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Complex crosstalk between immune cells and cells involved
in skeletal renewal is essential for bone health. Bone tissue
formation and resorption are governed by the inflammation
initiated by endogenous or exogenous stimuli, as well as local
and systemic metabolism and the aging process. This special
issue is focused on the topic of inflammation in bone physi-
ology contributing to the novel findings in the osteoimmu-
nology field. It brings several research articles in which the
immune background of bone tissue disorders, as well as
the behavior of orthopedic implants important for the loco-
motor system, was investigated.

Osteoporosis is the most prevalent metabolic skeletal
disease and public health problem, characterized by
decreased bone mass and increased risk of fractures. Basi-
cally, osteoporosis reflects a state of unbalance between
structural and biological demands for calcium and phos-
phate during inflammatory state. The aging-associated
chronic low-grade inflammatory state affects osteoporotic
bone development. A temporal framework between inflam-
mation and osteoporosis appears to be important in aging,
menopause, pregnancy, transplantation, and steroid applica-
tions. Importantly, the concordance of osteoporosis and
inflammation is regulated by inflammatory mediators [1].
In this special issue, one of the aims was to reveal the prev-
alence of rare hematologic disease, systemic mastocytosis in
patients with unexplained osteoporosis to identify whether
mastocytosis is a plausible cause of secondary osteoporosis.

Unlike primary osteoporosis, associated with aging, second-
ary osteoporosis is usually related to other diseases and
drugs. Systemic mastocytosis was characterized by a clonal
proliferation of neoplastic mast cells which can occur in
the bone marrow. It is suggested that hypertryptasemia
(high serum levels of mastocyte cell-specific serine protease
tryptase) can be a useful marker of mastocyte-cell related
diseases, such as bone fragility and secondary osteoporosis.

In the manuscript published in this special issue, a rat
model was utilized to reveal the significance of the interac-
tion of estrogen deficiency and hyperglycemia in the skeletal
system. In this work, bilateral ovariectomy was applied to
induce estrogen deficiency, while diabetes mellitus was
established by single streptozotocin administration. Interest-
ingly, measurement of several cytokines in the circulation
revealed only one bioactive molecule, the chemokine regu-
lated upon activation, normal T cell expressed and presum-
ably secreted (RANTES), which is found to be significantly
affected by both ovariectomy and diabetes mellitus in rats.
Serum levels of chemokine RANTES, secreted by osteoblasts
and osteoclasts in bone, were increased mainly in the ovari-
ectomized diabetic rats. Results of this study suggest that the
effects on bone microarchitecture and inflammation induced
by hyperglycemia in rats were only slightly moderated by
estrogen deficiency [2].

Osteonecrosis occurs when reduced blood flow to bone
causes death of bone and marrow cells. Glucocorticoid and
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alcohol usage may result in osteonecrosis which can affect
almost any bone of the body, where the hips, knees, and
shoulders are the most common affected sites. Vascular
occlusions, low-grade chronic inflammation, poor oxygen,
and nutrient supply to the affected bone region are consid-
ered as major etiological indicators. Osteonecrosis-related
chronic inflammation, including accumulation of activated
neutrophils, macrophages, and T cells, is followed by the
increased production of inflammatory mediators. Macro-
phages and neutrophils produce reactive oxygen and nitro-
gen species with proinflammatory activities. Another work
published in this special issue explored the association of T
cell populations (and their phenotype) in the pathophysiol-
ogy of osteonecrosis that affects patients with sickle cell dis-
ease. Sickle cell disease is caused by a point mutation in the
B-globin gene, resulting in the production of abnormal
hemoglobin,  deformed  erythrocytes, and finally,
inflammation-associated hemolysis and vascular occlusions.
Since osteonecrosis is clinical complication of sickle cell dis-
ease, in this study, T cells were analyzed in human periph-
eral blood and bone marrow aspirates of healthy and sickle
cell disease patients. This study reported the increased pro-
portion of proinflammatory cytokine-producing CD4" T
cells in the bone marrow of sickle disease patients. From col-
lected observations, it is suggested that these T cell popula-
tions may contribute to chronic inflammation and the
pathophysiology of osteonecrosis in sickle cell disease [3].
Artificial joint replacement is the current clinical gold
standard treatment for destructive joint diseases. Previous
in vitro and in vivo experiments, as well as clinical studies
reported that byproducts from joint replacements can
induce chronic low-grade inflammation resulting in peri-
prosthetic osteolysis, aseptic loosening, and prosthesis fail-
ure. Inflammatory insults in peri-implant areas, caused by
the wear particles, provoke osteoclast activation at the
bone-implant interface and initiate bone resorption. In
awareness of the need of improved approaches for the treat-
ment of aseptic loosening, the effect of tetrandrine on
inflammatory osteolysis in a titanjum particle-induced
inflammatory osteolysis mouse model was investigated as
well. It is found that tetrandrine inhibits the expression of
proinflammatory cytokines, TNF-a, IL-13, and IL-6, as well
as receptor activator for nuclear factor-«B ligand- (RANKL-)
induced osteoclast formation and bone resorption [4].
Observed data suggest tetrandrine as reasonable treatment
option for osteolytic peri-implant regions. Another study
explored in vitro effects of tantalum and titanium dioxide
nanoparticles on a macrophage cell line model. Although
the therapeutic potential of tantalum-based implants for
total joint replacement is well described, the effects of wear
particles of tantalum implants on peri-implant cells and
their potential contribution to aseptic implant loosening
are not revealed. This is of particular importance since mac-
rophage polarization initiated inflammatory signaling and
osteoclastogenesis represents the main control point for cell
death in peri-implant regions. This study reported a reduced
potential of tantalum nanoparticles to induce TNFa and IL-
13 as well as reactive oxygen species by macrophages when
compared to titanium dioxide particles, suggesting that
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tantalum-based implants might be a more rational therapy
option with lower risk to provoke aseptic loosening, as pre-
viously described [5].

We hope that this special issue provides new interesting
insights on the complex immune background of bone dis-
eases, as well as their significance in designing optimal bio-
materials for orthopedic implants. In addition, we believe
that this issue opens new questions which will be resolved
in future fundamental and clinical studies.
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Tantalum (Ta) is gaining attention as a biomaterial in bone tissue engineering. Although the clinical advantage of Ta-based implants for
primary and revision total joint replacement (TJA) has been well documented, few studies investigated the effect of wear products of Ta
implants on peri-implant cells, and their potential contribution to aseptic implant loosening. This study is aimed at examining the
cytotoxicity, oxidative stress, and proinflammatory potential of Ta and TiO, nanoparticles (NPs) on macrophages in vitro. NPs were
characterized using scanning electron microscopy, dynamic light scattering, and energy-dispersive X-ray. To test the NP-mediated
cellular response in macrophages, THP-1-derived macrophages were challenged with both NPs, and cytotoxicity was analyzed using
CCK-8 and LDH assays. Flow cytometry was used to investigate particle uptake and their internalization routes. NP-mediated
oxidative stress was investigated by measuring the production of reactive oxygen species, and their proinflammatory potential was
determined by quantifying the production of TNFa« and IL-1f in cell culture supernatants using ELISA. We found that both Ta and
TiO, NPs were taken up through actin-dependent phagocytosis, although TiO, NPs did also show some involvement of
macropinocytosis and clathrin-mediated endocytosis. Ta NPs caused no apparent toxicity, while TiO, NPs demonstrated significant
cytotoxicity at a concentration of over 100ug/mL at 24 h. Ta NPs induced negligible ROS generation and proinflammatory cytokines
(TNFa, IL-1f3) in macrophages. In contrast, TiO, NPs markedly induced these effects in a dose-dependent manner. Our findings
indicate that Ta NPs are inert, nontoxic, and noninflammatory. Therefore, Ta could be considered an excellent biomaterial in
primary and revision joint arthroplasty implants.

1. Introduction implant loosening [1]. After implantation, orthopedic pros-

thesis becomes an internal source of wear particles [2-5].

Aseptic loosening is the leading cause of revision surgery and
plays a predominant role in limiting the longevity of current
total joint arthroplasty (TJA). Wear particles have been rec-
ognized as one of the major factors responsible for aseptic

Upon corrosion and abrasion, nondegradable biomaterial
wear particles are inevitably released in adjacent peri-
implant tissues or systemically disseminated, inducing local
and systemic reactions [6-8]. They represent a long-term
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hazard that interacts with peri-implant cell lineages such as
macrophages, fibroblasts, osteoblasts, osteoclasts, and mes-
enchymal stem cells (MSCs). This process may disrupt local
cellular functions; create chronic inflammation, which favors
periprosthetic osteolysis; and eventually leads to aseptic
implant loosening with subsequent revision surgery. Clini-
cally, as the only established treatment for periprosthetic
aseptic loosening, revision TJA is technically demanding
and associated with high complication rates, high morbidity,
and poor clinical and functional outcomes. Moreover,
because of the complexity of the procedure, compromised
soft tissue, and bone defects, revision TJA has a greater failure
rate than primary TJA [9]. Therefore, choosing the appropri-
ate implant biomaterial is critical for the long-term survival
of both primary and revision TJAs.

Tantalum (Ta) is described as an “extremely bioinert”
material and has been widely applied as artificial joints, endo-
vascular stents, and coating [10-12]. As biomaterial for
implant components in primary and revision TJA, Ta can
be formed with a highly porous structure that could mimic
the structure of cancellous bone. Similar to titanium (Ti),
Ta provides outstanding biocompatibility and corrosion
resistance [13, 14]. Moreover, porous Ta components offer
lower elastic modulus and higher surface frictional character-
istics than conventional Ti implants, thus reducing shielding
and improving early stability. These properties make Ta an
ideal choice in TJA revision surgery [15, 16]. Recent studies
on fajled Ta implant revision hip arthroplasty described
nanoscale Ta fragments (diameters ranging from 9.6 to
243.5 nm) released from the implant surface [17, 18]. Because
of this phagocytozable size range and spatial proximity, Ta
nanoparticles (NPs) could be internalized by peri-implant
cells, e.g., macrophages, fibroblasts, and MSCs, and provoke
hazardous cellular responses. However, the difficulties in
purifying and characterizing NPs until today result in an
underestimation of the adverse impact of Ta NPs. Therefore,
particular attention must be paid to nanoscale Ta wear parti-
cles’ potentially hazardous effect on peri-implant cells and
their potential contribution to repeated prosthetic loosening
and subsequent rerevision [19]. However, to date, this topic
remains largely unknown.

Macrophages are the critical cells associated with wear
particle-induced aseptic loosening. As sentinels of the innate
immune system, macrophages are the first immune cells
involved in aseptic loosening by recognizing, internalizing,
and getting activated upon wear particle exposure [20, 21].
Once activated, macrophages exert an increased proinflam-
matory phenotype and initiate a chronic inflammatory
response characterized by the release of proinflammatory
mediators, such as TNFa, IL-1f5, monocyte chemotactic
protein-1 (MCP-1), and IL-8 [21, 22]. These reactions create
an inflammatory microenvironment that facilitates elevated
osteoclastic bone destruction, suppressed bone formation,
and ultimately lead to aseptic implant loosening. Therefore,
an attempt to elucidate macrophages’ response to biomaterial
wear debris is critical to understanding the pathology of
implant loosening.

The biological response of peri-implant cells to implants
is critical for early and late implant success. Recently, emerg-
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ing in vitro and in vivo studies on osteoblasts and MSCs have
demonstrated the Ta-based implants” advantages over com-
monly used Ti-based implants [23-25]. However, limited
research investigated the interaction between Ta implants
and other peri-implant cells, such as macrophages. In partic-
ular, the biological response of macrophages to Ta implants’
wear products, such as nanoscale Ta particles and ions, has
never been elucidated. Therefore, this study is aimed at ana-
lyzing the effects of Ta NPs on macrophage biology using the
THP-1 cell line, an in vitro cell model that is well known,
reproducible, and readily available to different labs. To this
end, we investigated Ta NPs’ uptake routes, cytotoxicity,
oxidative stress, and proinflammatory potential on THP-1-
derived macrophages in vitro.

2. Materials and Methods

2.1. Cell Culture and Differentiation. THP-1 cells (American
Type Culture Collection, Manassas, VA, USA), a human
monocytic leukemia-derived cell line, were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin at 37°C in a humidified
atmosphere with 5% CO,. For macrophage differentiation,
the THP-1 cells were stimulated with 50ng/mL phorbol 12-
myristate 13-acetate (PMA) (Sigma-Aldrich, Taufkirchen,
Germany) overnight.

2.2. Particle Preparation. Ta (NM-0036-HP) and TiO, (NO-
0046-HP) nanosized particles were obtained from IoLiTec
(Heilbronn, Germany), weighed into autoclaved tubes, and
then sterilized by radiation. Stock dispersions (50 mg/mL)
were prepared in phosphate-buffered saline (PBS) solution,
followed by 20min of continuous sonication using the
Emmi-12HC (EMAG AG, Germany) bath sonicator operat-
ing at 45kHz at 30°C. Then, the stock solution was stored at
4°C in the dark. Final dispersions were prepared from a serial
dilution of the stock in full cell culture medium followed by
another 20min sonication at 30°C and vigorous vortexing
for 5s immediately before adding them to the cells.

2.3. Characterization of Particles. The physicochemical prop-
erties of particles were analyzed with scanning electron
microscopy (SEM) and dynamic light scattering (DLS). The
particle morphology and size distribution were determined
with SEM. Samples dispersed in ddH,O were vortexed before
applying 2uL of the mixture onto a silicon wafer. After drying
the sample, the wafer was sputtered with an ~2nm platinum
layer in a Leica ACE600 sputter coater in an argon atmo-
sphere to prepare it for high-resolution field-emission scan-
ning electron microscopy (FESEM) (Crossbeam 550, Zeiss).
A Schottky emitter-based field emission Gemini II electron col-
umn (Zeiss) was used with 0.8kV acceleration voltages and cur-
rents between 150pA and 250pA for imaging. The samples
were imaged with the InLens SE (secondary electrons) detector
(Zeiss) for topographic imaging (working distance < 3 mm).
Image] (NITH) software was used to determine the size distribu-
tion of NPs by randomly selecting 100 particles from the SEM
images. The size distribution of NPs was fitted using a Gaussian
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distribution in GraphPad Prism 7 software (GraphPad, La
Jolla, CA, USA).

The DLS experiment was carried out with Zetasizer
Nano-ZS (Malvern, Worcestershire, Great Britain), which
estimates the size distribution from the measured correlation
function by nonnegative least square (NNLS) analysis. TiO,
and Ta NPs were dispersed in ddH,O, PBS, RPMI 1640,
and RPMI 1640 containing 10% FBS. Then, samples of NPs
were mixed thoroughly via sonication and vortexing before
measuring them at 250pg/mL. The scattered light is moni-
tored at an angle of 173" with a wavelength of 633 nm. Mea-
surements were done at 20°C at an average of 10-20 short
frames of 10s. The observed decay rate is I' = g*D,, with scat-
tering vector q. The hydrodynamic radius R, is related to the
diffusion coefficient D, according to the Stokes-Einstein
equation D, = kzT/67tyR,, with the Boltzmann constant kg,
temperature T (in K), and viscosity # of the solvent.

The energy-dispersive X-ray (EDX) analysis was per-
formed using the EDX system (EDAX, Ametek GmbH,
Meerbusch, Germany). The EDX system is fitted with a Super
Ultrathin Window Si-(Li) detector with a resolution < 138 eV
(MnKa at 1000 cps), configured with a take-off angle of
45" relative to the microscope stage. The Genesis 4000
software (version 3.61) was used to display and evaluate the col-
lected spectra. Measuring adjustments (dwell time = 100 ys;
amplifier integration time = 100 us; reads=100; and map
resolution = 512 x 256 pixels) remained constant during the
measurements. The time required for the analysis of each sam-
ple was 655 live seconds. Al, Ta, Si, Ti, Fe, Co, and Ni, were
chosen for quantification, whereas the other elements such
as carbon, oxygen, nitrogen, potassium, and magnesium were
not considered (Supplementary Figure 2). Quantification of
the elements was standardless using the ZAF-algorithm and
selecting the automatic integration of the obtained spectra.
The evaluated parameters were the standardized amounts of
Ta and Ti.

2.4. Endotoxin Test. Endotoxin levels in nanoparticle samples
were quantified with the Limulus amebocyte lysate (LAL)
assay using the ToxinSensor™ Chromogenic LAL Endotoxin
Assay Kit (Genscript) according to the manufacturer’s
instructions with modifications. This kit has a minimum
endotoxin detection limit of 0.01EU/mL and a measurable
concentration range of 0.01 to 1IEU/mL. 100ug raw NPs were
suspended in 1mL endotoxin-free water at 100ug/mL. A
volume of 100uL NP suspension and 100uL of endotoxin
standard samples derived from Escherichia coli (0.01-0.1
unit/mL) were incubated with 100uL reconstituted LAL
reagent for 30min at 37°C and a volume of 100uL
endotoxin-free water as control. After the initial incubation,
100uL reconstituted chromogenic substrate solution was
added into each vial, and the incubation continued for an
additional 6min. The reaction was stopped by adding
500uL of reconstituted color-stabilizer #1 (stop solution).
Then, 500uL of reconstituted color-stabilizer #2 and #3 were
added. Importantly, particles were removed by two rounds of
centrifugation (2500 rpm for 15min) as they may interfere
with the absorbance value [26]. Finally, the absorbance value
of each reaction was determined at 545nm using a microplate

reader. Distilled water was used as a blank to adjust the pho-
tometer to zero absorbance. All samples (1004L) were ana-
lyzed in duplicate. Only tests producing a correlation
coeflicient for the standard curve of 0.98 or greater were
accepted. Because NPs may interfere with the endotoxin
measurement, all NP samples were measured with and with-
out aliquots of a test sample containing a known amount of
the endotoxin (0.005EU/mL). The assays were considered
reliable if the recovery of spikes was 80-120%.

2.5. Cell Viability Assay. The CCK-8 Cell Counting Kit
(Dojindo, Japan) was used to evaluate the viability of macro-
phages that were treated with TiO, and Ta NPs. Briefly,
THP-1 cells were seeded in 96-well cell culture plates
(0.8 x 10 cells/well) with PMA and incubated overnight for
differentiation. Cells were then challenged with a series of
concentrations of NPs (20, 50, 100, 200, and 5004g/mL and
0.2mL/well) for 1h, h, 6h, 1d, 3d, and 7d. At the end of each
time point, the medium was replaced with fresh culture
medium containing CCK-8 solution (1:10 in culture
medium), and further incubated for another hour at 37°C
and 5% CO,. The supernatant was collected and transferred
to another 96-well plate to avoid the interference of NPs on
optical density (OD) reading. Finally, absorbance was mea-
sured at 450 nm using a microplate reader (Tecan, Ménne-
dorf, Switzerland). The viability of the nonchallenged cells
was considered 100%.

2.6. Lactate Dehydrogenase Release Assay. Cell culture super-
natants from THP-1-derived macrophages were collected
after 1, 3, and 7 days after NP exposure. Resulting superna-
tants were evaluated for LDH activity using the Cytotoxicity
LDH Assay Kit-WST (Dojindo, Japan). The absorbance of all
samples at a wavelength of 490nm was recorded using a
microplate reader. Low controls (untreated cells) and high
controls (cells treated with lysis buffer) were used to calculate
the cell mortality:

o test substance — low control
Cytotoxcity (%) = high control — low control x100. (1)

2.7. Measurement of Nanoparticle Uptake by Flow Cytometry.
Particle uptake by macrophages was measured via flow
cytometry. THP-1 cells were seeded into 24-well cell culture
plates at 2 x 10° cells per well with PMA overnight. Then,
THP-1 cells were preincubated for 30min with the following
uptake inhibitors: 25 yM cytochalasin D (CytD), used to dis-
rupt actin-dependent phagocytosis [27]; 100 uM amiloride
(Ame), applied as an inhibitor of micropinocytosis [28];
and 25uM genistein (Gen) and 25uM chlorpromazine
hydrochloride (Cpz), used to inhibit caveolae- and clathrin-
mediated endocytosis, respectively [29]. Cells were subse-
quently exposed to TiO, or Ta NPs at concentrations of
100 and 5004g/mL (0.5mL/well) for 1 and 6h. The inhibitors
were not removed during the uptake experiments. At the end
of each time point, cells were trypsinized and centrifuged.
The resulting cell pellet was resuspended in 200uL ice-cold
PBS and analyzed with flow cytometry. Flow cytometry data
were acquired using FACSCanto II using FACS-Diva



software and analyzed using FlowJo software (all from BD
Biosciences). Cell profiles were investigated through forward
scatter (FSC) vs. side scatter (SSC) to exclude cell debris and
free particles. Mean SSC was used as a measure of particle
uptake. The increase in SSC, which was directly related to
the cellular granularity, was analyzed as described previously
[30]. SSC increases at 4°C, which indicates the passive,
energy-independent entrance of particles into cells, and a
portion of particles adherent to macrophages’ outer mem-
branes were analyzed and subtracted from the data acquired
at 37°C.

2.8. Bright-Field Microscopy. THP-1 cells were differentiated
as described above in a 12-well chamber slide (35mm) (ibidi,
Germany) and treated for 24h with standard culture
medium, TiO,, and Ta NPs. Bright-field microscope images
were taken using an IX81 microscope (Olympus).

2.9. Measurement of Intracellular ROS Generation. The
generation of intracellular ROS was measured using 2',7’
-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma-
Aldrich). PMA-differentiated THP-1 cells (0.8 x 10° cells/well
in 96-well plates) were washed with warm PBS and then treated
with TiO, or Ta NPs at 50 to 500ug/mL for 1, 3, 6, and
24h. N-Acetyl-L-cysteine (NAC) was applied in some experi-
ments to inhibit ROS production. For these tests, PMA-
differentiated THP-1 cells were pretreated with 10mM NAC
for 30min and then stimulated with 100 or 5004g/mL NPs
for another 6 or 24h in the presence of 10mM NAC. Then,
serum-free RPMI medium containing 20uM DCFH-DA was
added to the samples and controls for another 30min under
standard culturing conditions. Untreated controls were
maintained for each time interval. Subsequently, cells were
carefully washed twice with prewarmed PBS. The fluorescence
intensity of the resulting fluorescent product dichlorofluores-
cein (DHF) was measured with a microplate reader at the
excitation and emission wavelengths of 485 and 530nm,
respectively.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA). PMA-
differentiated THP-1 cells (0.8 x 10° cells/well of a 96-well
plate) were firstly primed with 200ng/mL LPS (LPS-EK
Ultrapure, InvivoGen) or incubated with standard culture
medium for 3h. Then, LPS was removed, and macrophages
were treated with particles for 1h, 3h, 6h, 1d, 3d, and 7d.
NAC was applied in some experiments to inhibit ROS in
THP-1 macrophages. For these tests, PMA-differentiated
THP-1 cells were pretreated with 10mM NAC for 30min
following LPS priming and then stimulated with 100 or
500pug/mL NPs for another 6h in the presence of 10mM
NAC. Cell-free supernatants were collected and centrifuged
(200 x g, 10min, 4°C), and aliquots were stored at -80°C.
TNF« and IL-18 were determined with an ELISA kit (R&D
Systems, Wiesbaden, Germany) according to the manufac-
turer’s protocol, using a microplate ELISA reader.

2.11. Statistical Analysis. GraphPad Prism 7 software was
used for statistical analysis. All values were expressed as the
mean + SD. Student’s t-test was used for comparisons
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between two groups, and one-way ANOVA was used to
determine statistical differences between several groups. Dif-
ferences were considered significant at *p < 0.05, **p < 0.01,
and ***p < 0.001.

3. Results

3.1. Nanoparticle Characterization. SEM images of TiO, NPs
(Figure 1(a)) and Ta NPs (Figure 1(b)) exhibited a spherical
shape. TiO, NPs were slightly more plate-like, with less
rounded features. The average size of the TiO, and Ta parti-
cles estimated from SEM images was 54.3 +14.6nm
(Figure 1(c)) and 67.9 + 22.1 nm (Figure 1(d)), respectively.
To further characterize the size distribution of particles in
the liquid phase, TiO, and Ta NPs were analyzed using
dynamic light scattering (DLS). The hydrodynamic sizes of
TiO, and Ta NPs in ddH,O, PBS, RPMI 1640 growth
medium, and RPMI 1640 growth medium containing 10%
FBS are summarized in Supplementary Table 1. The DLS
results demonstrated that both NPs had the tendency to form
aggregates in different solutions. In addition, endotoxin
levels were also tested in both groups by employing the
LAL chromogenic assay. All NP samples did not show any
contamination with endotoxins (Supplementary Figure 1),
confirming that all particle samples could be considered
endotoxin-free. To confirm NP purity, energy-dispersive
X-ray (EDX) analyses were performed. The resulting EDX
spectra of NPs indicated the presence of Ti and Ta as the
main elements, with no indication of other selected elements
(Supplementary Figure 2). Notably, our EDX data revealed
some extent of oxidation of Ta NPs, which may be attributed
to the formation of an oxide layer on the surface of Ta NPs
during sample preparation.

3.2. Bright-Field Microscopy of THP-1-Derived Macrophages
Exposed to TiO, and Ta NPs. To observe the interaction
between THP-1-derived macrophages and NPs, THP-1-
derived macrophages were exposed to culture medium
(Figure 2(a)), TiO, NPs (Figure 2(b)), and Ta NPs
(Figure 2(c)) for 24h, and bright-field images were taken.
Bright-field images showed the presence of TiO, and Ta NP
agglomerates in the presence of THP-1-derived macrophages.

3.3. Analysis of the Cytotoxic Effect of TiO, and Ta NPs in
THP-1-Derived Macrophages. THP-1-derived macrophages
were exposed to TiO, and Ta NPs using a concentration
range of 20-500ug/mL. Cell viability was evaluated by
CCK-8 assay. TiO, NPs demonstrated no dose-dependent
cytotoxicity until they reached a threshold of 200ug/mL at
24 hours (Figure 3(a)). Beyond this limit, TiO, NPs
significantly decreased macrophage viability in a dose- and
time-dependent manner compared to untreated cells (Sup-
plementary Figure 3(a)). In contrast, exposure of macro-
phages to 20-500 ug/mL Ta NPs did not result in a
significant decrease in cell viability (Figure 3(b), Supplemen-
tary Figure 3(b)) until 7 days. Notably, at 24 and 48h using
20pug/mL, cell viability was even slightly increased (Supple-
mentary Figure 3(b)). As Ta’s density is higher than that of
TiO,, we also compared 100ug/mL TiO, with 500¢g/mL Ta
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FiGure 1: Characterization of TiO, and Ta NPs. (a, b) Scanning electron microscopic (SEM) images of TiO, NPs and Ta NPs. (¢, d) Particle
size distribution with Gaussian fitting of TiO, NPs and Ta NPs was determined by randomly selecting 100 particles from the SEM images.

FIGURE 2: Bright-field microscope images of THP-1-derived macrophages treated with TiO, and Ta NPs. THP-1-derived macrophages were
cultured in the presence of (a) standard culture medium (Con: control), (b) TiO, NPs, and (c) Ta NPs for 24 h. Bright-field images were taken
24h after exposure. Scale bar: 100um (overview) and 10um (enlarged insert).

to compensate a potential bias by NP density. Similar to the
direct comparison between the same NP concentrations, cells
were still less viable in the presence of 100ug/mL TiO, than
in the presence of 500pg/mL Ta NPs.

LDH is being released by cells as a consequence of cell
membrane damage, and therefore, it is an indicator of
irreversible cell death. As expected, the LDH release assay
congruently supported our CCK-8 cell viability results. Com-
pared to untreated cells, in the TiO, NP group, there was no
appreciable cell death until 24 hours. Then, increasing cell
death was observed in a dose- and time-dependent manner
(Figure 3(c), Supplementary Figure 3(c)). In contrast, expo-

sure of macrophages to 20-500pg/mL Ta NPs for up to 7 days
did not result in a significant increase in cell death
(Figure 3(d), Supplementary Figure 3(d)). Overall, TiO,
and Ta NPs demonstrated good biocompatibility at low con-
centrations. At high concentrations, however, only TiO, NPs
led to cytotoxicity.

3.4. Cellular Uptake and Internalization Routes of TiO, and
Ta NPs. Macrophages are phagocytic cells capable of sensing
and internalizing particulate matters. To validate the uptake
of TiO, and Ta NPs, THP-1 macrophages were exposed to
TiO, and Ta NPs (100 and 500 ug/mL) for 1 and 6h, and
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FIGURE 3: Analysis of cytotoxic effects of TiO, and Ta NPs on macrophages. (a, b) Cell viability was determined by CCK-8 assay at indicated
time points. (c, d) Lactate dehydrogenase (LDH) leakage was evaluated by LDH assay after 24h. Viability and LDH release are normalized and
expressed as mean + SD as percentage of untreated cells of three independent experiments (*p < 0.05, **p < 0.01, and ***p < 0.001). n.d.: not

detectable. Nc: nontreated control.

flow cytometry was used to quantify NP uptake. Flow cyto-
metric analysis demonstrated that both TiO, and Ta NPs sig-
nificantly enhanced cell granularity, which was detected by
SSC signals and can be used as a readout for NP uptake.
We observed significantly lower SSC signals in the Ta NP
group in contrast to the TiO, group (Figure 4) at 1 and 6 h,
suggesting that THP-1-derived macrophages took up more
TiO, NPs than Ta NPs at the same concentration.

To determine possible uptake routes of TiO, and Ta NPs,
THP-1-derived macrophages were preincubated with differ-
ent uptake inhibitors before NP exposure. Comparison of
the FACS analysis data at 1 and 6h demonstrated that the
majority of the particles were internalized within the first
hour (Figure 4). To ensure that the uptake inhibitors did
not affect cell viability, cell viability was tested in the presence
of different inhibitor concentrations up to 6 hours (Supple-
mentary Figure 4).

As shown in Figures 4(a) and 4(b), the uptake of TiO,
and Ta NPs was significantly reduced after preincubation
with CytD, Ame, and Cpz, but not Gen, suggesting that mac-

rophages take up TiO, NPs via phagocytosis, macropinocy-
tosis, and clathrin-dependent endocytosis. Similarly, Ta
NPs were internalized through phagocytosis (Figures 4(c)
and 4(d)). However, macropinocytosis and clathrin- and
caveolin-mediated endocytosis inhibitors did not signifi-
cantly reduce Ta uptake, indicating the absence of these
mechanisms. In summary, the active internalization of TiO,
and Ta NPs were dominated by phagocytosis. TiO, NP
uptake also involved macropinocytosis as well as clathrin-
mediated endocytosis, but to less extent. Caveolae-mediated
endocytosis seems not to be involved in the uptake of both
particles.

3.5. Ta NPs Trigger Less ROS Production than TiO, NPs. NP-
induced oxidative stress contributes to nanopathology [31].
In this study, the overall intracellular ROS elevation after
NP challenge was examined using the probe 2,7’ -dichloro-
dihydrofluorescein diacetate (DCFH-DA). In our setup, as
shown in Figure 5(a), TiO, NPs dose-dependently induced
robust intracellular ROS generation at different time points.
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FiGure 4: TiO, and Ta NP internalization and their particle-specific uptake routes. THP-1-derived macrophages were pretreated with
different uptake inhibitors for 30min and then exposed to (a) TiO, and (b) Ta NPs at 100 and 500ug/mL for 1 and 6 h. Changes in side
scatter (SSC) were analyzed with flow cytometry. SSC changes at 4°C were subtracted, and data were expressed as mean + SD as fold of
NP-untreated cells (Nc) of three independent experiments. Statistical differences were shown as *p < 0.05, **p < 0.01, and ***p < 0.001 for

inhibitor-treated groups vs. cells treated with particles only.
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Ficure 5: Endogenous ROS generation in THP-1-derived macrophages after TiO, and Ta NP exposure. THP-1-derived macrophages were
stimulated with (a) TiO, and (b) Ta NPs (50-500ug/mL) for 1, 3, 6, and 24h. Cells were stained with DCFH-DA (20pM) for 30min, and then
fluorescence intensity was analyzed with a microplate reader. Fluorescence values are normalized and expressed as mean + SD as fold of
untreated cells of three independent experiments (*p < 0.05, **p < 0.01, and ***p < 0.001).

Comparison of these data showed that the majority of ROS
was produced within the first hour after NP treatment. Nota-
bly, a reduction of endogenous ROS production was
observed at 24 hours. This may result due to a decrease in cell
viability (Figure 3(a)) at this time point. In contrast, Ta NPs
induced negligible intracellular ROS elevation at different
concentrations and incubation periods (Figure 5(b)). These
results indicated that, compared to TiO, NPs, Ta NPs are
“inert” in generating ROS.

3.6. Ta NPs Exert Less Proinflammatory Activity than TiO,
NPs In Vitro. The wear particle-induced inflammatory
response, mainly driven by macrophages, underlies the
pathology of periprosthetic osteolysis and aseptic loosening
[32]. Among all the proinflammatory mediators, TNFa and
IL-1f are the primary initiators and significant mediators
of the wear particle-induced inflammatory cascade. There-
fore, we investigated the proinflammatory effect of TiO,
and Ta NPs by evaluating their induction of TNF« and IL-
1 with or without LPS priming.

As shown in Figure 6, the production of TNFa« is only
weakly stimulated by TiO, NPs alone (Figure 6(a)), whereas,
in LPS-primed macrophages, TNFa release was markedly
increased (Figure 6(b)). Further, simultaneous exposure of
macrophages to TiO, NPs and LPS dose-dependently
enhanced TNFa production (Figure 6(b)), which is well
beyond the levels observed with TiO, NPs or LPS prime
alone. Notably, TiO, NPs at low concentration (100ug/mL)
induced significantly more TNF« production than Ta NPs

at high concentration (500 yg/mL) in LPS-primed macro-
phages. This suggests that TiO, NPs synergized with LPS to
stimulate the production of TNFa. Whereas, Ta NPs did
not exert such synergistic effect (Figure 6(b)).

Similar to TNFa, little IL-1f3 secretion was detected in
macrophages challenged with Ta NPs alone up to 24 hours.
TiO, NPs (500 ug/mL) stimulated a significantly higher IL-
1 level than Ta NPs in unprimed macrophages, starting at
3h (Figure 6(c)). After LPS priming, much higher IL-1p3
levels were detected in TiO,-treated macrophages. TiO,
NPs further elevated IL-1f release in a time- and dose-
dependent manner (Figure 6(d)), higher than LPS or TiO,
NPs alone. In contrast to the TNF« result, the Ta NP groups
stimulated a negligible IL-1f increase after LPS priming
(Figure 6(d)) compared to the untreated group. This indi-
cated that the IL-1f level was not entirely dependent on
LPS. In summary, these results suggest that LPS aggravates
inflammation in macrophages. Also, TiO, NPs synergized
with the LPS effect to increase the production of TNFa and
IL-1p while Ta NPs did not. Thus, TiO, NPs possess a more
substantial proinflammatory effect than Ta NPs.

3.7. Scavenging of ROS Attenuates TiO,-Induced Cell Death
and Proinflammatory Cytokine Release. Intracellular ROS
are key effectors in signal transduction and are proposed to
be associated with cell death and inflammation. ROS genera-
tion has been proven crucial for NP-induced NLRP3 inflam-
masome activation and subsequent IL-1f release [33, 34].
Therefore, we applied antioxidant NAC to prove the effect
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FIGURE 6: Proinflammatory potential of TiO, and Ta NPs on THP-1-derived macrophages. THP-1-derived macrophages were primed with
200 ng/mL LPS for 3 h, washed to remove the LPS, and then incubated with TiO, or Ta NPs using the indicated doses for up to 24 h. Release of
(a, b) TNFa and (c, d) IL-1$ were measured by ELISA. THP-1-derived macrophages without LPS stimulation were used as controls. *
indicates significant differences of different time points of the TiO, NP group compared to the TiO, NP 1 h group (*p < 0.05, **p < 0.01,
and ***p <0.001). # indicates significant differences compared to the TiO, NP (100 ug/mL) group at 24h (¥##p <0.001). § indicates
significant LPS-mediated TNFa release compared to the untreated group (**°p < 0.001).

of ROS on TiO, NP-induced cell death and IL-18 release.
NAC is a potent thiol-containing antioxidant that can act
as a precursor of glutathione (GSH) and can also directly
scavenge free radicals (e.g., H,O, and OH") [35]. As shown
in Figures 7(a) and 7(b), the fluorescence intensity was lower
in NAC-treated cells in comparison to cells treated with TiO,
NPs alone at 6 and 24h, indicating that NAC successfully
antagonized ROS accumulation elicited by TiO, NPs in mac-
rophages. Moreover, NAC treatment significantly mitigated
cell death (Figure 6(c)) and potently blocked IL-1f release
induced by TiO, NPs (Figure 6(d)) after LPS prime. These
results indicated that ROS inhibition by NAC could rescue
TiO, NP-induced nanotoxicity and mitigate IL-1f produc-
tion in macrophages.

4. Discussion

Ta-based implants have been widely used in primary and
revision TJA. Nevertheless, knowledge about the possible
effect of their wear products on peri-implant cells remains
limited to date. Therefore, understanding the local cellular
responses to nanoscale orthopedic wear particles will provide
a new area for comprehension of aseptic loosening and offers
new scientifically based recommendations to better design

suitable prosthetic interfaces and scaffolds. To the best of
our knowledge, the present paper is the first in vitro analysis
investigating Ta NPs and TiO, metallic NPs side by side in
terms of their biological responses on macrophages. We pro-
vide scientific evidence that Ta NPs are inert, nontoxic, and
noninflammatory NPs in vitro. The results of this study offer
novel evidence-based insights to further substantiate the clin-
ical application of Ta-based implants [36, 37].

We found a slight but significant increase in macrophage
viability in the presence of 20pg/mL Ta NPs at 1 and 3 days.
Similar results were found in the study by Wang et al. and
Kang et al. showing that Ta NPs promote the proliferation
of mouse MC3T3-E1 osteoblasts at low concentration (less
than 20 ug/mL) through the induction of autophagy [38,
39]. However, our CCK-8 and LDH results also demon-
strated that Ta NPs, even when using higher concentrations
(e.g., 50-500ug/mL) and longer incubation times (up to 7
days), still resulted in high cell viability, which ultimately
supports their good biocompatibility. In contrast, TiO, NPs
started to exhibit significant cytotoxicity at the 24-hour
incubation time point. These aspects precisely show how
important it is to fully characterize the cellular response of
peri-implant cells to new implant materials and their result-
ing NPs. Therefore, the present study is of particular interest
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FIGURE 7: Protective role of ROS scavenger (NAC) on TiO, NP-induced cell death and IL-1p release. LPS-primed macrophages were
preincubated for 30min with/without NAC (5mM), and then cotreated with TiO, NPs at the indicated doses for 6 and 24h. (a) Following
exposure, cells were incubated with DCFH-DA (20uM) for 30 min at 37°C, and ROS production was detected by fluorescence microscopy
(20x). Scale bar: 50pm. (b) Relative quantification of ROS generation (fold change). The protective role of NAC on (c) cell viability and
release of (d) IL-1f were measured by CCK-8 and ELISA, respectively. Data are presented as mean + SD of three identical experiments
performed in three replicates. * indicates significant difference as compared to the control (*p <0.05, **p <0.01, and ***p < 0.001);
§ indicates significant inhibitory effect of NAC on cell death and proinflammatory cytokine generation (°p <0.05, $°p <0.01, and

95 < 0.001).

as it provides the first comparative analysis showing that Ta Phagocytosis and endocytosis are responsible for the
NPs induced less cytotoxicity in macrophages than NPs  uptake and clearance of particles [27, 40]. However, to date,
stemming from Ti implants. the mechanistic nature of TiO, and Ta NP internalization
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in human macrophages remains obscure. Our study demon-
strated that active Ta and TiO, NP internalization by macro-
phages is mainly driven by phagocytosis. Further, TiO,
internalization is also mediated, to a lesser extent, by
clathrin-dependent endocytosis and micropinocytosis. These
results are supported by previous studies, which have shown
that TiO, particle internalization is mediated by phagocytosis
and endocytosis in glial cells [28], H9¢c2 rat cardiomyoblasts
[27], and rodent macrophages [41, 42]. The multiple uptake
pathways of TiO, NPs may partially explain why they were
internalized more efficiently and why they induce more
robust cytotoxicity, oxidative stress, and inflammatory cyto-
kines compared to Ta NPs under the same conditions.

Increased bone resorption due to chronic inflammatory
responses from wear particle-challenged macrophages under-
lies the pathogenesis of periprosthetic osteolysis [21]. TNFa is
a master cytokine during inflammation and a potent inducer
of other proinflammatory chemokines and cytokines. When
focussing on inflammatory cytokines, the Ta-based surface
seems to exert an anti-inflammatory effect compared to the
Ti-based surface [43], suggesting that Ta substrates are more
biologically inert and may provide a more favorable environ-
ment when applied as biomaterial. However, other studies
reported that Ta-based surfaces could be more inflammatory
than Ti-based [44] surfaces. This discrepancy may be
attributed to the difference in surface elemental composition,
modification methods, and culturing model (in vitro, in vivo,
and ex vivo).

Our results demonstrated that Ta and TiO, NPs induced
slight TNFa production without LPS priming. After expo-
sure to LPS, which mimicked the situation of a low-grade
infection in addition to the presence of wear particles, TNFa
secretion increased over time in both NP groups. This is
mainly because LPS can stimulate TNFa production through
binding to Toll-like receptor-4 and subsequent activation of
transcription factor NF-«B. It is important to note that the
TNF level elevation over time in the LPS plus Ta NP group
is insignificant compared to that of the LPS-only group. In
contrast, TiO, NPs act synergistically with LPS and further
elevate TNFa production. This synergistic effect directly
leads to a significantly higher amount of TNF« in the TiO,
NP group (100ug/mL) compared to the Ta NP group (100
and 500ug/mL), indicating that, in the form of nanoscale par-
ticles, Ta is less proinflammatory than Ti particles.

IL-1p is considered an essential proinflammatory media-
tor driving osteolysis at the bone-implant interface. Recent
studies demonstrated that orthopedic wear particles mediate
IL-1p release via activation of the NLRP3 inflammasome [45,
46], whose activation is a two-step process requiring both
priming (e.g., bacterial LPS) and activation signals (e.g.,
nigericin, silica crystal, and wear particles). Supporting these
data, dramatic elevation of IL-13 secretion was only observed
after LPS priming and TiO, NPs. This indicated that both
LPS priming and wear particles are required to license
NLRP3 inflammasome activation [47]. Infection (in our case
simulated by LPS) thus could be a potent inducer of inflam-
mation, dramatically amplifying wear particle-induced
inflammation and, therefore, could be a risk factor for
implant loosening. The current results are in line with previ-
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ous data which showed that LPS contributes to the biological
activity of wear particles by increasing the proinflammatory
cytokine production in macrophages [46, 48]. It is important
to note that 500 pg/mL Ta NPs induced similar SSC elevation
to that of 100 ug/mL TiO, NPs at 6 hours. However, Ta NPs
stimulated almost no elevation of IL-1f in the supernatant
over time, even after priming with LPS. This, again, sup-
ported the noninflammatory property of Ta NPs compared
to TiO, NPs. It also suggests that, in the context of peri-
implant infection, Ta-based implants may help limit the
peri-implant inflammation, or could be a proper choice in
revision surgery due to periprosthetic joint infection (PJI).
Interestingly, TiO, NPs alone induced a low but signifi-
cant elevation of IL-1f3 over time. Given that all our particle
samples were endotoxin-free, this effect may be due to other
priming signals, such as TNFa [49] (Figure 6(a)). This fits the
clinical picture in which increased values of IL-1f8 are
detected together with TNFa« in chronic low-grade peri-
implant inflammation without any sign of infection.
Ogxidative stress has been proposed to play a role in nano-
toxicology and inflammatory reactions [31, 50]. Previous
studies have revealed that, compared to Ti substrates, Ta sub-
strates demonstrate lower ROS generation in osteoblasts and
bone marrow stromal cells and, therefore, exhibit better cel-
lular viability and osteoinductivity [23, 51]. In our study,
we found that TiO, NPs induced robust ROS elevation while
Ta NPs induced negligible amounts of ROS. This distinct
difference in ROS-generating potential could be mainly
attributed to the difference in particle type. Nevertheless,
we cannot exclude that there are other potential influential
factors, e.g., uptake efficiency, size, morphology, and oxida-
tion extent. Furthermore, TiO, NPs demonstrated higher
cytotoxicity and induced higher inflammatory cytokines than
Ta NPs. Thus, it is feasible to speculate that the difference in
cytotoxicity and IL-1p release is due to differences in NPs’ oxi-
dative potential. We further proved this notion using NAC, a
general ROS scavenger. Our study demonstrated that scaveng-
ing ROS with NAC abrogated TiO, NP-induced ROS produc-
tion in macrophages. Furthermore, NAC mitigated TiO, NP-
induced cell death and abrogated IL-1p release. Similar results
were found in previous studies in which ROS suppression by
NAC protected cells from cell death [52, 53] and IL-1p3 release
[54-57] in response to ROS-generating NPs. This further
proved that ROS depression can mitigate NP-induced cell
death and IL-1f production and, therefore, may alleviate
peri-implant tissue and inflammation. Although NAC has
been successfully applied in previous studies as a ROS scaven-
ger, it has multiple effects on cells [58, 59], which complicates
the interpretation of the results. More specific ROS inhibitors
are needed in the future to identify the ROS source. Collec-
tively, the differences in inducing oxidative stress could
explain why Ta NPs are relatively inert opposed to promoting
cell death and inflammation as previously described for TiO,,
or other widely used NPs such as silica NPs [60]. Furthermore,
targeting ROS may serve as a therapeutic way to mitigate wear
particle-induced chronic inflammation and prosthetic loosen-
ing. However, the exact source of ROS, e.g., mitochondrial and
NADPH oxidase, and their relative contribution to NP-
induced inflammation, need further characterization.
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5. Conclusions

For the first time in this study, we examined macrophages’
cellular response to nanoscale Ta and Ti particles in vitro.
We found that Ta, in the form of nanoscale particles, was
“bioinert” and induced less cytotoxicity, ROS production,
and inflammatory response compared to TiO, NPs. Thus,
when applied as TJA biomaterials, Ta-based implants may
provide a more favorable peri-implant biological environ-
ment and less potential to contribute to aseptic loosening
than Ti implants. Considering that multiple biomaterials
have been applied in the TJA field, comparing Ta particles
with additional other particle types (e.g., polyethylene, cobalt,
and chromium) should be included in future studies to assess
the value of switching from conventional implants to Ta-
based implants.
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Supplementary Table 1: hydrodynamic radius measured by
DLS. TiO, and Ta nanoparticles (NPs) were dispersed in
ddH, 0, PBS, RPMI 1640, and RPMI 1640 containing 10%
FBS at 250 yg/mL. Hydrodynamic radius (nm) was deter-
mined by DLS, and data from major peaks were presented.
Supplementary Figure 1: endotoxin contamination of TiO,
and Ta NPs. Quantitative evaluation of endotoxin contami-
nation was determined by an LAL endotoxin assay kit. Data
were representative of three independent experiments. The
endotoxin level was calculated according to the standard
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curve. n.d.: not detectable. Supplementary Figure 2: spectral
intensities of the Ta (a) and TiO, (b) samples observed in
the energy-dispersive X-ray (EDX) analysis system. The
spectra were analyzed in high vacuum (accelerating voltage:
20kV; spot size: 5.5). No contamination of other elements
were observed. Supplementary Figure 3: cytotoxic effects of
TiO, and Ta NPs on macrophages from 1 day to 7 days.
(a, b) Cell viability was determined by CCK-8 assay at indi-
cated time points. (c, d) Lactate dehydrogenase (LDH) leakage
was evaluated by LDH assay after 24h. Viability and LDH
release are normalized and expressed as mean + SD as per-
centage of untreated cells of three independent experiments
(*p<0.05, **p <0.01, and ***p < 0.001). n.d.: not detectable.
Nc: nontreated control. Supplementary Figure 4: cytotoxic
effects of inhibitors on macrophages. Macrophages were incu-
bated with different concentrations of uptake inhibitors, and
cell viability was evaluated by CCK-8 assay. Viability is nor-
malized and expressed as mean + SD as the percentage of
untreated cells of three independent experiments. *p < 0.05,
compared with control. (Supplementary Materials)
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1. Introduction
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Peri-implant osteolysis (PIO) and the subsequent aseptic loosening are the main reasons for artificial joint implant failure. Existing
methods for treating aseptic loosening are far from satisfactory, necessitating advanced drug exploration. This study is aimed at
investigating the effect and underlying mechanism of tetrandrine (Tet) on inflammatory osteolysis. We established a Ti particle-
induced inflammatory osteolysis mouse model and administered Tet or an equal volume of phosphate-buffered saline (PBS).
Two weeks later, specimens were collected. Histological staining showed that Tet administration inhibited Ti-stimulated
osteolysis. Tartrate-resistant acid phosphate (TRAP) staining and transmission electron microscopy (TEM) demonstrated that
osteoclast formation was remarkably inhibited in the groups treated with Tet in a dose-dependent manner. In addition, relevant
inflammatory cytokines (tumor necrosis factor (TNF)-a, interleukin (IL)-1f, and IL-6) were also significantly reduced in the
calvaria of the Tet-treated groups. Exposure of receptor activator for nuclear factor-«B ligand- (RANKL-) induced bone
marrow-derived macrophages (BMMs) and RAW264.7 cells to Tet significantly reduced osteoclast formation, F-actin ring
formation, bone resorption, and the expression of relevant genes (matrix metallopeptidase 9 (MMP-9), TRAP, and nuclear
factor of activated T-cells, cytoplasmic 1 (NFATclI)) during osteoclastogenesis in vitro. Mechanistic studies using Western
blotting demonstrated that Tet inhibited the nuclear factor (NF)-xB signaling pathway by decreasing the phosphorylation of
inhibitor of NF-«B « (IxBa) and p65, which play important roles in osteoclast formation. Collectively, our data indicate that Tet
suppressed Ti-induced inflammatory osteolysis and osteoclast formation in mice, suggesting that Tet has the potential to be
developed to treat and prevent wear particle-induced inflammatory osteolysis.

sterile inflammatory process, and they lead to the chronic
activation of other phagocytes, creating a local cellular envi-
ronment of cyclical acute inflammatory events.

Artificial joint replacement is recognized as an effective
method for treating various end-stage joint diseases [1].
However, peri-implant osteolysis (PIO) is the major reason
for prosthesis failure and remains unresolved. Abundant epi-
demiological evidence demonstrates that osteolysis and asep-
tic loosening around the prosthesis are predominantly
attributable to the inflammation caused by the wear particles
generated by repeated movement between prosthetic compo-
nents [2-4]. Neutrophils are the first cells involved in the

Wozniak et al. [5] showed that the elevated levels of nitric
oxide (NO) and other inflammatory factors produced by
neutrophils may be important in the loosening of the joint
prosthesis. Macrophages activated by wear particles also
secrete various proinflammatory cytokines such as tumor
necrosis factor (TNF)-q«, interleukin (IL)-1f3, and IL-6
[3, 6]. Recently, the concept of “osteoimmunology” has
been recognized by many researchers [7]. The changes
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FIGURE 1: Scanning electron microscopy appearance of the Ti particles (magnification, 3000x).

associated with this phenomenon induce the excessive
activation of osteoclasts, which promote bone resorption
and inhibit bone formation, ultimately leading to osteoly-
sis and aseptic loosening around the prosthesis. Osteoclast
maturation is regulated directly or indirectly by multiple
cytokines and signaling pathways in the body, including
the NF-«B pathway, which is documented as the most
significant [8].

Therefore, the activation of the NF-xB signaling pathway
is an important event in wear particle-induced osteolysis.
Osteoclasts are multinucleated bone resorption cells derived
from hematopoietic stem cells. Nuclear factor of activated
T-cells, cytoplasmic 1 (NFATcI) is the main transcription
factor necessary for osteoclast differentiation, and its expres-
sion and activation are regulated by the NF-«B pathway [9].
Thus, decreasing the generation of osteoclasts by inhibiting
NF-«B signaling appears to be a feasible strategy for the treat-
ment of PIO.

In addition to extensive research on aseptic loosening,
drug-mediated prevention has been found to be promising
in the treatment of PIO. Tet is a bisbenzylisoquinoline alka-
loid extracted from the root of Stephania tetrandra S. Moore.
Tet has a wide range of pharmacological effects and has been
shown to be effective against silicosis, cancer, inflammation,
and hypertension in clinical trials [10]. As an anti-
inflammatory drug, Tet inhibits the activation of NF-«B by
inhibiting the degradation of IxBa, thereby inhibiting the
production of proinflammatory cytokines [11]. Tet is also a
calcium channel blocker that can act on both L-type and T-
type Ca®" channels and has cardiovascular effects [12].

Several studies have proven that calcium channel
blockers such as felodipine, cilnidipine, and benidipine can
improve osteoporosis in ovariectomized mice by inhibiting
osteoclasts [13-15]. A previous study by Takahashi et al.
[16] showed that Tet alleviated bone loss in sciatic-
neurectomized mice; however, this is a model of disused
osteolysis. Jia et al. [17] reported that Tet plays an essential
role in bone metabolism. Overall, these previous findings
suggest that Tet may be an effective treatment agent for
PIO caused by wear particles. However, the effectiveness of
Tet against PIO has not yet been reported. Thus, in the pres-

ent study, we aimed to explore the effect of Tet on wear
particle-induced inflammatory osteolysis and the underlying
molecular mechanisms.

2. Materials and Methods

2.1. Preparation of Ti Particles. Pure commercial Ti particles
were obtained from Alfa Aesar Company (Ward Hill, MA,
USA). A scanning electron microscope (Hitachi FESEM S-
4800, Hitachi, Kyoto, Japan) was used to measure particle
size, and more than 90% of particles were <10 ym, which is
the most common clinical size range (Figure 1). As previ-
ously described [18], Ti particles were washed three times
with 70% ethanol solution for 48h to remove the bound
endotoxin. The particles were reconstituted in sterile
phosphate-buffered saline (PBS) and diluted to 10 mg/mL.
The absence of endotoxin was tested using a commercial
Limulus assay kit (Chromogenic End-point TAL with a
Diazo coupling kit, Xiamen Houshiji, Fujian, China). Parti-
cles with endotoxin levels <0.1 EU/mL were considered
uncontaminated.

2.2. Ti Particle-Induced Mice Air Pouch Osteolysis Model. All
animal-related experiments were conducted in accordance
with the guidelines for the Care and Use of Laboratory Ani-
mals and were approved by the Animal Care Committee of
NingXia Medical University (no: 2015-019). Sixty female-
specific pathogen-free (SPF) BALB/c mice, 8-10 weeks old,
weighing 22 + 3 g, and in good health were selected. The ani-
mals were housed at five mice per cage in the SPF animal
room of the Experimental Animal Center of Ningxia Medical
University at room temperature (22 + 2°C) and 60% relative
humidity, under a 12 h light/dark cycle, and provided regular
ad libitum access to food and water. The experiment was
conducted after allowing acclimatization for 1 week.

No significant changes in the body weights of the mice
were observed after modeling. Tet was obtained from
Sigma-Aldrich (St. Louis, MO, USA). An air pouch osteolysis
mouse model was established as previously described by
Chen et al. [18, 19]. Briefly, 20 mice were selected and eutha-
nized after anesthesia, and their skulls were immediately used
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as donor skulls for air pouch bone grafting in the other mice.
The skull bone slice of one mouse can be used for air pouch
bone grafting in two live mice. The remaining 40 mice were
subjected to air pouch formation. On day 1, the mice were
anesthetized (pentobarbital 50 mg/kg), and their backs were
shaved, disinfected, and draped aseptically. Subsequently,
2mL of air was injected to form an air pouch; 0.5 mL sterile
air was subsequently injected into this pouch on days 2-6.

The air pouches were formed on day 7; next, 40 mice
were randomly assigned to four groups of 10 animals each.
In the first (sham) group, 0.5 mL PBS solution was injected
into the air pouch, and 0.1 mL normal saline was injected
intraperitoneally. In the second (vehicle) group, 0.5mL Ti
particle suspension (5 mg Ti) was injected into the air pouch,
and 0.1 mL normal saline was injected intraperitoneally. In
both the third and fourth groups, 0.5mL Ti particle suspen-
sion (5mg Ti) was injected into the air pouch, followed by
15 and 30 mg/kg Tet intraperitoneally (low- and high-Tet
group, respectively). The dose of Tet used in this experiment
was based on the manufacturer’s instructions and was proven
safe in a related study [20]. The injections were performed
daily for 2 weeks after the bone and Ti implantation proce-
dures; finally, all the mice were euthanized, and the pouch
membranes with the intact bone implants were harvested
for histological analysis.

2.3. Histological Analysis. To decalcify and fix the collected
skull and membrane tissue, specimens were placed in a
12.5% ethylenediaminetetraacetic acid (EDTA) decalcifica-
tion solution for 2 weeks. After dehydration and xylene-
clearing treatment to render the tissue transparent, the spec-
imens were paraffin-embedded, marked in groups, and
stored at room temperature. Continuous 5 ym tissue sections
were sliced, transferred onto glass slides, baked, and then
subjected to hematoxylin and eosin (H&E) and tartrate-
resistant acid phosphate (TRAP) staining. TRAP staining
was performed using a TRAP kit (Sigma-Aldrich, St. Louis,
MO, USA) as described previously [21].

Images of the stained sections were examined using an
Olympus DP70 microscope (Olympus Optical Co., Tokyo,
Japan), and representative images were captured. The
method established by Wooley et al. [22] was used to deter-
mine the thickness of the air pouch membrane and the
eroded surface area. TRAP-positive cells were determined
as the number of purple particles near the absorbed bone.
The number and percentage of osteoclasts per bone surface
(OcS/BS, %) were calculated according to the method pro-
posed by Sawyer et al. [23].

The thickness of the pouch membrane and the number of
TRAP-positive cells were evaluated using Image] software
(National Institutes of Health (NIH), Bethesda, MD, USA).
We collected the tissue on a copper mesh coated with a for-
mvar film. Sections were mounted on glass slides, stained
with methylene blue, and examined under a microscope.
Ultrathin sections were prepared and collected on a copper
mesh, followed by staining with 5% uranyl acetate in water
for 4min and lead citrate for 2 min. The sections were then
observed under a transmission electron microscope (TEM,
Hitachi H-7650, Hitachi, Kyoto, Japan).

For the immunohistochemical staining of TNF-a, IL-1p,
and IL-6, paraffin-embedded sections were treated with 3%
hydrogen peroxide added dropwise to inactivate endogenous
peroxides and then heated in a microwave to perform antigen
retrieval. A 5% goat serum was used to block the antigen for
10 min; subsequently, the sections were stained with rabbit
anti-mouse primary antibodies (1:500; all purchased from
Abcam, Cambridge, MA, USA) at 4°C for 8 h. After washing
with PBS, the sections were incubated with goat anti-rabbit
IgG (Proteintech Group, Chicago, IL, USA) for 30 min, and
then, 3,3’ -diaminobenzidine (DAB) dye solution was added
dropwise to develop the color. The slides were counterstained
with hematoxylin, dehydrated, made transparent, and
mounted.

As negative (secondary antibody-only) controls, speci-
mens were treated with PBS instead of the primary antibody
to rule out nonspecific binding of the secondary antibody. All
slides were independently examined by two experimenters
using the Olympus DP70 microscope following the double-
blind method, and the results were evaluated. Cells with
brown particles in the cytoplasm were considered positive.
At 40x magnification, five random fields of view on each slide
were analyzed, and the image analysis software, Image], was
used to evaluate the positive expression rates of TNF-«, IL-
1B, and IL-6 in each group.

2.4. Cell Culture and Osteoclast Differentiation. Mouse mac-
rophages were isolated as previously described by Hu et al.
[3] with a slight modification. Briefly, the mice were eutha-
nized, and the bilateral femur and tibia were harvested and
rinsed with PBS. After rinsing with the prepared medium
and centrifugation, the cells were collected and incubated in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Thermo Fisher Scientific, Inc., Waltham, MA, USA) contain-
ing 10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Inc.), 100 IU/mL penicillin, 100 yg/mL streptomycin (Beijing
Solarbio Science and Technology Co., Ltd., Beijing, China),
and 50ng/mL macrophage colony-stimulating factor (M-
CSF, R&D Systems, Minneapolis, MN, USA) for 12 h. Unad-
hered cells were harvested and cultured in six-well plates in a
37°C/5% CO, incubator.

After overnight incubation, the adherent cells were con-
sidered BMMs. These cells were then transplanted into 96-
well plates at a density of 8 x 10 cells/well and pretreated
with or without Tet (0.0, 0.1, 0.5, and 1.0 uM) for 4h. To
induce osteoclast differentiation, 50ng/mLM-CSF and
100ng/mL RANKL (R&D Systems, Minneapolis, MN,
USA) were added to the medium, and the cells were cultured
for an additional 5 days with a change of medium every 3
days. To determine the stage (early or late) at which Tet
affects osteoclast formation, 1.0 uM Tet was added to the
induction medium on days 0, 1, 2, or 3, and TRAP staining
was performed on day 5. The cell culture medium was chan-
ged every 3 days in this experiment. TRAP-positive multinu-
cleated cells (three or more nuclei) were counted under the
Olympus DP70 microscope.

2.5. Cell Viability Assay. RAW264.7 macrophages were
obtained from the Type Culture Collection of the Chinese



Academy of Sciences (Shanghai, China). To ascertain that the
Tet dose used in this experiment had no toxicity on BMMs
and RAW264.7 cells, a cell viability assay was performed
using cell counting kit-8 (CCK-8, Jiangsu KeyGen Biotech
Co., Ltd., Nanjing, China). BMMs (5 x 10 cells/well) and
RAW264.7 cells (3 x 103 cells/well) were seeded in a 96-well
plate, incubated with M-CSF (50ng/mL) and RANKL
(100 ng/mL), and then treated with the indicated doses of
Tet (0, 0.1, 0.3, 0.5, 0.7, 1.0, 5.0, and 10.0 uM) for 72 h. Then,
10 pL of a CCK-8 assay solution was added to each well, and
the cells were incubated for an additional 2 h. The absorbance
was measured at 450 nm using a E2500 microplate reader
(Thermo Fisher Scientific, Inc.).

2.6. F-Actin Ring Staining Assay. BMMs (8 x 10° cells/well)
were cultured in a 96-well plate as described in the previous
section, fixed with 4% paraformaldehyde, and permeabilized
with 0.1% (v/v) Triton X-100. After extensive rinsing with
PBS, the cells were incubated with Alexa-Fluor 647 phalloi-
din (Invitrogen, San Diego, CA, USA) for 1h. Subsequently,
the BMM:s were rinsed three times with PBS, the nuclei were
counterstained with 4/,6—diamidino—Z—phenylindole (DAPI),
and the stained cells were examined under a confocal micro-
scope (Carl Zeiss, Oberkochen, Germany).

2.7.  Resorption  Pit  Formation  Assay. =~ BMMs
(2.4 x 10* cells/well) were plated in hydroxyapatite-coated
six-well plates (Corning Inc., NY, USA). The cells were
allowed to adhere to the wells for a few hours to overnight;
they were then pretreated with various Tet concentrations
in basal medium for 4 h. To induce osteoclast differentiation,
RANKL (100 ng/mL) and M-CSF (50 ng/mL) were added to
the medium, and the cells were cultured for an additional 5
days with a change of medium every 3 days. Sonication was
used to remove the cells attached to the bottom of the wells.
Resorption was observed under the DP70 microscope, and
the resorption pit area was measured using Image]J software.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA).
RAW264.7 cells (1 x 10* cells/well) were plated in six-well
plates and divided into the following five groups that were
treated as indicated: sham, cultured in DMEM; vehicle,
0.1 mg/mL Ti particles; and low-, medium-, and high-dose
Tet, each treated with 0.1 mg/mL Ti particle suspension,
followed by 0.1, 0.5, and 1.0uM Tet, respectively; subse-
quently, all the groups were cultured for 5 days with a change
of medium every day. The culture supernatant was collected
on days 1-5 and stored at -80°C. ELISA was performed using
specific kits for TNF-a and MMP-9 (all purchased from
eBioscience, San Diego, CA, USA) according to the manufac-
turer’s instructions. Optical density was measured at 450 nm
using a microplate reader (Thermo Fisher Scientific, Inc.).

2.9. Gene Expression of TRAP, MMP-9, and NFATcl. The
various groups of RAW274.7 cells were cultivated for 5 days
and then lysed; total RN A was extracted using TRIzol reagent
(Invitrogen). Complementary cDNA was synthesized from
1 ug total RNA using a RevertAid First Strand cDNA synthe-
sis kit (Thermo Fisher Scientific, Inc.). Reverse transcription-
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polymerase chain reaction (RT-PCR) was performed using a
LightCycer PCR system (Roche, Switzerland) with the SYBR
Premix Ex Tag kit (TaKaRa, Japan) in 10 uL RT-PCR reac-
tion buffer. After denaturation at 95°C for 5min, PCR was
performed with 40 cycles of denaturation at 95°C for 10s,
annealing at 60°C for 15s, and extension at 72°C for 10s.
All experiments were performed in triplicate, and p-actin
was used to normalize the target gene levels. The primer
sequences used were as follows: S-actin, forward 5'-AGGG
TGTGATGGTGGGAATG-3' and reverse 5'-GCTGGG
GTGTTGAAGGTCTC-3'; TRAP, forward 5'-AGGGTG
TGATGGTGGGAATG-3' and reverse 5'-GCTGGGGTG
TTGAAGGTCTC-3'; MMP-9, forward 5'-GCTGAAACC
AGACCCCAGAC-3" and reverse 5'-TGACCTGAACC
ATAACGCACA-3"; and NFATcl, forward 5'-CCAATG
AGCCAGGGGATTAG-3" and reverse 5'-GCAGGAGAG
GAAAGGTCGTG-3'. The relative expression of the target
cellular mRNA was calculated using the 2744t method.

2.10. Western Blot Assay. Western blotting was performed to
determine the possible mechanisms mediating the inhibitory
effects of Tet on osteoclastogenesis. The expression levels of
IxBa, p-IxkBa, NF-kB p65, p-NF-xB p65, and f-actin were
detected using the following steps: (1) RAW264.7 cells were
seeded in 6-well plates at a density of 6 x 10° cells/well until
fully grown; they were then pretreated with or without
1.0 yuM Tet for 4h. Subsequently, 100 ng/mL RANKL was
added to stimulate the cells for 0, 15, 30, or 60 min. (2) For
the ELISA of the treatment group samples, RAW 274.7 cells
were cultured for 5 days and collected; they were then treated
with 50 uL radioimmunoprecipitation assay (RIPA) lysis
buffer (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China),
containing proteinase and phosphatase inhibitors.

Protein samples (30ug) were separated using 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride (PVDF)
membranes; the membranes were blocked by incubating in
5% skim milk in Tris-buffered saline (TBS)-Tween (TBS-T,
10mM Tris-HCI, 50 mM sodium chloride (NaCl), 0.25%
Tween 20) for 1 h. The membrane was incubated overnight
at 4°C with primary antibodies (IxBa, p-IxBa, NF-xB p65,
p-NF-«B p65, all 1:1000; and f3-actin, 1:2000; Cell Signaling
Technology). After three rinses with TBS-T, the membranes
were incubated with horseradish peroxidase (HRP) anti-
rabbit secondary antibody (1:5000; Proteintech) for 1h.
The signals were detected via exposure in a Bio-Rad imaging
system. Gray levels corresponding to the indicated proteins
were quantified and normalized relative to [-actin using
Image] software.

2.11. Statistical Evaluation. Data processing and statistical
analysis were performed using the statistical package for the
social sciences (SPSS) 22.0 (IBM Corp., Armonk, NY,
USA). Data are expressed as the mean + standard error. Mea-
sured data were analyzed using analysis of variance, and an
independent sample t-test was used to compare the groups,
followed by Student’s t-test (comparing two groups) or the
least significant difference post hoc test (comparing more
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FIGURE 2: Tetrandrine (Tet) prevents Ti particle-induced chronic inflammation and osteolysis in vivo. (a) H&E-stained images of the tissue
specimen sections in each group observed via light microscopy. (b) Membrane thickness were quantified. (c) TRAP-stained images of the
tissue specimen sections in each group observed via light microscopy. (d) TRAP-positive cells were quantified. (e) Transmission electron
microscopy (TEM) images of cells in the implanted bones and pouches around Ti particles. The air pouch membrane thickness (ym) and
TRAP-positive cell numbers were quantified (*p < 0.05, **p < 0.01 compared with the vehicle group; n =5 per group). M: membrane; B:
bone; H&E: hematoxylin and eosin; TRAP: tartrate-resistant acid phosphatase. The red arrows indicate TRAP-positive cells.

than two groups). Differences were considered statistically
significant at *p < 0.05 or **p < 0.01.

3. Results

3.1. Tet Ameliorate Ti Particle-Induced Inflammatory
Osteolysis In Vivo. To investigate the effect of Tet on Ti
particle-induced inflammatory osteolysis, we created air
pouches on the backs of BALB/c mice and embedded cranial
bone allografts inside; this was followed by the injection of Ti
particles. As shown in Figure 2(a), Ti stimulation obviously
induced inflammatory reactions and bone erosion, whereas
Tet administration significantly suppressed this inflamma-
tion and bone destruction in a dose-dependent manner. This
was evidenced by the thinner air pouch membranes and
fewer erosion pits in the bones of the Tet-treated groups than
in those of the vehicle group (Figures 2(a) and 2(b)). In addi-
tion, TRAP staining showed a remarkably higher number of
osteoclasts on the bone surface of the Ti-treated group than
on that of the sham group. However, the number of osteo-
clasts was significantly decreased following Tet treatment
(Figures 2(c) and 2(d)).

TEM was used to observe the ultrastructure of the tissues.
As shown in Figure 2(e), the sham group osteoclasts exhib-
ited a fine shape, clear nucleoli, fine chromatin particles, uni-
form distribution, clear cell boundaries, and few lysosomes,
whereas the vehicle group showed multiple active osteoclasts,
characterized by a large cell size, rich organelles, numerous
rough endoplasmic reticulum and mitochondria in the cyto-
plasm, and an obvious increase in lysosomes. In contrast, the
Tet-treated group showed fewer osteoclasts in the bone tissue
than the vehicle group, and the osteoclasts exhibited fewer

organelles, disorderly arrangement, swollen mitochondria,
blurred mitochondrial cristae, damaged mitochondria, and
serious cavitation. These results indicate that Tet effectively
reduce the inflammatory bone erosion induced by Ti parti-
cles in vivo, which may be attributed to its inhibitory effect
on osteoclast formation.

3.2. Tet Inhibits the Release of Inflammatory Cytokines
Associated with Osteolysis In Vivo. Proinflammatory cyto-
kines are believed to contribute to bone resorption through
the promotion of osteoclast differentiation [24, 25]. Thus,
we evaluated the expression of the following cytokines asso-
ciated with osteoclastogenesis: TNF-a, IL-1f3, and IL-6.
Immunohistochemical analysis revealed that Ti particles
drastically increased the expression of TNF-a, IL-1f3, and
IL-6 in the bone-graft samples (Figures 3(a)-3(c)). However,
Tet treatment significantly and dose-dependently inhibited
the expression of TNF-a, IL-13, and IL-6. These data demon-
strate that Tet inhibits the secretion of proinflammatory
cytokines induced by Ti particles in vivo.

3.3. Tet Inhibits RANKL-Induced Osteoclast Formation
without Cytotoxicity In Vitro. To determine the effect of Tet
on osteoclastogenesis, primary BMMs and the osteoclast pre-
cursor RAW264.7 cell line were cultured in vitro. We first
performed a CCK-8 assay to evaluate the cytotoxicity of Tet
and then confirmed the safe concentration for the in vitro
experiments. The results showed that the viability of BMMs
and RAW264.7 cells was not affected by Tet at concentra-
tions <1.0 yuM (Figure 4(b)). Then, RANKL-induced BMM:s
were treated with different concentrations of Tet (0, 0.1, 0.5,
and 1.0 uM) or an equal volume of vehicle for 5 days. We
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FIGURE 3: Tetrandrine (Tet) inhibits the expression of proinflammatory cytokines. (a) Immunohistochemical staining of tumor necrosis
factor (TNF)-a. (b) Immunohistochemical staining of interleukin (IL)-18. (c) Immunohistochemical staining of IL-6. The mean density
for TNF-a, IL-18, and IL-6 were quantified (*p <0.05, **p <0.01 compared with the vehicle group; n=5 per group). Black arrows

indicate positive expression, respectively.

observed that Tet inhibited RANKL-stimulated osteoclast
formation in a dose-dependent manner, as indicated by the
significantly lower number of TRAP-positive osteoclasts in
the Tet-treated groups than in the vehicle group
(Figures 4(c) and 4(d)).

To further clarify the stage of the osteoclast formation
process affected by Tet, RANKL-induced BMMs were treated
with 1.0 uM Tet at different time points (days 0-2, 1-3, 2-4,
or days 3-5), and vehicle-treated BMMs were used as the
control. The results demonstrated that both the number
and total area of Tet-treated osteoclasts were significantly
smaller than those of the control in the early periods (days
0-2 and days 1-3). However, no obvious difference was
observed with the Tet-treated cells in the later periods (days
2-4 or 3-5) (Figures 4(e) and 4(f)). These results suggest that
Tet inhibited RANKL-induced osteoclast formation in the
early stage in vitro.

3.4. Osteoclastic F-Actin Ring Formation and Bone Resorption
Shows That Tet Inhibits Bone Resorption In Vitro. The actin
cytoskeleton is a decisive structure for the maturation of
functional osteoclasts [26]. In line with the results above,
treatment with Tet remarkably reduced the size of the F-
actin ring in RANKL-stimulated BMMs in a dose-
dependent manner (Figure 5(a)). We further verified the
effect of Tet on the bone resorption ability of osteoclasts by
culturing BMMs in the wells of plates coated with hydroxy-
apatite. The sizes of the resorption pits were calculated to
evaluate the resorption ability of the osteoclasts. As expected,
the resorption area was significantly smaller in the groups
exposed to Tet than in the control groups, and the effect
was dependent on the Tet concentration (Figures 5(b) and
5(c)), indicating that Tet impaired osteoclast bone resorp-

tion. These findings demonstrate that Tet decreased osteo-
clast formation and subsequent bone resorption in vitro.

3.5. Tet Suppresses the Expression of NFATcl, TRAP, TNF-a,
and MMP-9 in Osteoclasts. To explore the effect of Tet on the
expression of osteoclastogenesis-related proteins, we col-
lected the supernatants of Ti particle-stimulated RAW264.7
cells treated with different concentrations of Tet or the equiv-
alent vehicle daily from days 1 to 5. Cells cultured without Ti
particles and Tet were used as the sham group. An ELISA was
performed to determine the time course of the secretion of
TNF-a and MMP-9, which are involved in osteoclast forma-
tion [27]. The results showed that Tet dramatically inhibited
TNF-a and MMP-9 secretion in the supernatants at all time
points, in a dose-dependent manner (Figure 6(a)).

We further examined the expression of MMP-9, TRAP,
and NFATc1, which play a critical role in osteoclast matura-
tion and bone resorption [28, 29]. The real-time PCR showed
that the expression of MMP-9, TRAP, and NFATcl was
markedly increased in RAW264.7 cells stimulated with Ti
particles, whereas Tet treatment significantly reduced the
expression of these genes (Figure 6(b)), which was consistent
with the results showing decreased osteoclast formation and
bone resorption ability. Thus, these results confirmed the
inhibitory effect of Tet on osteoclast differentiation and bone
resorption in vitro.

3.6. Tet Inhibits the RANKL-Induced Activation of the NF-xB
Signaling Pathway. To further elucidate the mechanism
underlying the Tet-induced inhibition of osteoclasts, West-
ern blot analysis was conducted to determine its effect on
the activation of NF-«B signaling, which is a key regulator
of the differentiation and activity of osteoclasts [30]. We
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FIGURE 4: Tetrandrine (Tet) inhibits receptor activator for nuclear factor-«B ligand- (RANKL-) induced osteoclast formation and is not
cytotoxic. (a) Chemical structure of Tet. (b) Bone marrow-derived macrophages (BMMs) and RAW264.7 cell viabilities were detected
using the cell counting kit-8 (CCK-8) assay, and the results were normalized to the control group (without Tet treatment). (c) BMMs were
stimulated with the indicated concentrations of Tet in osteoclast differentiation medium and then fixed and subjected to TRAP staining
on day 5 (scale bar = 100 ym). (d) The number and area of osteoclasts. (¢) BMMs were incubated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with M-CSF and RANKL, with Tet (1.0 uM) administered on days 0-2, 1-3, 2-4, or 3-5, and TRAP staining was
performed to analyze osteoclast formation (scale bar = 100 ym). (f) The number and area of osteoclasts. All experiments were repeated
three times (*p < 0.05, **p < 0.01 compared with the control group; n=5 per group). Data are the means of at least three independent
experiments with similar results. TRAP: tartrate-resistant acid phosphatase; BMMs: bone marrow-derived macrophages; M-CSF:

macrophage colony-stimulating factor.

examined the phosphorylation levels of the main NF-«B sub-
units, IxkBa and p65, in RANKL-induced RAW264.7 cells
treated with or without 1.0 uM Tet at four time points (0,
15, 30, and 60min). Unsurprisingly, RANKL stimulation
obviously induced the phosphorylation of IxB and p65; how-
ever, the expression levels of phosphorylated-IxBa (p-IxBa)
and p-p65 were significantly decreased in the cells exposed
to Tet (Figures 7(a)-7(c)), indicating that Tet suppressed
the RANKL-induced activation of the NF-«B signaling path-
way. To further verify the effect of Tet on the NF-«B pathway,
the expression of related proteins was examined in
RAW264.7 cells stimulated with Ti and different concentra-
tions of Tet or the vehicle. As shown in Figures 4(d) and
4(e), the expression levels of p-IxB and p-p65 were negatively
correlated with the concentrations of Tet ranging from 0.1 to
1.0 uM. Therefore, collectively, these and the previous results
led us to conclude that Tet may hinder the differentiation and
maturation of osteoclasts by inhibiting the NF-«B signaling
pathway.

4. Discussion

Artificial aseptic loosening is one of the main reasons for
revision surgery after artificial joint replacement. Aseptic
loosening is a process involving complex interplay between
mechanical factors, such as poor matching, improper posi-
tioning, or aging of the prosthesis, and stress shielding [31].
Recent studies have shown that long-term friction causes
the implanted prosthesis to produce tiny particles, which
induce the release of inflammatory factors and the activation
of osteoclasts, which play an essential role in the osteolysis
around the prosthesis [32, 33].

Previously, micron-sized particles were considered the
main particles that induce osteolysis, but the introduction
of laser capture microdissection technology and TEM has
led to the detection of various nanosized particles in loosened
boundary membrane tissues, including metal, ceramic gran-
ular, and polymer polyethylene nanoparticles. Because nano-
particles are more easily engulfed by phagocytes than other
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particles, they may play a considerably significant role in
aseptic loosening. These particles activate NF-xB, mitogen-
activated protein kinase (MAPK), and other signaling path-
ways, initiating the transcriptional expression of inflamma-
tory factors such as TNF-a, IL-1f, and IL-6 directly or
indirectly. These factors induce the differentiation and matu-
ration of osteoclasts and enhance their activity [34].
Presently, progress has been made in studies using bis-
phosphonate drugs and gene therapy to inhibit the adverse
reactions of wear particles, but considerable modifications
are still required before their clinical application. In this

study, we established an inflammatory osteolysis mouse
model by transplanting cranium grafts into air pouches cre-
ated in recipient mice, followed by Ti particle stimulation.
Pathological changes similar to inflammatory osteolysis were
observed, such as increased cellular infiltration and bone ero-
sion. Tet treatment dramatically alleviated the inflammatory
reaction and bone destruction, suggesting that it may be a
potential agent for the prevention and treatment of osteolysis
in artificial aseptic loosening. Although the air pouch osteo-
lysis model is frequently used in wear debris-induced osteoly-
sis studies, they have several limitations, which should not be
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ignored. These include the lack of blood supply to the bone
graft and the use of bony surfaces, which are not typically
involved in artificial aseptic loosening. It would be better to
use a combination of different osteolysis models in the study,
such as a calvarial osteolysis model where osteolysis is
directly induced in the skull of animals, which we are consid-
ering for our future studies.

Recently, traditional herbs and extracts have been
receiving increasing attention for the treatment of aseptic
loosening of prostheses caused by osteolysis. Tet is a nat-
ural substance with a wide range of pharmacological
effects, including antifibrosis, antitumor, and anti-
inflammatory effects [10, 35-37]. Numerous studies have
reported that Tet exerts anti-inflammatory effects through
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a variety of signaling pathways such as the NF-«B, phosphoi-
nositide 3-kinase (PI3K), and extracellular signal-regulated
kinase (ERK), signal transducer and activator of transcription
3 (STAT3) signaling pathways [11, 38-40]. Guo et al. [41]
found that aqueous extracts and alkaloids of S. tetrandra
inhibited the release of NO, TNF-a, and IL-6, alleviating the
LPS-induced inflammatory response in RAW264.7 cells.

NEF-«B is a multifunctional transcription factor that plays
a critical role in both inflammation and osteoclast formation
[42], suggesting that strategies targeting NF-xB inhibition
may be promising for the treatment of inflammatory osteoly-
sis. In the present study, we found that Tet suppressed the
activation of the NF-«xB pathway and relieved both inflam-
matory reactions and osteoclast formation in mice, indicat-
ing that it exerts therapeutic effects via dual functions of
hindering inflammation and osteoclastogenesis.

Tet is also known to be a calcium channel blocker. Calcium
(Ca®") signaling is important for multiple osteoclast functions,
including gene transcription, differentiation, and bone resorp-
tion [43]. RANKL-induced Ca** oscillation mediates the activa-
tion of NFATcI, which is an essential transcription factor for
osteoclast differentiation [44]. In this study, Tet administration
significantly inhibited osteoclast formation and the mRNA
expression of NFATcl in vitro, suggesting that in addition to
inhibiting the NF-«B pathway, Tet may also hamper osteoclast
formation by affecting Ca** signaling. However, we have not
examined the role of Tet in Ca>* signaling during osteoclast dif-
ferentiation. We also cannot exclude the possible involvement
of other mechanisms in the effect of Tet on osteoclastogenesis,
which warrants further investigation.

We did not examine the toxicity of Tet in animals. Tet
has been reported to induce transient toxicity in the kidneys,
lungs, and liver of mice following intravenous injection of a
single 150 mg/kg dose [45]. However, in this study, no obvi-
ous abnormal conditions were observed in mice intraperito-
neally administered a single 30mg/kg dose of Tet. In
addition, a clinical study of the efficacy of Tet in patients with
lung cancer reported no side effects [46]. Thus, Tet may be
considered a safe candidate for clinical application in the
treatment of inflammatory osteolysis, which warrants further
examination.

5. Conclusions

The findings of this study demonstrated that Tet effectively
reduced the inflammation and bone resorption induced by
Ti particles in vivo and inhibited osteoclast differentiation
and formation in vitro through the inhibition of NF-«B sig-
naling. Our study offers novel insights into the mechanism
of the established anti-inflammatory and antibone resorption
effects of Tet, providing an evidence-based rationale for its
potential for use in the treatment of osteolysis developing
around implants.
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Although postmenopausal osteoporosis often occurs concurrently with diabetes, little is known about interactions between
estrogen deficiency and hyperglycemia in the skeletal system. In the present study, the effects of estrogen deficiency on the
development of biochemical, microstructural, and mechanical changes induced by streptozotocin-induced diabetes mellitus
(DM) in the rat skeletal system were investigated. The experiments were carried out on nonovariectomized (NOVX) and
ovariectomized (OVX) control and diabetic mature female Wistar rats. Serum levels of bone turnover markers (CTX-I and
osteocalcin) and 23 cytokines, bone mass and mineralization, histomorphometric parameters, and mechanical properties of
cancellous and compact bone were determined. The results were subjected to two-way ANOVA and principal component
analysis (PCA). Estrogen deficiency induced osteoporotic changes, with increased bone resorption and formation, and
worsening of microstructure (femoral metaphyseal BV/TV decreased by 13.0%) and mechanical properties of cancellous bone
(the maximum load in the proximal tibial metaphysis decreased by 34.2%). DM in both the NOVX and OVX rats decreased
bone mass, increased bone resorption and decreased bone formation, and worsened cancellous bone microarchitecture (for
example, the femoral metaphyseal BV/TV decreased by 17.3% and 18.1%, respectively, in relation to the NOVX controls) and
strength (the maximum load in the proximal tibial metaphysis decreased by 35.4% and 48.1%, respectively, in relation to the
NOVX controls). Only in the diabetic rats, profound increases in some cytokine levels were noted. In conclusion, the changes
induced by DM in female rats were only slightly intensified by estrogen deficiency. Despite similar effects on bone
microstructure and strength, the influence of DM on the skeletal system was based on more profound systemic homeostasis
changes than those induced by estrogen deficiency.

1. Introduction

Osteoporosis is a serious public health problem, leading, in
developed countries, to fragility fractures in one of three
women and in one of five men aged over 50 years [1]. Painful
and disabling osteoporotic fractures not only worsen the qual-
ity of life but lead to premature death [2]. The main cause of

osteoporosis is estrogen deficiency in postmenopausal women;
however, other factors contribute to the development of the
disease, including, among others, immobilization, administra-
tion of glucocorticosteroids, or diabetes [3].

There are two main types of diabetes: type 1 diabetes
(T1D), with B-cell destruction and insulin deficiency, and
type 2 diabetes (T2D), with progressive defect of insulin
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secretion on the background of insulin resistance [4]. Both
types lead to numerous complications, including disorders
of bone metabolism with increased fracture rate [5-7].
T1D, concerning about 5-10% of all diabetes cases, occurs
in younger people, whereas T2D usually develops at a later
age [4]. It is likely for T2D to occur concurrently with estro-
gen deficiency in postmenopausal women. However,
increased life expectancy in T1D patients, resulting from
the progress in the insulin therapy, increases the probability
of its coexistence with postmenopausal osteoporosis.

It has been estimated that the trajectories of the epidemi-
ology of diabetes and osteoporosis are similar, and the
increase in the number of diabetic patients will contribute
to the increase in the number of patients with osteoporosis
induced by diabetes [8]. The clinical data on interactions
between changes induced by estrogen deficiency and diabe-
tes, concerning the skeletal system, are not abundant [9].
Also, little is known about interactions between estrogen
deficiency and hyperglycemia in terms of effects on the skel-
etal system in experimental conditions in vivo.

Different experimental models are used in the preclinical
bone pharmacology to investigate the effects of potential
treatments on the development of osteoporotic changes.
The well-established and almost fully adequate model of
estrogen deficiency-induced postmenopausal osteoporosis is
a model of bilaterally ovariectomized rats or mice [10]. The
most widely used experimental model of T1D is diabetes
induced by the administration of streptozotocin (STZ) in rats
or mice (single i.v. or ip. injection), which induces the
destruction of pancreatic S-cells and severe hyperglycemia
[11,12]. As far as T2D is concerned, there are numerous dif-
ferent murine models used, none of them adequately mirror-
ing the changes developing in the disease [13, 14].

The number of reports on the skeletal effects of diabetes
in experimental models of estrogen deficiency is scarce. Up
to very recently, there were early reports available, concern-
ing mostly the effect on bone mineral density (BMD) and
bone turnover markers [15-19]. However, in the last years,
several reports have been published, shedding more light on
the pathogenesis of changes developing under the influence
of both pathologies in rodents [20-27].

The aim of the study was to evaluate the effects of estro-
gen deficiency on the development of biochemical, micro-
structural, and mechanical changes induced by T1D in the
rat skeletal system. Taking into account the established role
of some cytokines in the regulation of bone remodeling, we
investigated the effects of estrogen deficiency and diabetes
on the serum levels of a wide panel of cytokines, including
both proinflammatory and anti-inflammatory ones.

2. Materials and Methods

2.1. Animals and Chemicals. Female Wistar rats were
obtained from the Center of Experimental Medicine, Medical
University of Silesia, Katowice, Poland. All procedures were
approved by the Local Ethics Commission, Katowice, Poland
(permission numbers: 9/2015 and 149/2015). The rats were
maintained under monitored standard laboratory conditions
according to the European Union guidelines (directive
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2010/63/EU), in standard plastic cages (Tecniplast, Buguggi-
ate, Italy), four-five rats per cage, under a 12 h light-12h dark
cycle (light on 7:00a.m.). The experiment started after the
acclimatization. The rats were 3 months old.

During the experiment, the following drugs were used: a
drug used for the induction of T1D: streptozotocin (STZ;
Cayman Chemical Company, Ann Arbor, MI, USA); drugs
used in order to mark the calcification front: tetracycline
hydrochloride (Sigma-Aldrich Co., St. Louis, MO, USA)
and calcein (Sigma-Aldrich Co., St. Louis, MO, USA); drugs
used for general anesthesia: ketamine (Bioketan; Vetoquinol
Biowet Sp. z 0.0., Gorzéw Wielkopolski, Poland) and xyla-
zine (Xylapan; Vetoquinol Biowet Sp. z 0.0., Gorzéw Wielk-
opolski, Poland). The rats were fed a standard laboratory
diet (Labofeed B; Wytwdrnia Pasz “Morawski”, Kcynia,
Poland).

The experiments were performed on rats divided into the
following groups (n =9 —10):

(I) = Nonovariectomized control rats (NOVX)
(ITI) — Ovariectomized control rats (OVX)

(ITII) - Nonovariectomized rats with type 1 diabetes
(DM-NOVX)

(IV) - Ovariectomized rats with type 1 diabetes (DM-
OVX)

The initial body mass of the rats before the start of the
procedures was similar. The bilateral ovariectomy was per-
formed under ketamine-xylazine (i.p.) anesthesia. T1D was
induced by a single dose of STZ (60 mg/kg i.p., dissolved in
0.1 M citrate buffer), administered three days after the bilat-
eral ovariectomy was performed. A week after the ovariec-
tomy, the first measurement of nonfasting blood glucose
level took place in order to confirm the development of dia-
betes, using an Accu-Chek Performa Nano glucometer
(Roche Diagnostics GmbH, Mannheim, Germany) and
Accu-Chek Performa test strips (Roche Diabetes Care,
Mannheim, Germany). The blood samples for the measure-
ment were taken from the tail vessels of conscious rats by cut-
ting the tail tip. Rats with the blood glucose level above
400 mg/100 mL were regarded as diabetic. Nonfasting blood
glucose level was then measured once a week. The rats were
weighed once a week, and, furthermore, on the day before
the end of the experiment. Moreover, since all the rats served
as controls in a bigger study, they were subcutaneously
administered saline (1 mL/kg/day), starting one week after
the ovariectomy. In order to label the calcification front, tet-
racycline hydrochloride at a dose of 20 mg/kg i.p. was admin-
istered seven days after the ovariectomy, and then calcein
(10mg/kgi.p.) was administered three weeks after the
administration of tetracycline hydrochloride.

The experiment was terminated five weeks after the
ovariectomy. The rats were fasted, anesthetized with the i.p.
administration of the mixture of ketamine and xylazine,
and sacrificed by cardiac exsanguination. After the vital func-
tions ceased, the liver, thymus, uterus, adrenal glands, and
bones (right and left tibias, right and left femurs, L4 vertebra)
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were isolated. The soft organs and left bones and vertebras,
after cleaning from soft tissues, were weighed on an Ohaus
analytical balance model Adventurer Pro type AV264CM
(Ohaus Europe GmbH, Greifensee, Switzerland). The length
and diameter in the midlength of the left tibias and left
femurs were measured using a digital caliper (VOREL
15240, Toya, Wroctaw, Poland). The left femurs, left tibias,
and the proximal part of the right femurs, cut in the middle
of the bone length, were wrapped in gauze soaked with saline
and stored below -20°C [28]. Blood serum was frozen at —
80°C until subjected to further measurements.

2.2. Bone Mechanical Properties Studies. The mechanical
properties of bones were evaluated with an Instron 3342
500N apparatus (Instron, Norwood, MA, USA). Bluehill 2
software (version 2.14; Instron, Norwood, MA, USA) was
used for data analysis. Mechanical properties were assessed
with the use of three-point bending tests in the left proximal
tibial metaphysis and the left femoral diaphysis (test param-
eters: displacement rate of 0.01 mm/s, sampling rate of
100 Hz), as previously described [28-30].

To evaluate the strength of the proximal tibial metaphy-
sis, the proximal epiphysis was removed, and the load was
applied perpendicularly to the long axis of the bone 3 mm
from its proximal edge [29, 30]. The following parameters
were determined based on the load-displacement curves
obtained for each bone: Young’s modulus and the load, dis-
placement, energy, and stress for the yield point (0.05% off-
set), maximum load point, and fracture point. In order to
calculate the intrinsic (independent of bone size and shape)
parameters: stress and Young’s modulus, the tibial metaphy-
sis was assumed to be a circular beam and its diameter mea-
sured with a digital caliper.

To determine the mechanical properties of the femoral
diaphysis [28, 30], the load was applied perpendicularly to
the diaphysis in the middle of the bone length, with the dis-
tance between the supporting points of 16 mm. The same
parameters were determined as for the tibial metaphysis;
the calculations were based on the assumption that the fem-
oral diaphysis was an elliptical pipe. For calculations, the
internal and external diameters of the right femoral diaphysis
were measured in histological preparations of the transverse
cross-section of the right femur in the midlength, with the
use of the set consisting of a Carl Zeiss Axio Imager.Al
microscope (Carl Zeiss, Gottingen, Germany) connected
with an Olympus DP71 camera (Olympus, Tokyo, Japan)
and a computer with OsteoMeasure XP 1.3.0.1 software
(OsteoMetrics Inc., Decatur, GA, USA), with a graphics tab-
let (model Cintiq 22HD; Wacom, Kazo, Japan).

The strength of the femoral neck was studied using a
compression test [30]. The load was applied to the head of
the femur along the long axis of the bone. The maximum
load (inducing fracture) was measured.

2.3. Bone Composition and Mineralization Studies. After per-
forming the mechanical tests, left tibias and femurs and L4
vertebras were lyophilized for ten days in FreeZone 6 lyoph-
ilizer (temperature: -51°C, pressure: 0.03 mBa; Labconco,
Kansas City, MO, USA) and then mineralized at 640°C for

48 hours in a muffle furnace 1L9/11/C6 (Nabertherm, Lilien-
thal, Germany). The lyophilized and mineralized bones were
weighed on an analytical balance Adventurer Pro type
AV264CM (Ohaus Europe GmbH, Greifensee, Switzerland)
in order to determine the mass of bone mineral, water, and
organic substances in bones. The contents of bone mineral,
water, and organic substances were calculated as the ratios
to the bone mass. The ashed bones were dissolved in 6 M
HCl and then diluted in distilled water to spectrophotometri-
cally determine the calcium and phosphorus contents in the
bone mineral, with the use of Pointe Scientific (Canton, MI,
USA) kits.

2.4. Bone Histomorphometric Studies. The measurements of
the transverse cross-sections of the tibial and femoral diaph-
ysis were performed on undecalcified, unstained slides, pre-
pared as previously described [30, 31]. The measurements
of the longitudinal cross-sections of the femoral metaphysis
were carried out on decalcified preparations which were
stained with hematoxylin and eosin [32]. The OsteoMeasure
system (OsteoMetrics Inc., Decatur, GA, USA) was used for
the histomorphometric measurements, and the data were
presented according to the American Society for Bone and
Mineral Research (ASBMR) standardized nomenclature
[33].

In the cancellous bone of the distal femoral metaphysis,
the following parameters were determined: bone volume to
tissue volume ratio (BV/TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), and trabecular number
(Tb.N).

In cortical bone of the tibial and femoral diaphysis, the
transverse cross-sectional area of the whole diaphysis
(Tt.Ar), transverse cross-sectional area of the cortical bone
(Ct.Ar), transverse cross-sectional area of the marrow cavity
(Ma.Ar), and the Ma.Ar/Tt.Ar ratio were measured.

The periosteal and endosteal transverse growth (mineral
apposition rate; MAR) in the tibial and femoral diaphysis
were measured. However, the evaluation of the effect of dia-
betes on those parameters was impossible, because tetracy-
cline and calcein labels could be observed only in the
preparations of the nonovariectomized and ovariectomized
controls.

2.5. Biochemical Studies. Serum concentrations of bone turn-
over markers, osteocalcin (a marker of bone formation) and
C-terminal telopeptide fragments of type I collagen released
from bone during bone resorption (CTX-I), were studied
by the ELISA methods (Rat-MID Osteocalcin EIA and
RatLaps (CTX-I) EIA, respectively, Immunodiagnostic Sys-
tems Ltd., Boldon, Tyne and Wear, UK). A microplate reader
Stat Fax 2100 (Awareness Technology, Inc., Palm City, FL,
USA) was used for the measurements.

Serum concentrations of calcium, inorganic phosphorus,
glucose, fructosamine, and biochemical parameters of lipid
metabolism (total cholesterol, high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) choles-
terol, and triglycerides) were determined spectrophotometri-
cally, using kits produced by Pointe Scientific (Canton, MI,
USA). Moreover, the concentration of advanced oxidation



protein products (AOPP), a marker of oxidative protein
damage, was measured spectrophotometrically based on the
method of Witko-Sarsat et al. [34, 35]. The calibration curve
was prepared using chloramine T (Sigma-Aldrich, St. Louis,
MO, USA), and the absorbance was measured at the wave-
length of 340nm. The AOPP concentration was expressed
in pymol of chloramine T equivalents/L. The spectrophoto-
metric measurements were performed with the use of Tecan
Infinite M200 PRO microplate reader and Magellan 7.2 soft-
ware (Tecan Austria GmbH, Grodig, Austria).

The measurements of serum concentrations of 23 cyto-
kines were performed with the use of multiplex technology
of magnetic bids combined with antibodies (Bio-Plex Pro
Rat Cytokine 23-Plex Immunoassay; Bio-Rad Laboratories
Inc., Hercules, CA, USA), using Bio-Plex 200 system and
Bio-Plex Manager software (Bio-Rad). The full panel of 23
rat cytokines for which the technique was available was
investigated. The following cytokines were assayed: interleu-
kin-ler (IL-1e), IL-1f3, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-
12p70, 1IL-13, IL-17A, IL-18, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), growth-regulated
oncogene/keratinocyte chemoattractant (GRO/KC), inter-
feron-y (IFN-y), macrophage colony-stimulating factor (M-
CSF), macrophage inflammatory protein-la (MIP-1a), mac-
rophage inflammatory protein-3a (MIP-3a), regulated on
activation, normal T cell expressed and secreted (RANTES),
tumor necrosis factor a« (TNF-a), vascular endothelial
growth factor (VEGF), and monocyte chemoattractant
protein-1 (MCP-1; monocyte chemotactic and activating
factor—MCAF).

2.6. Statistical Analysis. Results are presented as the mean +
standard error of themean (SEM). Statistical analysis was
carried out with the use of two-way analysis of variance
(ANOVA), with the main effects of estrogen deficiency
(OVX) and type 1 diabetes (DM). In case of the statistical sig-
nificance of any of the main effects or their interaction, the
ANOVA was followed by Fisher’s Least Significant Differ-
ence (LSD) post hoc test (Statistica 13.1; Tibco Software
Inc., Palo Alto, CA, USA). p values < 0.05 were considered
significant.

Moreover, the principal component analysis (PCA) was
performed on the following groups of parameters:

(I) - Body mass gain and mass of internal organs: the
uterus, thymus, adrenals, and liver

(II) - Serum metabolic biochemical parameters: con-
centrations of nonfasting and fasting blood glu-
cose, triglycerides, total cholesterol, LDL
cholesterol, HDL cholesterol, and AOPP

(III) - Serum bone turnover parameters: CTX-I, osteo-
calcin, inorganic phosphorus, and total calcium
concentrations

(IV) - Bone mass and macrometric parameters: tibial
mass, length and diameter, femoral mass, length
and diameter, and vertebral mass
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(V) - Bone composition and mineralization: the con-
tent of bone mineral, water, and organic sub-
stances in the tibia, femur, and vertebra
(calculated as the ratios of their mass to the bone
mass), content of calcium and phosphorus in the
bone mineral in the tibia, femur, and vertebra

(VD) - Histomorphometric parameters of compact
bone: Ma.Ar, Ct.Ar, Tt.Ar, and Ma.Ar/Tt.Ar in
the tibial and femoral diaphysis

(VII) - Histomorphometric parameters of cancellous
bone of the femoral metaphysis: BV/TV, BS/TV,
BS/BV, Tb.Th, Tb.Sp, and Tb.N

(VIII) - Mechanical properties of cancellous bone:
Young’s modulus, load, displacement, energy,
and stress for yield point, maximum load point,
and fracture point in the tibial metaphysis

(IX) - Mechanical properties of compact bone:
Young’s modulus, load, displacement, energy,
and stress for yield point, maximum load point,
and fracture point in the femoral diaphysis

(X) - Serum concentrations of 23 cytokines

The PCA was carried out using the PAST 3.26 software
[36, 37]. Correlation matrices were employed for data stan-
dardization. The correlation values presented on the graphs
are autoscaled based on the algorithm built into the software.
Statistical significance of the PCA results was evaluated using
two-way MANOVA (multivariate analysis of variance; Sta-
tistica 13.1). In case of the statistical significance of any of
the main effects or their interaction, further analysis for indi-
vidual axes (PC1, PC2) was performed, followed by Fisher’s
LSD post hoc test. Only significant post hoc differences
between DM-OVX versus DM-NOVX are mentioned in the
figure legends; all results—see Supplementary Material 1.

3. Results

3.1. General Parameters. At the end of the experiment, five
weeks after the bilateral ovariectomy surgery, the mean body
mass of the diabetic rats, both nonovariectomized and ovari-
ectomized, significantly decreased in relation to appropriate
control rats, whereas the mean body mass of the nondiabetic
ovariectomized rats significantly increased (Table 1).

The liver mass increased, and the mass of the uterus, thy-
mus, and adrenal glands decreased in the diabetic rats inde-
pendent of the estrogen status, whereas the uterus mass
decreased, and thymus mass increased in the nondiabetic
ovariectomized rats.

Both the nonovariectomized and ovariectomized rats
administered STZ developed diabetes, as indicated by pro-
foundly increased glucose and fructosamine levels in relation
to appropriate controls, moreover, significant disorders of
lipid metabolism were noted (Table 2). Estrogen deficiency
itself did not affect the parameters connected with glucose
metabolism; however, it increased the cholesterol and LDL
cholesterol levels. The estrogen-deficient diabetic rats had
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TasLE 1: Effects of diabetes (DM) and/or estrogen deficiency on

the body mass gain and the mass of selected internal organs in rats.

Nonovariectomized (NOVX)

Ovariectomized (OVX) rats Two-way ANOVA

Parameter/group rats
Control DM Control DM OvX DM OVXx DM

Initial body mass (g)* 226.9+3.3 208.7 +3.7°* 220945 207.4 + 3.7 NS p<0.001 NS
4-week body mass gain (g)  12.1+1.7  -17.4+4.1"""  42.1£52""" —22.8+5.6"* % p<0.0l p<0.001 p<0.001
Uterus mass (g) 0.511+0.054 0.171 £0.030"** 0.096 +0.006"**  0.095+0.007°**  p<0.001 p<0.001 p<0.001
Thymus mass (g) 0.297 £0.019 0.093 £0.014™** 0.529+0.030""* 0.056 +0.011****** p<0.001 p<0.001 p<0.001
Liver mass (g) 5.656+0.114 8.099+0.329**"  6.197£0.180  7.926 + 0.299****XX NS p<0.001 NS
Adrenals mass (g) 0.078+0.004  0.071+0.004 0.073+£0.004  0.059 +0.003****** p<0.05 p<0.01 NS

Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of
streptozotocin (60 mg/kg i.p.). Results are presented as means + SEM (n =9 — 10). Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of
the significance of the results. “Body mass one week after the ovariectomy; **p < 0.01, ***p < 0.001—significantly different from the NOVX control rats;
*p <0.05, p <0.01, p < 0.001—significantly different from the OVX control rats; °p < 0.05—significantly different from the DM-NOVX rats.

TaBLE 2: Effects of diabetes (DM) and/or estrogen deficiency
concentrations.

on the serum metabolic parameters and calcium and phosphorus

Nonovariectomized (NOVX)

Ovariectomized (OVX) rats Two-way ANOVA

Parameter/group rats OVXx
Control DM Control DM OVX DM DM
Glucose (mg/100 mL) 82.842.7  561.4+12.2"""  829+1.5 5759+125% NS p<000l NS
5% % XXX
Fructosamine (mM/L) 0.483 +0.010 1.106+0.051*** 0.491+0.014 0-887+0.111 NS  p<0.00l NS
Triglycerides (mg/100 mL) 35.8+3.8 68.8 +7.3** 40.8+22  89.1+11.4*XX NS  p<0.001 NS
Cholesterol (mg/100 mL) 47.5+4.9 53.3+3.1 65.7 £2.4™" 69.8 +2.4***%  p<0.001 NS NS
LDL cholesterol (mg/100 mL) 25.0£3.8 31.4+45 49.6+6.1""" 34.4+3.9% p<0.01 NS p<0.05
HDL cholesterol (mg/100 mL) 28.4+2.0 30.8+1.3 24.2+0.5 342433 NS  p<0.01 NS
AOPP (umol/L)* 14.3+1.4 17.2+1.3 15.6+1.5 232 +3.3*X NS p<0.05 NS
Calcium (mg/100 mL) 9.97+0.23 11.51£0.25"** 9.82+0.27 11.86+0.32****X NS  p<0.001 NS
Inorganic phosphorus 8.51+0.48 4.98+0.58"** 9.40+0.51  638+0.62" X p<0.05 p<0.001 NS

(mg/100 mL)

Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of

streptozotocin (60 mg/kg i.p.). Results are presented as means + SEM (n=9 —

10). “The concentration of AOPP is presented in chloramine T equivalents. Two-

way ANOVA followed by Fisher’s LSD test was used for evaluation of the significance of the results. **p < 0.01, ***p < 0.001—significantly different from the
NOVX control rats; *p < 0.05,*p < 0.01, *p < 0.001—significantly different from the OVX control rats; *p < 0.05, **p < 0.01—significantly different from the

DM-NOVX rats.

significantly increased the level of AOPP in relation to the
ovariectomized controls, indicating oxidative protein
damage.

The PCA indicated strong differences concerning the
body mass gain, internal organ mass, and serum biochemical
metabolic parameters between the diabetic and nondiabetic
rats, as well as the nonovariectomized and ovariectomized
rats (Figures 1 and 2, respectively).

3.2. Serum Bone Turnover Markers. Diabetes induced signif-
icant increases in the concentration of the bone resorption
marker CTX-I (by 503.9% in the nonovariectomized rats
and by 325.9% in the ovariectomized rats in relation to the
appropriate nondiabetic controls) and decreases in that of
the bone formation marker osteocalcin (by 51.5% in the non-
ovariectomized rats and by 72.7% in the ovariectomized rats
in relation to the appropriate nondiabetic controls)

(Figure 3). Estrogen deficiency induced a significant increase
in the osteocalcin concentration only in the nondiabetic rats
(by 78.7% in relation to the nonovariectomized controls); the
CTX-I level was insignificantly increased (by 54.0% in rela-
tion to the nonovariectomized controls). Diabetes induced
increases in the calcium concentrations and decreases in
the inorganic phosphorus concentrations, regardless of the
estrogen status (Table 2).

The PCA analysis indicated strong differences concern-
ing the serum concentrations of bone turnover markers, cal-
cium, and inorganic phosphorus between the diabetic and
nondiabetic rats, as well as the nonovariectomized and ovari-
ectomized rats (Figure 4).

3.3. Bone Mass, Macrometric Parameters, Composition, and
Mineralization. Regardless the estrogen status, the diabetic
rats had significantly decreased the bone mass, bone mineral
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F1cure 1: PCA biplot of the results concerning the body mass gain and the mass of internal organs (uterus, thymus, adrenal glands, and liver)
in the diabetic and/or estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was
induced 3 days after the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate
correlations of measured variables against experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats.
Darker shades and diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in
red fonts inside the convex hulls comprised by individuals from the same group. The statistical significance between the groups along the
PCs was analysed by two-way MANOVA. Significant results for PCl: DM—p < 0.001; OVXxDM interaction—p < 0.01; and for PC2:
OVX—p <0.001, OVXxDM interaction—p < 0.001. Post hoc LSD for PC1: DM-NOVX versus DM-OVX—p < 0.01. Detailed data—see
Supplementary Material 1A.
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Ficure 2: PCA biplot of the results concerning the concentrations of the serum biochemical metabolic parameters in the diabetic and/or
estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after
the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate correlations of measured
variables against experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats. Darker shades and
diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in red fonts inside the
convex hulls comprised by individuals from the same group. The statistical significance between the groups along the PCs was analysed by
two-way MANOVA. Significant results for PC1: OVX—p < 0.05; DM—p < 0.001, and for PC2: OVX—p < 0.001; DM—p < 0.05. Post hoc
LSD for PC2: DM-NOVX versus DM-OVX—p < 0.01. Detailed data—see Supplementary Material 1B.
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FicuRre 3: Effects of diabetes (DM) and/or estrogen deficiency on the serum bone turnover markers (osteocalcin and CTX-I) in rats. Bilateral
ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single
administration of streptozotocin (60 mg/kgi.p.). Results are presented as means = SEM (n =9 —10). NOVX: nonovariectomized control
rats; DM-NOVX: rats with type 1 diabetes; OVX: ovariectomized control rats; DM-OVX: ovariectomized rats with type 1 diabetes. CTX-I:
C-terminal telopeptide fragments of type I collagen. Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of the
significance of the results. *p<0.05, ***p < 0.001—significantly different from the NOVX control rats; ***p < 0.001—significantly

different from the OVX control rats.

mass, and bone mineral content (the bone mineral mass/-
bone mass ratio) both in the long bones and the vertebra,
in relation to appropriate controls (Table 3, data for the tibia
not shown). For example, the bone mineral content in the
femur of the nonovariectomized diabetic rats decreased by
4.1% in comparison with the nonovariectomized controls,
and that of the ovariectomized diabetic rats—by 3.2% in com-
parison with the ovariectomized controls. Also, the femoral
length decreased. There was no effect of diabetes on the bone
content of water and organic substances, as well as on the cal-
cium content in the bone mineral. Estrogen deficiency did not
significantly affect the abovementioned parameters, with the
exception of decreasing the bone mineral content (by 2.6%)
concomitantly with increasing the bone water content in the
femur in relation to the nonovariectomized controls.

The PCA analysis indicated differences concerning the
bone mass and macrometric parameters (Figure 5) and bone
composition and mineralization (Figure 6) between the dia-
betic and nondiabetic rats.

3.4. Bone Histomorphometry. Diabetes induced deterioration
of microarchitecture of the cancellous bone of the femoral

metaphysis, regardless of the estrogen status (Figure 7). In
the nonovariectomized rats, diabetes decreased the bone vol-
ume to tissue volume ratio (BV/TV) and trabecular thickness
(Tb.Th), whereas in the ovariectomized rats—Tb.Th was
decreased and trabecular number (Tb.N) was increased due
to diabetes. Estrogen deficiency, in the nondiabetic rats,
induced significant decreases in BV/TV and Tb.N, as well
as increases in trabecular separation (Tb.Sp). The changes
in BV/TV induced by diabetes, estrogen deficiency, or both
pathologies were of similar degree (decreases by 17.3%,
13.0%, and 18.1%, respectively, in relation to the nonovariec-
tomized controls).

In cortical bone, diabetes decreased the transverse
cross-sectional area of the cortical bone (Ct.Ar) and trans-
verse cross-sectional area of the whole diaphysis (Tt.Ar),
both in the tibial and femoral diaphysis, regardless the
estrogen status (Table 4, data for the tibial diaphysis not
shown). The Ct.Ar decreased, due to diabetes, by 5.8% in
the nonovariectomized rats, and by 9.0% in the ovariecto-
mized rats, in relation to the respective control rats. Estro-
gen deficiency did not affect the histomorphometric
parameters of cortical bone.
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F1GURE 4: PCA biplot of the results concerning the concentrations of the serum bone turnover markers and concentrations of calcium and
inorganic phosphorus in the diabetic and/or estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the
experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and
green lines indicate correlations of measured variables against experimental groups. Shades of red denote DM rats; shades of green denote
nondiabetic rats. Darker shades and diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names
are marked in red fonts inside the convex hulls comprised by individuals from the same group. The statistical significance between the
groups along the PCs was analysed by two-way MANOVA. Significant results for PC1: DM—p < 0.001, and for PC2: OVX—p < 0.01.

Detailed data—see Supplementary Material 1C.

The PCA analysis indicated differences concerning his-
tomorphometric parameters of cancellous (Figure 8) and
compact (Figure 9) between the diabetic and nondiabetic
rats.

3.5. Bone Mechanical Properties. In the proximal tibial meta-
physis, consisting mostly of cancellous bone, diabetes
induced worsening of bone strength, regardless of the estro-
gen status (Figure 10, Table 5; data for the yield point not
shown). In the ovariectomized control rats, most of the
mechanical parameters were similar to those observed in
the nonovariectomized diabetic rats. Moreover, in the ovari-
ectomized control rats, Young’s modulus was significantly
decreased in relation to the nonovariectomized controls.
The changes in the ovariectomized diabetic rats were in most
cases less pronounced than in the nonovariectomized dia-
betic rats in relation to the appropriate nondiabetic controls,
as indicated by significant interactions concerning the
mechanical parameters of the tibial metaphysis noted in
two-way ANOVA. For example, the decreases in the maxi-
mum load induced by diabetes, estrogen deficiency, or both
pathologies were as follows: 35.4%, 34.2%, and 48.1%, respec-
tively, in relation to the nonovariectomized control rats.
However, the maximum load in the ovariectomized diabetic
rats was decreased only by 21.1% in comparison with the
ovariectomized controls.

In the femoral diaphysis, no effects of diabetes on the
extrinsic mechanical parameters were observed; however,
increases in the intrinsic parameters (Young’s modulus in
both the nonovariectomized and ovariectomized rats, stress

in the nonovariectomized rats) were observed (Table 5; data
for the yield point not shown). The value of Young’s modulus
increased due to diabetes by 21.9% in the nonovariectomized
rats and by 11.1% in the ovariectomized rats in comparison
with appropriate controls. Estrogen deficiency alone did not
affect the investigated parameters, whereas in the diabetic
rats, it decreased the value of stress in relation to the nono-
variectomized diabetic rats.

There was no effect of both diabetes and estrogen defi-
ciency on the strength of the femoral neck (not shown).

The PCA analysis indicated differences concerning the
mechanical properties of cancellous (Figure 11) and compact
bone (Figure 12) between the diabetic and nondiabetic rats.
Moreover, there were differences concerning the mechanical
properties of cancellous bone between the nonovariecto-
mized and ovariectomized rats.

3.6. Serum Cytokine Concentrations. STZ-induced diabetes
led to the development of profound changes in the serum
cytokine levels, both in the nonovariectomized and ovariec-
tomized rats (significant main diabetes effects) (Table 6).
The following cytokines were moderately (less than 5x)
increased: IL-1a, IL-4, IL-10, IL-13, IL-17A, G-CSF, IFN-y,
M-CSF, MIP-3a, RANTES, and TNF-«, and the following
were strongly increased (more than 5x): IL-18, IL-7, GM-
CSF, GRO/KC, MIP-1a, VEGF, and MCP-1 (MCAF). There
were no significant changes in the cytokine levels induced by
estrogen deficiency. The only significant interaction between
the main effects (OVX and DM) concerned the RANTES
concentration, which was increased only in the diabetic
ovariectomized rats.
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TasLE 3: Effects of diabetes (DM) and/or estrogen deficiency on the bone mass, macrometric parameters, composition, and mineralization in

the femur and L4 vertebra.

Nonovariectomized (NOVX)

Ovariectomized (OVX) rats Two-way ANOVA

rats
Parameter/group OVXx
Control DM Control DM OVX DM DM
Femur 0.682+0.014 0.629+0.012** 0.677+0.014 0.618 +0.012***X NS p<0.001 NS
Bone mass (g) L4 . XX
0.214+0.009 0.188 +0.008 0.214£0.006 0.178 +£0.005*** NS p<0.001 NS
vertebra
Femoral length (mm) 33.54+0.18 32.83+0.16"  34.07+0.22 3280+0.20°* NS p<0.001 NS
Femoral diameter (mm) 3.36 +£0.03 3.28+0.03 3.37+0.04 3.26 £0.04 NS p<0.01 NS
Femur 0.331+0.007 0.293 +0.007*** 0.320+0.006 0.283 + 0.005*****XX NS p<0.001 NS
Bone mineral mass
(&) L4 0.086 +0.003 0.073 +0.003*** 0.086+ 0.002 0.068 + 0.002***XXX NS p<0.001 NS
vertebra
Femur 0.485+0.003 0.466+0.006** 0.473 +0.004* 0.458 + 0.003****X p<0.05 p<0.001 NS
Bone mineral content (g/g) L4
0.407 £0.011  0.391 +£0.008 0.403 +0.007 0.384 +0.005 NS p<0.05 NS
vertebra
Femur 0.276+0.004 0.294 +0.007 0.303+£0.013 0.301 £ 0.004 p<0.05 NS NS
Bone water content (g/g) L4
0.345+0.014 0.362+0.010 0.347 £0.007 0.362 +£0.009 NS NS NS
vertebra
. Femur 0.239+0.002 0.240 +£0.002 0.224+£0.012 0.241 £0.002 NS NS NS
Bone organic substances
content (g/g) L4 024840004 024840003 0250+0.002  0.254+0.006 NS NS NS
vertebra
. Femur 0.373+£0.007 0.364+0.012 0.363 +£0.007 0.377 £ 0.006 NS NS NS
Calcium content (g/g of
bone mineral) L4 034540018 0347+0.016 0.346+0.015  0.339+0.015 NS NS NS
vertebra
Femur 0.176 £0.003 0.173 £0.002 0.171 £0.002 0.180 + 0.002%X 2 NS NS p<0.01
Phosphorus content (g/g
of bone mineral) ItAb 0.156+0.004 0.155+0.003 0.158+0.004  0.153+0.003 NS NS NS
vertebra

Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of
streptozotocin (60 mg/kg i.p.). Results are presented as means + SEM (n =9 — 10). Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of
the significance of the results. *p < 0.05, **p < 0.01, ***p < 0.001—significantly different from the NOVX control rats; **p < 0.01, ***p < 0.001—significantly
different from the OVX control rats; *p < 0.05—significantly different from the DM-NOVX rats.

The PCA analysis indicated strong differences concern-
ing cytokine levels between the diabetic and nondiabetic rats,
regardless of the estrogen status (Figure 13).

4. Discussion

Although postmenopausal osteoporosis often occurs concur-
rently with diabetes, little is known about interactions
between estrogen deficiency and hyperglycemia in terms of
effects on the skeletal system in vivo.

In the present study, bilateral ovariectomy induced estro-
gen deficiency, as confirmed by characteristic changes in
estrogen-dependent organ mass (the uterus and thymus),
significant increases in the body mass gain, and serum cho-
lesterol levels. Also, osteoporotic microstructure and strength
changes due to estrogen deficiency were demonstrated five
weeks after the ovariectomy, as previously described [30,
38]. The microstructure changes concerned cancellous bone
(decreases in BV/TV and Tb.N, increases in Tb.Sp) and led
to worsening of the strength of the proximal tibial metaphy-
sis, built mostly of cancellous bone. There were no significant
changes in compact bone histomorphometric parameters

and mechanical properties (Ct.Ar, Tt.Ar, Ma.Ar in the tibial
and femoral diaphysis, and strength of the femoral diaphysis,
respectively). The bone resorption marker (CTX-I) concen-
tration tended to increase, and the bone formation marker
(osteocalcin) level significantly increased. The observed
changes are consistent with well-established mechanisms of
changes developing in the bone due to estrogen deficiency.
Estrogen deficiency increases the rate of bone remodeling,
and both bone resorption and formation accelerate. This is
because estrogen decreases the number of remodeling cycles,
inhibiting the birth rate of osteoclasts and osteoblasts from
their progenitors, and has proapoptotic effects on osteoclasts
and antiapoptotic effects on osteoblasts and osteocytes. The
loss of bone mass and strength is the result of the shift of
the balance toward bone resorption [39].

The nonovariectomized rats administered STZ developed
diabetes, with hyperglycemia, polydipsia, polyuria, character-
istic changes in the serum parameters, and decreased body
mass. Very profound changes in the skeletal system were
observed, consistent with other studies [18, 20-25]. Bone
mass, mineralization, and mechanical properties of cancel-
lous bone of the proximal tibial metaphysis profoundly
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F1GURE 5: PCA biplot of the results concerning the bone mass and macrometric parameters in the diabetic and/or estrogen-deficient rats.
Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a
single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate correlations of measured variables against
experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats. Darker shades and diamond symbols denote
OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in red fonts inside the convex hulls comprised by
individuals from the same group. The statistical significance between the groups along the PCs was analysed by two-way MANOVA.
Significant results for PC1: DM—p < 0.001. Detailed data—see Supplementary Material 1D.
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Ficure 6: PCA biplot of the results concerning the bone composition and mineralization in the diabetic and/or estrogen-deficient rats.
Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a
single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate correlations of measured variables against
experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats. Darker shades and diamond symbols denote
OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in red fonts inside the convex hulls comprised by
individuals from the same group. The statistical significance between the groups along the PCs was analysed by two-way MANOVA.
Significant results for PC2: DM—p < 0.01. Detailed data—see Supplementary Material 1E.



Mediators of Inflammation 11

75 100
Two-way ANOVA: Two-way ANOVA:
OovX NS OovVX NS
601 DM p<0.05 80 1 DM Pp<0.001
OVXxDM NS OVXxDM NS
[ 1 *k * = 1 o
g 45 T ok £ 60 - 1 « : Xx
= T T T 3
I T ~ F T
B & I I
2 304 £ 40 1
15 4 20
0 0
NOVX DM-NOVX OvVX DM-OVX NOVX DM-NOVX OvX DM-OVX
(a) (b)
125 12.5
Two-way ANOVA: Two-way ANOVA:
OVX  p<0.05 100 81\\’4X p< 0132
100 - 0 -
DM NS o OVXxDM p < 0.05 xx
OVXxDM p < 0.05 T .
= I 1 1 i t T Ak I
g 754 T i g 751 i
= I £
& Z .,
-ﬁ 50 1 e X
25 1 2.5 4
0 0.0
NOVX DM-NOVX OVX DM-OVX NOVX DM-NOVX OovX DM-OVX

(0 (d)

F1GURE 7: Effects of diabetes (DM) and/or estrogen deficiency on the histomorphometric parameters of cancellous bone of the distal femoral
metaphysis in rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the
ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Results are presented as means+ SEM (n=9—-10). NOVX:
nonovariectomized control rats; DM-NOVX: rats with type 1 diabetes; OVX: ovariectomized control rats; DM-OVX: ovariectomized rats
with type 1 diabetes. BV/TV: bone volume to tissue volume ratio; Tb.Th: trabecular thickness; Tb.Sp: trabecular separation; Tb.N:
trabecular number. Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of the significance of the results. *p < 0.05, **
p < 0.01—significantly different from the NOVX control rats; **p < 0.01—significantly different from the OVX control rats.

TaBLE 4: Effects of diabetes (DM) and/or estrogen deficiency on the histomorphometric parameters of compact bone of the femoral diaphysis
in rats.

Nonovariectomized (NOVX)

Ovariectomized (OVX) rats Two-way ANOVA

Parameter/group rats
Control DM Control DM OVX DM OVXx DM
Tt.Ar (mm?) 8.21+0.11 7.81+0.16 8.39+0.18 7.79 +0.13"% NS  p<0.01 NS
_ ~ CtAr(mm®  542+0.06  510+£0.08"  551+0.08 502005 NS  p<0.001 NS
Diaphysis Ma.Ar (mm?)  2.79 +£0.07 2.70+0.11 2.87+0.13 2.78+0.10 NS NS NS
MaAr/TtAr  0.340 +0.005  0.346+0.008  0.341 +0.009 0.355 + 0.007 NS NS NS

Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of
streptozotocin (60 mg/kg i.p.). Results are presented as means + SEM (n =9 — 10). Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of
the significance of the results. **p < 0.01, ***p < 0.001—significantly different from the NOVX control rats; **p < 0.01, ***p < 0.001—significantly different
from the OVX control rats; Tt.Ar: transverse cross-section area of the whole diaphysis; Ct.Ar: transverse cross-section area of the cortical bone; Ma.Ar:
transverse cross-section area of the marrow cavity; Ma.Ar/Tt.Ar: transverse cross-section area of the marrow cavity/diaphysis ratio.

worsened, whereas the strength of compact bone was not  bone formation was decreased as demonstrated by the mea-

decreased. In fact, significant increases in the values of intrin-
sic mechanical parameters (stress, Young’s modulus) in the
femoral diaphysis were demonstrated in the diabetic rats,
which however was rather the result of decreases in bone size
than improvement of bone quality. Deterioration of cancel-
lous bone microstructure was demonstrated (decreases in
BV/TV and Tb.Th). Bone resorption was intensified, and

surements of serum bone turnover marker concentrations
(CTX-I and osteocalcin, respectively).

The pathomechanism of the development of the skeletal
changes in diabetes is complex. There are differences between
clinical skeletal manifestations of type 1 and type 2 diabetes.
T1D leads to decreased BMD and increased fracture risk. In
T2D, the decreases in BMD do not occur; however, the risk
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Ficure 8: PCA biplot of the results concerning histomorphometric parameters of cancellous bone (the distal femoral metaphysis) in the
diabetic and/or estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was
induced 3 days after the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate
correlations of measured variables against experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats.
Darker shades and diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in
red fonts inside the convex hulls comprised by individuals from the same group. The statistical significance between the groups along the
PCs was analysed by two-way MANOVA. Significant results for PC2: DM—p < 0.001. Detailed data—see Supplementary Material 1F.
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Ficure 9: PCA biplot of the results concerning histomorphometric parameters of compact bone (the tibial and femoral diaphysis) in the
diabetic and/or estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was
induced 3 days after the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate
correlations of measured variables against experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats.
Darker shades and diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in
red fonts inside the convex hulls comprised by individuals from the same group. The statistical significance between the groups along the
PCs was analysed by two-way MANOVA. Significant results for PC1: DM—p < 0.05. Detailed data—see Supplementary Material 1G.

of fracture is also elevated [5, 6, 40]. In T1D, hyperglycemia  demonstrated in experimental conditions, involved, among
and the inflammatory environment influence all types of  others: intensification of osteoclast activity, decreased func-
bone cells, i.e., osteoblasts, osteocytes, and osteoclasts [41]. ~ tion of osteoblasts induced by insulin deficiency, and
The mechanisms of the development of the bone changes,  increased expression of sclerostin by osteocytes, as well as
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Ficure 10: Effects of diabetes (DM) and/or estrogen deficiency on the mechanical properties of cancellous bone (the proximal tibial
metaphysis — data for the maximum load point) in rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment.
Diabetes was induced 3 days after the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Results are presented as
means + SEM (n =9 —10). NOVX: nonovariectomized control rats; DM-NOVX: rats with type 1 diabetes; OVX: ovariectomized control
rats; DM-OVX: ovariectomized rats with type 1 diabetes. Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of the
significance of the results. *p <0.05, **p <0.01, ***p < 0.001—significantly different from the NOVX control rats; Xp <0.05, XXp <0.01,

*XXp < 0.001—significantly different from the OVX control rats.

decreased bone quality caused by advanced glycation prod-
ucts [41, 42]. Moreover, diabetes increases oxidative stress
[43, 44], which may intensify bone resorption and inhibit
bone formation [39].

Summing up, the ovariectomy and STZ administration
induced opposite actions on the body mass gain. Bone mass
and macrometric parameters were not affected by estrogen
deficiency, whereas diabetes induced significant decreases in
the bone mass, length, and femoral diaphysis cross-section
area. Nonetheless, the bone quality changes in the diabetic
rats in the present study were very similar to those develop-
ing due to estrogen deficiency. In both experimental models,
cancellous bone mechanical properties were worsened to
almost the same extent, and there was no damaging effect
on the strength of the compact bone of the femoral diaphysis.
The differences concerning cancellous bone microstructure
were slight: the decrease in BV/TV was caused by a decrease
in Tb.N with an increase in Tb.Sp in the ovariectomized con-
trol rats, whereas in the diabetic rats, by a decrease in Tb.Th.
The main difference between the models concerned the bone
turnover markers. Although both endocrine changes induced
increases in bone resorption, estrogen deficiency increased
bone formation marker concentration, whereas diabetes
decreased it. The decrease in bone formation may explain
the decrease in Tb.Th in the diabetic rats.

The skeletal effects of diabetes in the estrogen-deficient
rats were very similar to those induced in the rats with nor-
mal estrogen levels (nonovariectomized). No further
decrease in BV/TV was demonstrated, and Tb.Th decreased
and Tb.N increased in relation to the ovariectomized control
rats. However, further deterioration in the mechanical prop-
erties of cancellous bone compared to the estrogen-deficient
control rats was observed. Similarly to the effects in the non-
ovariectomized rats, diabetes induced an increase in Young’s
modulus of the femoral diaphysis (compact bone) of the
ovariectomized rats; however, no increases in the stress
values were demonstrated. The bone resorption marker
(CTX-I) further increased, and bone formation marker
(osteocalcin) strongly decreased in relation to both the ovari-
ectomized and nonovariectomized control rats. These obser-
vations are partially at variance with those of Liu et al. [25]
who concluded, based on microstructural and gene expres-
sion studies, that STZ-induced diabetes, in estrogen-
deficient rats, reversed high bone turnover osteoporosis into
low bone turnover one (decreases in both formation and
bone resorption indices), with stronger microstructure
changes and bone loss. On the other hand, Wen et al. [20]
reported increasing effects of concurrent diabetes and estro-
gen deficiency on the rat serum bone turnover markers and
osteoblast and osteoclast number in bone tissue, similarly to
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TasLE 5: Effects of diabetes (DM) and/or estrogen deficiency on the mechanical properties of cancellous (the proximal tibial metaphysis) and

compact (the femoral diaphysis) bone in rats.

Nonovariectomized (NOVX)

Ovariectomized (OVX) rats Two-way ANOVA

rats
Parameter/group OVXx
Control DM Control DM OovVX DM DM
Young’s modulus (MPa) 4063 +430 3269 + 390 2713 £248™"  3169+182 p<0.05 NS NS
Fracture point load (N) 89.5+7.5 545+5.0" 60.0+2.8" 436227 50001 p<0.001 NS
Tibia ~ Displacement for fracture point ) ggo4 0054 1.004+0.088 1.208+0.074 0.953+0.087 NS  p<0.05 NS
load (mm)
. . «  40.7 £3.9**F
Energy for fracture point load (mJ) 80.8+5.7 499+7.0 63.9+5.0 XX p<0.05 p<0.001 NS
Stress for fracture point load (MPa) 74.1+7.8 473+ 4.8 47.4+42%" 356+1.3" p<0.001 p<0.001 NS
Young’s modulus (MPa) 8929 +242 10886 + 373*** 8957 +418 9955 + 333*% NS p<0.001 NS
Maximum load (N) 124.8+4.3 125.8 £ 3.8 130.1 +£3.7 119.3+5.3 NS NS NS
Displacement (for r;"“"imum load 50 +0.021 0493+0.019 0.516+0.034 0.487+0.016 NS NS NS
mm
Energy for maximum load (m]) 38.0+2.8 38.2+2.4 41.0+3.7 35.7+2.6 NS NS NS
Femur Stress for maximum load (MPa) 168.9 +4.2 189.7 +4.9"" 171.2+4.3 1746 £5.7° NS p<0.05 NS
Fracture point load (N) 123.3+4.4 124.8+£3.6 129.4 +3.8 118.3+5.2 NS NS NS
Displacement for fracture point - 5174 0021 0.505+0.021 0.524+0.034 0.501+0.019 NS NS NS
load (mm)
Energy for fracture point load (mJ) 39.8+2.9 39.8+£2.6 42.0+3.8 37.5+3.2 NS NS NS
Stress for fracture point load (MPa) 166.8+4.6  188.1+4.6™  170.3+4.4 173.1+5.7° NS p<0.05 NS

Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of
streptozotocin (60 mg/kg i.p.). Results are presented as means + SEM (n =9 — 10). Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of
the significance of the results. *p < 0.05, **p <0.01, ***p < 0.001—significantly different from the NOVX control rats; *p < 0.05, **p < 0.01—significantly
different from the OVX control rats; *p < 0.05—significantly different from the DM-NOVX rats.

the effects induced by estrogen deficiency alone (whereas in
diabetes alone, bone formation indices were decreased).
The mouse studies indicated possible roles of renin-
angiotensin and kallikrein-kinin systems [24] and increased
expression of TNF-« [23] in the development of osteoporotic
changes induced by diabetes and estrogen deficiency.

There are few studies that investigated bone mechanical
properties in diabetic osteoporotic animals. As far as
mechanical properties of cortical bone are concerned, de
Mello-Sampayo et al. [22] reported on the favorable effect
of hyperglycemia on the femoral strength, since the values
of ultimate stress and Young’s modulus increased in
estrogen-deficient diabetic rats. We also observed increases
in Young’s modulus values for the femoral diaphysis of the
diabetic rats, regardless of the estrogen status. Also, the max-
imum stress increased, but only in the nonovariectomized
diabetic rats. The lack of such an effect in the estrogen-
deficient rats does not support the hypothesis on the favor-
able effects of diabetes (hyperglycemia) on the mechanical
properties of cortical bone. Moreover, it should be stressed
that diabetes induced strong harmful effect on the mechani-
cal properties of the cancellous bone of the tibial metaphysis,
both in the nonovariectomized and ovariectomized rats. Sim-
ilarly to our results for cancellous bone, no significant differ-
ences between the L4 vertebra strength of nonovariectomized
and ovariectomized diabetic rats were observed by Lee et al.

[21] (the effects of estrogen deficiency alone were not inves-
tigated in that study).

The differences between the results concerning the effects
of diabetes and estrogen deficiency on the skeletal system in
different studies might have resulted from differences in the
study designs. Stronger than in the present study aggravation
of damaging effects of both pathologies over those induced by
them separately were reported by other authors in mouse
models [23, 24] or after longer periods of observation in rats
[20, 21, 25]. However, the measurements were performed five
weeks after the ovariectomy in the present study. Such a
period in adult rats corresponds to about three years in
humans [45]. The period of four-five weeks was long enough
to demonstrate the effects of different treatments or estrogen
deficiency on the skeletal system in rats in our previous stud-
ies [30, 38].

There are interactions between estrogen deficiency and
energy metabolism. For example, it has been reported that
long-term estrogen deficiency leads to the decline of whole-
body glucose metabolism in ovariectomized rats [46]. How-
ever, based on the results of the present study, it seems that
estrogen deficiency exerts very slight effects on the changes
induced by diabetes in the rat skeletal system. This seems to
agree with the lack of data on the effect of diabetes on post-
menopausal osteoporosis in women. Consistently, it has been
reported that, in patients, the presence of diabetes did not
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FiGurg 11: PCA biplot of the results concerning mechanical properties of cancellous bone (the proximal tibial metaphysis) in the diabetic
and/or estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3
days after the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate correlations of
measured variables against experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats. Darker shades
and diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in red fonts inside
the convex hulls comprised by individuals from the same group. The statistical significance between the groups along the PCs was
analysed by two-way MANOVA. Significant results for PCI: OVX—p <0.001; DM—p < 0.001. Detailed data—see Supplementary
Material 1H.
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Figure 12: PCA biplot of the results concerning mechanical properties of compact bone (the femoral diaphysis) in the diabetic and/or
estrogen-deficient rats. Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after
the ovariectomy by a single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate correlations of measured
variables against experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats. Darker shades and
diamond symbols denote OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in red fonts inside the
convex hulls comprised by individuals from the same group. The statistical significance between the groups along the PCs was analysed by
two-way MANOVA. Significant results for PC2: DM—p < 0.01. Detailed data—see Supplementary Material 11.
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TaBLE 6: Effects of diabetes (DM) and/or estrogen deficiency on the serum concentrations of cytokines in rats.
Parameter/group Nonovariectomized (NOVX) rats Ovariectomized (OVX) rats Two-way ANOVA
Control DM Control DM ovX DM OVXx DM
IL-1a (pg/mL) 174.0 + 25.7 366.7 + 64.9%" 180.3 +34.9 362.1 +42.9***% NS p<0.001 NS
IL-18 (pg/mL) 613.6£155.9 43675 + 23833 495.5+138.5 29915 + 22082 NS p<0.05 NS
IL-2 (pg/mL) 585.7 +260.4 2670 + 1394 419.3 +141.9 743.9 +377.8 NS NS NS
IL-4 (pg/mL) 10594199  233.7+37.8°°  106.6+22.9 152.3 +19.9° NS  p<0.01 NS
IL-5 (pg/mL) 565.7 £ 39.6 649.2 +42.1 543.4+49.2 610.9+78.6 NS NS NS
IL-6 (pg/mL) 470.5+214.2 750.6 + 185.5 379.1+86.4 635.2 £158.5 NS NS NS
IL-7 (pg/mL) 506.5+108.7 5886+ 1750** 426.7+91.8 5168 + 1873*X NS  p<0.001 NS
IL-10 (pg/mL) 84.8+15.0 193.2 +33.5"" 80.8 £ 18.0 170.8 +29.3*% NS p<0.001 NS
IL-12p70 (pg/mL) 250.4 +62.7 307.5+57.7 274.3+£92.3 324.2+752 NS NS NS
IL-13 (pg/mL) 139.2+£25.5 424.1 +140.4 128.2+35.1 209.2 +63.7 NS p<0.05 NS
IL-17A (pg/mL) 62.3£9.0 95.6+19.7 61.9+12.7 110.4 +19.2 NS  p<0.05 NS
IL-18 (pg/mL) 3950 £ 851 10802 + 5377 4341 + 208 4663 £ 1651 NS NS NS
G-CSF (pg/ml) 2.16+£0.77 5.98+2.07 1.56 £0.72 5.45+1.65 NS p<0.05 NS
GM-CSF (pg/ml) 874.2 £224.5 26206 + 7878™" 793.5+216.4 22875 + 6940+ X% NS p<0.001 NS
GRO/KC (pg/ml) 627.1 £65.4 12186 + 6622 659.9+178.6 6295 + 2398 NS p<0.05 NS
IFN-y (pg/ml) 308.6 +50.8 618.8 £146.8 293.8+76.3 459.3+87.4 NS p<0.05 NS
M-CSF (pg/ml) 22.8+5.4 553 +12.2%* 158+3.8 51.7 +8.4°%% NS  p<0.001 NS
MIP-1a (pg/ml) 206.8 +56.5 10541 + 2459*** 157.7£353 10720 + 2032*** XXX NS p<0.001 NS
MIP-3a (pg/ml) 28.6+t4.1 106.5+13.9 26.3+4.9 206.4 + 67.2°**% NS p<0.01 NS
RANTES (pg/ml) 2011 +214 2192 +223 2204+ 813 8095 + 1414***X¥X 81 5<0.01 p<0.01 p<0.01
TNF-« (pg/ml) 326.4£108.6 457.4 + 88.1 254.4+81.3 623.0+£127.6 NS p<0.05 NS
VEGF (pg/ml) 486.8 £67.0 7360 +2916™" 608.9 +122.2 4020 + 991 NS p<0.01 NS
MCP-1 (MCAF) (pg/ml) 3119+493 834106 + 241089"** 4110+ 1334 598440 + 159609***F NS p<0.001 NS

Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a single administration of
streptozotocin (60 mg/kg i.p.). Results are presented as means + SEM (n = 7). Two-way ANOVA followed by Fisher’s LSD test was used for evaluation of the
significance of the results. *p <0.05, **p < 0.01, ***p < 0.001—significantly different from the NOVX control rats; *p < 0.05, **p <0.01, **p < 0.001

—significantly different from the OVX control rats; *p < 0.05, ***p < 0.001—significantly different from the DM-NOVX rats.

affect response to different antiosteoporotic drugs, regarding
BMD increase and vertebral fracture risk reduction [47].

To evaluate the background of the skeletal changes
observed in the present study, serum concentrations of a
wide panel of cytokines was evaluated. Cytokines play major
roles in numerous autoimmune diseases, hypersensitivity
reactions, and pathologic conditions, like rheumatoid arthri-
tis, dermatitis, asthma, and insulin-dependent diabetes [48].
Although cytokines mostly act locally, changes in their blood
concentrations may exert general effects. It is likely that they
are involved in the development of osteoporosis. Although
no significant differences between the plasma levels of ten
investigated cytokines in postmenopausal women with nor-
mal and low BMD were reported [49], some changes in cyto-
kine profiles were demonstrated using advanced statistical
methods [48].

The relationships between cytokines released by bone
(osteoblasts, osteocytes, and osteoclasts) and immune cells
are extremely complex and not fully recognized [50]. Apart
from the best known RANKL/osteoprotegerin axis, the cyto-
kines known to regulate the proliferation, differentiation, and

functions of osteoblastic and osteoclastic cells, include,
among others, proosteoclastogenic cytokines, stimulating
bone resorption (M-CSF, TNF-a, IL-1, IL-6, IL-8, and IL-
17), and antiosteoclastogenic cytokines (transforming
growth factor 8 (TGF-f3), IFN-y, IL-4, IL-10, and IL-12)
[51, 52]. A shift in general immune balance towards an acti-
vated inflammatory immune status is considered a risk factor
for osteoporosis [48]. Also, in diabetes, numerous changes in
cytokine levels are observed [53, 54].

In the present study, no significant effect of estrogen defi-
ciency on the examined cytokine levels was demonstrated. It
has been suggested for many years that estrogen deficiency is
connected with low-grade inflammation and increased levels
of proinflammatory cytokines [55, 56]. However, our results
are consistent with results concerning the evaluation of ten
cytokines in postmenopausal women mentioned above
[49]. They are also consistent with the study of Russell et al.
[57], in which a lack of effect of estradiol administration on
the serum levels of most of 24 cytokines was demonstrated
in estrogen-deficient rats. It is possible that the estrogen
deficiency-induced effects on serum cytokine levels need
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F1GURE 13: PCA biplot of the results concerning the serum concentrations of 23 cytokines in the diabetic and/or estrogen deficiency rats.
Bilateral ovariectomy was performed 5 weeks before the end of the experiment. Diabetes was induced 3 days after the ovariectomy by a
single administration of streptozotocin (60 mg/kgi.p.). Blue font and green lines indicate correlations of measured variables against
experimental groups. Shades of red denote DM rats; shades of green denote nondiabetic rats. Darker shades and diamond symbols denote
OVX rats; lighter shades and dot symbols denote NOVX rats. Group names are marked in red fonts inside the convex hulls comprised by
individuals from the same group. The statistical significance between the groups along the PCs was analysed by two-way MANOVA.
Significant results for PC1: DM—p < 0.001, and for PC2: DM—p < 0.05. Detailed data—see Supplementary Material 1].

more time to develop, since significant changes in the IL-1aq,
IL-6, and IFN-y levels 3 months after ovariectomy were
reported [58]. The diabetic rats, on the other hand, had
increased levels of both proinflammatory and anti-
inflammatory cytokines. The latter was probably the effect
of compensatory mechanisms. It has been previously demon-
strated that both estrogen deficiency and diabetes increased
the bone expression of TNF-a mRNA in mice; the effect
observed in diabetic mice was strongly intensified by estro-
gen deficiency [23]. Also in our study, the serum TNF-a con-
centration was the highest in the ovariectomized diabetic rats
(however, the differences were insignificant).

An interesting observation of the present study is that the
serum RANTES concentration was increased mainly in the
ovariectomized diabetic rats. RANTES is a chemoattractant
cytokine (chemokine). RANTES is, among others, secreted
by osteoblasts and osteoclasts and promotes both osteoblast
and osteoclast migration (with no effect on bone resorption),
favoring bone formation [59]. An exceptional cytokine pat-
tern with increased levels of RANTES and no significant
effects on those of IL-6 and TNF-« was observed in fatty
degenerative osteolysis/osteonecrosis in the jawbone [60].
Plasma RANTES has been proposed as a marker of the ath-
erosclerotic process [61]. There is a report on the increased
serum level of RANTES in osteoporotic patients [62]. It
seems that the elevation of the serum RANTES concentration
in the ovariectomized diabetic rats may be a compensatory
reaction to strong inhibition of bone formation and an
increase in bone resorption.

To better understand the interactions between diabetes-
and estrogen deficiency-induced skeletal changes, the princi-

pal component analysis (PCA) was conducted on the obtained
results. PCA is a multivariate technique where individual
observations of variables in combined datasets are trans-
formed into composite principal components (PCs) through
data reduction. That allows for spatial differentiation of sam-
ples into clusters. The clusters separate in accordance with
the differences observed in measured variables across the
plane or multidimensional space built-up by two or more
PCs [37, 63]. Since multiple variables take part in the PCA,
their impact on the observed clustering and distance between
clusters is not equal [37]. Unlike quantitative-only comparison
of values for individual variables in datasets through analysis
of variance (ANOVA), the PCA provides ranks which serve
as an auxiliary qualitative information. The results of PCA
clearly indicate significant effects of diabetes or estrogen defi-
ciency on all the investigated groups of results. Also, differ-
ences concerning some general parameters (body mass and
mass of internal organs, serum biochemical parameters)
between the nonovariectomized and ovariectomized diabetic
rats were observed. However, no interactions indicating differ-
ences in the skeletal or cytokine changes induced by diabetes
depending on the estrogen status were demonstrated.

It must be noted that the effects of diabetes on numerous
cytokine levels, regardless of the estrogen status, were very
strong. Although the skeletal effects concerning the quality
of bone (mechanical properties) induced by diabetes were
similar to those induced by estrogen deficiency, the systemic
diabetes effects, as indicated by profound changes in the cyto-
kine levels, were much bigger.

Very strong effects of STZ-induced diabetes on cytokine
levels indicate that the changes may be too profound to be



18

relevant to those observed in diabetic patients, since patients
with T1D are treated with insulin. This seems to be the main
limitation of the study. However, it has been reported that, in
experimental conditions, the administration of insulin
improves not only glycemia but also the bone status [64].
Another limitation of the study is that it was performed on
young adult rats, whereas osteoporosis is predominantly a
disease of the elderly. Also, it is possible that the use of an
isoflavone-free (soy-free diet), instead of a standard labora-
tory diet, used in the present study, might provide more sig-
nificant results concerning cytokine levels in estrogen-
deficient rats [57]. Nevertheless, the results of the present
study indicate that the model of STZ-induced diabetes,
widely used in experimental pharmacology to investigate
the effects of different potential antidiabetic treatments,
may be too aggressive to mirror the clinical settings.
Although the effects of type 1 and type 2 diabetes on the
skeletal system in humans are differential, we observed strik-
ing similarities in the effects on bone microstructure,
mechanical properties, and serum bone turnover markers
in rats with experimental T1D induced by STZ and T2D
induced by high-fat diet and low-dose STZ [32, 65-67]. On
the other hand, similar results, concerning decreased bone
turnover, to those demonstrated for ovariectomized rats with
T1D [25] were obtained in ovariectomized Goto-Kakizaki
rats with T2D [26]. Thus, the observations from the present
study may be relevant in relation to experimental T2D.

5. Conclusions

In conclusion, the unfavorable skeletal changes induced by
diabetes in female rats were only slightly intensified by estro-
gen deficiency. Despite similar effects on bone microstruc-
ture and strength, the influence of STZ-induced T1D on the
skeletal system was based on much more profound changes
in systemic homeostasis than those induced by estrogen
deficiency.
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Purpose. Systemic mastocytosis (SM) is characterized by a clonal proliferation of neoplastic mast cells (MCs) in one or more
extracutaneous organs including the bone marrow (BM). SM is often associated with osteoporosis (OP) and fractures.
Hypertryptasemia usually occurs in SM. We investigated the prevalence of hypertryptasemia in a series of severe osteoporotic
patients, the performance of the tryptase test in diagnosing SM in these patients, and their bone features. Methods. The medical
records of 232 patients (168 females and 64 males) with a diagnosis of OP (50.4% with fractures) and a serum tryptase
assessment were reviewed. BM assessment was performed in a subset of hypertryptasemic patients; clinical, biochemical, and
radiographic data were collected. Results. Hypertryptasemia was detected in 33 patients. BM assessment (1 = 16) was normal in
8 hypertryptasemic patients, while BM criteria for the diagnosis of SM were met in 3 patients, MC alterations were detected in 4
patients, and one patient presented a polycythemia vera. Serum tryptase levels were higher than 11.4 ng/ml in all patients with
BM alterations. The best cut-off of tryptase level related to BM alterations was 17.9 ng/ml, with a sensibility and sensitivity of
75% (AUC=0.797 and P =0.015 by ROC analysis). All osteoporotic patients with hypertryptasemia experienced at least one
vertebral fracture associated with a severe reduction of the lumbar bone mineral density. Conclusions. The prevalence of MC-
related disorders in severe OP was 3.0%, accounting for the 7.4% of the secondary causes of OP. MC-related disorders may be
involved in bone fragility and assessment of serum tryptase is useful to detect MC-related disorders.

1. Introduction

Osteoporosis (OP) is a systemic skeletal disorder character-
ized by decreased bone mass and impairment of bone quality,
which is associated with increased risk of fragility fractures.
Several diseases and drugs are known to contribute to OP
development. International guidelines recommend screening
for secondary cause of OP in order to assess the fracture prob-
ability [1-3]. Diagnostic workup for the secondary causes of
OP requires extensive biochemical evaluation. In this context,
the assessment of serum tryptase, a mastocyte cell-specific
serine protease, could be considered in order to rule out sys-

temic mastocytosis, a rare hematological disorder generally
associated with hypertryptasemia [4]. Mastocytosis comprises
a heterogeneous group of disorders characterized by expan-
sion and accumulation of neoplastic mast cells (MCs) in one
or more organ systems. In patients with systemic mastocytosis
(SM), neoplastic MCs form focal and/or diffuse infiltrates in
various internal organs, including the bone marrow (BM),
spleen, liver, and gastrointestinal tract [5]. Epidemiological
data are sparse in the general population, reporting a preva-
lence of 0.5-1.0 per 10,000, which is probably underestimated
[5, 6]. Two main variants of the disorder are described: cuta-
neous mastocytosis, generally observed in the childhood,


https://orcid.org/0000-0001-8140-3175
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5785378

and systemic mastocytosis (SM), an adult disease. While the
cutaneous mastocytosis spontaneously regresses in most
cases, SM is a persistent disease, and it can evolve in more
aggressive disorders, namely, aggressive SM or mast cell leu-
kemia. In most adult patients, a gain-of-function somatic
mutation in the KIT gene, encoding for the stem cell growth
factor receptor, is detected, the D816V mutation being the
most frequent. Symptoms and signs are related to MC proin-
flammatory and vasoactive mediators’ release (e.g., flushing,
urticaria, and anaphylaxis) and to MC infiltration (e.g., spleen
enlargement) [7]. Diagnostic criteria have recently been
updated on current WHO classification [5, 8, 9]; they include
a biochemical finding, namely, serum tryptase levels higher
than 20.0 ng/ml and histopathological, morphological, cyto-
fluorimetric, and molecular criteria resulted from a bone
marrow evaluation with bone marrow biopsy (BMB) and
bone marrow aspirate (BMA). Three minor criteria (persis-
tent tryptase levels > 20.0 ng/ml, CD25 with or without CD2
aberrant expressions, abnormal mast cells morphology, and
detection of the D816V KIT mutation) or one minor associ-
ated with the major criteria (i.e., multifocal dense mast cell
aggregates) have to be met.

Some studies described a high prevalence of bone fragility
in patients affected with SM, up to 33% [10-13], suggesting
SM as a cause of secondary OP. Besides, no consistent data
on SM prevalence in osteoporotic patients are available.
The present study is aimed at assessing the prevalence of
hypertryptasemia and SM in a series of patients with unex-
plained OP and/or skeletal fragility, who were evaluated
looking for secondary OP.

2. Subjects and Methods

The study was carried out at the IRCCS Istituto Ortopedico
Galeazzi in Milan, where osteoporotic patients firstly referred
to the Rheumatology and Endocrinology Units were
enrolled. The diagnostic workup for SM was performed at
the Hematology and Transplantation Unit, IRCCS Fonda-
zione Ca’ Granda Ospedale Maggiore Policlinico, Milan.
We retrospectively analyzed the records of a series of referred
patients from May 2014 to July 2018 presenting two main
features: a diagnosis of OP and a serum tryptase assessment
in their medical records. OP was assessed using bone mineral
density (BMD) measurement at lumbar spine and femur by
dual-energy X-ray absorptiometry (DXA) technique. In post-
menopausal women and men aged 50 years and older, a diag-
nosis of OP was made in presence ofa T — score < —2.5 at any
site according to WHO criteria [14]. In premenopausal
women and men less than 50 years, Z-scores were used, con-
sidering Z-score values of —2.0 or lower as reduced BMD for
age. All patients with fragility fractures were considered as
affected with severe OP, regardless of BMD values [1]. Data
about secondary OP causes as well as comorbidities and con-
comitant treatments reported in patients’ medical history
were collected. All patients were screened for secondary
causes of OP by an extensive biochemical workup, and data
were collected. Data about BMD and bone fractures were also
recorded in an electronic database.
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Serum tryptase was routinely assessed in patients with
prevalent vertebral fractures and/or severe bone deminerali-
zation at vertebral site (T — score < —3.0 by DXA) in line with
previous reports (reviewed in [15]) describing high preva-
lence of vertebral bone impairment in patients with SM.

All procedures performed in studies involving human
participants were in accordance with the ethical standards
of the institutional committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards. The study follows the STROBE guidelines for
observational studies.

2.1. Biochemical Screening for Secondary OP Detection.
Patients were assessed for the occurrence of hypercalciuria
(24-hour wurine collection calcium), hypophosphatemia
(serum phosphate and 24-hour urine collection phosphate),
thyroid dysfunction (serum TSH levels), male hypogonadism
(calculated free testosterone, LH, and FSH), primary and
secondary hyperparathyroidism (serum calcium and PTH),
hypophosphatasia (serum total ALP), hypercortisolism
(low-dose dexamethasone suppression test), multiple
myeloma and monoclonal gammopathies (MGUS) (serum
protein electrophoresis and urinary immunofixation test),
hematologic disorders (hemocromocytometry), rheumatoid
arthritis and connectivities (rheumatoid factor test, ANA,
ENA, and ESR), chronic liver diseases (AST, ALT, and
yGT), and chronic kidney diseases (serum creatinine and
estimated glomerular filtration rate).

2.2. Definition of Hypertryptasemia. Serum tryptase assess-
ment was performed in different laboratories using the same
assay method (ImmunoCAP Tryptase, Phadia Laboratory
Systems, Thermo Fisher Scientific Inc., Uppsala, Sweden).
The upper limit of the normal reference intervals varied
among the laboratories ranging from 5.0 to 11.4 ng/ml [16].

Serum tryptase levels higher than 11.4ng/ml and
20.0 ng/ml were considered suspicious and strongly suspicious
for SM, respectively, according to the current most widely
accepted ranges [4, 7].

2.3. Diagnosis of Systemic Mastocytosis (SM). Diagnosis of
SM was carried out according to current WHO criteria based
on bone marrow assessment and biochemical findings [4, 7,
17], including immunohistochemistry staining for tryptase,
serum tryptase levels, analysis of CD2/CD25 expression on
mast cells by flow or immunohistochemistry, and genotyping
of cKIT (D816V) mutation. cKIT mutation was evaluated by
reverse transcriptase polymerase chain reaction (RT-PCR)
restriction fragment length polymorphism (RFLP) analysis
or direct Sanger sequencing.

Based on the associated clinical features, SM was further
classified as reported in the legend of Table 1 [17].

2.4. Statistical Analysis. Data are presented as mean +
standard deviation (SD), and percentages where not other-
wise stated. T-test was used to compare normally distributed
continuous variables. Normality was tested by D’Agostino-
Pearson test. Correlation analyses between continuous and
categorical data were performed using Spearman’s correla-
tion. Receiver operator characteristic (ROC) analysis was



Mediators of Inflammation

TABLE 1: Bone marrow assessment and clinical findings in osteoporotic patients with hypertryptasemia.

Ace Serum Maior Minor
Pts Sex 8 tryptase Diagnosis Bone marrow histology AT criteria® Comorbidities
years criterion
(ng/ml) 1 2 3 4
Rare interstitial, perivascular, and .
1 M 62 24.0 SM paratrabecular MCs - -+ o+ o+ Hypogonadism
» M 41 26.0 M No MC infiltration, no MC N 4 Active smoke, hypogonadlsm,
granuloma alcoholism
3 F 65 192 M No MC infiltration, no MC ) P )
granuloma
4 F 57 23.0 Mgs No MC infiltration, no MC i T i
alterations granuloma
MCs No MC infiltration, no MC Hypogonadism, DM2, CKD,
5 M 70 16.3 . - -+ - .
alterations granuloma psoriatic arthropathy
MCs No MC infiltration, no MC Adrenal incidentaloma, kidney
6 M 73 15.4 . - - -+ - .
alterations granuloma stones, psoriasis
MCs . .
7 F 41 48.4 alterations Perivascular MC aggregates - - -+ o+ IBD, pregnancy, lactation
s M 79 1.0 PV i i o Previous prostate cancer,
coronaropathy
9 M 62 12.7 Normal - - - - - - Active smoke, MS
10 M 73 11.5 Normal - - - - - - COPD
11 F 67 13.2 Normal - - - - - - -
12 M 52 16.0 Normal - - - - - - -
13 F 50 11.4 Normal - - - - - - COPD, hypothyroidism
14 F 42 16.9 Normal - - - - - - Previous anorexia nervosa
15 F 65 26 Normal - - - - - - Tatrogenic thyrotoxicosis
16 M 79 18 Normal - - - - - - Coronaropathy, MGUS

BM: bone marrow; SM: systemic mastocytosis; MCs: mast cells; PV: polycythemia vera; DM2: type 2 diabetes mellitus; CKD: chronic kidney disease; IBD:
inflammatory bowel disease; MS: metabolic syndrome; COPD: chronic obstructive pulmonary disease. *The diagnosis of SM can be made when the major
criterion and at least 1 minor criterion are present or when >3 minor criteria are present [8, 9]. Major criterion: multifocal dense infiltrates of MCs (>15
MCs in aggregates) in BM biopsies and/or in sections of other extracutaneous organ(s). Minor criteria: (1) >25% of all MCs are atypical cells (type I or type
IT) on BM smears or are spindle shaped in MC infiltrates detected on sections of visceral organs. (2) KIT point mutation at codon 816 in the BM or another
extracutaneous organ. (3) MCs in BM or blood or another extracutaneous organ exhibit CD2 and/or CD25. (4) Baseline serum tryptase level > 20 ng/ml (in

case of an unrelated myeloid neoplasm, item “d” is not valid as an SM criterion).

performed to assess threshold value of serum tryptase that
detects patients with bone marrow alterations. The analyses
were performed with Prism 6.0.

3. Results

3.1. Prevalence of Hypertryptasemia in Severe Osteoporotic
Patients. The medical records of 232 outpatients (168 females
and 64 males) evaluated for bone fragility from May 2014 to
July 2018 to the third-level center IRCCS Istituto Ortopedico
Galeazzi in Milan presenting a diagnosis of OP and a serum
tryptase assessment were reviewed. The mean age at the first
evaluation was 64.0 + 11.0 and 63.0 + 13.0 years for females
and males, respectively. Osteoporotic fractures occurred in
117 out of 232 patients (50.4%). In the 232 evaluated patients,
mean tryptase level (+SD) was 7.1 £ 6.0 ng/ml, with any sig-
nificant difference between males (7.4+5.8ng/ml) and
females (7.0 +6.1ng/ml; P=0.735). In the whole series,
serum tryptase levels did not correlate with T-scores or Z
-scores (P =0.33 and 0.27 for lumbar spine T-scores and Z
-scores, respectively; P=0.25 and 0.27 for femoral neck T

-scores and Z-scores, respectively; P = 0.59 and 0.52 for total
hip T-scores and Z-scores, respectively; analyzed by Spear-
man’s correlation).

According to local laboratories’ reference ranges, hyper-
tryptasemia was detected in 33 patients, indicating a preva-
lence of 14.2%. None of the hypertryptasemic patients was
affected with severe chronic kidney disease (defined as stage
3 or higher stage CKD) or with known hematological disor-
ders determining tryptase elevation. Hypertryptasemic
osteoporotic patients did not report symptoms related to
the tryptase release; moreover, hepatomegaly, splenomegaly,
and/or lymphadenopathy were not recorded on physical
examination, and cytopenia was absent in all patients.

3.2, BM Findings in Osteoporotic Patients with
Hypertryptasemia. BM data were available from 16 out the
33 identified hypertryptasemic osteoporotic patients, and
the remaining 17 refused the procedure (serum tryptase
levels 19.2 0.1 vs. 9.7 + 7.2 ng/ml, respectively; P =0.003).
BM assessment was performed in 2 out of 17 patients with
serum tryptase levels lower than or equal to 11.4 ng/ml, in 9



out of 9 patients with serum tryptase levels within the interval
11.5-20.0 ng/ml, and in 5 out of 7 patients with tryptase levels
higher than 20.0 ng/ml (Figure 1).

BM assessment revealed normal bone marrow parame-
ters in 8 out of 16 hypertryptasemic patients, while in the
remaining 8 bone marrow alterations could be detected.
Specifically, criteria for the diagnosis of SM [5, 8, 9] could
be unequivocally defined in 3 patients. In additional 4
patients, MC alterations in BM, not fully matching WHO
criteria for SM diagnosis, were detected (Table 1).

MC alterations were consistent with abnormal mast cell
morphology in 1 patient and with CD25 aberrant expression
in 3. Lastly, in 1 patient, BM findings diagnosed the previously
unrecognized myeloproliferative disorder polycythemia vera
harboring the JAK2 gene mutation. Considering patients with
both SM and MC alterations, the prevalence of mast cell disor-
ders in severe osteoporotic patients was 3.0%.

All the 8 patients harboring MC-related BM abnormali-
ties showed a serum tryptase level higher than 11.4ng/ml,
which were below the threshold of 20.0 ng/ml in 4 patients
and higher than 20.0ng/ml in the remaining 4 patients
(Table 1, Figure 1).

The ROC analyses indicated 17.9 ng/ml as the best cut-off
of tryptase level related to BM alterations, with a sensibility
and sensitivity of 75% (AUC=0.797, P=0.015). Accord-
ingly, considering the threshold of 20.0 ng/ml, which is gener-
ally considered as highly suggestive of SM, tryptase
assessment showed a positive predictive value of 0.80, while
the negative predictive value was 0.36 in detecting MC-
related bone marrow alterations in the present series of osteo-
porotic patients.

3.3. Calcium and Bone Metabolism Parameters in Patients
with SM and MC Alterations. None of the patients with diag-
nosis of MS and MC alterations showed abnormal calcium
and bone metabolism parameters; in particular, they were
normocalcemic and normophosphatemic, with serum PTH
levels in the normal low range and serum 250HD levels
above 30 ng/ml in 5 out of 7; total alkaline phosphatase levels
were in the normal high range (Table 2).

Any significant difference could be detected in the
mineral metabolism parameters between patients with and
without BM alterations: mean serum phosphate levels were
3.5+0.4 vs. 3.3+£0.5mg/dl, P=0.46; total ALP 101.4+
17.0 vs. 63.8+16.0U/L, P=0.08; 250HD 31.0+7.0 vs.
31.4+6.7ng/ml, P=0.94; PTH 32.6+11.0 vs. 36.5+5.8
pg/ml, P=0.54. Indeed, mean serum calcium level was
slightly higher in patients with BM alterations with respect
to patients without BM alterations (9.6 +0.3 vs. 9.2+0.2
mg/dl, P = 0.03), though both were within the normal range.

3.4. Bone Features in Patients with SM and MC Alterations.
Skeletal involvement, with osteolytic lesions occurring in
the skull, ribs, humeral bones, and pelvis, was detected in
only one patient (no. 1) with SM diagnosis (Table 3).

All the patients with SM or MC alterations experienced at
least one vertebral fracture, while any fracture at alternative
sites was reported (Table 3). About half of the vertebral frac-
tures were symptomatic and clinically evident, while the
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FIGURE 1: Bone marrow assessment results related to serum tryptase
levels. MC: mastocyte cells; SM: systemic mastocytosis; PV:
polycythemia vera.

remaining was diagnosed by X-ray vertebral morphometry.
In the present series, vertebral fractures were characterized
by biconcave deformation, similarly to what reported by
Kanitez et al. [18] (Figures 2(a)-2(d)). Indeed, additional
bone alterations were detected in patients with MS or MC
alterations: one patient (no. 6) experienced bilateral aseptic
femur head necrosis 4 years before the occurrence of the
vertebral fracture and the diagnosis of MC alteration
(Figure 2(e)).

Spinal impairment occurred in 87.5% of patients with
BM alterations, while it could be detected only in 37.5% of
patients with normal BM result (P=0.11). Patients with
SM or MC alterations showed a more severe reduction of
the lumbar BMDs with respect to the femur BMDs, with
the exception of patient no. 5; indeed, she was affected with
severe lumbar calcifying enthesopathy (Table 2). Comparing
densitometric values of patients with BM alterations with all
normotryptasemic patients, we observed that spinal T-scores
resulted lower in patients with BM alterations (mean lumbar
spine T-score, -3.8 vs. -2.8; P = 0.02), while the other densito-
metric parameters were similar.

Patients treated with antiresorptive drugs did not experi-
ence any incident fracture, and two patients showed increasing
BMDs (Table 3); indeed, the median clinical follow-up was
limited [12 months (6-84 months)]. Though any correlation
could be detected between bone mineralization, in terms of T
-scores, and the serum tryptase levels, the number of vertebral
fractures showed a trend towards a positive correlation with
the serum tryptase levels in osteoporotic patients with hyper-
tryptasemia suggestive for SM (serum tryptase levels > 11.4
ng/ml; r = 0.239 and P = 0.054). Besides, a significant positive
correlation between the number of vertebral fractures and the
tryptase levels could be detected in patients with SM/MC
alterations (r =0.778and P = 0.01).

3.5. Prevalence of the SM and MC Alterations among the
Secondary Causes of Osteoporosis. In 95 (41%) out of the
232 patients with serum tryptase assessment, secondary OP
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TaBLE 2: Mineral metabolic features in patients with SM and MC alterations.
Pts Diagnosis History of allergy/anaphylaxis Ca P PTH ALP 250HD
mg/dl mg/dl pg/ml U/L ng/ml

n.v. 8.4-10.4 2.8-5.0 10.0-65.0 40-120 >30

1 SM Yes 9.6 3.8 26.0 116 41

2 SM No 9.7 3.7 30.0 86 32

3 SM No 9.6 3.5 33.0 110 22

4 MC alterations No 9.8 3.5 23.0 90 31

5 MC alterations No 9.8 2.8 21.0 117 23

6 MC alterations No 9.2 3.3 49.5 76 38

7 MC alterations No 9.2 3.9 45.5 115 30

Pts: patients; n.v.: normal values; Ca: serum total calcium; P: serum phosphate; PTH: serum parathyroid hormone; ALP: serum total alkaline phosphatase
activity; 250HD: serum 25-hydroxyvitamin D; SM: systemic mastocytosis; MC alterations: mast cell alterations.

TaBLE 3: Bone mineral densities and vertebral fractures in patients with SM and MC alterations.

. . . L LS FN FN TH TH
Patient Diagnosis ., no L0 po g Vertebral fracture Treatment Treatment efficacy (follow-up)
Te, T8, T9, T11, Alendronate No incident fractures
! M -430 -280 -1.80 T12,L11, L3 70 mg/week (12 months)
Zoledronate No incident fractures
2 SM n.a. -1.50 -1.00 Te, L4, L5 5 mg/12 months (12 months)
Alendronate No incident fractures
3 SM -4.20 -2.30 -2.40 T12 70 mg/week (24 months)
Teriparatide 20 No incident fractures and
4 al tex’fi:ons -3.40 -2.50 -2.30 17, {i’ Iz’ 12, mcg/day+denosumab  significant increases in BMDs
> 60 mg/25 weeks (24 + 12 months)
5 MC. 0.30* -1.60 -0.20 T11, T12 Treatment refused Not available
alterations
MC Alendronate No incident fractures
6 alterations -4.30 -2:80 -2:60 L2 70 mg/week (12 months)
T5, Te, T8, T10,
7 Mc -3.90 1,50 130 TI1,TI2, L1, 12, Alendronate Not available (6 months)
alterations 70 mg/week
L3,L5
No fracture Risedronate Significant increases in BMDs
8 PV 238 24 17 detected 35 mg/week (84 months)

*Severe lumbar enthesophaties; SM: systemic mastocytosis; MC: mastocytosis; PV: polycythemia vera; LS T's: lumbar spine T-score; LS Zs: lumbar spine Z-score;
EN Ts: femoral neck T-score: FN Zs: femoral neck Z-score; TH T's: total hip T-score; TH Zs: total hip Z-score; n.a.: not assessed due to previous arthrodesis.

was diagnosed. In 51 (22%), the cause of OP was evident only
after the extensive biochemical and hormonal diagnostic
workup for secondary OP (Figure 3). SM accounts for about
3.1% of the cases with secondary OP, while considering also
the MC alterations, the prevalence raised to 7.4%.

4. Discussion

A growing number of diseases contribute to bone demineral-
ization and/or to increasing the bone fracture risk. Osteopo-
rosis and fragility fractures are often clinical features of
systemic diseases, whose diagnosis is mandatory in the man-
agement of osteoporosis. Disorders of the bone marrow cells
affect skeletal bone metabolism. Bone manifestations are one
of the most frequent symptoms of SM, particularly in adults.
Osteoporosis in SM has been attributed either to neoplastic
infiltration or to the local release of mediators (histamine,
heparin, tryptase, lipid mediators, and cytokines) [15]; bone

fragility may be also related to osteolytic lesions. Patients
may experience a wide spectrum of bone symptoms from
poorly localized bone pain, diffuse osteopenia, or osteoporo-
sis with fragility fractures, to diffuse osteosclerosis, or both
focal osteolytic and osteosclerotic bone lesions [10, 12, 18].
The prevalence of osteoporosis in adult patients with SM is
uncertain, though it has been estimated to occur in up to
one-third of patients with indolent SM [15]. Nonetheless,
osteoporosis may be the symptom of presentation of bone
marrow SM [15, 19]. Hypertryptasemia represents the circu-
lating biochemical marker suggestive for the diagnosis of SM,
though cases of SM with normal tryptase levels have been
reported [15]. It often reflects the mast cell burden, and tryp-
tasemia persistently higher than 20.0ng/ml is one of the
minor criteria for the diagnosis of SM [8, 9].

By retrospectively investigating the prevalence of hyper-
tryptasemia in severe osteoporotic patients, defined by the
occurrence of fragility fractures and/or lumbar spine T —
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()

FiGurk 2: Radiological skeletal findings in patients with SM and MC alterations: (a) L4-L5 vertebral biconcave deformities (white arrows) in
patient no. 2 with SM diagnosis; (b) T11 vertebral deformity (white arrow) in patient no. 3 with SM; (c) multiple vertebral biconcave
deformities (L2-T10) (white arrows) in patient no. 7 with MC alterations; (d) L2 vertebral biconcave deformity (white arrow); (e) NMR
image of the bilateral necrosis of femur heads in patient no. 6 with MC alterations; initial necrotic lesion of the right femoral head (white
arrowhead on the left) and extensive necrosis of the left femoral head (white arrowhead on the right). SM: systemic mastocytosis; MC:

mast cells; NMR: nuclear magnetic resonance.

score < —3.0, in the setting of the extensive biochemical
workup for the screening of secondary causes of osteoporo-
sis, we report that hypertryptasemia occurred in about 14%
of the patients, suggesting that including serum tryptase
assay in the screening of osteoporotic patients for secondary
causes will induce clinicians to familiarize with and to move
on with further analysis.

Bone marrow is almost always involved in SM; therefore,
BM histopathological evaluation is crucial to establish the
diagnosis of SM, to assess tissue burden of MCs, and to rule
out the presence of other hematological disorders. In the pres-
ent series of hypertryptasemic osteoporotic patients, BM
assessment diagnosed SM in about 19% of patients and iden-
tified MC alterations in further 25% of patients. Therefore,
considering the whole series of osteoporotic patients with
serum tryptase assessment, the prevalence of SM was 1.3%,
and, including the MC alterations, it increased to 3.0%. These
frequencies are similar to those previously reported in a series

of iliac crest bone biopsies from osteoporotic patients (1.3%)
[20] and in a series of diagnostic biopsies in fractured verte-
brae (3.1%) [21].

Considering the threshold of 20.0 ng/ml, the diagnostic
serum tryptase levels for SM [4, 7, 17], tryptase test showed
high sensitivity but low specificity in osteoporotic patients,
as 40% of patients with serum tryptase levels ranging 11.4-
20.0ng/ml showed MC alterations in BM, suggesting that
in this set of patients, MC alterations and/or SM should be
considered also when tryptase is included in the range 11.4-
20.0 ng/ml. Accordingly, ROC analysis in the present series
of hypertryptasemic osteoporotic patients identified
17.9 ng/ml as the best cut-off associated with MC alterations.

Moreover, hypertryptasemia may be associated with
other hematologic diseases such as polycythemia vera also
in osteoporotic patients. Increased tryptase levels may be
consequent to a number of concomitant conditions: chronic
urticaria, acute anaphylactic reactions, renal insufliciency,
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other hematological diseases, onchocercosis, and ischemic
myocardial disease or in the presence of heterophile antibod-
ies [22]. None of these conditions could be detected in the
hypertryptasemic osteoporotic patients with bone marrow
normal findings. Recently, a hereditary autosomal dominant
form of hypertryptasemia, caused by increased germline cop-
ies of the TPSABI gene encoding alpha-tryptase, has been
recognized [22-25]. However, genetic analysis could not be
performed in the present series of hypertryptasemic patients.

Considering the bone fragility, previous studies reported
a typical spine involvement, regarding both fractures and
BMD values [13, 15]. We actually observed a high prevalence
of vertebral fractures in SM patients, mostly multiple, in
agreement with previous studies [26-28], and the spine rep-
resented the unique site of fracture. The differences between
spine and femoral BMDs are noticeable, with a consistent
impairment in spine BMD values. Indeed, a previous study
reported lower femur T-score, besides older age at diagnosis
and elevated bone turnover markers, as risk factors for
osteoporosis and fragility fractures in SM patients [26].
Moreover, vertebral fractures were characterized by bicon-
cave deformities as reported in previous studies [12, 15, 29],
but we found additional bone alterations in patients with
SM and MC alterations, such as osteolytic lesions and bilateral
necrosis of the femur heads.

At variance with previous reports, in the present study,
we also consider the finding of MC alterations in BM, which
do not match the major criteria for SM diagnosis. These
patients, according to some authors, may have a “prediagnos-
tic SM,” whose natural history needs to be defined [4].

Though the number of patients reported in the present
series is limited, the prevalent vertebral BMD impairment,
the occurrence of multiple vertebral fractures, and the bicon-
cave deformities are similar to those observed in patients with
diagnosis of SM. Noteworthy, the number of vertebral frac-
tures positively correlated with the serum tryptase levels in

osteoporotic patients with hypertryptasemia and MC
alterations. Our data suggest that MS as well as MC alterations
may contribute to bone fragility in addition to other
osteoporotic-related disorders, such as male hypogonadism,
diabetes mellitus, kidney stones, inflammatory bowel diseases,
and pregnancy.

Finally, MC-related disorders emerged as a significant
cause of secondary OP accounting for about 7% of cases
and should be considered in patients with prevalent vertebral
impairment, in terms of both BMD and fractures.

Admittedly, the study suffered from some limits: (1) it
was a retrospective analysis; (2) it is likely that patients with
evident causes of secondary OP did not receive a tryptase
assessment, leading to an underestimated prevalence of the
MC-related disorders in osteoporotic patients; (3) the study
design did not allow to establish a pathogenic role of MC-
related disorders in osteoporosis and bone fragility. Nonethe-
less, the present data may suggest further investigation about
the role of tryptase and/or mast cell proliferation in the
modulation of bone metabolism.

In conclusion, hypertryptasemia is a frequent finding in
unexplained severe osteoporotic patients and bone marrow
SM represents a cause of secondary OP in up to 1.3% of cases.
We suggest of assessing serum tryptase levels in patients with
bone fragility, particularly in the presence of spine BMD
impairment and multiple vertebral fractures, even in the
absence of classical signs and symptoms of MC activation
usually reported in MS.
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Recent evidence suggests that abnormalities involving CD4'T lymphocytes are associated with the pathophysiology of
osteonecrosis (ON); however, few studies have addressed the CD4"T cells in ON related to sickle cell disease (SCD/ON). In
addition, T cells producing multiple cytokines simultaneously are often present in the inflammatory milieu and may be
implicated in the immune response observed in SCD/ON. In the present study, we aimed to characterize the functional status of
CD4'T cells in SCD by simultaneously determining the frequency of IFN-y*, IL-4*, and IL-17" CD4'T in cell cultures under
exogenous stimuli. Peripheral blood mononuclear cells (PB-MNCs) from 9 steady-state SCD patients, 15 SCD/ON patients, and
19 healthy controls had functional status of CD4'T cells analyzed. Bone marrow mononuclear cells (BM-MNCs) from 24
SCD/ON patients (SCD BM) and 18 patients with ON not related to SCD (non-SCD BM) were also analyzed. We found that
PB-MNC of SCD patients with or without ON presented significantly reduced TCD4*, TCD8", and TCD4" naive cell
frequencies and increased frequency of circulating CD4"T cells able to simultaneously produce IFN-y*/IL4" and IL-17"/1L4"
compared to healthy controls. Conversely, the polyclonal stimulation of BM-MNC induced an increased frequency of
CD4'IFN-y* and CD4'IL-17" in SCD BM compared to non-SCD BM. The increased proportion of CD4" T cells able to
produce a broad spectrum of proinflammatory cytokines after a strong stimulus indicates that the immune system in SCD/ON
patients presents an expressive pool of partially differentiated cells ready to take on effector function. It is possible that this
increased subpopulation may extend to inflammatory sites of target organs and may contribute to the maintenance of
inflammation and the pathophysiology of osteonecrosis in sickle cell disease.

1. Introduction

Sickle cell disease (SCD) is caused by a point mutation in the
B-globin gene (HBB), resulting in the production of hemo-
globin S (HbS). The abnormal hemoglobin polymerizes upon
deoxygenation and produces deformed red blood cells
(RBCs). This primary pathophysiological alteration has
many downstream effects including the production of several
inflammatory molecules and responses that ultimately lead
to hemolysis and vasoocclusion of microvessels [1]. Repeated
microvascular occlusion, tissue hypoxia, and cytokine pro-
duction perpetuate the chronic inflammatory state with a
pivotal role in the vaso-occlusive crisis (VOC) and painful

episodes, the major cause of hospitalization in SCD patients
[2]. Impaired leucocyte function, defective humoral, and
cell-mediated immunities underlie the immunocompro-
mised state of patients with SCD [3-5]. In addition to driving
the vaso-occlusive processes, inflammatory responses are
associated with numerous complications of the disease
including osteonecrosis [6, 7].

Osteonecrosis is a long-term debilitating complication of
SCD, representing an important cause of morbidity in SCD
patients [8]. Osteonecrosis commonly affects the hip but
may concurrently involve other joints, including the knee,
shoulder, ankle, and spine [9, 10]. SCD patients usually start
with silent bone lesions. If left untreated, the disorder
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gradually progresses and the majority of SCD patients will
experience structural bone deterioration, collapse of the joint,
and degenerative arthritis [11].

Recent studies have demonstrated that inflammatory
processes are associated with the development and progres-
sion of osteonecrosis. Abnormal immune response, imbal-
anced immune cell subpopulations, and higher plasma
levels of inflammatory cytokines in patients with osteone-
crosis suggest that inflammation plays a crucial role in this
disorder [12-14]. Moreover, chemokines and cytokines
released by necrotic cells recruit inflammatory cells, induc-
ing local and systemic immune response in patients with
osteonecrosis [15-17]. However, whether these inflamma-
tory processes are also involved in SCD osteonecrosis has
rarely been investigated.

To date, a few preliminary works have suggested alter-
ations of the adaptive immune system and related cytokines
in the development or progression of osteonecrosis in SCD
patients [18]. Mukisi-Mukaza and coworkers described non-
specific granulomatous inflammatory reaction with a signifi-
cant presence of lymphocytes in SCD osteonecrotic lesions
[19]. Recently, Alagbe et al. demonstrated that SCD patients
during bone infarction crisis have elevated TNF-a, IL-8, and
ET-1 levels, which are critical mediators of inflammation,
bone remodeling, and pain [20]. In addition, increased IL-6
levels, a pleiotropic cytokine produced during inflammatory
response, were present in SCD patients with osteonecrosis
in comparison to healthy SCD patients [6].

This study is aimed at investigating the possible associa-
tion of T cell population in the pathophysiology of osteone-
crosis that affects patients with sickle cell disease. We
analyze peripheral blood and bone marrow aspirate for
hematological aspects and peripheral blood mononuclear
cells for CD4", CD8", CD45RA and CD45RO markers. We
also investigated TCD4"-producing intracellular cytokines
IFN-y, 1I-4, and 1I-17 in PB-MNC and BM-MNC to better
understand T cell response in osteonecrosis from SCD
pathogenesis.

2. Materials and Methods

2.1. Participants. The institutional review board of the Health
Science Institute (Federal University of Bahia-Salvador,
Bahia-Brazil, protocol no. 67238317.0.0000.5662) approved
this study. Written informed consent was obtained from all
participants.

Between January 2017 and August 2019, peripheral blood
(PB) was obtained from forty-three participants, both sexes,
aged 10-55 years, and allocated in three groups: steady-state
SCD patients (SCD, N =9), SCD patients affected by ON
(SCD/ON, N =15), and healthy subjects (control N =19).
After enrollment, sociodemographic data and clinical infor-
mation were collected. Exclusion criteria for these PB partic-
ipants were recent viral infection, diabetes, autoimmune
disease, immunodeficiency, pregnancy, obesity, presence of
neoplastic disease, steroid treatment, acute pain/bone crisis,
and hydroxyurea use. Sickle cell disease patients that experi-
enced recurrent painful crises, displayed ulcers, or received
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blood transfusion at least three months before were also
excluded.

Bone marrow (BM) aspirates were obtained from forty-
two consecutive participants who underwent osteonecrosis
treatment with autologous BM graft surgery, between August
2017 and September 2019. Enrolled participants, both sexes,
aged 9-57 years, were allocated in two groups: participants
affected by SCD and osteonecrosis (SCD, N = 24) and partic-
ipants affected by osteonecrosis not related to SCD (non-
SCD, N = 18). Inclusion criteria were precollapse ON, radio-
logical diagnosis according to Ficat stage 0-IIA, and scoring
at least 20 points on the pain and daily life activities question-
naire. The exclusion criteria were participants with Ficat
stage III or higher, current or previous bone infection at the
limb affected by necrosis, acute recurrent painful crises,
recent viral infection, immunosuppressive drug therapy, a
history of previous surgery on the same injured limb, preg-
nancy, and presence of neoplastic disease.

2.2. Peripheral Blood and Bone Marrow Collection. Peripheral
blood (PB) samples were collected from the antecubital vein
using heparin anticoagulant tubes (VACUETTE® Blood Col-
lection Tubes-16/100). The bone marrow (BM) was har-
vested under general anesthesia from the posterior iliac
crest of patients diagnosed with osteonecrosis. The bone
marrow was aspirated in 20 mL heparinized plastic syringe.
An automated analyzer (ABX Horiba/Pentra80) was used
for the quantitative evaluation of hematological parameters.

2.3. Mononuclear Cell (MNC) Preparation. Peripheral blood
(PB) and bone marrow aspirate (BMA) mononuclear cell
(PB-MNC and BM-MNC, respectively) isolation was done
using density gradient Ficoll-Paque™ (GE Healthcare) as
described by the manufacturer.

2.4. Lymphocyte Subset Immunophenotyping Analysis.
Immunophenotyping analysis was performed on PB-MNC
and BM-MNC for the expression of cell surface antigens
using direct four-color analysis with fluorescein isothiocya-
nate- (FITC-) conjugated, phycoerythrin- (PE-) conjugated,
APC-conjugated, and peridinin chlorophyll protein com-
plex- (PerCP-) conjugated monoclonal antibodies. Lympho-
cyte subsets were determined using BD Tritest CD3/CD4/
CD8 and Multitest CD3/CD4/CD45RA/CD45RO (BD Bio-
sciences, Brazil). In brief, approximately 250 thousand cells
were labeled with 10 yuL of the fluorescent cocktail. After
30 min of incubation in the dark at room temperature, non-
specific binding was removed and cells were washed and ana-
lyzed immediately on a flow cytometer (BD FACS Calibur
Flow Cytometer, BD Biosciences, Brazil), by selecting the
appropriate area on the dot plot from the forward (FSC)
and side scatter (SSC) histogram. The percentage of lympho-
cytes labeled with the investigated antigen was considered in
the positive selection area.

2.5. Hematopoietic Progenitor Stem Cells (CD34*CD45"")
Analysis. The frequency of hematopoietic stem cells (HSCs)
and progenitor cells can be considered by CD34"CD45"" cell
analysis [21]. For this purpose, BMA was submitted to
CD34"CD45" staining and analysis. Antibody reagent
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TaBLE 1: Demographic and hematologic profiles for peripheral blood, from the control, SCD, and SCD/ON groups.

Control SCDh SCD/ON Control vs. SCD Controlp v‘s,.alsuéD/ON SCD vs. SCD/ON
N (%) 19 (44.2) 9 (20.9) 15 (34.9)
Age (y) 31 (18-49) 30 (19-47) 31 (18-55)
Male (%) 52.63 88.88 46.66
WBC (10°/mm®) 6.9 (3.5-9.3) 7.4 (4.5-13.3) 9.6 (5.0-13.1) 0.182 0.0008*** 0.546
Lym (%) 37.1(9.5-54.5)  40.5(24.2-57.8)  32.8 (26.2-38.7) 0.443 0.272 0.083
RBC (10°/mm?) 5.4 (3.3-7.8) 2.9 (2.5-5.1) 3.7 (2.3-5.5) 0.003** 0.002** 0.469
Hgb (g/dL) 14.6 (9.2-21.0) 10.9 (8.4-13.5) 11.8 (8.6-16.2) 0.009** 0.050* 0.289
Het (%) 446 (28.4-69.3) 313 (232-41.0)  33.3 (18.2-50.8) 0.007** 0.002** 0.666
MCV (fL) 86.2 (76.7-91.0)  93.6 (79.9-101.4) 91.2 (79.2-117.5) 0.010* 0.165 0.228
MCH (pg) 27.3 (18.9-344)  322(23.7-37.0)  31.6 (27.4-37.3) 0.035* 0.013* 0.253
RDW (%)? 134 (11.8-17.3)  18.3(17.0-19.4)  14.5(11.4-18.0)  <0.0001**** 0.1007 0.0001***
Plat (10%/uL) 196.0 (107.0-472.0) 241.0 (68.0-451.0) 257.5 (55.0-532.0) 0.950 0.370 0.931

Results are presented as median (min-max), except where noted otherwise. WBC: white blood cell; Lym: lymphocytes; RBC: red blood cells; Hgb: hemoglobin;
Hct: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; RDW: red cell distribution width; and Plat: platelets. Significance
values are presented as *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.00005.

cocktail containing, anti-CD34 antibody (PE, Clone 581,
mouse IgGl «, Exbio), anti-CD45 antibody (FITC, Clone
2D1, mouse IgGl «, Exbio), and 7-aminoactinomycin-D
(7-AAD, BD Pharmingen) was added in 5mL round-
bottom tubes, immediately prior to use, one hundred
microliters of BMA sample was added to each tube and
incubated for 20 minutes in the dark at room temperature.
Red blood cells (RBCs) were lysed (Excelllyse Easy; Exbio)
followed by 10 minutes of incubation in the dark at room
temperature. Flow cytometry data was acquired on a flow
cytometer (BD FACS Calibur Flow Cytometer, BD Biosci-
ences, Brazil), and analysis was performed using the Cell
Quest software (BD Biosciences).

2.6. Intracellular Cytokine Profile Characterization of CD4" T
Cells. Intracellular cytokine profile was performed on PB-
MNCs and BM-MNCs using the Human Th1/Th2/Th17
intracellular phenotyping kit (BD Biosciences, Brazil),
according to the manufacturer’s instructions. Approximately
1 million mononuclear cells/mL was incubated in RPMI 1640
(Sigma Aldrich, Brazil) medium, supplemented with 10%
fetal calf serum, and stimulated for 5 hours with 50 ng/mL
phorbol ester (PMA) and 1 yg/mL calcium ionophore (Iono-
micine), in the presence of the BD GolgiStop ™ Protein
Transport Inhibitor. Nonstimulated cells were included as a
control during the assay. After incubation, cells were washed,
fixated, permeabilized, and stained with antibody cocktail
containing, Human CD4 PerCP-Cy5.5 (clone: SK3); Human
IL-17A PE (clone: N49-653); Human IFN-GMA FITC
(clone: B27), and Human IL-4 APC (clone: MP4-25D2).

2.7. Statistical Analysis. Data were evaluated using descriptive
statistics (mean, standard deviation, minimum, maximum,
median, frequency, and ratio). The results were expressed
as the mean (SD) for quantitative variables with normal dis-
tributions. The parameters of total and differential blood cell

count according to distribution plots and analysis of variance
homogeneity were presented as the median and the range
(min-max). Student’s t-test was used for intergroup compar-
ison of normally distributed data. Comparison among more
than two groups were carried out based on one-way ANOVA
and post hoc Dunnett’s test or Kruskal-Wallis tests. p values
of < 0.05 were considered statistically significant. Statistical
analysis was done using SPSS statistics (version 26) and
GraphPad Prism (version 8) software.

3. Results

3.1. Patients with SCD Affected by Osteonecrosis Have Lower
Hemoglobin and Higher WBC Count at Baseline Compared to
Healthy Control Patients. The baseline demographic and PB
hematological values are shown on Table 1. Demographic
data was comparable among the groups, and no significant
difference was observed. In comparison to the control group,
patients with SCD and SCD/ON had a significantly lower
median total red blood cell count (RBC) (5.4 (range 3.3-7.8)
vs. 2.9 (range 2.5-5.1) and 3.7 (range 2.3 — 5.5) x 106/mm?,
p =0.005), lower hematocrit (2.9 (range 2.5-5.1), 3.7 (range
2.3-5.5) vs. 5.4(3.3-7.8) x 10°/mm’, p=0.01 and p=
0.005), lower mean hemoglobin content (2.9 (range 2.5-
5.1), 3.7 (range 2.3-5.5) vs. 5.4 (3.3 -7.8) x 10°/mm’, p =
0.001 and 0.05), and higher mean corpuscular hemoglobin
(MCH) (2.9 (range 2.5-5.1), 3.7 (range 2.3-5.5) vs. 5.4 (3.3
~7.8) x 10°/mm°, p =0.05) (Table 1). We also observed a
significantly higher mean white blood cell count (WBC) in
SCD/ON patients compared to the control group (9.6 (range
5.0-13.1) vs. 6.9 (3.5 - 9.3) x 103/mm?, p=0.0008). A simi-
lar trend to increased WBC count was noted in SCD patients
but failed to reach statistical significance (7.4 (range 4.5-13.3)
vs. 6.9 (3.5-9.3) x 103/mm”, p = 0.182). While there was a
relatively higher mean corpuscular volume (MCV) for
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TaBLE 2: Demographic and hematology profiles for the bone marrow aspirate, from the SCD and non-SCD groups.

Non-SCD BM (N =18) SCD BM (N =24) p value
Age (y) 36 (16-59) 25.7 (9-57)
Male (%) 61.1 50
WBC (x10%/mm) 7.8 (5.0-24.5) 12.8 (6.2-31.9) 0.081
Lym (%) 34.5 (21.9-48.4) 36.9 (5.2-55.4) 0.450
RBC (x10%/mm?) 4.0 (2.1-6.3) 3.1 (1.7-5.2) 0.005**
Hgb (g/dL) 12.8 (7.1-17.8) 10.3 (6.7-13.5) 0.026*
Het (%) 36.3 (19.9-57.2) 31.7 (18.0-45.0) 0.058
MCYV (fL) 88.9 (78.2-95.1) 103.9 (71.0-135.5) 0.001**
MCH (pg) 32.2 (23.3-37.9) 35.6 (25.7-46.1) 0.217
RDW (%) 12.5 (10.2-16.3) 14.8 (10.9-19.4) 0.001**
Plat (10*/uL) 8.0 (6.5-10.2) 8.7 (7.8-9.8) 0.037*
CD347CD45"" (%) 0.6 (1.3-0.2) 0.5 (1.2-0.2) 0.401

“Results are presented as median (min-max), except where noted otherwise. WBC: white blood cell; Lym: lymphocytes; RBC: red blood cells; Hgb: hemoglobin;
Hct: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; RDW: red cell distribution width; and Plat: platelets. Significance
values are presented as p; *p < 0.05, **p < 0.005, ***p < 0.0005, and **** p < 0.00005.

TaBLE 3: Lymphocyte frequencies (%) in PB-MNC.

p value
Control SCD SCD/ON Control vs. SCD  Control vs. SCD/ON  SCD vs. SCD/ON
TCD4" 42.0 (19.2-61.6)  21.4 (5.7-47.5)  30.0 (8.4-59.7) 0.0074** 0.0442* 0.2854
TCDS* 240 (14.1-38.7) 125 (4.8-23.7)  14.6 (2.6-23.9) 0.0085"* 0.0020** 0.5962
TCD4"/45RO"  21.6 (4.8-41.3) 108 (4.3-16.1)  15.5 (4.6-25.6) 0.0154* 0.1541 0.1892
TCD4"/45RA*  40.3 (20.8-59.4)  10.8 (2.3-28.6)  12.60 (2.4-25.0) 0.0003*** <0.0001%*** 0.8749

All values are presented in median. Significance values are presented as *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.00005.

patients with SCD compared to the control group (9.6 (range
5.0-13.1) vs. 6.9(3.5-9.3) x 10>/mm’, p=0.0008), there
were no significant differences (NS) in total lymphocyte
and platelet counts among the groups. The lack of significant
difference in many baseline characteristics indicates similari-
ties between the cohort of patients with SCD and SCD/ON
evaluated here. In addition, these results demonstrate a need
for better PB characterization of patients with SCD affected
by osteonecrosis.

Bone marrow aspirated from 24 SCD patients affected by
osteonecrosis (SCD BM) and 18 patients with osteonecrosis
not related to SCD (non-SCD BM) were also analyzed. There
were no significant differences in the distribution of age, dis-
ease duration, stages, and the values of index of femoral head
collapse among the different groups of patients. While WBC
cell count from SCD BM (n = 24) and non-SCD BM (n = 18)
was similar (12.8 (range 6.2-31.9) vs. 7.8 (range 5.0 —24.5)
x 10°/mm?), RBC (12.8 (range 6.2-31.9) vs. 7.8 (range 5.0
—-24.5) % 10%/mm>, p=0.01), and hemoglobin content
(12.8 (range 6.2-31.9) vs. 7.8 (range 5.0 — 24.5) x 10>/mm’,
p=0.05) from SCD BM were significantly lower (Table 2).
In contrast, SCD BM had significantly higher mean MCV
(12.8 (range 6.2-31.9) vs. 7.8 (range 5.0 — 24.5) x 10*/mm°,
p =0.005), higher mean RDW (12.8 (range 6.2-31.9) vs. 7.8
(range 5.0 — 24.5) x 10*/mm”, p = 0.005), and higher median

platelet counts (12.8 (range 6.2-31.9) vs. 7.8 (range5.0 —
24.5) x 10°/mm”, p = 0.05) compared to non-SCD BM. The
frequency of CD34*CD45"" was not significantly different
between SCD BM and non-SCD BM (Table 2).

3.2. SCD Patients Have a Lower Proportion of TCD4" and
TCD8" Cells Compared to Healthy Control Patients. Previous
research has described alterations of lymphocyte phenotype
and function in SCD patients, especially deregulated adaptive
cell behavior, imbalanced T cell subsets, and alloimmuniza-
tion [3, 18, 22, 23] To determine the frequencies of the major
T cell subsets, we applied the staining panel to freshly iso-
lated peripheral blood mononuclear cells (PB-MNC) from
SCD, SCD/ON, and healthy control patients. Table 3 and
Figure 1 show the frequency for TCD4" (T helper) and
TCD8" (T cytotoxic) coexpressing the CD3 marker. Com-
pared with healthy controls, SCD and SCD/ON patients
had a significantly lower median distribution of TCD4"
(41.98% (range 19.24-61.57) vs. 21.37% (range 5.67-47.5)
and 30.04% (range 8.37-59.66), p=0.01 and 0.05, respec-
tively) and TCD8" (24.02% (range 14.15-38.69) vs. 12.47%
(range 4.83-23.77) and 14.57% (range 2.65-23.9), p=10.01
and 0.005, respectively) cell subpopulations. There were no
significant differences in these subsets between the SCD
and SCD/ON groups. Figures 1(g) and 1(h) show TCD4"
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effector cells (CD4"45R0O") and TCD4+ naive cells (CD4*
CD45RA™) frequencies in the control, SCD, and SCD/ON
groups.

Frequencies of CD45RA™ within CD4" T cell subpopula-
tions were significantly higher in the control patients relative
to both SCD (40.31% (range 20.79-59.84) vs. 10.78% (range
2.34-28.6), p=0.0005) and SCD/ON (40.31% (range 20.79-
59.84) vs. 12.60% (range 2.37-25.02), p=0.0001) patients.
Only SCD subjects had significantly lower median effector
T cell proportions than the control subjects (21.62% (range
4.84-41.26) vs. 10.84% (range 4.33-16.08), p=0.05). In
sum, we found similar frequencies of major T cell subsets
in the peripheral blood of SCD patients with or without
osteonecrosis. Except for effector T cells in SCD/ON, control
patients had significantly higher frequencies of T cell subsets
in PB-MNCs in comparison to SCD, irrespective to the pres-
ence of osteonecrosis.

Because many of the T lymphocytes migrate to the bone
marrow and partly return later to the blood [24], we also ana-
lyzed the frequency of T cell subsets in the bone marrow aspi-
rate of SCD patients affected by osteonecrosis (SCD BM) and
patients with osteonecrosis not related to SCD (non-SCD
BM). Table 4 and Figure 2 show the distribution for the var-
ious lymphocyte subsets investigated in BM-MNC. We noted
a higher frequency of TCD4" and TCD8" in non-SCD BM
compared with SCD BM (32.01% (range 19.09-46.3) vs.
24.28% (range 5.41-47.82) and 23.20% (range 13.14-31.58)
vs. 16.18% (range 6.4-31.68), p=0.05 and p =0.01, respec-
tively). There were no significant differences in the frequency
of other T subsets between groups.

3.3. Increased Frequency of IL4" TCD4" Cells and Bifunctional
IFN-y*/IL4" and IL-17'/IL4°CD4'T Cells in SCD and
SCD/ON Compared to Healthy Control Patients. Next, we
investigated functionally polarized TCD4" cell subsets in
SCD, SCD/ON, and healthy control patients. This was
accomplished by simultaneously determining intracellular
IFN-y* (representing Thl-like), IL4" (representing Th2-
like), and IL-17" (representing Th17-like) expressions by
flow cytometry after in vitro stimulation. Based on the dis-
tinctive patterns of intracellular cytokine expression, the
percentage of mono- and bifunctional cells were assessed
among the TCD4" population. The spontaneous cytokine
production of nonstimulated cells was minimal, and no sig-
nificant differences were observed in the frequencies of
TCD4"-expressing IFN-y, IL4, and IL-17 between groups
(data not shown).

After in vitro stimulation with PMA/ionomycin
(PMA/Io) (polyclonal stimulation), a significantly higher fre-
quency of IL4"TCD4" cells in SCD and SCD/ON were
detected in comparison to the control (0.19% (range 0.01-
0.55) vs. 2.54% (range 1.98-4.41) and 0.19% (range 0.01-0.55)
vs. 2.08% (range 0.57-4.15)) (p=0.0016 and p=0.0017,
respectively) (Figure 3). When IFN-y" were analyzed, PB-
MNC from the SCD and SCD/ON groups contained higher
proportion of IFN-p" cells compared to the healthy control
group; however, differences failed to reach statistical signifi-
cance (p=0.0593 and p =0.1605, respectively) (Figure 3).
Accordingly, the bifunctional IFN-y"IL4"TCD4" cells in

SCD (1.72% (range 0.58-3.92)) and SCD/ON (1.57% (range
0.64-2.69)) were significantly higher compared to the control
group (0.14% (range 0.00-0.48)) (p=0.0264; p=0.0006,
respectively). In comparison to the healthy controls (0.02%
(range 0.00-0.09)), significantly higher frequencies of bifunc-
tional IL17"IL4A*TCD4" cells were noted in the SCD and
SCD/ON groups (0.32% (range 0.10-0.47); 0.13% (range
0.00-0.35) (p=0.0094 and p=0.0162), respectively)
(Figure 3(g)). The frequency of bifunctional TCD4" cells
coexpressing IL17"and IL4" was significantly higher in SCD
compared to the SCD/ON group (p =0.0425). The increase
in IL-4"TCD4" subset frequency suggests a shift of CD4™ T
cell response, corresponding to a Th2 phenotype.

We also investigated functional polarization of TCD4"
cell subsets in SCD and non-SCD BM based on intracellular
cytokines IFN-v, IL-4, and IL-17 expressions (Figure 4). The
production of these cytokines was minimal in nonstimulated
BM-MNC cultures (data not shown). When stimulated with
PMA/ionomycin, the frequency of monofunctional IFN-
yp"TCD4" cells (Figure 4(a)) and IL-17"TCD4" cells
(Figure 4(c)) was increased in SCD BM compared to non-
SCD BM (13.31% (range 0.55-33.68) vs. 5.45% (range 2.97-
7.36) (p =0.027, p < 0.0001), respectively). There was no dif-
ference in the relative frequency of IL-4"TCD4" cells or
bifunctional cells between SCD BM and non-SCD BM
patients in culture-stimulated PMA/Io. The T cell immune
response towards a cytokine secretion phenotype after stim-
ulation indicated that the immune system of SCD patients
has partially differentiated cells ready to assume Thl and
Th17 effector functions.

4. Discussion

Several SCD studies have reported evidences of abnormal
immune cell counts and dysfunctional T lymphocyte
response, but none of these previous works have investigated
the immunological profile of SCD patients with osteonecro-
sis. In this small cross-sectional study, we demonstrated that
lower frequency of circulating CD4"*, CD8", and naive T lym-
phocyte subsets were directly associated with SCD disease
but not with osteonecrosis. After in vitro stimulation of
PBMC, the percentage of IL4"TCD4" cells coexpressing
either IFN-y"* or IL-17" were significant higher in SCD and
SCD/ON patients in comparison to control subjects. More
importantly, the frequencies of IFN-y*-producing and IL-
17" -producing CD4'T cells in stimulated BM-MNCs were
significantly higher in SCD/ON patients than controls
patients with osteonecrosis not related to SCD. These
results indicate that there are differences in peripheral and
bone marrow T cell subsets in SCD patients with osteone-
crosis that are able to assume a phenotype of cytokine
secretion after stimulation. The changes observed on T cell
responses could extend to inflammatory sites of bone com-
plications, thereby contributing to the maintenance of
inflammation and the pathophysiology of osteonecrosis.
Given that previous studies have shown strong association
between proinflammatory cytokines and osteonecrosis in
SCD patients [6], our findings corroborate previous obser-
vations and support the notion that T cell may participate
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FIGURE 1: Relative frequency of major T cell populations in peripheral blood mononuclear cells from healthy donors (control), steady-state
SCD, and SCD with osteonecrosis (SCD/ON) patients. Representative dot plots illustrate the strategy of gating for major T cell subsets defined
by CD3"CD4" (a), CD3*CD8" (b), CD4*/45RA" (c), and TCD4*/45RO" (d) surface expressions in PBMC. All gates were based on isotype-
matched control staining. Cumulative data showing the frequencies of total TCD4" (e), total TCD8" (f), TCD4"CD45RA™ (g), and
TCD4"CD45RO" (h) subpopulations within live-gated single cells. Each symbol represents an individual subject. Horizontal lines
represent mean and standard error. *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.00005.
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TaBLE 4: Lymphocyte frequencies (%) in BM-MNC.

Non-SCD BM SCD BM p value
TCD4" 32.0 (19.09-46.3)  24.28 (5.41-47.82) 0.0332"
TCD8" 23.20 (13.14-31.58) 16.18 (6.4-31.68) 0.0065**
TCD4/45RO" 19.81 (12.61-30.27) 17.00 (4.94-43.4)  0.3965
TCD4/45RA*  7.68 (3.47-24.52)  8.57 (2.01-17-68)  0.5065

All values are presented in mean. Significance values are presented as *p <
0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.00005.

in the development of abnormal immune response and
chronic inflammation in SCD patients with osteonecrosis.

In this context, we observed that the percentage of circu-
lating CD4", CD8", and naive TCD4" cells were significantly
reduced in SCD and SCD/ON patients. We also observed
decreased percentage of CD4" and CD8" in the bone marrow
of patient with osteonecrosis related to SCD in comparison to
non-SCD patients. Many studies have correlated mild lym-
phopenia, elevated inflammation biomarkers, and poor out-
comes in patients with SCD [4, 25]. It is worth nothing that
the proportions of CD4" T cells, naive CD4" T cells, memory
CD4" T cells, memory CD8" T cells, and CD4/CDS$ ratio
were profoundly reduced in the presence of splenic-
associated abnormalities [26] or during vaso-occlusive crisis
[22]. In fact, reduced peripheral CD4" and Treg frequencies,
as well as coexisting levels of both high and low Thl- and
Th2-type cytokines in chronically transfused patients, sug-
gested an underlying inflammatory state in SCD [27].
Together with reports of lymphopenia and reduced periph-
eral T cell levels in SCD patients [5, 18, 22], these findings
suggest that T cells are attracted away from the blood and
into the target site of inflammation. Recently, Nickel et al.
described normalization of most CD4"T subpopulations
and memory CD8" T cells in SCD patients receiving immu-
nosuppressant therapy to halt progression of chronic inflam-
mation [28]. It must be pointed out that our SCD and
SCD/ON patients were not under medication and they pre-
sented severe SCD biomarkers significantly different from
the healthy control group. Overall, our results suggest that
the decreased frequency of T cell subsets might be directly
related to an underlying inflammatory state in SCD rather
than osteonecrosis status.

In our study, there was an increased relative frequency of
CD4" T lymphocytes producing IL-4, IL-4/IL-17, or IL-
4/INF-y in samples from SCD and SCD/ON patients in com-
parison to healthy controls after stimulation with PMA/iono-
mycin. This finding corroborates previous reports that show
an increased frequency of Th2 lymphocytes and elevated
serum levels of IL-4 in SCD patients [22, 29]. The analysis
of intracellular cytokine expression allowed a flexible identi-
fication of functional subtypes of T cells in contrast with the
traditional classification defined by surface markers. Our
finding suggests that SCD and SCD/ON patients show an
increased subset of circulating T helper cells able to produce
a broad spectrum of pro- and anti-inflammatory cytokines
after a strong stimulus, such as PMA/ionomycin. In contrast,
a significantly higher frequency of IL-17, CD4", and INF-y
CD4" was observed in bone marrow T lymphocytes. There

were no differences in the relative frequencies of IL4"CD4"
and bifunctional CD4" T cells in the bone marrow of SCD
BM patients compared with non-SCD BM patients. These
results suggest that Thl cells and Th17 are the main types
of cellular immunity in the bone marrow of SCD patients,
meaning that these increased T subsets in the bone marrow
may contribute to the immune disorders in SCD patients
with osteonecrosis. Recently, CD4" T cells from steady-
state SCD patients exhibit hallmarks of terminal T cell
exhaustion and migration defects, including the expression
of CTLA-4 and reduced expression of CCR7 [4]. Of rele-
vance, emerging evidences have pointed toward RBC as
dynamic reservoirs of cytokines that may affect immune
function in SCD patients. Karsten et al. have shown that
RBCs can store and release cytokines into the plasma, such
as IFN-y, IL-1B, IL-18, TNF-a, and several chemokines,
including IL-8 and RANTES, suggesting that in hemolytic
conditions, such as sickle cell disease, RBC may play down-
stream effects on neighboring cells and may have a critical
role in modulating T cell behavior, including different subsets
of T cells [30]. Indeed, IL6 and IL-10 frequently produced by
SCD patients could also be associated with the alterations in
immune profile and functions [6], although the reason for
these particular phenotypes is not fully understood.

Bone homeostasis is regulated by the immune system
[31-34]. In our study, we demonstrated that polyclonal stim-
ulation of BM-MNC induced an increased frequency of
CD4'IFN-y* and CD4'IL-17" in SCD BM compared to
non-SCD BM patients. Previous studies have shown that
activated T cells play an important role in bone health and
disease. Especially, Th17 cells have a great influence on bone
metabolism by secreting characteristic soluble factor that
induces osteoclastogenesis [35]. In contrast, effector T cell
production of IFN-y strongly suppresses bone resorption
by interfering with the RANKL/RANK signaling pathway
[36]. It has been shown that increased serum levels of IL-
17A and IFN-y are present in patients with steroid-related
osteonecrosis [37]. All together, these results suggest that
Th17 and Thl cells may have a role in the pathogenesis of
osteonecrosis in sickle cell disease. The combined analysis
of the data herein presented, together with the existing infor-
mation in the literature, provides clues to a better under-
standing of the pathophysiology of osteonecrosis related to
SCD and opens perspectives to the development of alterna-
tive therapies for this disease.

It is conceivable that personalized cytokine blocking ther-
apy specifically designed according to the predominant pro-
file of functional T cells will be effective in helping restore
the immunologic balance in each SCD patient. IL-17-
producing and IFN-y-producing T lymphocytes seem to play
a prominent role in pathophysiology of osteonecrosis related
to SCD and may represent a potential target for therapy. In
fact, it is possible that cytokine-targeted and personalized
therapy may contribute to improving the balance of effector
immune response, avoiding or minimizing the damage
caused by the unbalanced immune response.

Our study has some limitations. First, this study was
cross-sectional and thus only involved a single timepoint
for each of the enrolled patients. A prospective longitudinal
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FIGURE 2: Relative frequency of major T cell populations in bone marrow mononuclear cells (BM-MNC) from SCD patients with
osteonecrosis (SCD BM) and patients with osteonecrosis not related to SCD (non-SCD BM). Representative dot plots illustrate the
strategy of gating for major T cell subsets defined by CD3*CD4" (a), CD3*CD8" (b), CD4"/45RA" (c), and TCD4"/45RO" (d) surface
expressions in BM-MNC. All gates were based on isotype-matched control staining. TCD4" and TCD8" cells are lower in SCD BM.
Cumulative data showing the frequencies of total TCD4" (e), total TCD8" (f), TCD4"CD45RA"* (g), and TCD4"CD45RO" (h)
subpopulations within live-gated single cells. Each symbol represents an individual subject. Horizontal lines represent mean and standard
error. *p < 0.05; **p < 0.005.
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FiGURre 3: Increased frequency of IL4"CD4" T cells and bifunctional IFN-y*/ IL4" and IL-17"/ IL4"CD4" T cells in SCD and SCD/ON
compared to healthy controls. Peripheral blood mononuclear cells from healthy donors (control), steady-state SCD, and SCD with
osteonecrosis (SCD/ON) patients were culture stimulated with PMA/Io and stained for intracellular cytokine production. Representative
dot plots illustrate intracellular staining for IFN-y*/IL-4" (a) and IL-4"/IL-17" (b) in TCD4" cells after stimulation. Relative frequency of
IFN-y* (), IL-4" (d), IL-17" (e), bifunctional IFN-y*/IL-4" (f), and IL-4%/IL-17" TCD4" (g) cells producing cytokines in relation to total
TCD4" cells in culture. Each symbol represents an individual subject. Horizontal lines represent mean and standard error. *p < 0.05,

**p <0.005, and ***p < 0.0005.

study is necessary to fully evaluate the causal relationship
between osteonecrosis onset or progression and the T cell
subset changes in SCD patients. Second, although the
changes in lymphocyte subset numbers and the functional
status of many of the CD4+ T cells were investigated, it can-
not be assumed to reflect functional immune deviation. To
overcome this limitation, antigen-specific tests of immune

activation will be important to add to further in vitro studies.
Finally, increasing sample size should improve statistic
power and reproducibility on repeated measured outcomes.
Future studies that include more SCD patients both at steady
state as well as with osteonecrosis would shed light on the
impact of this complication on the immune manifestations
of SCD.
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FIGURE 4: Increased frequency of IFN-y* CD4" T and IL-17°CD4" T cells in SCD BM compared to non-SCD BM patients. Bone marrow
mononuclear cells (BM-MNC) from SCD patients with osteonecrosis (SCD BM) and patients with osteonecrosis not related to SCD (non-
SCD BM) were culture stimulated with PMA/Io and stained for intracellular cytokine production. Relative frequency of IFN-y™ (a), IL-4"
(b), IL-17" (c), bifunctional IFN-y*/IL-4* (d), and IL-4"/IL-17" TCD4" (e) cells producing cytokines in relation to total TCD4" cells in
culture. Each symbol represents an individual subject. Horizontal lines represent mean and standard error. *p <0.05, **p < 0.005,

and ***p < 0.0005.

5. Conclusion

In conclusion, this study has described that SCD patients
with or without ON presented significantly reduced
TCD4", TCD8", and TCD4" naive cell frequencies in PB-
MNC and increased frequency of circulating CD4"T cells
able to simultaneously produce IFN-yp*/IL4" and IL-
17%/IL4" compared to healthy controls. Conversely, there
was an increased frequency of either IFN-y* or IL-
17°CD4'T cells in stimulated BM-MNC of SCD patients
with osteonecrosis. This finding suggests that the bone mar-
row of patients with SCD show an increased subset of T
helper cells able to produce a broad spectrum of proinflam-
matory cytokines after a strong stimulus, such as PMA/Io.
This increased CD4'T subset may extend to inflammatory
sites of target organs and may contribute to the immune dis-
orders in SCD patients with osteonecrosis.
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