor
calcybgsign does not include journal
self-citation: earn more
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5 Year Impact
Factor

2.6

View Calculation

The 5-year Impact Factor is the average
number of times articles from the
journal published in the past five years
have been cited in the JCR year. It is
calculated by dividing the number of
citations in the JCR year by the total
number of articles published in the five
previous years. Learn more
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Immediacy
Index

0.5

View Calculation

The Immediacy Index is the count of

citations in the current year to the

journal that reference content in this

same year. Journals that have a
consistently high Immediacy Index
attract citations rapidly. Learn more
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Aims and scope

The aim of Connective Tissue Research is to present original and significant research in all
basic areas of connective tissue and matrix biology.

The journal also provides topical reviews and, on occasion, the proceedings of conferences

in areas of special interest at which original work is presented.
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AhstrasHnEaddndeNHein connective tissue extracellular matrix, and its associated cells,

tct)wrough interpretation of sophisticated experimentation using state-of-the-art technologies
pen access L L , . .
that include molecular genetics, imaging, immunology, biomechanics and tissue

RRSIFERAIEHIs for papers

AGbGletipy BE&IRA in the journal present data obtained from such technologies with the

iological processes in health, dise nd

e dina

Q)
v

uitimate objective of resoiving ti

ﬁggﬁgiﬁg&imormation

The tissues of interest are bone, cartilage, ligament, tendon, muscle, dentin, skin, and teeth,
as well as other connective tissue component-rich organs such as skin, the eyes, blood

vessels, kidneys and lungs.

Understanding structure and function of extracellular matrix in relation to cellular and
biological processes are paramount objectives of the journal in areas of growth,

development, aging, tissue remodeling, wound healing, and biomineralization.

The collection of varied but related articles will inform, stimulate and broaden the outlooks

of individual specialists interested in current connective tissue research.

Journal metrics

ﬁ Usage M Citation metrics @R Speed/acceptance
e 70K annual e 2.1(2024) Impact Factor e 22 days avg. from
downloads/views e Q2 Impact Factor Best submission to first
Quartile decision
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Protective effects of Apelin-13 on steroid-induced osteonecrosis of the femoral
head in rats

Ozancan Bicer (2%, Ozan Beytemur b, Mustafa Fatih Dasci ®2, Muhammed Uslu @2, Yigit Gulerylz ®°,
Yigit Onaloglu @9, Emin Can Balci 2, and Biisra Yaprak Bayrak ¢

2Department of Orthopaedics and Traumatology, Bagcilar Training and Research Hospital, University of Health Sciences, Istanbul, Turkey;
bDepartment of Orthopaedics and Traumatology, Medipol Bahcelievler Hospital, Istanbul, Turkey; “Department of Orthopaedics and
Traumatology, Tatvan State Hospital, Bitlis, Turkey; YDepartment of Orthopaedics and Traumatology, Basaksehir Cam and Sakura City
Hospital, Istanbul, Turkey; *Department of Pathology, Faculty of Medicine, Kocaeli University, Kocaeli, Turkey

ABSTRACT ARTICLE HISTORY
Background: Osteonecrosis of the femoral head (ONFH) is a debilitating condition characterized Received 9 August 2025
by bone tissue necrosis due to vascular insufficiency, often triggered by corticosteroid use. Accepted 7 October 2025
Steroids are commonly employed in the management of autoimmune diseases, organ transplan- Published online 6

tation, and COVID-19. Early detection is crucial, as ONFH primarily affects young and middle-aged November 2025
individuals and often progresses to femoral head collapse if untreated.

Objective: To evaluate the protective effects of Apelin-13 (Ap-13) on steroid-induced ONFH ::;Yr\:g?;bossteonecrosis;
(SONFH) in a rat model. steroid-induced
Methods: Thirty-two female Sprague-Dawley rats were randomized into four groups: Control, Ap- osteonecrosis; femoral head;
13 only, ONFH, and ONFH + Ap-13. SONFH was induced using lipopolysaccharide (LPS) and oxidative stress; apoptosis;
methylprednisolone (MPS). The treatment group received daily intraperitoneal Ap-13 injections. vascularization

At the fourth week, radiological, histopathological, immunohistochemical, and biochemical ana-
lyses were conducted on femoral heads.

Results: Micro-CT showed no significant differences in bone mineral density or trabecular para-
meters. Histopathology revealed increased osteonecrosis, empty lacunae, and vascular thrombosis
in the ONFH group, which were significantly reduced in the ONFH + Ap-13 group (p < 0.05). Ap-13
decreased serum malondialdehyde (MDA) levels (p=0.0002), reduced caspase-3 expression
(p < 0.05), and elevated VEGF expression (p = 0.046), indicating reduced oxidative stress, apoptosis,
and enhanced vascularization. Additionally, LDL and triglyceride levels were significantly lower in
the Ap-13 treated group (p < 0.05).

Conclusion: Apelin-13 demonstrates protective effects against SONFH by reducing oxidative
stress, apoptosis, and improving vascularization. It may represent a promising noninvasive ther-
apeutic strategy for early-stage ONFH.

Introduction by reducing osteoblast production, increasing osteocyte
apoptosis, and extending the lifespan of osteoclasts’.
Steroids are widely utilized in the management of
chronic autoimmune conditions, including systemic
lupus erythematosus, nephrotic syndrome, and asthma,

traumatic causes'. ON refers to the death of bone s Well as following organ transplantation, in neurological
tissue, often linked to circulatory disruption caused by disorders, and in patients hospitalized with novel corona-
various factors. Notably, corticosteroid use and exces-  Virus disease 2019 (COVID-19)”. The annual incidence of
sive alcohol consumption account for over 80% of ~ ON in the United States is estimated to range from
cases. These factors impair femoral blood flow through ~ approximately 20,000 to 30,000 cases, predominantly
mechanisms such as vascular endothelial damage and ~ affecting  young adults aged 20 to 40 years”.
microvascular thrombosis. Additionally, they promote ~ Osteonecrosis of the femoral head accounts for up to %
intramedullary adipogenesis, which raises intraosseous 18 of total hip arthroplasties and the outcomes of total
pressure, resulting in venous stasis and arterial obstruc- ~ hip arthroplasty in patients with osteonecrosis remain
tion. Corticosteroids further contribute to osteonecrosis ~ controversial as this patient population is generally

Osteonecrosis (ON), alternatively termed avascular
necrosis or aseptic necrosis, is defined as the death of
bone cells resulting from compromised blood supply to
the bone, originating from either traumatic or non-

CONTACT Ozancan Biger @ bicerozancan@gmail.com @ Department of Orthopaedics and Traumatology, Bagcilar Training and Research Hospital,
University of Health Sciences, Fikirtepe Avenue, Volkan Street, Kadikdy/Istanbul, Turkey
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younger and more active and is therefore associated with
higher rates of complications and revision surgeries”.

Numerous studies have investigated the pathogenic
mechanisms underlying steroid-induced osteonecrosis
of the femoral head (SONFH). To date, several mole-
cular pathways have been implicated, including apop-
tosis, oxidative stress, impaired osteogenesis,
vasoconstriction, lipid metabolism disorders, and dys-
regulation of the coagulation and fibrinolysis systems®.

Apelin/AP] is broadly expressed in various tissues
and is involved in the regulation of key physiological
and pathological processes, including autophagy, apop-
tosis, inflammation, and oxidative stress’. As a member
of the adipokine family, Ap-13 exhibits diverse biolo-
gical functions and has been implicated in the patho-
genesis and treatment of bone diseases. In osteoporosis
and fracture healing, Ap-13 exerts osteoprotective
effects by modulating autophagy and apoptosis in
bone marrow mesenchymal stem cells (BMSC) while
promoting their osteogenic differentiation. Moreover,
Ap-13 mitigates arthritis progression by regulating
macrophage-mediated inflammatory responses. These
findings highlight the critical role of Ap-13 in bone
protection, offering a novel therapeutic strategy for
managing bone-related disorders®.

This study aimed to investigate the protective role of
Ap-13 in preventing SONFH in a rat model. The cen-
tral hypothesis was that Ap-13 could mitigate the devel-
opment of SONFH.

Materials and methods
Animals

The study was conducted using 32 young adult female
Sprague-Dawley rats, aged 12 weeks, with an average
weight of 290 g (range: 275-315g). The animals were
housed under controlled conditions at 22 °C with a 12-
hour light/dark cycle. They were provided with unrest-
ricted access to standardized rodent feed and tap water
(ad libitum) throughout the study, both before and
after drug administration. To ensure the exclusion of
any underlying diseases, all rats were observed and
monitored for seven days in the animal care laboratory
prior to the commencement of the experiment.

Experimental design

SONFH model was established in rats using methyl-
prednisolone (MPS) and lipopolysaccharide (LPS), fol-
lowing established protocols from the literature’.
Thirty-two rats were randomly divided into four
groups, each consisting of eight animals: (I) Control

group, (II) Ap-13 group, (III) ONFH group, and (IV)
ONFH+ Ap-13 group. To induce ONFH, 16 rats from
the ONFH and ONFH+ Ap-13 groups received two
intraperitoneal injections of 20 pug/kg LPS (Escherichia
coli O55:B5, Sigma-Aldrich, St. Louis, MO, USA) on
Days 1 and 2, with a 24-hour interval between doses.
Additionally, the same rats were administered three
intramuscular injections of 40 mg/kg MPS sodium suc-
cinate (Mustafa Nevzat Pharmaceuticals and
Chemicals Industry, Istanbul, Turkey) at 24-hour
intervals.

The control group received daily intraperitoneal
injections of saline solution, beginning on the
first day of the protocol. The Ap-13 group was admi-
nistered 30 pg/kg/day of Ap-13 (Cayman Chemical,
Ann Arbor, Michigan, USA) via intraperitoneal injec-
tion once daily from the first day. Similarly, the ONFH
group received daily intraperitoneal injections of saline
starting on the first day to establish the ONFH model.
In the ONFH+ Ap-13 group, all rats were administered
30 ug/kg/day of Ap-13 intraperitoneally once a day
from the first day of the experiment.

At the end of the fourth week, intracardiac blood
samples were collected from all rats for biochemical
analysis. Subsequently, the animals were sacrificed
under general anesthesia, and their right femurs were
surgically extracted. The extracted bones were fixed in
10% formaldehyde for further histological, immunohis-
tochemical, and radiological evaluations.

Radiological examination

All excised femurs were subjected to three-dimensional
(3D) scanning and analysis using micro-computed tomo-
graphy (CT) (SkyScan 1174v2, Kontich, Belgium). Prior
to analysis, calibration for bone mineral density (BMD)
was performed using a dataset standardized with calcium
hydroxyapatite (CaHA) calibration phantoms of
0.25g/mm’ and 0.75g/mm’. Volumetric ratios were
computed separately based on regions of interest (ROIs)
and threshold data. Sample data were processed in the
CTVol software (v. 2.3.2.0) to generate 3D models.

Using the ROI defined in the femoral head, several
parameters were quantified with CTAn software
(v. 1.16.4.1+), including BMD (g/cm’), bone
volume/total volume (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N), porosity, trabe-
cular spacing (Tr.Sp.), trabecular separation (Tr.
Sep.), trabecular bone pattern factor (Tb.Pf.), and
bone surface area/bone volume ratio (BS/BV). The
following microarchitectural trabecular parameters
were evaluated as follows:



e Trabecular Number (Tb.N, mm}): Represents the
number of trabeculae per unit length; it reflects
how many trabeculae are present within a given
region and is indicative of trabecular density.

e Trabecular Spacing (Tb.Sp, mm): Indicates the
mean distance between trabeculae; increased
values suggest a loss of trabecular bone.

e Trabecular Separation (Tb.Sep, mm): Similar to
trabecular spacing, this metric reflects the average
distance between individual trabeculae and is
often used interchangeably with Tb.Sp.

e Trabecular Bone Pattern Factor (Tb.Pf, mm™):
A measure of trabecular connectivity; higher
values indicate more disconnected or isolated tra-
beculae, which is characteristic of deteriorating
bone microarchitecture.

Histopathological examination

The tissue sections were initially fixed in 10% buffered
formaldehyde solution and subsequently decalcified in
a 10% formic acid solution for three days. Following
routine tissue processing, the samples were embedded in
paraffin blocks. Longitudinal sections of 3—4 pum thickness
were prepared and stained using hematoxylin-eosin
(H&E) and Masson’s trichrome methods.
Histopathological examination was conducted under
a light microscope (Zeiss Axio microscope with Zen 2.3
Lite software), and images were captured with an attached
camera (AxioCam IC). The pattern of bony trabeculae
was evaluated based on architectural integrity as follows:

e Regular trabeculae were continuous and thick, with
uniform arrangement and preserved alignment.

o Partially irregular trabeculae exhibited mild focal
discontinuity or uneven alignment but retained
general structure.

e Irregular trabeculae showed disorganized orienta-
tion, fragmented structure, or architectural
distortion.

e Thin trabeculae were defined as having visibly
reduced width compared to surrounding trabecu-
lae, often with atrophic appearance.

Osteocyte density was assessed by counting nuclei per
high-power field (HPF):

¢ Marked osteocytes indicated a dense population of
osteocyte nuclei within trabeculae, generally =10
nuclei per HPF.
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e Sparse osteocytes referred to significantly fewer
nuclei, typically <5 per HPF, indicating osteocyte
depletion.

Adipocyte morphology in bone marrow was evaluated
semi-quantitatively:

e Large adipocytes were defined as adipocytes with
>1.5x diameter compared to average marrow adi-
pocytes in the control group.

o Increased adipocytes referred to increased adipo-
cyte number per field compared to control, usually
a>30% increase in adipocyte density.

The presence of macrophages in the bone marrow was
recorded as increased if clusters or sheets of macro-
phages were observed in > 2 HPFs, verified by morpho-
logical criteria including eccentric nuclei and
vacuolated cytoplasm.

Immunohistochemical examination

To investigate cellular oxidative damage in femoral
head tissue, transforming growth factor-8 (TGF-f3)
was used as a marker. Malondialdehyde (MDA) was
employed to assess lipid peroxidation levels. Anti-
apoptotic protein Bcl-2 and pro-apoptotic protein cas-
pase-3 were analyzed to evaluate apoptotic pathways,
and vascular endothelial growth factor (VEGF) was
used to detect vascular damage. Additionally, bone
morphogenetic proteins-4 (BMP-4) and bone morpho-
genetic proteins-7 (BMP-7), along with their corre-
sponding antibodies, were utilized to demonstrate
bone healing following ON. Immunohistochemical
staining was performed using the Streptavidin-biotin-
peroxidase method with these specific monoclonal and
polyclonal antibodies™°.

Biochemical examination

Intracardiac blood samples were collected immediately
after sacrification for hematological analysis. The samples
were centrifuged at 3,000 rpm for 10 minutes, and the
serum was stored at —80 °C until further analysis.
Biochemical parameters, including serum levels of malon-
dialdehyde (MDA), glutathione (GSH), bone alkaline
phosphatase (BALP), osteoprotegerin (OPG), triglycerides
(TG), total cholesterol (TC), high-density lipoprotein cho-
lesterol (HDL), and low-density lipoprotein cholesterol
(LDL), were measured using enzyme-linked immunosor-
bent assay (ELISA) with double antibody sandwich
technology.
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Statistical analysis

Statistical analyses were conducted using GraphPad
Instat software, version 3.06 (GraphPad Inc., CA,
USA). Continuous data were expressed as mean * stan-
dard deviation (SD), while categorical variables were
presented as numbers and frequencies. The
Kolmogorov-Smirnov test was used to assess the nor-
mality of data distribution.

Categorical variables were analyzed using the chi-
square test for independence. Normally distributed
numerical variables were compared using one-way ana-
lysis of variance (ANOVA), followed by Tukey-Kramer
multiple comparison test as a post-hoc analysis. For
non-normally distributed numerical variables, the
Kruskal-Wallis test (non-parametric ANOVA) was
used, with Dunn’s multiple comparison test applied
post-hoc. Statistical significance was defined at p-values
of < 0.05, < 0.01, and < 0.001.

Results
Radiological findings

In the ONFH model, radiological measurements,
including BMD, BV/TV, Tb.Th, Tb.N, Tb.Pf, and BS/
BV ratios, were performed on radiological images
obtained after femoral head scans (Figure 1) to assess
the radiological effects of Ap-13. Although these para-
meters showed a decrease in the ONFH group com-
pared to the control group, no statistically significant
differences were observed between the groups (p > 0.05)
(Table 1).

Histopathological findings

The diagnosis of ON was established based on the
presence of empty lacunae in bone trabeculae or osteo-
cytes with pyknotic nuclei, accompanied by necrosis

Control

AP-13

ONFH ONFH+AP-13

Figure 1. Micro-CT images of the femoral heads of 8 rats in which SONFH model established.

Table 1. The distribution of radiological findings of femoral head sections by group (n = 8) and statistical comparison.

Control AP-13 ONFH ONFH+AP-13 P Value

Radiological findings X+SD

BMD (g/cm®) 1.23+0.05 1.22£0.04 1.20 £0.02 1.723 £0.04 0.536
BV/TV (%) 95.51+1.68 9535+ 141 94.12 £ 1.80 94.88 +1.88 0.525
Tb. Th (mm 0.68 +0.15 0.65+0.11 0.57 £ 0.07 0.62 +0.09 0.382
Tb. N (mm™) 49.56 +£3.23 47.60 £ 6.81 49.26 £4.73 49.81+£2.80 0.766
Tb. Sp (mm™) 146 £0.24 1.45+0.21 1.58 £0.24 1.52+0.18 0.645
Th. Sep (mm) 0.12+0.02 0.12+0.01 0.15+0.05 0.16 +0.08 0.495
Tb.Pf. (mm™") -9.88 £1.83 -10.77 £1.92 -11.13+£2.18 -11.44 £ 1.81 0.417
BS/BV (mm™") 432 +0.84 4.05+0.48 3.54+041 3.88+0.46 0.099

X + SD: Mean =+ Standard deviation. BMD (g/cm?), bone volume/total volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N),
porosity, trabecular spacing (Tr.Sp.), trabecular separation (Tr.Sep.), trabecular bone pattern factor (Th.Pf.), and bone surface area/bone

volume ratio (BS/BV).
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Figure 2. Light microscopic images of femoral head sections in the SONFH model established in 8 rats. Two representative 100x
images from different regions of the femoral head are shown to illustrate trabecular and marrow changes. Hematoxylin + eosin, 40x

and 100x magnification.

with a diffuse distribution, as observed under light
microscopy (Figure 2).

In the ONFH group, prominent necrotic areas,
anomalies, and pale regions were identified in the
femoral head compared to the control and AP-13
groups. Additionally, in many samples, bone trabeculae
were observed to be locally thinned, irregular, and
intermittently arranged, with voids forming in the tis-
sue compared to the control group. Sparse osteocytes,
numerous pyknotic cells, and empty lacunae were
detected in the trabeculae. Furthermore, the bone mar-
row in the ONFH group showed a loss of normal
morphology compared to the control group, with
a reduction in bone marrow cells in most samples.
Thrombus, hematopoietic cell necrosis, and hemor-
rhage were also observed in the bone marrow of all
animals in the ONFH group (Table 2).

In the ONFH+AP-13 group, a reduction in ON and
anomalies in the femoral head was observed compared
to the ONFH group. In half of the animals, bone

trabeculae maintained an intact and regular structure
similar to the control group, with voids and gaps no
longer present. The number of osteocytes in the trabe-
culae returned to normal, while the number of pyknotic
cells and empty lacunae decreased. In the ONFH+AP-
13 group, while osteonecrotic features were markedly
reduced, granulation tissue and fibrosis were observed
in 4 out of 8 animals, which was comparable in inci-
dence to the ONFH group. This suggests that despite
the attenuation of necrotic damage, tissue remodeling
and reparative responses were still ongoing in the Ap-
13 treated group (Table 2).

The proportion of animals with ON and femoral
head anomalies was found to be significantly higher
in the ONFH group compared to other groups, while
it significantly decreased in the ONFH+AP-13 group
(p=0.0137 for both comparisons). When the histo-
pathological parameters of bone trabeculae were com-
pared, the number of subjects with irregular, thin, and
intermittently spaced trabeculae with voids was
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Table 2. Comparison of histopathological findings of femoral head sections according to groups (n = 8) of SONFH model.

Control AP-13 ONFH ONFH+AP-13 P Value
Parameters X/N
Osteonecrosis 0/8 0/8 8/8 4/8 0.0137
Femur head anomaly 0/8 0/8 8/8 4/8 0.0137
Bone trabeculae 8/8 5/8 0/8 3/8 0.0007
Regular 0/8 2/8 3/8 4/8 0.1441
Partially regular 0/8 1/8 5/8 1/8 0.0129
Irregular 0/8 3/8 7/8 5/8 0.0038
Thin 0/8 1/8 5/8 1/8 0.0129
Intermittent/space 0/8 1/8 4/8 1/8 0.0606
Fractured 0/8 4/8 8/8 4/8 0.0011
Granulation 0/8 5/8 7/8 5/8 0.0038
Fibrosis
Osteocytes 8/8 7/8 3/8 5/8 0.0277
Marked 0/8 1/8 5/8 3/8 0.0277
Sparse
Bone marrow 7/8 5/8 0/8 1/8 0.0007
Normal 2/8 2/8 3/8 5/8 0.3618-0.0016
Increased adipocyte 0/8 0/8 0/8 0/8 0.0155
Large adipocytes 2/8 5/8 8/8 8/8 0.0066
Hemorrhage 2/8 5/8 8/8 6/8 0.2909
Thrombus 3/8 8/8 8/8 6/8 0.3618
Macrophage 2/8 2/8 3/8 2/8 0.0426
Increased HC 2/8 2/8 5/8 3/8
Decreased HC 0/8 2/8 5/8 4/8
HC necrosis
X+SD
Pyknotic cell (%) 1.62 +1.06 1762 +15.31° 31.00 + 13.02° 17.88 +£10.57% 0.0002
Empty lacunae (%) 7.38+3.78 20.83£11.02 26.14 £ 9.35° 18.75+13.29 0.0090
Vascular thrombosis (%) 2.25+4.20 17.5+12.24 56.63 + 16.03> 22.50 £ 16.47 0.0001

X/n: Number of animal with pathology/total number of animals; HC: Hematopoietic cells; SD: Standard deviation; X + SD: Mean + Standard deviation. *p <
0.05 vs. control group. P < 0.05, °P < 0.001, °P < 0.01 vs. control group %P < 0.05 vs. AP-13 group.

significantly higher in the ONFH group compared to
the control group, whereas it was lower in the ONFH
+AP-13 group (p <0.05). Additionally, the number of
subjects with regular trabeculae was significantly higher
in the control and AP-13 groups compared to other
groups (p =0.0007) (Table 2).

In the ONFH group, granulation tissue was
observed in all subjects, and fibrosis was detected in
seven subjects. However, in the treatment group,
both granulation tissue and fibrosis were found to
be significantly reduced (p <0.05). When the histo-
pathological parameters of bone marrow were com-
pared, no animals in the ONFH group exhibited
normal morphology. Hemorrhage, thrombus, and
hematopoietic cell necrosis, accompanied by numer-
ous macrophages, were significantly increased in all
animals of the ONFH group compared to other
groups (p <0.05) (Table 2).

No statistically significant differences were observed
among the groups in terms of the quantity and size of
adipocytes (p>0.05). The proportions of pyknotic
cells, empty lacunae, and vessels with thrombus in
the trabeculae were significantly higher in the ONFH
group compared to the control group (p<0.05).
However, these proportions decreased in the ONFH
+AP-13 group, with the rates of empty lacunae and
vascular thrombus resembling those of the control
group (Table 2).

Immunohistochemical findings

In the ONFH group, BMP-4 levels in adipocytes and
trabeculae were significantly increased compared to the
control group (p =0.0327 and p =0.0063, respectively),
whereas the increase in bone marrow was not statisti-
cally significant (p=0.1436). In the ONFH+AP-13
group, BMP-4 levels in adipocytes and trabeculae
returned to normal levels (Figures 3 and 4).

No significant differences were observed between
the control group and the AP-13 or ONFH+AP-13
groups (p>0.05). When BMP-7 immunoreactivity
was examined, BMP-7 levels in adipocytes, bone
marrow, and trabeculae of the ONFH group were
found to be significantly lower compared to the
control group. However, in the ONFH +AP-13
group, BMP-7 levels were significantly increased
compared to the AP-13 group (p =0.0009, p =0.004,
and p =0.036, respectively). No differences in BMP7
immunoreactivity were observed between the control
group and the AP-13 group (p>0.05) (Figures 3
and 4).

To evaluate apoptotic pathways, the immunoreactiv-
ity of the anti-apoptotic protein Bcl-2 was examined. In
the ONFH group, most subjects showed no Bcl-2
immunoreactivity in adipocytes, bone marrow, or tra-
beculae, whereas a slight increase was observed in the
ONFH+AP-13  group.

However, no statistically
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Figure 3. Light microscopic images of immunohistochemistry analysis of femoral head sections in osteonecrosis of femoral heads of
8 rats.100x magnification.
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Figure 4. BMP-4 and BMP-7 immunoreactivities in femoral head sections and statistical comparison by group (n =8). p =0.0327 for
BMP-4 in adipocytes; p = 0.1436 for BMP-4 in bone marrow; p = 0.0063 for BMP-4 in trabeculae. p = 0.0009 for BMP-7 in adipocytes;
p =0.004 for BMP-7 in bone marrow; p = 0.036 for BMP-7 in trabeculae. A p < 0.05 vs corresponding AP-13 group; b p <0.01 and ¢
p <0.001 vs corresponding control group; d p < 0.05 vs corresponding ONFH group.

significant differences were found between the groups = marrow and trabeculae were found to be significantly
(p>0.05) (Figures 3 and 5). increased in the ONFH group compared to the control

When the immunoreactivity of the pro-apoptotic ~ group (p<0.05). In the ONFH+AP-13 group, these

protein caspase-3 was examined, its levels in the bone  levels returned to control levels. Similarly, caspase-3
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Figure 5. Bcl-2 and caspase-3 immunoreactivities in femoral head sections and statistical comparison by group (n = 8). p = 0.9283 for
Bcl-2 in adipocytes; p =0.8138 for Bcl-2 in bone marrow; p = 0.2669 for Bcl-2 in trabeculae. p = 0.1348 for caspase-3 in adipocytes;
p=0.0192 for caspase-3 in bone marrow; p =0.0485 for BMP-7 in trabeculae. e p < 0.05 vs corresponding control group.

levels in the AP-13 group were comparable to those of
the control group (p < 0.05) (Figures 3 and 5).

In the ONFH group, the mean TGF-f level was
lower compared to the other groups; however, no
statistically significant differences were observed
between the groups (p>0.05). In the treatment
group, the mean TGF-$ levels were higher than
those in the other groups, but this increase was also
not statistically significant (p >0.05) (Figures 3
and 6).

In the ONFH group, the mean VEGF levels in
endothelial cells were found to be significantly
decreased, whereas in the ONFH+AP-13 group, the
mean VEGF levels were significantly increased
(p =0.046). In the AP-13 group, the mean VEGF levels
were similar to those of the control group (Figures 3
and 6).

Biochemical findings

To evaluate systemic oxidative stress and the corre-
sponding antioxidant mechanisms, serum MDA and
GSH levels were analyzed using the ELISA method. In
the ONFH group, serum MDA levels were significantly
increased compared to other groups (p < 0.05) and were
found to decrease in the ONFH+AP-13 group
(p=0.0002). Serum GSH levels in the ONFH group
were lower than in other groups, but this decrease

was not statistically significant (p > 0.05). Serum BALP
levels showed no significant differences between the
groups (p = 0.3384). However, OPG levels were signifi-
cantly higher in the AVN group compared to the con-
trol group and decreased in the ONFH+AP-13 group
(p=0.0167). (Table 3)

To evaluate the effects of AP-13 on lipid profiles,
serum levels of TC, HDL cholesterol, LDL cholesterol,
and triglycerides (TG) were measured using the ELISA
method. In the ONFH group, serum TC levels were
slightly elevated compared to other groups; however,
no significant differences were observed between the
groups. Similarly, serum HDL levels showed no signifi-
cant differences among the groups (p>0.05). Serum
LDL and TG levels in the ONFH group were signifi-
cantly higher compared to the control group, but the
levels in the ONFH+AP-13 group approached those of
the control group (p=0.0143 and p=0.0394, respec-
tively). Additionally, serum LDL and TG levels in the
AP-13 group were found to be similar to those of the
control group (Table 4).

Discussion

In this study, we demonstrated that Ap-13 exerts
a multifaceted protective effect in a SONFH model.
Specifically, Ap-13 significantly reduced oxidative
stress, as evidenced by lower MDA levels, and exerted
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Figure 6. TGF-B immunoreactivities in femoral head sections and VEGF immunoreactivities in endothelium and statistical compar-

ison by group (n=8). p=0.7679 for TGF-B in adipocytes; p=0

.5614 for TGF-B in bone marrow; p =0.2911 for TGF- in trabeculae.

p =0.0460 for VEGF in endothelium. e p < 0.05 vs corresponding control group. p = 0.046.

Table 3. Serum levels of biochemical parameters and comparison by group (n = 8).

Control AP-13 ONFH ONFH+AP-13 P Value
Parameter X+5SD
MDA (nmol/mL) 19.50 +2.83 1412 +2.72° 13.26 +2.78° 13.24 +2.70° 0.0002
GSH (mg/L) 272.55 +32.08 277.68 £72.46 245.40 £ 20.81 246.16 £ 45.15 0.5621
BALP (ng/mL) 1.17+0.38 1.28+£0.13 141+£0.14 1.36 £0.30 0.3384
OPG (ng/ml) 1.57 £0.47 1.95+0.38 2.18+0.18° 2.02+0.23 0.0167

X + SD: Mean + Standard Deviation, MDA: Malondialdehyde, GSH: Glutathione, BALP: Bone Alkaline Phosphatase, OPG: Osteoprotegerin “p <

0.01, bp <0.001, “p <0.05 vs control group.

Table 4. Serum levels of lipid parameters and comparison by group (n = 8).

Control AP-13 ONFH ONFH+AP-13 P Value
Parameter X+SD
TC (umol/L) 69.25+8.78 71.5+£281 73.28 £5.02 69.75 + 8.58 0.6881
HDL (umol/L) 52.62 +7.46 5837 +9.53 54.00 + 6.97 50.75+6.22 0.2497
LDL (mmol/L) 750+ 1.60 8.25+1.67 9.75 +1.28° 9.43 £0.98 0.0143
TG (umol/L) 7137 £15.46 88.25 + 26.58 105.28 + 26.21° 77.75 £ 20.66 0.0394

X+ SD: Mean * Standard Deviation, TG: Serum triglyceride, TC:

lipoprotein. ®p < 0.05 vs control group.

anti-apoptotic effects through the suppression of cas-
pase-3 expression. In addition, VEGF immunoreactiv-
ity in endothelial cells was markedly increased in the
Ap-13 treatment group, suggesting enhanced angiogen-
esis and vascular repair. Although some parameters—
such as pyknotic cell count, empty lacunae percentage,
and certain lipid profile markers—showed numerically

total cholesterol, HDL: High density lipoprotein, LDL: Low density

close mean values between the ONFH and ONFH+Ap-
13 groups, statistically significant differences were
detected due to consistent intergroup trends and low
intra-group variability, as confirmed by post-hoc test-
ing. These findings suggest that Ap-13 elicits mean-
ingful biological effects, even in cases where gross
numerical changes appear subtle. Importantly, Ap-13
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also normalized OPG levels and improved trabecular
architecture, as reflected in  histopathological
evaluations.

ON, particularly affecting the femoral head, leads to
severe bone damage, subchondral bone collapse, and
hip joint destruction. It arises from multiple etiological
factors, with glucocorticoid therapy identified as
a primary predisposing factor. The pathogenesis of
SONFH includes ischemia, vascular compromise, and
apoptosis">®. However, it should be emphasized that
the pathogenesis of osteonecrosis of the femoral head is
multifactorial, involving vascular impairment, intravas-
cular coagulation, lipid metabolism disorders, and
genetic as well as immunological factors, rather than
a single mechanism'’. In our study, we conducted
radiological, histopathological, histomorphometric,
immunohistochemical, and biochemical analyses to
evaluate the efficacy and systemic effects of Ap-13,
a peptide secreted by adipose tissue'’, in a SONFH
model in rats. The therapeutic effects of Ap-13 were
assessed for its antioxidant, anti-osteoclastic, osteoblas-
tic, osteoprotective, and hypolipidemic properties on
osteonecrotic areas’. Therefore, while our study pro-
vides evidence for the vascular and anti-apoptotic pro-
tective role of Apelin-13, further investigations are
needed to clarify its interactions with other pathogenic
pathways.

Interestingly, although Ap-13 administration miti-
gated many features of osteonecrosis, such as empty
lacunae, pyknotic nuclei, and vascular thrombosis,
granulation tissue and fibrosis were still observed in
several specimens within the Ap-13 group, at rates
comparable to the ONFH group. This finding may
reflect a transition phase between active injury and
reparative response rather than ongoing necrosis.
Granulation tissue, which consists of proliferating
fibroblasts, neovascularization, and inflammatory cells,
often arises as part of a healing process following tissue
injury. Similarly, fibrosis may represent reactive scar-
ring and remodeling in response to prior steroid-
induced microdamage. The presence of these changes,
even in the absence of severe osteonecrotic features,
suggests that Ap-13 May reduce acute damage but not
entirely suppress the underlying reparative remodeling
process, especially within the 4-week experimental
timeframe. Longitudinal studies with extended observa-
tion periods are warranted to determine whether these
fibrotic changes resolve over time or persist.

Oxidative stress is strongly associated with the devel-
opment of SONFH. Pathological studies in SONFH
patients have revealed that prolonged use of glucocor-
ticoids can result in oxidative damage and apoptosis of
osteocytes'>. Tao et al. reported that exosomes derived

from platelet-rich plasma (PRP) prevented apoptosis
induced by glucocorticoid-associated oxidative stress
in rat femoral head necrosis through the Akt/Bad/Bcl-
2 signaling pathway'*. MDA is a product of lipid per-
oxidation, while GSH serves as one of the most critical
antioxidants within the organism. A reduction in GSH
levels accompanied by an elevation in MDA levels
collectively represents a significant marker of oxidative
stress and cellular damage'. In our study, an analysis
of MDA levels revealed a significant increase in the
ONFH model compared to all other groups.
Furthermore, it was observed that Ap-13 treatment
significantly reduced serum MDA levels, particularly
when compared to the untreated ONFH group of rats.

GSH is a vital antioxidant enzyme in vivo, playing
a crucial role in maintaining membrane integrity, pre-
serving cellular structure, and facilitating the metabo-
lism of xenobiotics. A reduction in GSH levels leads to
the induction of oxidative stress, increasing the suscept-
ibility of the organism to tissue and vascular damage'®.
Geng et al. observed a significant decrease in GSH
levels shortly after steroid administration in rats with
an osteonecrosis model they developed'”. In our study,
we found that serum GSH levels decreased in the
ONFH model but increased with Ap-13 treatment.
However, the results were not statistically significant.
These findings suggest that the therapeutic effect of Ap-
13 on SONFH may be attributed to its ability to inhibit
lipid peroxidation and associated oxidative stress,
thereby enhancing the antioxidant mechanism.

BALP, a biochemical marker, is used to evaluate
bone resorption and formation. It is also employed to
predict fracture risk and monitor osteoporosis treat-
ment independently of BMD'®. When mesenchymal
stem cells are stimulated for osteogenesis, they differ-
entiate into osteoblasts, and BALP levels, an important
indicator of this differentiation, reflect the presence and
maturation of osteoblasts. BALP hydrolyzes organo-
phosphates, increasing local phosphate concentrations
and initiating calcification'®.

Zhou et al. demonstrated increased BALP levels in
the third week of treatment in rats with SONFH treated
with valproic acid®®. Osteoclastic OPG exerts its effects
through the OPG/RANK/RANKL system, with OPG
and RANKL produced by osteoblast-derived cells.
These glycoproteins, part of the tumor necrosis factor
receptor superfamily, are key regulators of bone
metabolism®'. Studies have shown that the ratio of anti-
osteoclastogenic cytokine OPG to osteoclastogenic
cytokine RANKL is critical for osteoclast activity.
Peng et al. observed decreased OPG levels in rats with
SONFH?. In our study, serum BALP levels did not
differ significantly among groups. However, OPG levels



were significantly increased in the AVN group com-
pared to the control group and decreased in the treat-
ment group.

SONFH is suggested to result from osteocyte apop-
tosis, leading to a cumulative and irreversible disorder.
Apoptosis disrupts the unique mechanoreceptor role of
the osteocyte-canalicular network, inevitably causing
femoral head collapse®’. Weinstein et al. reported that
femoral head sections obtained from patients under-
going total hip arthroplasty due to SONFH contained
numerous apoptotic osteocytes, whereas sections from
traumatic or sickle cell ON cases showed fewer apop-
totic bone cells. This finding suggests that may SONFH
primarily involve osteocyte apoptosis>*. Prolonged and
excessive use of steroids alters the microenvironment of
osteoblasts and bone mesenchymal stem cells in the
femoral head, leading to the overexpression of apopto-
sis-related factors such as BCL-2, Bax, cytochrome C,
caspase-3, and caspase-9. These apoptotic factors trig-
ger a series of reactions that result in cell apoptosis and
tissue destruction®. In a study by Sun et al., increased
caspase-3 levels were observed in rats with SONFH?.
In our SONFH model, the immunoreactivity of the
anti-apoptotic protein Bcl-2 was examined. While
most adipocytes, bone marrow, and trabeculae in the
ONFH group showed no Bcl-2 immunoreactivity,
a slight increase was observed in the treatment group,
but the difference between groups was not statistically
significant. Regarding the pro-apoptotic protein cas-
pase-3, no statistically significant differences were
found among groups in adipocytes. However, caspase-
3 levels in the bone marrow and trabeculae of the
ONFH group were significantly higher than in the
control group. In the ONFH+AP-13 group, these levels
returned to control levels, while caspase-3 levels in the
AP-13 group were also similar to those of the control
group.

Beyond reducing bulk oxidative stress, accumulating
evidence indicates that bone-cell reactive oxygen spe-
cies (ROS) is tightly governed by the ROS/Keap1/Nrf2
axis, which in turn shapes osteoclastogenesis. Multiple
natural agents suppress osteoclast differentiation and
bone loss by stabilizing or activating Nrf2 and enhan-
cing downstream antioxidant enzymes (e.g., HO-1,
NQO1, CAT) while dampening RANKL-driven ROS
signaling and NF-kB/MAPKs. For example, tussilagone
inhibits mitochondrial ROS production, prevents
NFATcl induction, and up-regulates Nrf2 (genetic
loss of Nrf2 blunts its effect) in vitro, and attenuates
OVX/LPS-induced bone loss in vivo”. Corynoline
similarly suppresses RANKL-induced osteoclastogen-
esis by inhibiting NF-kB/MAPKs and stabilizing Nrf2
to curb ROS, restoring trabecular microarchitecture in
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OVX mice®®. Mechanistically convergent strategies—
such as direct Keapl-Nrf2 disruption—also restrain
osteoclastogenesis and prevent OVX-induced bone
loss by activating Nrf2 and limiting ROS-dependent
IKB/NF-kB signaling®. In addition, 4-methylcatechol
has been reported (via docking and cell assays) to act
along the RANKL-mediated ROS/Keap1/Nrf2 axis, up-
regulating HO-1 and countering osteoclastogenesis,
while alpinetin reduces inflammatory bone loss by
curbing ROS-dependent p38/PI3K  signaling in
osteoclasts’®!. In this context, our data show that
Apelin-13 significantly lowers MDA (with a trend
toward higher GSH), reverses caspase-3 increases,
enhances endothelial VEGF immunoreactivity, and
improves trabecular architecture. These effects plausi-
bly intersect the ROS/Keapl/Nrf2 axis: by lowering
ROS, Ap-13 May favor Nrf2 activation (or reduce
Keapl-mediated Nrf2 turnover), thereby secondarily
restraining RANKL-driven osteoclast programs.
Although Ap-13 normalized OPG levels in our model,
we did not directly assay the RANKL/OPG balance or
Nrf2 pathway readouts (e.g., nuclear Nrf2, HO-1/
NQOL1). Future work should quantify these endpoints
(including Keap1-Nrf2 interaction and RANKL-evoked
ROS kinetics) to determine whether Ap-13 acts as an
antioxidant modulator of the Keapl/Nrf2 axis in
SONFH.

The exact pathophysiology of SONFH remains
unclear, but it is generally accepted that reduced
blood flow, increased intraosseous pressure, and var-
ious metabolic and local factors play significant roles.
VEGF is a crucial factor in angiogenesis and bone
repair processes. VEGF expression, which regulates
angiogenesis supporting the vascular system as well as
bone formation and repair, decreases in conjunction
with increased osteoblast and osteocyte apoptosis’ .
There are reports of ON occurring in various regions
following  anti-VEGF  treatments, such  as
bevacizumab™®. Song et al. observed increased VEGF
levels accompanied by enhanced femoral head perfu-
sion while investigating the therapeutic effects of silde-
nafil in a rabbit ONFH model**. Ozmen et al. found an
increase in VEGF levels while investigating the effects
of tadalafil on ONFH in rabbits but interpreted this as
an independent effect of tadalafil rather than an indi-
cator of angiogenesis and osteogenesis®. In our study,
VEGF levels in endothelial cells were significantly
reduced in the ONFH group, whereas they were sig-
nificantly increased in the ONFH+AP-13 group.

Prolonged administration elevates blood lipid levels,
leading to abnormal lipid distribution, fat embolism in
microvessels, fat accumulation in the medullary cavity,
enlarged fat cell volume, and increased medullary cavity
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pressure. Steroids can also disrupt bone microcircula-
tion by causing lipid deposition in bone cells, ultimately
resulting in cell death. Hormone-induced lipid metabo-
lism disorders contribute to ONFH through two pri-
mary mechanisms: microvascular fat embolization and
fatty deposition in osteocytes’®. An epidemiological
study revealed a correlation between elevated LDL
levels and the risk of non-traumatic ONFH.
Moreover, high LDL is considered an independent
risk factor for postoperative ONFH following femoral
neck fractures. However, the exact pathophysiology of
LDL in ONFH remains unclear’’. Chen et al. observed
that erythropoietin treatment in rats with SONFH
resulted in lower TC and triglyceride levels compared
to the control group'’. In our study, while the serum
TC levels in the ONFH group were slightly elevated
compared to other groups, no significant differences
were detected. Similarly, serum HDL levels did not
show statistically significant differences among the
groups. However, serum LDL and TG levels were sig-
nificantly higher in the ONFH group compared to the
control group, whereas these levels in the ONFH-AP
-13 group approached those of the control group.
Additionally, serum LDL and TG levels in the AP-13
group were found to be similar to those of the control
group.

Bone morphogenetic proteins (BMPs) are members
of the TGF-p superfamily, playing crucial roles in var-
ious functions such as embryonic development, and
cellular processes like growth, differentiation, and
apoptosis38. BMP-4, synthesized by osteoblasts, is one
of the most potent inducers of bone formation, pro-
moting osteoblast differentiation®®. BMP-7 has been
shown to stimulate osteoblastic differentiation in rat
calvarial, mouse, and human bone marrow stromal
cells, along with increased alkaline phosphatase activity,
collagen production, and osteocalcin synthesis™.
Samara et al. measured BMP levels in femoral heads
obtained from patients undergoing total hip arthro-
plasty due to ONFH head and found increased BMP-
4 levels in necrotic areas, whereas BMP-7 levels were
significantly reduced*’. Similarly, Zhang et al, in
a study investigating the effects of platelet-rich plasma
and tricalcium phosphate combination therapy on
ONFH following femoral neck fractures in rabbits,
reported higher BMP-7 levels in the treatment group
compared to the control group®’. In our study, no
statistically significant differences were observed
between groups in terms of BMP-4 levels. However,
BMP-7 levels were found to be higher in the Ap-13-
treated ONFH group, consistent with findings from the
literature.

Accumulating evidence indicates that steroid-
induced ONFH is driven, at least in part, by hyperactive
osteoclasts amplified under oxidative stress**™**. In
human necrotic femoral heads and rat SONFH models,
osteoclast markers (TRAP, CTSK) and the RANKL/
OPG axis are up-regulated in parallel with diminished
antioxidant enzymes and higher ROS signals, support-
ing a ROS-osteoclast feed-forward loop in early
progression*”.  Consistently, pharmacologic  anti-
osteoclast strategies mitigate disease severity: in
a recent in-vivo SONFH study, the natural inhibitor
cycloastragenol reduced necrotic lesion size, improved
trabecular parameters and blood supply, lowered
RANKL/OPG ratio, down-regulated TRAP/CTSK/
MMP9, and decreased empty lacunae®’. Inflammation
also feeds osteoclastogenesis via NF-kB/AP-1 signaling;
modulation of these pathways (e.g., GILZ-linked anti-
inflammatory signaling) can blunt downstream effector
responses relevant to bone resorption**. In our study,
Ap-13 reduced oxidative stress (lower serum MDA,
trend to higher GSH), attenuated apoptosis (reversal
of caspase-3 increases), enhanced endothelial VEGF
immunoreactivity, and improved trabecular architec-
ture. These effects map onto the above mechanisms in
two ways: (i) by limiting ROS, Ap-13 May secondarily
restrain osteoclast hyperactivation; and (ii) by improv-
ing microvascular integrity, it may reduce the ischemic
triggers that sustain resorption. Although we observed
normalization of OPG levels with Ap-13, the net
RANKL/OPG balance—a key determinant of osteoclast
activity—was not directly measured and merits dedi-
cated follow-up. Overall, our data align with the con-
cept that antioxidant and  vasculoprotective
interventions (such as Ap-13) may indirectly temper
inflammation- and ROS-driven osteoclast activity,
thereby slowing SONFH progression.

Our study has some limitations. To adhere to the 3
R principle commonly accepted in scientific studies
involving animals, a smaller number of animals were
used, and less stimulation was applied under appro-
priate conditions*>. Due to these limitations, the
intraperitoneal and intramuscular injections adminis-
tered during the first week and the intraperitoneal
applications throughout the study caused sufficient
stress in the rats, leading to biochemical analyses
being conducted at the end of the study. Another
limitation of our study is the use of a single dose of
Ap-13. Further research is needed to explore the
dosing effects and determine the optimal dose for
reducing the incidence of steroid-induced osteonecro-
sis. Additionally, the 4-week observation period
designed in our study may be shortened to assess



the short-term efficacy of Ap-13 treatment. Therefore,
future studies should address these issues in greater
detail. Another limitation of our study is that we did
not evaluate the endogenous expression levels of
Apelin-13 in normal or osteonecrotic femoral heads,
nor did we perform gene knockdown experiments.
Similar to previous studies focusing on the therapeu-
tic effects of Apelin-13 without assessing its local
expression*’, future research incorporating expression
analyses and loss-of-function approaches will be
essential to elucidate the precise role of Apelin-13 in
SONFH pathogenesis.

Taken together, our findings support the therapeutic
potential of Apelin-13 (Ap-13), a potent antioxidant
peptide, in protecting against steroid-induced osteone-
crosis of the femoral head. Ap-13 was shown to attenu-
ate oxidative stress, reduce apoptosis, enhance
vascularization, and preserve trabecular bone architec-
ture in a rat model of SONFH. These multifactorial
effects suggest that Ap-13 May intervene at several
critical points in the pathogenesis of osteonecrosis.
Although some parameters showed modest numerical
differences between groups, statistically significant out-
comes indicate consistent biological effects. With larger
sample sizes, longer follow-up periods, and dose-
optimization studies, the protective efficacy of Ap-
13 May become even more evident, potentially offering
a promising noninvasive strategy for the prevention
and management of early-stage osteonecrosis.
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