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Abstract

Rationale: Mechanisms underlying the compromised bone formation in type 1| diabetes mellitus
(T1DM), which causes bone fragility and frequent fractures, remain poorly understood. Recent advances
in organ-specific vascular endothelial cells (ECs) identify type H blood vessel injury in the bone, which
actively direct osteogenesis, as a possible player.

Methods: TIDM was induced in mice by streptozotocin (STZ) injection in two severity degrees. Bony
endothelium, the coupling of angiogenesis and osteogenesis, and bone mass quality were evaluated.
Insulin, antioxidants, and NADPH oxidase (NOX) inhibitors were administered to diabetic animals to
investigate possible mechanisms and design therapeutic strategies.

Results: TIDM in mice led to the holistic abnormality of the vascular system in the bone, especially type
H vessels, resulting in the uncoupling of angiogenesis and osteogenesis and inhibition of bone formation.
The severity of osteopathy was positively related to glycemic levels. These pathological changes were
attenuated by early-started, but not late-started, insulin therapy. ECs in diabetic bones showed
significantly higher levels of reactive oxygen species (ROS) and NOX | and 2. Impairments of bone
vessels and bone mass were effectively ameliorated by treatment with anti-oxidants or NOX2 inhibitors,
but not by a NOX1/4 inhibitor. GSK2795039 (GSK), a NOX2 inhibitor, significantly supplemented the
insulin effect on the diabetic bone.

Conclusions: Diabetic osteopathy could be a chronic microvascular complication of TIDM. The
impairment of type H vessels by NOX2-mediated endothelial oxidative stress might be an important
contributor that can serve as a therapeutic target for TIDM-induced osteopathy.

Key words: Diabetic bone fragility; Type H vessels; Endothelial damage; Oxidative stress; NADPH oxidase 2.

Introduction

Fragility fractures are a frequent but the T1DM population, which results in poor outcomes
under-appreciated complication of type 1 diabetes  and high mortality [1]. These diabetic bone diseases
mellitus (T1IDM) [1]. There is a 6-7 times higher risk of ~ derive mainly from compromised bone formation and
fractures [2], and delayed or failed fracture healing in ~ subsequent bone loss [1, 3], but the underlying

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 1

3797

pathogenesis mechanisms remain elusive. Current
osteoporosis therapies aimed at inhibiting bone
resorption are inadequate. Despite improvements in
insulin replacement therapy, osteopenia and high
fracture rates still exist in the majority of T1IDM
patients [1, 4]. A better understanding of the
mechanisms underlying bone formation inhibition in
T1DM is needed to provide new vistas for therapeutic
potential.

Diabetes causes vascular diseases affecting
nearly all vascular types and sizes [5, 6]. Vascular
impairment has been demonstrated to be a critical
player in many diabetic pathological changes, such as
retinopathy and nephropathy, considered as vascular
complications of diabetes [5, 7]. Bone is an organ rich
in the vascular network; however, the influence of
diabetes on bone blood vessels and its role in diabetic
osteopathy remain poorly understood [7]. Vascular
complications have emerged as predictors of fractures
in most studies of TIDM [1, 4]. Increasing evidence
indicates a direct deleterious effect of micro-
angiopathy on the bone [7], but is still open to
question and it remains uncertain whether diabetic
osteopathy can be classified as a chronic,
microvascular complication of diabetes [7, 8].
Therefore, confirmation of whether microangiopathy
is central to or a contributory factor to diabetic
osteopathy is crucial for the screening and treatment
of diabetic bone diseases [7].

Endothelial cells (ECs) that line capillaries have
long been perceived only as passive conduits for
blood. This stereotype, however, has been challenged
by increasing evidence indicating the critical role of
organ-specific ECs as important regulators that direct
the development, metabolism, and homeostasis of
organs [9, 10]. Kusumbe et al. [11] have demonstrated
that vascular growth in bone involves a specialized,
tissue-specific form of angiogenesis coupled with
osteogenesis and that bone vasculature contains
specialized type H and type L EC subtypes. Type H
ECs, characterized by high expression of CD31 and
endomucin (Emcn), serve as a key regulator of bone
formation by secreting angiocrine factors and
mediating the coupling of angiogenesis and
osteogenesis. It has been proposed that human type H
vessels might be a sensitive biomarker of bone mass
[12]. The reduction of type H capillaries has been
implicated in the bone loss in mouse models of aging
and postmenopausal osteoporosis [11, 13-15], but the
changes of type H vessels in diabetes and its
relationship with diabetic osteopathy are still
unknown. The impairment of type H vessels could be
a critical reason for poor bone formation and
increased bone fragility in TIDM, and its underlying

pathophysiological mechanisms remain to be
elucidated.

In the present study, we found that early-onset
T1DM led to an overall abnormality of bone blood
vessels, especially type H vessels, resulting in the
uncoupling of angiogenesis and osteogenesis and
compromised bone growth. The extent of these
pathological changes was related to glycemic levels,
and early-started sufficient insulin therapy for
glycemic control was needed to avoid the irreversible
vascular lesions in bone. Endothelial oxidative stress
might be an important contributor to the diabetic
impairment of bone vessels, with NADPH oxidase 2
(NOX2) serving as a crucial molecular therapeutic
target and NOX2 inhibitors as potential efficacious

drugs.
Methods

Animal model

The animal experiments were carried out in strict
accordance with the NIH for the Use of Laboratory
Animals and the guidelines of the Fourth Military
Medical University (Approval #FMMU-AEEA-
20161006). Diabetes was induced in three-week-old
male C57BL/6 mice to mimic early-onset TIDM in
human. For modeling of T1DM, mice received an
18-hour fasting and then intraperitoneal (i.p.)
injection of streptozotocin (STZ, Sigma-Aldrich) for
three days. After blood glucose monitoring on 4 and 7
days post the first injection, mice with glycemic levels
higher than 250 mg/dL were regarded as diabetic
[16]. To induce two different degrees of disease,
streptozotocin was administrated at two doses, 40
mg/kg and 80 mg/kg. These two doses induced two
different glycemic levels which both fulfilled the
standard for TIDM (Figure 1A). The control animals
were injected with only the vehicle. For experiments
with drug treatments, TIDM model was induced by
STZ injection at 80 mg/kg.

Measurement of blood glucose, HbA1c and
plasma insulin

To measure glycemic level, 25-pL blood samples
from the tail veins of mice were collected and
immediately  tested by  Roche glucometer
(ACCU-CHEK). To measure plasma insulin level,
another 100 pL blood sample from the tail vein was
collected in EDTA-treated tubes and plasma was
immediately isolated by centrifugation for 10 minutes
at 2000 X g. The plasma insulin concentrations were
measured with a Mouse Insulin ELISA kit (Millipore,
Cat# EZRMI-13K). HbAlc was measured with an
assay kit (Crystal Chem; Cat# 80310). For the animals
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treated with insulin or NOX2ds-tat, blood samples
were collected 4 h after drug administration.

Drug administration

Insulin-treated animals received subcutaneous
injection of insulin (Sigma-Aldrich, Cat#: 10305000)
once per day in two ways, from week 4 through 8
(early-started) or from week 6 through 8 (late-started),
and at two doses, a high dose (0.5 U/mouse) and a
low dose (0.05 U/mouse). N-acetyl cysteine (NAC;
Sigma; 10 mM), tempol (TPO; Selleckchem; 3 mM),
GKT137831 (GKT, NOX1/4 inhibitor; Selleckchem; 3
mM), GSK2795039 (GSK, small-molecule NOX2
inhibitor; MedChemExpress; high dose as 4 mM and
low dose as 2 mM) and VAS2870 (VAS, small-
molecule NOX2 inhibitor; Abcam; 3 mM) were given
in drinking water as the only drinking source for mice
every two days from week 4 through 8 [17-19].
NOX2ds-tat (NOX2ds, short-peptide NOX2 inhibitor;
AnaSpec; 5 mg/kg) were i.p. injected once every other
day from week 4 through 8 [20].

Bone immunohistochemistry

Freshly dissected mice bone tissues were
immediately fixed in ice-cold 4% paraformaldehyde
solution for 8 h, and decalcified in 0.5 M EDTA (pH
7.4) at 4 °C for 72 h. The decalcified bones were then
incubated in 20% sucrose and 2% polyvinyl-
pyrrolidone (PVP) solution for 24 h. Finally, the
tissues were embedded in 8% gelatin (porcine; Sigma,
G2500) in presence of 20% sucrose and 2% PVP
(Sigma, PVP360) and cryosectioned into 40-pm thick
longitudinally oriented tibia sections in a cryostat
(Leica CM1800). For immunostaining, bone sections
were permeabilized for 15 min in 0.3% Triton X-100,
blocked in 5% donkey serum at room temperature
(RT) for 30 min and then probed with the primary
antibodies diluted in 5% donkey serum in PBS:
rabbit-anti CD31 (Abcam, ab28364; 1:50), goat-anti
endomucin (Emcn; R&D system, AF4666; 1:100),
rabbit-anti Osterix (Abcam, ab22552; 1:200) and
rat-anti Ki-67 (Invitrogen, 14-5698-82; 1:200) overnight
at 4 °C. After being washed with PBS for three times,
sections were incubated with secondary antibodies to
corresponding species conjugated with Alexa 488, 594
or 647 (Millipore; 1:500) at RT for 1.5 h while avoiding
light [11, 14]. Nuclei were counterstained with 40,
60-diamidino-2-phenylindole (DAPI, Sigma). After
being washed thoroughly in PBS, air-dried and
coverslipped, the sections were observed under a
confocal laser microscope (FV-1000, Olympus).
Tartrate-resistant acid phosphatase (TRAP) staining
of bone sections were performed using a staining kit
(Sigma-Aldrich). Histomorphometric analysis was
conducted in four random visual fields of metaphysis

per tibia section in five non-adjacent sections per
mouse, with images quantitatively analyzed by
Image] software.

Flow cytometry

For the analysis or sorting of CD31highEmcnbhigh
cells (type H ECs) and total ECs in bone, we collected
tibiae after euthanization of the mice, removed
epiphysis, muscles and periosteum around the bone.
To remove epiphysis, the epiphysis and diaphysis of
tibia were respectively held and carefully moved
using a tweezer. Then the bone was crushed in
ice-cold PBS and digested by collagenase (Sigma, 1
mg/mL) at 37 °C for 20 min to obtain single-cell
suspensions. After filtration and washing, equal
numbers of cells per mouse were incubated with
goat-anti endomucin (R&D Systems, AF4666, 1:50)
and biotin-coupled CD45 (BD, 553077, 1:100) and
Ter119 (BD, 559971, 1:100) antibodies for 45 min at 4
°C. After washing, cells were stained with anti-goat
APC (R&D Systems, F0108, 1:200), PE-conjugated
CD31 (BioLegend, 102508, 1:100) and
Streptavidin-PE/Cy7 (BioLegend, 405206, 1:200)
antibodies for 30 min at 4 °C. After washing, cells
were resuspended in PBS with 1 pg/mL DAPI
(live/ dead exclusion), acquired on a FACS Canto flow
cytometer (BD Biosciences) and analyzed using
Flow]Jo software (Iree Star). Total bone ECs were
quantified as CD31*CD45Ter119- cells [11]. For
demarcating and sorting type H ECs, first standard
quadrant gates were set and subsequently quadrant 2
gates were arbitrarily set to differentiate
CD31highEmcnbhigh cells from the total double positive
cells [11]. FITC-conjugated Ki-67 antibody
(BioLegend, 652410, 1:200) was used to detect cell
proliferation. The strategy to sort type H and total
endothelial cells is diagrammed in Figure SI1D.
Antibody concentrations were selected according to
the manufacturers’ instructions and our preliminary
experiments.

To determine the level of reactive oxygen species
(ROS) in bone ECs, the single-cell suspensions of tibia
were first incubated with biotin-coupled CD45 and
Ter119 antibodies for 45 min at 4 °C. After washing,
cells were stained with Streptavidin-PE/Cy7 and
CD31-PE antibodies as well as 10 pmol/L
2',7'-dichlorodihydrofluorescein diacetate (DCFH-
DA, Sigma) for 30 min at 4 °C. The general ROS levels
in bone ECs were determined as the intensity of DCF
fluorescence in CD31* CD45- Terl19- cells [21]. To
determine intracellular ROS levels in experiments in
vitro, cells cultured on plates were digested, washed
with PBS and incubated with 10 pmol/L DCFH-DA at
37 °C for 30 min. After being washed three times with
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PBS, the levels of DCF fluorescence in ECs were
quantified using flow cytometry.

Quantitative Real time-PCR (qPCR)

Pure EC fractions were flow-sorted directly into
the lysis buffer of RNeasy Mini Kit (Qiagen). qPCR
analysis was performed using standard procedures as
previously described [11, 22] to determine the mRNA
levels of Nog, Pdgfa, Tgfbl, Fgfl, Wnt3a, Bmp2,
Hifla, Nox1, Nox2 and Nox4 in ECs. For the analysis
of Pecaml, Emcn, Bgalp, Ibsp, Ctsk and Oscar
expressions in whole-bone samples, freshly dissected
bones were immediately snap-frozen in liquid
nitrogen and crushed. The pulverized bone shafts
were lysed in lysis buffer for 15 min before
proceeding for RNA isolation, cDNA preparation and
qPCR analysis as described above. All the gene
expressions were normalized to endogenous Actb.
The primer sequences were listed in Table S2.

Micro-CT analysis of bone structure

Tibia were dissected from mice, fixed overnight
in 10% formalin and analysed by micro-CT (eXplore
Locus SP Pre-Clinical Specimen, GE Healthcare). The
samples were scanned in air, at a tube potential of 80
kVp, a tube current of 80 pA and an isotropic voxel
size of 7 pm. The image reconstruction and data
analysis were done by the system software
(MicroView, v.2.1, GE healthcare) with a Gaussian
filter (sigma = 0.8, support = 1). Trabecular bone
within the metaphysis was segmented from the cortex
using a semi-automated contouring algorithm by
manually drawing contours every 0.5 mm in the axial
plane and the volume of interest (VOI) was selected
from about 5% of the total tibia length below the
growth plate extending distally for another 10% of the
total tibia length. For cortical bone, the VOI was
selected by a software-original automated contouring
algorithm as a region with X-ray signal value higher
than a manually set threshold and defined as a
0.5-mm-thick transverse region of the diaphysis 5 mm
below the growth plate. Analysis parameters were
reported according to the guideline from American
Society for Bone and Mineral Research [23].

Examination of dynamic bone formation

Mice received subcutaneous injection of calcein
(Sigma, 20 mg/kg, at week 4) and Alizarin-
complexone (Sigma, 25 mg/kg, at week 6) dissolved
in PBS. After micro-CT scanning, bone specimens
were dehydrated in a graded series of ethanol (70%-
100%) and embedded in methylmethacrylate (Sigma)
solution that polymerized within 7 days at room
temperature. Thin undecalcified sections (50 pm in
thickness) were prepared in an interlocked diamond
saw (Leica Microtome, Wetzlar, Germany) to observe

and obtain images of the double labeling (green and
red) under a fluorescence microscope [24], with
images analyzed by Image ] software. Four randomly
selected visual fields in the metaphysis of tibia were
measured to test trabecular bone formation, with
three slices examined for each animal.

Biomechanical testing

To measure the biomechanical properties of
tibia, a mechanical-testing machine (MTS 858 Mini
Bionix II; MTS Systems Corp., Minneapolis, MN,
USA) was used to run 3-point bending test. The length
span between 2 support points was 60% of the total
bone length. Each bone was loaded at a constant
speed of 1 mm/min wuntil failure. The load-
deformation curves were generated and analyzed by
TestStar II software. The force and displacement data
were recorded until the specimen was broken. The
following biomechanical parameters were determined
by the load-deformation curve: ultimate load (N; the
load at the maximum failure point) and stiffness
(N/mm; the slope of the linear region).

Isolation and culture of primary bone-specific
endothelial cells (ECs)

For the isolation of mouse bone-specific ECs,
bone marrow from tibia and femurs of C57BL/6 mice
(male, 4-week-old) were collected in sterile Ca?* and
Mg?* free PBS [25]. After crushing the bone, the
mixture was digested with collagenase (Sigma) and
filtered by a strainer to obtain single-cell suspension.
ECs were then sorted by Magnetic Activated Cell
Sorting (MACS) using endomucin antibody (Santa
Cruz) and Dynabeads coated with sheep anti-rat
antibody (Invitrogen). Sorted ECs were then plated on
fibronectin-coated dishes and cultured in endothelial
cell growth medium (EBM-2, Lonza) with EGM-2
SingleQuots supplement (CC-4176, Lonza) at 37 °C
with 5% CO; in a humidified atmosphere. At first
passage, cells were again MACS sorted with
endomucin antibody and plated for culture. Cells
were fed every third day and passaged upon
confluence. ECs were cultured in three different
conditions: normal control, high glucose (HG, 400
mg/dL) and HG + tempol (TPO, 2.5 mM). Cells
behaviors were evaluated after 4 days.

Cell adhesion and viability

After fixation by 4% paraformaldehyde and
washing by PBS, cellular actin filaments and nucleus
were stained respectively with Rhodamine-phalloidin
(Molecular Probes) and DAPI (Sigma). Fluorescent
images were obtained by a confocal microscope. The
cell density was measured using the Image J software.
Five different substrate fields were measured per
sample, and three separate samples were measured in
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each group. Cell viability was assessed by
methylthiazol tetrazolium (MTT) test (Beyotime
Biotechnology, Shanghai, China) and expressed as the
absorbance per gram of sample.

Statistical analysis

Results are expressed as mean + SD. GraphPad
Prism 7 was used to compare two groups by
two-tailed Student t-test or to compare more than two
groups by one-way or two-way (group X time)
ANOVA with Tukey posttest multiple comparison
analysis. A p < 0.05 was considered statistically
significant.

Results

TI1DM impaired bone blood vessels in a
glycemic level-dependent manner

Most T1IDM patients have disease onset at a
young age [26]. Clinical data showed that children
and adolescents with TIDM had abnormal bone
quality [3, 27], suggesting that TIDM may impair
bone growth and increase bone fragility [1, 3].
Although diabetes in children and adolescents has
been increasing at an alarming rate [28], significant
gaps still exist in our understanding of diabetes in
juveniles. In the present study, we established an
early-onset TIDM mouse model by post-fasting
injection of STZ in week 3 at two different doses, 40
and 80 mg/kg, leading to two different levels of blood
glucose, HbAlc, insulin, and body weight gain in
diabetic animals (Figure 1A-C and F). The subgroup
of TIDM mice with lower STZ dose had relatively
lower glycemic levels (diabetes mellitus-glycemic
level 1, DM-G1) and the other T1IDM subgroup with
higher STZ dose had higher glycemic levels
(DM-glycemic level 2, DM-G2). Immunofluorescence
staining of the tibia sections on day 28 showed
obvious morphological changes of blood vessels in
the bones of DM animals compared with control
animals (Figure 1D-E), which became severe with the
rise of the glycemic level, including abnormal and
sparse vascular network. Additionally, the vascular
columns under the growth plate (GP), which regulate
trabecular bone metabolism in the metaphysis (Mp),
became shorter and fewer (Figures 1D, G and S1A).
Magnification of metaphysis (Figure 1E) showed that
the number of Emen*CD31* type H vessels adjacent to
the growth plate was decreased in DM groups, with
many aberrant circular immunostaining-positive
structures in the DM-G2 group. In the tibia of the
control group, the specialized angiogenesis pattern in
the bone was observed in the metaphysis, with the
bud-shaped protrusions (arrowheads) growing out of

the distal, loop-like arches (arrows) at the vascular
growth front in the proximity of the hypertrophic
chondrocytes (Ch) in the growth plate. In DM groups,
the vascular arches showed altered structures and
significantly fewer angiogenesis buds (Figure 1H). In
diaphysis (Dp), type H vessels near endosteum were
reduced in DM groups compared with the control
group (Figures 1I and S1B). qPCR analysis showed
that the Pecam1 (CD31) and Emcn mRNA levels were
significantly lower in DM tibia, with a remarkable
difference between the two DM subgroups (Figure 1J).
Flow cytometry further showed significantly fewer
type H (Figure 1K-L) and type L (Figure S1C) ECs as
well as the total ECs in the tibia in DM groups than
the control group. Correlation analysis showed that
the ratio of type H ECs in tibia was negatively related
to the blood glucose level in DM groups (Figure S2).
The proliferation of both type H and total ECs in
4-week-old tibia was remarkably inhibited by T1IDM
(Figure S1E-F).

T1DM inhibited angiogenesis-osteogenesis
coupling

The coupling between angiogenesis and
osteogenesis in the bone is mediated by the dialogue
between vascular cells and osteoblastic cell lineage
[11, 14, 29, 30]. Type H ECs regulate osteoblastic cells
by paracrine key cytokines crucial for osteogenesis,
such as noggin, BMP-2, and TGEF-p, known as
angiocrine functions [11, 13]. The expression of these
key cytokines was significantly reduced in the
diabetic tibia following the vascular impairment in
bone in week 4, as determined by qPCR analysis
(Figure 2A). Histomorphometric analysis showed that
DM led to a significant reduction of Osterix*
osteoprogenitors in the metaphysis and near the
endosteum in diaphysis, accompanied by decreased
expression of mature osteoblast markers, Bglap and
Ibsp, at week 6 (Figure 2B-D) but not at week 4 (Figure
2E-F). Fluorochrome labeling of bone formation by
calcein (green, at 4 w) and alizarin complexone (red,
at 6 w) showed that the osteogenesis in bone
development was inhibited by TIDM (Figure 2G),
with significantly reduced mineral apposition rate
(MAR) and bone formation rate per bone surface
(BFR/BS, Figure 2H). Histomorphometric
quantification and qPCR analysis also revealed that
the number of TRAP* osteoclasts and the mRNA
levels of osteoclast differentiation (Oscar, osteoclast
associated receptor) and function (Ctsk, cathepsin K)
significantly decreased in diabetic tibia at week 6
(Figure 2K-M), but not at week 4 (Figure 2I-]).
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Figure 1. Bone blood vessels are impaired by TIDM in a glycemic level-dependent manner. STZ injection at two different doses led to two different levels of
glucose (A), insulin (B) and HbAlc (F) in blood as well as deceased body weight gain (C), namely two degrees of diabetes which were named as DM-GI (diabetes mellitus-glycemic
level 1) group and DM-G2 (glycemic level 2) group respectively. One week after modeling (day 28), blood vessels in tibia were examined. (D) Confocal images of Emcn
(endomucin), a marker of endothelial cells (ECs), on the immunostained coronal plane sections of tibia from 4-week-old mice. Dashed lines mark the boundaries between growth
plate (GP) and metaphysis (Mp) as well as between the column-like vessels in metaphysis and the highly branched sinusoids in diaphysis (Dp). Scale bar: 300 um. (E) Confocal tile
scan of 4-week-old tibia showing CD3 1+ (green) and Emen* (red) ECs in metaphysis. The magnification in the last column shows the specialized angiogenesis (of type H vessels)
below the growth plate. At the vascular growth front in proximity of hypertrophic chondrocytes (Ch) in the growth plate, the bud-shaped protrusions (arrowheads) grow from
the distal, loop-like vascular arches (arrows). Cyan arrowheads indicate normal buds and white arrowheads mark defective buds. Dashed lines indicate the distal vascular arches
and buds (Ab) in the vessel columns (Cl). Diabetes mellitus (DM) causes structural abnormality and angiogenesis inhibition of type H vessels. Scale bar: 50 um on the left and 20
pm on the right. Histomorphometry analysis of the images represented by (E) as the area fraction of vessel columns (G) and the number of vascular buds per growth plate length
(H). (I) Confocal images of the vessels near cortical bone (CB) in the diaphysis of 4-week tibia. BM, bone marrow. Scale bar: 30 pm. (J) gPCR analysis of the mRNA levels of the
two markers of type H ECs, Pecaml (CD31) and Emcn. (K) Representative flow cytometry plots showing CD31hignEmcnhish ECs (type H ECs) in bone marrow cells. (L) Flow
cytometric quantitation of type H and total ECs in 4-week-old tibia. Data analysis strategy in flow cytometry is diagrammed in Figure S1D. Data are present mean # SD. (A)-(C)
and (F), n = 15-16 per group; (G)-(L), n = 7-8 per group. *p < 0.05, *p < 0.01 and ***p < 0.001. One-way (F-L) or two-way (group X time, A-C) ANOVA followed by Tukey
posttest analysis.
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group. (B) Confocal images show the Osterix* (green) osteoprogenitors adjacent to Emen* (red) blood vessels in metaphysis (Mp, above) and diaphysis (below). GP, growth plate;
CB, cortical bone; BM, bone marrow. Scale bar: 20 ym on the above and 30 um on the below. Histomorphometric quantitation of Osterix* cells in the metaphysis of
immunostained tibia sections at week 4 (E) and week 6 (C). qPCR analysis of the mRNA expressions of two markers for mature osteoblasts, Bglap (bone
gamma-carboxyglutamate protein) and Ibsp (integrin-binding sialoprotein), relative to vehicle control group at week 4 (F) and week 6 (D). Dynamic new bone formation was
assessed by subcutaneous injection of calcein (green, at 4 weeks) and alizarin complexone (red, at 6 weeks) to label the mineralization in bone (G, microscopy images of tibia
sections) as well as histomorphometric quantifications (H) of mineral apposition rate (MAR) and bone formation rate per bone surface (BFR/BS). (K) Images of TRAP-stained tibia
sections. Histomorphometric analysis of the number of osteoclasts per bone perimeter (N.Oc/B.Pm.) at week 4 (I) and week 6 (L). Relative mRNA levels of the markers for
osteoclast differentiation (Oscar, osteoclast associated receptor) and function (Ctsk, cathepsin K) at week 4 (J) and week 6 (M). TRAP, tartrate-resistant acid phosphatase. Scale
bars: 20 pm in (G) and (K). n = 7-8 per group. *p < 0.05, **p < 0.01 and ***p < 0.001. One-way ANOVA followed by Tukey posttest analysis.

TI1DM led to compromised bone mass and
decreased bone strength

At week 8, compared with the control group,
DM animals had a significantly smaller size of the
body and long bone (Figure 3A-C). Micro-CT analysis
of 8-week-old tibia showed that the trabecular bone in
the tibia of DM groups was significantly reduced
(Figure 3E-F), indicated by decreased trabecular bone
volume fraction (BV/TV), trabecular number (Tb.N)
and trabecular thickness (Tb.Th) as well as increased
trabecular separation (Tb.Sp). For the cortical bone,
diabetic tibia showed a significant reduction in total
cross-sectional area of the middle diaphysis (Tt.Ar),
cortical bone area (Ct.Ar), cortical area fraction
(Ct.Ar/Tt.Ar), average cortical thickness (Ct.Th), and
cortical tissue mineral density (Ct.TMD). Mechanical
properties of the tibia were assessed by the 3-point
bending test (Figure 3D). Compared with the control
group, the ultimate load and stiffness of the bone

were significantly decreased in DM groups, with the
ultimate load considerably lower in the DM-G2 group
than in the DM-G1 group. In most bone mass indexes,
the DM-G2 group showed significantly severer
pathological changes than the DM-G1 group.

Early-started, but not late-started, sufficient
insulin therapy attenuated the T1DM-induced
bone vascular injury and osteogenesis
inhibition

Since TIDM is an insulin-deficient disease,
insulin replacement therapy has been the standard
treatment. We evaluated insulin effects on bone blood
vessels and bone mass by daily intraperitoneal (i.p.)
injections of insulin in the early treatment starting
from week 4 (ins 4-8w) and late treatment from week
6 (ins 6-8w) with high, 0.5 U/mouse and low, 0.05
U/mouse doses. Insulin treatments starting at the two
time points both effectively decreased the glycemic
level (Figure 4A) and increased body weight gain
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(Figure 4B) in DM mice but displayed significant
differences between the two doses. Although the
late-started insulin therapy from week 6 through 8
increased mRNA levels of Tgfb-1, Wnt3a and Ibsp, it
did not induce observable changes in blood vessels,
osteoblastic cells, or osteogenesis in the tibia of DM
mice (Figure 4, DM + ins hi 6-8w group). However,
the insulin treatment at a sufficient dose started
immediately after the confirmation of diabetes
modeling at week 4 (DM + ins hi 4-8 w group) led to a
significant increase in both the total ECs and type H
ECs (Figure 4D-G), cytokines mediating the coupling
of angiogenesis and osteogenesis (Figure 5A), number
and function of osteoblastic cells (Figure 5B-D), bone
formation (Figure 5E-F), osteoclast activity (Figure
S3A-C), bone mass quality (Figure 5G-H and Figure
S4A), and total length (Figure 5I) of the tibia of DM
mice. However, only limited effects were observed
when insulin therapy started at week 4 but with a
relatively low dose (DM + ins lo 4-8w group).

Anti-oxidants effectively ameliorated the
T1DM-induced impairment of bone blood
vessels and bone formation

Overproduction of reactive oxygen species
(ROS) and the subsequent oxidative stress have been

Tibia length (mm)

m

demonstrated to play a critical role in vascular lesions
and diabetic vascular complications [31]. ROS has
been identified as a key regulator of the bone
micro-environment [32, 33]. We explored the role of
oxidative stress in the diabetes-induced damage of
bony vasculature by evaluating the ROS level in bone
ECs. Flow cytometry analysis of intracellular DCF
fluorescence showed that the EC ROS level in diabetic
tibia was significantly higher than in the control tibia
(Figure 6A and Figure S5A). When diabetic animals
received i.p. injection of an anti-oxidant, N-acetyl
cysteine (NAC) or tempol (TPO) once every other day
from week 4 through 8, the ROS level in tibia ECs was
effectively reduced (Figure 6A). Diabetic mice treated
with TPO showed significantly reduced glycemic
levels and increased body weight at weeks 6 and 8
(Figure 6B, C, and D), while those effects were
insignificant after NAC treatment. Both NAC and
TPO ameliorated the diabetes-induced injury of bone
ECs (Figure 6F-]), uncoupling of angiogenesis and
osteogenesis (Figure 6K and Figure 7A-C), and bone
formation inhibition in the tibia (Figure 7D-G and
Figure S4B). The tibia length also increased in
TPO-treated diabetic mice (Figure 6E).
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Figure 3. TIDM induced compromised quality of bone mass at 8 weeks. Comparisons of body size (A), tibia appearance (B) and tibia length (C). D) 3-pointing bending
test evaluates the mechanical properties of mice tibia: ultimate load, the load at the maximum failure point; stiffness, the slope of the linear region of the load-deformation curve.
(E) Representative images from micro-CT scanning show the trabecular and cortical bone mass in mice tibia: above, 3-dimensional (3D) reconstruction of the trabecular bone in
proximal tibia; below, cross-section images of the middle diaphysis of tibia. Scale bars: 300 um. (F) Quality parameters of the trabecular bone in proximal tibia metaphysis and the
cortical bone in middle diaphysis from micro-CT analysis: BV/TV, trabecular bone volume fraction; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular
separation; Tt.Ar, Total cross-sectional area inside the periosteal envelope; Ct.Ar, cortical bone area; Ct. Ar/Tt.Ar, cortical bone area fraction; Ct.Th, average cortical thickness;
Ct. TMD, Cortical tissue mineral density. n = 7-8 per group. *p < 0.05, **p < 0.01 and **p < 0.001. One-way ANOVA followed by Tukey posttest analysis.
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Figure 4. The effects of insulin therapy on the bone blood vessels of TIDM mice. Drug therapy with high dose (hi, 0.5 U/mouse) or low dose (lo, 0.05 U/mouse) of
insulin (ins) or the combination of insulin and a relatively low dose of GSK2795039 (GSK, a NOX2 inhibitor, 2 mM) was conducted in two time courses: started immediately after
the confirmation of DM and once per day in week 4 to 8 (4-8w); started at week 6 and performed once per day in week 6 to 8 (6-8w). The levels of blood glucose (A) and body
weight (B) were examined at week 4, 6 and 8, with HbAlc (C) tested at week 8. (D) Confocal images of immunostained tibia sections show CD31+ (green) and Emen* (red) type
H vessels in the metaphysis. Scale bar: 50 um on the above and 20 um on the below. Histomorphometric quantitation as the area fraction of vessel columns (E) and the number
of vascular buds per growth plate length (F). (G) Flow cytometry quantification of type H ECs and total ECs in 8-week-old tibia. For drug treatments, T1DM model was induced
by STZ injection at 80 mg/kg (namely DM-G2). (A)-(C), n = 15-16 per group; (E)-(G), n = 6-8 per group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. DM+veh group; #p < 0.05, #p
< 0.01 and ##p < 0.001 vs. DM+ins hi 6-8w group; & < 0.05, &p < 0.01 and &&&p < 0.001 vs. DM+ins lo 4-8w group. One-way or two-way ANOVA followed by Tukey posttest

analysis.

To investigate the direct effects of high glucose
and antioxidants on the vascular endothelium in the
bone, we isolated bone-specific ECs from the long
bone and cultured them under different conditions.
Compared with the normal control condition, high
glucose (400 mg/dL) resulted in reduced -cell
proliferation (Figure S6A-B) and viability (Figure S6C)
and a significantly increased ROS level in ECs (Figure
S6D-E). Hypoxia inducible factor-la (Hif-1la), a
master regulator of the expression of a large number
of genes that play critical roles in vascular activities,
including the angiogenesis of type H vessels [11, 34],
was sensitive to oxygen and could be inhibited by
ROS [35]. In the high glucose environment, the
expressions of Hif-la and osteogenesis-regulating

cytokines were downregulated in bone ECs (Figure
S6F), while these high glucose-induced cell
dysfunctions were significantly ameliorated by the
antioxidant, TPO (Figure S6).

Inhibition of NOX2, rather than NOXI,
attenuated T1DM-induced bone vascular
lesions

NADPH oxidases (NOX), a ROS-generating
enzyme family, are major sources of ROS in the
vascular system [36, 37]. ECs express four NOX
isoforms in humans, namely NOX1, NOX2, NOX4,
and NOX5 [36]. Studies on hypertension, diabetes,
and atherosclerosis have suggested that NOX 1 and
NOX2 are the main mediators of endothelial oxidative
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stress and dysfunctions, whereas NOX4 is
vasoprotective  in  increasing  nitric = oxide
bioavailability and suppressing cell death pathways
[36, 38, 39]. To investigate the role of NOX in the
diabetes-induced endothelial oxidative stress in bone
blood vessels, we first examined the expressions of
these three NOX isoforms in mice tibia ECs. qPCR
results showed that, for the mRNA expression in the
bone ECs of control animals, NOX2 ranked first,
followed by NOX4 and NOX1 (Figure S5C).
Compared with control mice, diabetic mice showed
significant up-regulation of NOX1 and NOX2, but not
NOX4 (Figure 8A), in tibia ECs. The antioxidative
enzyme superoxide dismutase 1, but not catalase, was
also significantly increased in bone ECs in diabetic
groups (Figure S5D). Following insulin treatment, the
diabetes-induced changes of NOXs were significantly
reversed (Figure 8A). Next, a NOX1/4 inhibitor,
GKT137831 (GKT), two different NOX2 inhibitors,
NOX2ds-tat (NOX2ds) and GSK2795039 (GSK), or a
pan-NOX  inhibitor, = VAS2870 (VAS) were
intraperitoneally administrated in diabetic mice from

week 4 through 8, and the therapeutic effects
evaluated. The NOX1/4 inhibitor, GKT, did not
influence the levels of glucose and insulin in the blood
(Figure 8B-C), body weight gain (Figure 8D), ROS
level in ECs (Figure 8I), the number and functions of
ECs (Figure 8E-H and Figure 9A) and osteoblasts
(Figure 9B-H), and bone resorption (Figure S3G-I) in
diabetic tibia. VAS only partly increased the number
and functions of ECs (Figure 8E-H) and osteogenic
cells (Figure 9A-E) in the tibia, while NOX2ds and
GSK both significantly attenuated the oxidative stress
of bone ECs, promoted the recovery of type H ECs
and coupling of angiogenesis and osteogenesis, with
GSK showing the most significant effects. Next, the
effects of a half dose of GSK in combination with a
low dose of insulin in DM mice were examined from
week 4 to 8 (Figure 4-5). The combination of relatively
low doses of GSK and insulin from week 4 through 8
produced significantly better therapeutic effects than
insulin alone (DM + ins lo + GSK lo 4-8w vs. DM + ins
lo 4-8w).
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Figure 5. The effects of insulin therapy on the angiogenesis-osteogenesis coupling and bone mass of TIDM mice. (A) qPCR analysis of the relative mRNA
expressions of key cytokines mediating the coupling of angiogenesis and osteogenesis in 8-week-old tibia. The activities of osteoblastic cell lineage were evaluated by qPCR
analysis of osteoblast markers (B) and histomorphological analysis of Osterix* (green) osteoprogenitors around Emen* vessels (C and D). Analysis of new bone formation by
fluorochrome labeling (E) of calcium deposition in tibia by subcutaneous injection of calcein (green) and alizarin complexone (red) and quantitation of mineral apposition rate
(MAR) between week 4 and 6 (F). Micro-CT 3D reconstruction images (G) and quantitative parameters (H) of trabecular bone in 8-week-old tibia. (I) Tibia length at week 8. Scale
bar: 20 ym in (C) and (E); 300 um in (G). n = 6-8 per group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. DM+veh group; #p < 0.05, #p < 0.01 and ##p < 0.001 vs. DM+ins hi 6-8w
group; & < 0.05, &&p < 0.01 and &&&p < 0.001 vs. DM+ins lo 4-8w group. One-way or two-way ANOVA followed by Tukey posttest analysis.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 1

3806

> —_
A 15 ot 2R wn B3 «DMtveh =DM+NAG sDM+TPO
DM+veh o kkk  dkk X -
w7 M DM+NAC ETs . E . e
5 DM+TPO 8D, _-% o e . . f . 5]{- i
(] z ; ¥
8- 2. oot ¥¥ 175 13
80 v 2 . S 3 ELE ) .. a “
- Q% 2 - $ _,.E' o 450 H . an
== B 400 7 5 8
= > o w w w
L é“\o@*ﬁp RS-
DCF fluorescent intensity ) X
_ e TS
]
c E16 Da15 2
=] % = " o G
£14 = X = i i .:E
E12. & '} %'}E o] : iy j—&
2 ¥ AN b A L o 4 )
g 98 ST 3
2 06 m 5
3 4w 6w 8w 4w 6w 8w
2
F £
=
I
(]
- L
— 1]
J w
Q g
= -
[&] (=]
£ =
wi fr
<
o £
<< =)
=)

| Soos JE 20 e
"% 0.03 rux w 25 e
O 20

83*32 . % i 1s <& TjEL

T 001] ke

20,00 kil _§ ;ig &

|i" 4@0 e?"o «QO ] xs\e’ \;?‘ &QO
N X RS
X I CFS

(1/mm)

No. buds/GP len

K «DM+veh =DM+NAC 1 DM+TPO

m
|

oo *n

S o3t *
¢§. T
*Nog Pdgfa Tgi1 Wnida

*

¥

*

-r-ﬂl
o
e
-t
v
e

&
w”

Rel. mRNA level
nN

Figure 6. The effects of anti-oxidant treatments on the bone blood vessels of TIDM mice. TID mice received intraperitoneal injection of an anti-oxidant, N-acetyl
cysteine (NAC) or tempol (TPO), once every other day from week 4 through 8. (A) Flow cytometry analysis of the general ROS levels in the bone ECs from 8-week-old tibia by
detecting intracellular DCF fluorescence. The levels of blood glucose (B), insulin (C) and body weight (D). (E) Tibia length at week 8. (F) Confocal images of CD31 (green) and
Emcn (red) immunostained tibia sections show type H vessels in the tibia metaphysis at week 8. Scale bar: 50 um on the above and 20 ym on the below. Histomorphometric
quantitation of the area fraction of vessel columns (G) and the number of vascular buds per growth plate length (H). Flow cytometry quantification of type H ECs (I) and total ECs
(J)) in 8-week-old tibia. (K) qPCR analysis of the representative cytokines mediating the coupling of angiogenesis and osteogenesis in 8-week-old tibia. (B)-(D), n = 15-16 per group;
other panels, n = 7-8 per group. *p < 0.05, **p < 0.01 and ***p < 0.001. One-way or two-way ANOVA followed by Tukey posttest analysis.

Discussion

Pathophysiological mechanisms underlying the
poor bone formation in TIDM patients, leading to
bone loss and frequent fragile fractures, remain
unclear. Recent advances in our understanding of the
organ-specific vascular system and endothelial cells
(ECs) point to the injury of type H vessels in the bone
as a possible important factor. In the present study,
the main findings are as follows: First, early-onset
T1DM leads to a holistic and irreversible abnormality
of the vascular system, especially type H vessels in the
bone, resulting in uncoupling of angiogenesis and
osteogenesis and impaired bone growth; therefore,
vascular injury might be a critical contributor to the
increased bone fragility in patients with T1DM.
Second, the T1DM-induced vascular lesions in the

bone seem irreversible and related to glycemic levels
(Figure S2), and early-started treatments, such as
sufficient insulin therapy, are needed to control the
disease. And third, endothelial oxidative stress,
closely linked to the up-regulation of NOX2 in ECs,
might be an important mechanism underlying the
impairment of type H vessels in the diabetic bone, and
NOX2 inhibitors, such as GSK2795039, show potential
for clinical therapy of bone diseases in TIDM patients.

Vascular injury is a critical player in the
dysfunctions of many organs afflicted by diabetes,
known as vascular complications of diabetes [5, 40].
However, the influence of diabetes on the vascular
system in the bone and its role in diabetic osteopathy
remained elusive. Previous studies on bone blood
vessels in diabetes mainly concentrated on the
relationship between vascular injury and abnormal
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hematopoiesis in bone marrow [7, 8], with very few
focusing on the potential association between bone
vascular system and bone mass lesions. There were
controversies on the latter issue, originating from the
contradictory data and the lack of explanatory
rationale between vascular injury and diabetic
osteopathy [7, 8].

In the present study, our results showed that
juvenile TIDM led to significant reduction and
dysfunction of type H vessels in the bone, leading to
the uncoupling of angiogenesis and osteogenesis,
resulting in compromised bone formation and fragile
bone mass. These observations were in line with
previous reports showing the bone marrow
microangiopathy, reduced angiogenesis and bone
turnover in TIDM mice [41, 42]. Our results were also
consistent with clinical observations in T1DM
patients, showing that the subgroup with
microvascular diseases had substantially severer bone
loss than the subgroup without microvascular
diseases despite similar glycemic control and insulin
dosage [7, 8]. These findings suggested an association
between microvascular disease and bone mass
abnormalities.

Recent research advances have furthered our
comprehension of blood vessels and ECs that undergo
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organ-specialization. Tissue-specific =~ endothelium
establishes specialized vascular niches that deploy
growth factors with angiocrine functions and play a
critical role in the maintenance and regulation of
development, homeostasis, and regeneration [9, 43].
As organ-specialized vascular ECs, type H ECs are
organized as interconnected micro-vessels in the
metaphysis and near endosteum, controlling
bone-forming cell lineage by releasing pro-osteogenic
factors and mediating the coupling of angiogenesis
and osteogenesis [11, 13]. The proteolytic activity of
type H endothelium has been shown to be essential
for resorbing growth plate cartilage to lead directional
bone growth and disrupting the orientation of type H
vessels results in contorted bone shape [44]. When the
bone vascular system is affected by metabolic
disturbances in diabetes, osteogenic cells might lose
the support and regulation from type H vessels,
resulting in impaired osteogenesis and increased bone
fragility. To the best of our knowledge, our study is
the first report about type H ECs under diabetic
conditions, and provides a reasonable explanation for
the causal link between vascular impairment and
bone fragility. Together with previous reports, our
results propose that diabetic osteopathy might be a
chronic microvascular complication of TIDM [7].
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Figure 7. The effects of anti-oxidant treatments on the angiogenesis-osteogenesis coupling and bone mass of T1DM mice. The activities of osteoblastic lineage
were evaluated by histomorphological analysis of Osterix* (green) osteoprogenitors around Emen* vessels (A and B) and qPCR analysis of osteoblast markers (C). New bone
formation was analyzed by fluorochrome labeling of bone mineralization (D) as well as histomorphometric analysis (E) of mineral apposition rate (MAR) and bone formation rate
per bone surface (BFR/BS) between week 4 and 6. Micro-CT 3D reconstruction images (F) and quantitative parameters of trabecular bone (G) in 8-week-old tibia. Scale bar: 20
pm in (A) and (D); 300 pm in (F). n = 7-8 per group. *p < 0.05, *p < 0.01 and ***p < 0.001. One-way or two-way ANOVA followed by Tukey posttest analysis.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 1 3808

A fis Bone ECs B%‘
fiom o g . ¢ O
<10 ., % © DMins hi 3-8w § 550 P %Eu oo {‘ o a %%k O DM+NOX 1/4 inh
P u . d TOM 4 T
T, 8 m E-3388y T34E Bhg48 oo
Eo".g'.%‘?i N . v DM+VAS
__ NOX1 NOX2 NOXx4 & 4w 6w 8w
-

C .S_)ms e . D§15 %g
~ v v E -
sogfidi g8t LERT 11 I M. ; #3173
petsth L B
£ B
305 : . . m 5 . . .

3 4w BwW 8w 4w 6w 8w

m

DM+veh DM+NOX 1/4 inh DM+NOX2ds

= =
H=004 =25
@ 0.03 o % O 20 e e o
80'02%:%{&“;}" ﬁ]g%lﬁ
0.011 ¥ % c 05 =
ﬁo.oc ‘{- 8 oo
o —
> \‘G "],6 E
ho\x\;‘ +\$0§.\\ 5 \;\ ‘13’
O
ra 0“\ N
Q Q

DM+GSK

-n

Ar. fraction
vessel columns

DM+VAS

(fold change)

Figure 8. NOX2 contributes to the oxidative stress of bone ECs and the damage of angiogenesis-osteogenesis coupling. (A) qPCR analysis of the relative mMRNA
levels of three critical NOXs, involved in endothelial oxidative injuries, in the ECs in tibia metaphysis. TIDM mice were intraperitoneally injected with GKT137831 (NOX1/4
inhibitor) or one of the two NOX2 inhibitors, NOX2ds-tat (NOX2ds) and GSK2795039 (GSK), or VAS2870 (VAS, a pan-NOX inhibitor) once every two days from week 4
through 8. The levels of blood glucose (B), insulin (C) and body weight (D) during treatments were tested. (E) Confocal images of immunostained tibia sections show the
CD31*Emcn* type H vessels in the metaphysis at week 8. Scale bar: 50 um on the above and 20 ym on the below. (F and G) Histomorphometric quantitation of the vessels in
proximal tibia metaphysis. Flow cytometry quantification of type H ECs and total ECs in 8-week-old tibia (H). (I) Flow cytometry analysis of intracellular DCF fluorescence shows
the ROS levels in the ECs in 8-week-old tibia. (B)-(D), n = 15-16 per group; other panels, n = 7-8 per group. ##p < 0.001 vs. Control group; *p < 0.05, **p < 0.01 and ***p <0.001

vs. DM+veh group. One-way or two-way ANOVA followed by Tukey posttest analysis.

Sustained high glycemic level and metabolic
disturbance resulting from absolute deficiency of
insulin are the core pathogenetic factors of TIDM
complications [45]. Our results suggested a positive
correlation between the vascular impairment intensity
in the diabetic bone and glycemic level (Figures 1-4
and Figure S2), with the worse the blood glucose
control, the severer the bone vascular injury. This is
consistent with clinical findings that the presence of
microvascular disease serves as a proxy for general
disease severity or poor glycemic control [7].
Preclinical reports have also indicated that glycemic
control level impacts bone metabolism [46],
suggesting the loss of glycemic control as a critical
reason for vascular system dysfunctions in the bone,
especially type H vessels.

In the present study, insulin treatment as the
standard therapy for T1DM, induced discrepant
effects when applied at two different stages of the
disease or delivered in two different doses. The
amelioration of osteopathy by early-started sufficient
insulin treatment in our study was in accord with the
bone-anabolic role of insulin [1] and efficacy of insulin
therapy for bone disease in T1IDM in clinical [1, 47]
and preclinical [48, 49] studies. Kalyanaraman et al.
reported that hyperglycemia [49]. This provides a
possible explanation for the ineffectiveness of
late-started insulin treatment in the present study.
Exposure to high glucose might impact insulin
signaling in bone cells including ECs, desensitizing
cells to exogenous insulin in the late stage of TIDM.
These observations suggest that bone vessel lesions
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and bone mass in T1IDM are irreversible and could be
controlled only if glycemic control is applied early
after the disease onset. Therefore, early screening for
bone diseases in diabetic patients is required. The
substantial link between diabetic microangiopathy
and skeletal fragility also suggests the necessity for
including diabetic microvascular complications, such
as retinopathy, in fracture risk prediction methods,
like the Fracture Risk Assessment (FRAX) tool.

Collective evidence indicates oxidative stress as
a crucial contributor to the injuries of many tissues in
diabetes [50, 51]. Compared with other organs,
however, the role of oxidative stress in diabetic bone
diseases is still elusive [32, 52]. ROS serves as a key
signal in the bone marrow stem cells niche in
physiological conditions, regulating cell behaviors
and mediating intercellular dialogue [33, 53]. In
diabetes, however, bone marrow microenvironment
has been shown to be fiercely stricken by the
diabetes-induced excessive ROS [33]. It has been
proposed that the oxidative stress in bone marrow
vessels significantly contributes to the compromised
blood infusion and the disorganized redox signals in
the hematopoietic microenvironment, resulting in the
inhibition of hematopoietic and regenerative
functions [33, 41, 54].

According to the recently identified vascular
subtypes in the bone, the ECs involved in most
previous studies seemed to be type L ECs which exist

mainly in the diaphysis forming the niche for
hematopoietic stem cells [13, 43]. In the present study,
focusing on the bone mass metabolism, our results
implicated oxidative stress in the dysfunction of
another bony endothelial subtype, namely type H
ECs, responsible for the coupling of angiogenesis and
osteogenesis [11]. Together with recent reports
showing the importance of oxidative stress in diabetic
osteoblast injury [49], our findings suggested
anti-oxidative treatments as a promising therapy for
osteopathy in TIDM.

It has been reported that ROS is an important
contributor to the inhibition of insulin-secretion from
B cells and inflammatory M1 macrophage infiltration
in islets, inducing TIDM. Our results confirmed that
treatment with the antioxidant TPO induced
increased insulin and reduced blood glucose in
diabetic animals. However, the correlation analysis
between the glycemic level and ratio of type H ECs
(Figure S2) showed that the decreased glycemic level
in the DM+TPO group could not lead to significant
attenuation of vascular lesions in the diabetic bone.
On the other hand, in vitro results (Figure S6)
suggested that antioxidants might exert their
beneficial effects on bone vasculature by directly
ameliorating the high glucose-induced oxidative
stress and the consequent disruption of signals like
Hif-1a in ECs.
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Figure 9. The effects of NOX inhibitors on the angiogenesis-osteogenesis coupling and bone mass of TIDM mice. (A) qPCR analysis of representative key
cytokines mediating the coupling of angiogenesis and osteogenesis in 8-week-old tibia. Osterix* (green) osteoprogenitors around vessels in the metaphysis (B) were
semi-quantified (C). New bone formation was analyzed by fluorochrome labeling (E) with calcein (green) and alizarin complexone (red) as well as the mineral apposition rate
(MAR) between week 4 and 6 (D). (F and G) The bone mass quality of tibia was analyzed by micro-CT scanning at week 8. (H) Tibia length at week 8. Scale bar: 20 um in (B) and
(E); 300 um in (F). n = 7-8 per group. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. DM+veh group. One-way or two-way ANOVA followed by Tukey posttest analysis.
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Antioxidative treatment has been regarded as an
important therapeutic strategy for many vascular
diseases [55]. However, despite the evidence from
preclinical ~studies showing the efficacy of
antioxidative drugs, such as vitamin E, limited
benefits were observed in most clinical studies [39].
Alternatively, it has been proposed that preventing
ROS formation by targeting the sources of their
generation could be a more effective strategy for
attenuating oxidative stress than scavenging these
highly reactive molecules after they are formed [39].
NOX are the major sources of intracellular ROS in the
cells of vascular walls [37, 56]. Among the NOX
family members, NOX1 and NOX2 have emerged as
the two main isoforms implicated in endothelial
oxidative stress, inflammation, and apoptosis [39, 56].
However, the most critical NOX isoform responsible
for endothelial injuries varies among different
diseases, vascular levels, and tissues [56]. In diabetic
osteopathy, the role of NOX and the key isoform
involved in pathogenesis has not yet been
investigated.

In the present study, the results showed that
T1DM led to the NOX1 and NOX2 increase in bone
ECs and only NOX2 inhibitors induced significant
therapeutic effects, with NOX2ds-tat and GSK2795039
showing high efficiency while VAS2870 was
inefficient. These results indicated that NOX2 might
be the key isoform mediating the T1DM-induced
oxidative stress of bony vascular endothelium,
especially type H ECs. Similarly, NOX2 inhibitor
GSK2795039, due to its superior efficacy, might
possess a higher potential for clinical therapy (Figure
7) and exert additional effects in combination with
insulin (Figure 4-5). Our results are discordant with
Gray et al. [57] reporting that NOX1 plays a critical
role in T1DM-induced oxidative stress of aortic
endothelial ~ cells and  accelerated  aortic
atherosclerosis, but consistent with some other
reports on the critical role of NOX2 in the oxidative
stress of vascular ECs [58-60]. These conflicting data
suggest that the key isoforms of NOX involved in the
endothelial oxidative stress in TIDM vary among
different tissues and between macrovascular and
microvascular lesions.

As a systemic metabolic disease, diabetes could
eventually impact all cell types, indicating that
vascular injury is not the only mechanism for diabetic
osteopathy. Recent findings have indicated that
osteoblasts and preosteoclasts direct angiogenesis of
type H vessels through paracrine factors, establishing
a bidirectional regulation framework for the coupling
of angiogenesis and osteogenesis. It is reasonable to
speculate that aberrant angiogenesis and osteogenesis
in TIDM could interact as both cause and effect of

each other, together resulting in compromised bone
quality. Further studies with cell type-specific
intervention are needed to clarify whether vascular
impairment is a crucial reason for diabetic osteopathy.
Although there is ample evidence regarding the
impaired bone formation in T1DM, the bone
resorption changes in diabetes remain less
investigated, and conflicting results have been
reported [2]. Consistent with most clinical studies [1],
our data showed a reduction of osteoclast activity and
bone resorption in the STZ-induced TIDM mouse
model. This suggests that antiresorptive agents (e.g.
bisphosphonates) might not be an appropriate
treatment for bone impairment by TIDM and needs
further investigation. Finally, the findings from
animal models, need to be verified in human samples,
and clinical analysis of human bone specimens should
be conducted in the future.

Conclusions

Herein, we demonstrated that the T1DM-
induced irreversible injury of blood vessels in the
bone, especially type H vessels, might be a critical
contributor to the impaired bone formation and
frequent fragile fractures in patients with early-onset
TIDM. Our data furnished new evidence for the
possibility that osteopathy could be a micro-vascular
complication of diabetes. The extent of vascular
lesions in diabetic bone was related to the glycemic
level, and thus early disease screening and
early-started treatments, such as sufficient insulin
therapy, are needed to control the pathological
progression. NOX2-mediated endothelial oxidative
stress was an important player in the dysfunctions of
type H vessels in diabetic bones. Therefore, inhibiting
NOX2 might be a promising therapeutic strategy for
bony vasculature impairments and bone mass in
T1DM patients.
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