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ARTICLE INFO ABSTRACT

Keywords: Deferoxamine (DFO) possesses a good chelating capability and is therefore used for the clinical treatment of ion
Deferoxamine deposition diseases. Increasing evidence shows that DFO can inhibit the activity of proline hydroxylase (PHD) by
Osteoporosis chelating iron, resulting in hypoxia-induced factor (HIF) signaling activation and angiogenesis promotion.
Bone-seeking However, clinical evidence indicates that a high concentration of DFO could be biotoxic due to its enrichment in
ﬁ?lflogenems related organs. Thus, we established a new compound by conjugating DFO with the bone-seeking agent imi-

nodiacetic acid (IDA); the new agent is called SF-DFO, and we verified its promotion of HIF activation and tube
formation in vivo. After confirming the bone-seeking property of SF-DFO in the femur and vertebra of both male
and female mice and comparing it to that of DFO, we analyzed the protective effect of DFO and SF-DFO in an
ovariectomized (OVX) mouse model. The serum CTX-I level revealed no influence of DFO and SF-DFO on os-
teoclast activity, but the blood vessels and osteoblasts in the metaphysis were more abundant after SF-DFO
treatment, which resulted in a greater protective effect against trabecular bone loss compared to the DFO group.
Additionally, the cortical parameters and bone strength performance were identical between the DFO and SF-
DFO groups. However, the diffuse inflammatory response in the liver and spleen that occurred after DFO in-
jection was not observed in the SF-DFO group. Thus, with reduced biotoxicity and an equivalent bone-seeking
capability, SF-DFO may be a better choice for the prevention of vascular degradation-induced osteoporosis.

1. Introduction

Osteoporosis is the most common metabolic bone disease, and the
main pathological features that increase with age are progressive bone
loss, bone microstructure degeneration, increased bone fragility and
proneness to fracture [1]. Estrogen deficiency is the most common
cause [2], followed by a decrease in the number of capillaries in the
bone marrow and therefore oxygen perfusion [3-5].

HIFs (hypoxia-inducible factors) are the most direct or unique reg-
ulatory factors that have been discovered in tissue cells in the hypoxic
state, and there are three subtypes (HIF-1a, HIF-2a, HIF-3a) [6]. Under

* Corresponding authors.

normal oxygen conditions, the proline residues of HIFa are hydro-
xylated by prolyl-4-hydroxylase domains (PHDs) with Fe?>". Then, the
hydroxylated HIFa is recognized by pVHL (Von Hippel-Lindau) and is
eventually degraded [7]. When the cell suffers from a hypoxic state or a
lack of Fe**, which results in a decrease or inactivation of PHD activity,
or when the expression of pVHL is reduced or even absent, HIFa will
accumulate and move into the nucleus, in turn activating the tran-
scription of numerous HIF target genes involved in angiogenesis, glu-
cose and energy metabolism, erythropoiesis, cell proliferation, apop-
tosis and oxygen response [8-10].

In our previous research, conditional pVHL knockout mice with
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osteocalcin-positive osteoblasts demonstrated an marked bone forma-
tion capacity throughout life, which resulted from the enhanced vas-
cular network [11]. Clearly, enhancing HIFa expression in the bone
microenvironment is beneficial for promoting angiogenesis in bone
tissue, establishing a new blood supply, accelerating bone formation,
and even attenuating OVX-induced progressive bone loss [12]. To date,
a number of HIFa activators that target PHDs have been identified from
natural small-molecule compounds and their derivatives [13]. Among
them, deferoxamine (DFO), a Fe?™ chelator, has long been used in
curing iron overload patients with thalassemia major [14,15]. By pro-
moting HIF-la accumulation and vascular endothelial growth factor
(VEGF) expression, DFO can improve vascularity and accelerate bone
regeneration in bone fracture repair [16,17]. However, despite the clear
advantages of DFO, numerous significant drug-related systemic toxi-
cities have been reported in the literature, including toxicities in the
cardiovascular, respiratory, gastrointestinal, cutaneous, and nervous
systems [18]; in addition, DFO is associated with a propensity for bone
dysplasia [19] and high-frequency sensorineural hearing loss [20-22].

It has been reported that by conjugating them with a bone-seeking
agent, including bisphosphonate or tetracycline, bone-preservative
drugs could be specifically delivered to bone tissue, thereby reducing
side effects due to nonspecific tissue interactions [23,24]. Iminodiacetic
acid (IDA, NH(CH,COOH)5), a calcium chelator that has a high affinity
for calcium and is used in the clinical treatment of patients with heavy
metal poisoning [25], has been demonstrated to concentrate 17[3-es-
tradiol in bone tissue by combining with calcium [26].

In this study, we covalently modified DFO by conjugating it with
IDA (Fig. 1, SF-DFO, patent CN 106008256A) and demonstrated that
SF-DFO retains its functions of activating HIF-1a and promoting tube
formation in vivo. A tissue distribution assay validated that compared
to DFO, after i.v. injection, SF-DFO accumulated in bone tissue and
remained at a steady concentration there for 24 h. Furthermore, SF-DFO
had a marked preventative against OVX-induced bone loss, with fewer
organ biotoxicities compared to DFO.

2. Materials and methods
2.1. SF-deferoxamine synthesis

The mixture of compound 2 (5.00g), p-toluene sulfonic acid
(7.76 g), benzyl alcohol (50ml) and toluene (150 ml) was heated to
150 °C. Water was removed through azeotropic distillation for 10 h and
cooled to room temperature. A large amount of solid was gradually
precipitated for 2 h. The solid was filtrated and dried under vacuum at
50°C. The white solid was dissolved in water (100ml) and di-
chloromethane (100 ml) was added. The pH was adjusted to 7.0 with
diluted NaHCO3 (1 M) under ice-bath. The organic phase was washed
with brine, dried over anhydrous magnesium sulfate, filtered and
concentrated to give compound 3 (9.92 g) as a pale yellow oil.

The mixture of compound 3 (3.00 g), succinic anhydride (1.10g),
triethylamine (1.94 g), methyl tertiary ether (20 ml) was heated to
50 °C for 3 h and cooled to room temperature. Then water (20 ml) was
added. The pH was adjusted to 3.0 with dilute hydrochloric acid under
ice-bath. The organic layer was separated and washed with saturated
brine, dried over anhydrous magnesium sulfate and filtered. The re-
sulting organic phase was concentrated to give compound 4 (3.58 g) as
a pale yellow oil.

0.30g of compound 5 (Desferrioxamine mesylate DFO), N,N-di-
methylformamide (DMF) (15ml), N-methyl morpholine (NMM,
0.231 g) was mixed at room temperature. PyBoP and the solution of
compound 4 in DMF (5 ml) was added and stirred at room temperature
for 24 h. Then the solid was filtrated and then dried under vacuum at
40 °C to give compound 6 (0.30 g).

Compound 6 (0.30 g), Pd/C (20%, 0.05 g), N,N-dimethylformamide
(20 ml) was added to a hydrogenation reaction vessel under 11 atm H,
and reacted at 50 °C for 6 h. The liquid was separated by filtration.
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White solid was precipitated after the addition of ethanol to the con-
centrated DMF. The solid was filtrated and dried under vacuum at 30 °C
for 6 h to give SF-DFO (0.24 g).

Element analysis Cz3Hs;N7O14, theoretic value (%): C 51.09, H
7.41, N 12.64; measured value (%): C 51.05, H 7.44, N 12.69. 'H NMR
(500 MHz, DMSO-dg) § (ppm): 9.55 (m, 2H, —CH,COO—-), 6.69-7.71
(m, 3H, —NH-), 3.95-4.15 (m, 4H, —CH,—), 3.44-3.47 (m, 6H,
—CH,—), 2.98-3.03 (m, 6H, —CH,—), 2.51-2.59 (m, 4H, —CH,—), 2.5
(m, 2H, —CH,—), 2.45-2.49 (m, 4H, —CH,—), 1.97 (m, 2H, —CH,—),
1.49-1.54 (m, 3H, —OH), 1.47 (m, 3H, —CH,—), 1.35-1.42 (m, 12H,
—CH,—), 1.2-1.26 (m, 6H, —CH,—), MS (EI) m/z: 775.7, as shown in
Supplementary Fig. 1.

The chemical compounds used in SF-DFO synthesis, including imi-
nodiacetic acid, benzyl alcohol, toluene, p-toluenesulfonic acid, suc-
cinic anhydride, triethylamine, methyl tertiary ether and desferriox-
amine mesylate DFO, were all purchased from SIGMA-ALDRICH (USA).

2.2. Osteoblast isolation and treatments

Primary osteoblasts were isolated from the calvarias of newborn
C57/B6 mice by serial round type I collagenase digestion and cultured
in 10% FBS containing alpha-MEM with penicillin and streptomycin as
described previously [27]. The fourth-generation osteoblasts were used
for the following experiments. HUVECs were cultured in 10% FBS
containing DMEM with penicillin and streptomycin. Due to the hy-
drophobic properties of SF-DFO, DFO and SF-DFO were both dissolved
in DMSO and subjected to cellular and animal treatment.

2.3. Western blot

After 100 uM and 200 uM DFO and SF-DFO treatment for 24 h,
primary osteoblasts seeded in 12-well plates were directly lysed with
Laemmli buffer. Proteins were separated in 10% SDS-PAGE and
transferred to nitrocellulose membranes. After blocking with 5% milk
in TBS-T bulffer, proteins were detected using various antibodies against
HIF1A (#A7684, ABclonal, China) and a-tubulin (#ab7291, Abcam,
USA) at 4°C overnight. The membranes were incubated with perox-
idase-conjugated secondary antibodies (1:5000, Jackson) for 1h at
37 °C before detection using the ECL system (EMD Millipore).

2.4. RT-PCR

The fourth-generation primary osteoblasts were seeded in 12-well
plates. After treatments with various concentrations of DFO and SF-
DFO, total RNA was isolated from osteoblasts using Trizol reagent
(Invitrogen) according to the manufacturer's instructions. Next, cDNA
was synthesized from 2pg of total RNA using reverse transcriptase
(TakaRa, Shiga, Japan). qRT-PCR was performed to amplify the cDNA
using the SYBR Premix Ex Tag kit (TaKaRa) on an ABI 7500 Sequencing
Detection System (Applied Biosystems, USA) in three triplicated wells.
The following cycling conditions were used: 40 cycles of denaturation
at 95 °C for 5s and amplification at 60 °C for 40 s. B-Actin was used as
the housekeeping gene, and all reactions were run in triplicate. The
mouse primer sequences for VEGF (Accession Numbers:
NM_001025250.3), HO-1 (Accession Numbers: NM_010442.2) and f-
actin (Accession Numbers: NM_007393) are shown in Supplementary
Table 1.

2.5. Dual luciferase assay

Mouse primary osteoblasts were seeded into 24-well plates and were
co-transfected with PGL3-basic-HRE-luciferase and Renilla luciferase
expressing vectors. After one day, cells were treated with 100 uM or
200 uM DFO and SF-DFO for 24 h. Then, Firefly and Renilla luciferase
activities were measured using a Dual Luciferase Assay kit (Promega,
USA). Firefly luciferase activity was normalized to Renilla luciferase
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Fig. 1. The route of synthesizing SF-deferoxamine. According to the synthetic flow in patent CN 106008256A, iminodiacetic acid was protected by benzyl alcohol to
prepare compound 2, which was condensed with succinic anhydride to afford the side chain-compound 3. Then, compound 4, desferrioxamine mesylate, was reacted
with compound 3, and, with the deprotection of compound 5, the target compound SF-DFO was finally prepared.

activity. Experiments were performed in triplicate. Original data were
analyzed and exported from GraphPad Prism software.

2.6. Tube formation assay

HUVECs were purchased from Cell Bank, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences, Shanghai. To assess
the angiogenesis promoting ability of DFO and SF-DFO, 5 x 10*
HUVECs were gently mixed with 0.1 ml growth factor-reduced Matrigel
(BD Biosciences, US) and seeded in a 24-well plate. After 24 h, cells
were treated with 200 pM DFO and SF-DFO for another 12 h to induce
tube formation. The cells were then fixed with 4% paraformaldehyde.
After Texas Red-X Phalloidin and DAPI (Beyotime Biotechnology,
Shanghai) staining, complete tube structures were visualized on an LSM
810 confocal microscope with a 4 X objective (ZEISS) using the Z-axis
topologic reconstruction method. All the images were analyzed in
ImageJ software (version 1.51w with 64-bit Java Platform; NIH). The
average value of the complete tube parameters was calculated using the
Angiogenesis Analyzer plugin (https://imagej.nih.gov/ij/) based on
five random fields in each image.

2.7. Animal experiments

C57BL/6 mice were all purchased from the Shanghai SLAC
Laboratory (Shanghai, China). All the procedures involving mice ex-
periments were approved by the Shanghai Jiaotong University Animal
Care and Use Committee in direct accordance with the Ministry of
Science and Technology of the People's Republic of China on Animal
Care guidelines. Then, 0.25% pentobarbital sodium dissolved in saline
was i.p. injected for anesthesia according to the body weight of each
mouse.

2.8. Bone tissue distribution

Tissue distribution experiments were all performed in the Center for
Drug Safety Evaluation and Research (Shanghai, China) in a double
blind manner. According to the minimal requirements for clinical
pharmacokinetics, three mice were used in each group of this experi-
ment for statistical analysis. Twenty-four 8-week-old C57BL/6 male and
female mice were divided into 4 groups in a completely randomized
manner and fasted overnight before the day of administration but
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allowed to drink water freely. The next day, 100 ul DFO and SF-DFO
solution (containing 1.7857 umol DFO and SF-DFO) were i.v. injected
once, according to the recommended DFO i.v. injection dose [28]. After
0.5, 2, 8, and 24 h, mice were euthanized by CO, asphyxiation. A cer-
tain amount of muscle-free femurs and vertebrae were weighed, dried
and ground to a fine powder, extracted with acetonitrile and subjected
to LC-MS/MS validation. Blank mice tissue was used for standard curve
preparation. Original data were analyzed and exported from GraphPad
Prism software.

2.9. Ovariectomized mouse model

Twenty 8-week-old C57BL/6 female mice were randomly divided
into four groups. After anesthesia, five of them were subjected to a
sham-operated experiment (as SHAM group), where the rest of them
were all subjected to bilateral ovariectomy. After 4 weeks, the OVX
mice were separated into three groups and were individually i.p. in-
jected with vehicle (as OVX group), 40 mg/kg DFO (as DFO group) and
55.4 mg/kg SF-DFO (as SF-DFO group) every day for another 4 weeks,
according to the recommended DFO i.p. injection dose [29]. Five mice
were housed in one cage and maintained under a strict 12-h light, 12-h
dark cycle at 22 °C with standard mice food pellets and had free access
to tap water. Mouse weight was recorded every 7 days. At last, mice
were euthanized by CO, asphyxiation, and the serum, kidney, spleen,
liver and femurs were all collected and subjected to subsequent ana-
lysis.

2.10. Micro-computed tomography

Micro-CT analysis was performed on the left femur of each mouse.
After fixation with 4% paraformaldehyde, the femurs were scanned on
a Skyscan 1172 (Aartselaar, Belgium) with a 10-um isotropic voxel size,
50keV, 500 pA, and 0.7° rotation step, in accordance with the re-
commendations of the American Society for Bone and Mineral Research
(ASBMR) [30]. Regions of interest (ROIs) were defined for trabecular
and cortical parameters. The trabecular ROI extended from 1mm
proximally to the end of the distal growth plate over 1 mm toward the
diaphysis. The cortical ROI extended from 3 mm proximally to the end
of the distal growth plate over 1 mm toward the diaphysis. The re-
sulting two-dimensional images of trabecular and cortical bone in re-
lative cross-sections were shown in grayscale. Trabecular bone para-
meters were measured including cancellous bone mineral density (Cn-
BMD), bone volume/tissue volume (Cn-BV/TV), trabecular thickness
(Tb.Th), and trabecular separation (Tb.Sp). Cortical bone parameters
were measured including tissue mineral density (TMD), marrow volume
(Ma.V), cortical thickness (Ct.Th) and Cortical porosity (Ct.Po).

2.11. Bone histomorphometry

After Micro-computed tomography analysis, the left femurs were
both subjected to decalcification and made to paraffin-embedded 10-
um sections for bone histomorphometry analysis. Measurements were
done on four sections from different mice in each group and data were
presented in accordance with the recommendations of the American
Society for Bone and Mineral Research standardized histomorphometry
nomenclature [30]. Osteoblast number per bone surface (N.Ob/BS) was
measured on H&E-stained sections. Osteoclast number per bone surface
(N.Oc/BS) was measured on tartrate-resistant acid phosphatase (TRAP)-
stained sections.

2.12. Blood vessels evaluation

Deparaffinized femur sections were incubated with 5% BSA con-
taining anti-a-SMA primary antibody (1:100) (#ab5694, Abcam, USA)
at 4 °C overnight. Next day, sections were stained with Alexa Fluor 488-
labelled goat anti-rabbit secondary antibody (Invitrogen) at 37 °C for
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2h and counterstained with 4,6-diamidino-2-phenylindole (Beyotime,
China) for observation. Images were taken on the metaphysis of each
femur using Zeiss 810 laser scanning confocal microscopy system on a
Zeiss Axio Observer Z1 inverted microscope, equipped with a Plan-
Apochromat 20 x, 0.75 NA, differential interference contrast objective
and switching reconstruction method. The round or elliptical a-SMA
positive area was regard as the blood vessel.

2.13. Histopathology examination and immunohistochemistry

The fixed kidney, spleen and liver were dehydrated and embedded
in paraffin. Serial 5-um sections were prepared for H&E staining and
immunohistochemistry.

For immunohistochemistry, endogenous peroxidases were blocked
with 1% H,0, in methanol for 15min and antigen retrieval was per-
formed with microwave boiling in sodium citrate-EDTA buffer for 5 min
twice. Then, primary antibody anti-CD45 (1:100) (#ab10558, Abcam,
USA) was incubated for overnight at 4 °C. Next day, biotin conjugated
secondary antibody (#65-6140, Invitrogen, USA), HRP-conjugated
Streptavidin (#434323, Invitrogen, USA) and DAB kit (Boster biological
technology Co., China) were used according to the manufacturer's in-
structions. Nucleus was stained with haematoxylin (Sigma). The 8-bit
TIFF images were visualized and exported with a ZEISS Axioskop mi-
croscope.

2.14. Three-point bending test

The right femurs from all groups were immediately subjected to a
three-point bending test with an Instron 5569 materials mechanical
testing system (Instron Inc., MA). Femurs were placed posterior side
down between two supports 6 mm apart, and load was applied at the
midspan, which made bending occur along the anteroposterior axis.
Load-displacement curves were recorded at a crosshead speed of 1 mm/
s.

2.15. Statistics

All the original data were analyzed and plotted with GraphPad
Prism software (version 6.0c). Statistical analysis was performed with
One-way ANOVA. Data are shown as the means = SD. P values in-
dicate the significant differences.

3. Results

3.1. SF-deferoxamine has an identical hypoxia-inducing effect to
deferoxamine

To determine whether the performance of DFO in terms of HIFa
pathway activation is altered after modification with IDA, we first
analyzed the hypoxia-inducing capability of SF-DFO in primary murine
osteoblasts compared to the lead compound of DFO. The results showed
that after treatment with 100 pM and 200 uM SF-DFO, the protein level
of HIF-1a accumulated, which is similar to the result obtained after
treatment with DFO (Fig. 2a, b). Furthermore, the HRE-luciferase re-
porter system in primary murine osteoblasts also indicated that 200 pM
SF-DFO and DFO have comparable capacities in terms of activating
HRE-mediated transcription (Fig. 2c). Next, we detected the mRNA
level of VEGF, which is downstream of the HIF-1a signaling pathway
and plays a pivotal role in promoting angiogenesis. As expected, the
mRNA levels of VEGF and heme oxygenase 1 (HO-1) equivalently in-
creased after treatment with DFO and SF-DFO in a dose-dependent
manner (Fig. 2d). These results suggest that after combining with IDA,
SF-DFO retains the capacity to activate the HIFa signaling pathway.
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Fig. 2. SF-deferoxamine has an identical hypoxia-inducing effect to deferoxamine. A) The primary osteoblasts were treated with 100 um and 200 um DFO or SF-DFO
for 24 h, and representative images of HIF-1a protein levels from three independent experiments are shown. Two parallel control samples were used. The uncropped
images are shown in Supplementary Fig. 2. B) Gray value analysis of HIF-1a protein against a-tubulin protein in A. C) Primary osteoblasts were cotransfected with
PGL3-basci-HRE luciferase reporter and Renilla vectors and treated with 200 um SF-DFO or DFO for 24 h. HRE-reporter activities from two independent experiments
were detected with the dual-luciferase reporter kit. D) Primary osteoblasts were treated with 100 um and 200 pm SF-DFO or DFO for 24 h, and the VEGF and HO-1
mRNA levels were analyzed. Two independent experiments were performed. One-way ANOVA. Data are represented as the means * SD. *,P < 0.05. **,P < 0.01,

*** P < 0.001. HRE, hypoxia response element.

3.2. SF-deferoxamine has an identical angiogenesis-promoting effect to
deferoxamine

VEGF is responsible for vascular endothelial growth and angiogen-
esis, and the level of VEGF increases after SF-DFO treatment. Thus, we
performed a tube formation assay with cultured human umbilical vein
endothelial cells (HUVECs). HUVECs were cultured in growth factor-
reduced Matrigel and treated with 200 pM DFO or SF-DFO for 12h.
Then, Texas red-conjugated phalloidin was used to stain the cell
structure and tube matrix. Photographs were taken on a confocal mi-
croscope with the Z-axis topologic reconstruction method. The results
showed that the average total length, junction number, mesh area and
mesh number of complete tubes all displayed identical levels between
the DFO and SF-DFO groups (Fig. 3), as shown in Table 1. These results
indicated that SF-DFO and DFO have identical angiogenesis-promoting
potential.

3.3. Bone-seeking effect of SF-deferoxamine

To validate whether there is a bone-seeking effect after combination
with IDA, we analyzed the pharmacokinetics of the concentrations of
DFO and SF-DFO in the bone tissues of both male and female mice at
0.5, 2, 8, and 24 h after i.v. injection of equal molar masses of the two
compounds. The results showed that the concentration of SF-DFO in the
femurs and vertebrae remained high, whereas DFO had already been
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cleared 24 h after i.v. injection (Fig. 4a, b). These results indicated that
SF-DFO indeed had a greater bone-seeking propensity compared to
DFO.

3.4. Bone microarchitecture and angiogenesis in the metaphysis

Considering the bone-seeking effect of SF-DFO, we assumed that the
bone preserving effect would be more efficient in the SF-DFO group
than in the DFO group. Equivalent molar masses of the two compounds
were injected i.p. every day in OVX mice for 4 weeks, and the trabecular
bone microarchitectural parameters in the femurs were analyzed with
micro-CT. Three-dimensional reconstruction images of the left distal
femurs showed that the trabecular bone was clearly lost in OVX mice,
whereas in the SF-DFO group, the trabecular bone was slightly in-
creased relative to that in the DFO and OVX groups (Fig. 5a). Similarly,
the micro-CT parameters, including trabecular separation (Tb.Sp) and
bone volume per tissue volume (BV/TV), revealed a greater protective
effect in the SF-DFO group, although the BMD and trabecular thickness
(Tb.Th) were identical between the DFO and SF-DFO groups (Fig. 5b).

To explain the better retention of trabecular mass after SF-DFO
treatment, we analyzed the serum collagen type I cross-linked C-telo-
peptide (CTX-I) and procollagen type I N-terminal propeptide (PINP)
levels with ELISA assays, as well as osteoblast and osteoclast number
based on histomorphometric analysis. The results showed that the os-
teoclast number and osteoclast activity were not influenced by DFO and
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Fig. 3. SF-deferoxamine has an identical angiogenesis-promoting effect to deferoxamine. A) HUVECs cultured in Matrigel were treated with 200 um SF-DFO or DFO
for 12 h. Cellular structures were indicated with Texas red-X conjugated phalloidin staining and DAPI counterstaining. Representative images from three independent
experiments are shown. Scale bars, 20 um. B) Completed tube parameters in five random fields of the images were exported via ImageJ software. One-way ANOVA.

Data are represented as the means = SD. *,P < 0.05. **,P < 0.01.

Table 1
Parameters of complete tube in tube formation assay.

Total length (um)  Junction number Mesh area (%) Mesh number

Control 2865 + 480.6 53.7 = 6.5 79 £ 1.4 8.0 £ 2.0
DFO 5500 * 712.9 105.7 = 10.8 17.7 = 1.7 18.3 = 3.0
SF-DFO 5362 + 417.8 101.3 = 13.6 17.5 = 3.0 17.0 = 3.0

SF-DFO treatment (Fig. 5c¢), but the PINP level in the SF-DFO group was
increased compared to that in the DFO group, which might have been
the result of the increased osteoblast number observed via H&E staining
(Fig. 5d).

Next, we analyzed marrow angiogenesis in the femurs. The alpha
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smooth muscle actin (a-SMA) has relatively restricted expression in
vascular smooth muscle cells. Therefore, we performed an a-SMA im-
munostaining assay and defined the round or elliptical areas sur-
rounded by a-SMA as the blood vessels. Representative images showed
that both DFO and SF-DFO inhibited the vascular atrophy induced by
OVX and that SF-DFO had a more pronounced effect (Fig. 5e). Quan-
tification of the data regarding the vessel area further demonstrated
that angiogenesis after SF-DFO treatment is stronger than that after
DFO treatment (Fig. 5f).

3.5. Bone mechanical properties and cortical bone parameters

We also analyzed the microarchitectural parameters of the cortical
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Fig. 4. Bone-seeking effect of SF-deferoxamine. Equal molar masses of SF-DFO or DFO were i.v. injected into mice (n = 3). After 0.5, 2, 8, and 24 h, the muscle-free
femurs and vertebrae were isolated and subjected to quantitative measurement with LC-MS/MS. The concentrations of DFO and SF-DFO in female (A) and male (B)
mouse tissues were plotted against time separately. One-way ANOVA. Data are represented as the means + SD. ND, not detected.
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Fig. 5. Bone microarchitecture and angiogenesis in the metaphysis. OVX mice were i.p. injected with DFO and SF-DFO for 4 weeks. A) Left femurs were isolated and
subjected to micro-CT analysis. Representative three-dimensional images of distal femurs and relative cross-sections in each group. B) Micro-CT parameters of
trabecular bone in cross-sections, including BMD, BV/TV, Tb.Sp and Tb.Th. C) Serum CTX-I level and quantification of osteoclast number per bone surface (N.Oc/BS)
in metaphysis. D) Serum PINP level and quantification of osteoblast number per bone surface (N.Ob/BS) in metaphysis. E) Representative images of a-SMA im-
munostaining in metaphysis. F) Relative ratio of vessel area (a-SMA positive area) to marrow area. Scale bar, 50 ym. n = 5. One-way ANOVA. Data are represented as

the means = SD. *,P < 0.05. **,P < 0.01. ***P < 0.001.

bone in diaphysis with micro-CT. The results revealed that OVX en-
larged the marrow volume (Ma.V) and reduced the cortical thickness
(Ct.Th), as well as the porosity (Ct.Po) and tissue mineral density (TMD)
of the cortical bone (Fig. 6a, b). In contrast, the DFO and SF-DFO in-
jections reversed these changes in TMD, Ma.V and Ct.Th (Fig. 6a, b).
Furthermore, according to the protective effect of DFO and SF-DFO
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on the cortical bone, we determined the mechanical properties of the
bone tissue after DFO and SF-DFO treatment with a three-point bending
test. As expected, OVX led to weaker mechanical properties of the fe-
murs as reflected by lower modulus, ultimate stress, ultimate force, and
stiffness, whereas the SF-DFO revealed an identical effect to that of DFO
in preventing the OVX-induced loss of bone strength according to these
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Fig. 6. Bone mechanical properties and cortical bone parameters. OVX mice were i.p. injected with DFO and SF-DFO for 4 weeks. A) Representative images of cortical
bone in the diaphysis of the left femurs. B) Micro-CT parameters of cortical bone in cross-sections, including TMD, Ma.V, Ct.Th and Ct.Po. C) Three-point bending
parameters of the right femurs, including modulus, ultimate stress, ultimate force and failure energy. n = 5. One-way ANOVA. Data are represented as the

means + SD. *,P < 0.05. **,P < 0.01. ***P < 0.001.

properties (Fig. 6¢).

3.6. Reduced biotoxicity of SF-deferoxamine

To compare the biotoxicities of SF-DFO and DFO, the body weights
were recorded every 7 days, and the related organs were all subjected to
histopathological examination via H&E staining. The results showed
that DFO injection caused continuous weight loss over four weeks,
whereas the SF-DFO-treated mice grew normally compared to sham-
operation mice (Fig. 7a). Pathologically, DFO caused a diffuse in-
flammatory response and inflammatory infiltration in the liver and
kidney, while SF-DFO did not (Fig. 7b). We also observed granule de-
naturation, interface hepatitis and piecemeal necrosis of liver cells in
the DFO group but not in the SF-DFO group. Furthermore, the germinal
center in the white pulp was visible and obviously enlarged in the DFO
group, indicating excessive B lymphocyte accumulation. In contrast, all
the related organs in the SF-DFO group had no obvious pathological
changes based on the histological analysis (Fig. 7b). To further confirm
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the inflammatory response in related tissues, we detected CD45 (a
whole  marker of leukocytes)-positive  cells using im-
munohistochemistry. As expected, a large number of CD45-positive
cells existed in the liver and splenic red pulp after DFO treatment but
not after SF-DFO treatment (Fig. 7c). Thus, SF-DFO was less biotoxic
than DFO.

4. Discussion

In the human body, bone tissues are highly vascularized and the
blood supply to the ones accounts for approximately 10% of the cardiac
output [31]. The causes of postmenopausal osteoporosis include es-
trogen deficiency [2], as well as a decrease in the number of capillaries
in the bone marrow and, therefore, reduced oxygen perfusion [3-5]. In
addition, vascular disorders can reduce trabecular bone volume, and
the loss of blood supply during surgery leads to a significant decrease in
bone density and bone strength [32]. Therefore, vascular degeneration
may be one of the mechanisms underlying the pathogenesis of
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Fig. 7. Reduced biotoxicity of SF-deferoxamine. OVX mice were i.p. injected with the vehicle, DFO or SF-DFO for 4 weeks. A) Body weights were recorded every
7 days and plotted against time (n = 5). B) Representative H&E images of liver, kidney and spleen sections (n = 3). Scale bar, 50 um. C) Representative CD45
immunohistochemistry images of liver and spleen sections (n = 3). Scale bar: liver, 50 um, spleen, 200 pm. Data are represented as means *+ SD.

osteoporosis.

DFO is a chelating agent that complexes with ferric and trivalent
aluminum ions to form complexes but has a low affinity for ferrous
(Fe**), copper (Cu®?™), zinc (Zn?"), and calcium (Ca®**) ions. By
combining with iron, DFO can reduce the pathological deposition of
iron in organs [14]. By chelating the iron required for prolyl hydro-
xylase, DFO can also activate the HIF-1a pathway, thereby promoting
angiogenesis. Our previous study showed that HIFa overexpression in
Vhi-CKO mature osteoblasts profoundly increased angiogenesis and
osteogenesis, which was primarily mediated by VEGF expression [11].
Furthermore, mice with Hif-1a CKO in osteoblasts had decreased bone
volume and vascularity [11]. Thus, inducing HIF-1a activation or VEGF
expression benefits osteogenesis.

However, the side effects of DFO application have also received
increasing attention. First, listening and visual disorders occur during
DFO administration. In addition, after oral administration, gastro-
intestinal irritation may occur; after intramuscular injection, localized
pain and sensitization have been reported [20,21]. In our experiment,
the i.p. injection of DFO resulted in a diffuse inflammatory response in
the spleen, liver and kidney and weight loss, which also clearly in-
dicated the biotoxicity of DFO (Fig. 7).

Bone-seeking molecules are assumed to be capable of binding to
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calcium or hydroxyapatite, thereby being deposited in bone tissues
[33]. By binding with a bone-seeking molecular carrier, osteogenic
drugs could have a greater affinity for bone tissues and a lower level of
toxicity in other organs. It has been confirmed that tetracycline, bi-
sphosphonate and calcein have a strong affinity for hydroxyapatite
[23]. However, there have been many problems in the development of
bone-seeking compounds by chemical synthesis, including those in-
volving tetracycline and bisphosphonate. For example, tetracycline
modification might attenuate its beneficial activity. Moreover, the
complexity and instability of the structure of tetracycline also restricts
its usage in chemical synthesis [23,34].

In our previous study, we conjugated estrogen with IDA, a bone
affinity molecule, and called the new compound SF-estrogen. SF-es-
trogen protects bone volume from OVX-induced osteoporosis with few
effects on body weight and uterine hypertrophy due to the reduced
deposition of drugs in the uterus and the effective accumulation in bone
tissue [12]. Thus, we modified DFO with IDA and proved that after
covalent modification with IDA, SF-DFO retained the ability to facilitate
tube formation by promoting HIF-1a activation and VEGF expression in
vitro.

A previous pharmacokinetic study reported that DFO is rapidly
cleared from the blood [28]. Our data indicated that DFO stayed in
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femurs for only half an hour after the i.v. injection and rapidly cleared
within 2 h, whereas the concentration of SF-DFO remained steady for at
least 24 h in both femurs and vertebrae, indicating that SF-DFO has
excellent bioavailability and stability. Interestingly, the concentration
of DFO in the vertebrae appears to be almost negligible within half an
hour in both male and female mice relative to the concentrations in the
femurs.

For trabecular bone, micro-CT and serum data demonstrated that
both DFO and SF-DFO increased the trabecular bone volume via in-
creasing bone formation rather than by reducing bone resorption.
However, H&E staining and a-SMA staining revealed that the SF-DFO
group had an increased osteoblast number and enriched blood vessels
compared to the DFO group. The DFO group always revealed small
effects, which, combined with the suboptimal pharmacokinetic per-
formance of DFO, indicates that SF-DFO has a greater protective effect
on bone formation than DFO.

In the cortical bone, OVX reduced the cortical thickness, enlarged
the marrow volume and increased the porosity in diaphysis, whereas
both DFO and SF-DFO attenuated these effects. However, there was no
significant difference in bone strength between DFO and SF-DFO, al-
though cortical thickness and porosity were superior in the SF-DFO
group.

The newly established compound SF-DFO had low biotoxicity in the
related organs. Interestingly, it has been reported that body weight is
usually increased after estrogen deficiency [35], and SF-DFO adminis-
tration obviously attenuated the OVX-induced weight gain.

We would like to note limitations in our study. The mice we used for
the OVX model were eight-week-old mice, which still generate new
trabecular bone from the growth plate. Thus, the significant differences
between groups could be ignored because of low trabecular bone or
cortical bone baselines.

In conclusion, by covalently modifying DFO with the bone-affinitive
compound IDA, we established a new compound called SF-DFO and
proved that SF-DFO retained angiogenesis-promoting capabilities, with
lower biotoxicity and a superior effect in preventing OVX-induced
trabecular bone loss compared to DFO.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2018.10.025.
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