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Diabetes adversely impacts many organ systems including the skeleton. Clinical trials have revealed a startling
elevation in fracture risk in diabetic patients. Bone fractures can be life threatening: nearly 1 in 6 hip fracture
patients die within one year. Because physical exercise is proven to improve bone properties and reduce fracture
risk in non-diabetic subjects, we tested its efficacy in type 1 diabetes. We hypothesized that diabetic bone's
response to anabolic mechanical loading would be attenuated, partially due to impaired mechanosensing of
osteocytes under hyperglycemia. Heterozygous C57BL/6-Ins2Akita/J (Akita) male and female diabetic mice and
their age- and gender-matched wild-type (WT) C57BL/6J controls (7-month-old, N = 5–7 mice/group) were
subjected to unilateral axial ulnar loading with a peak strain of 3500 με at 2 Hz and 3 min/day for 5 days. The
Akita female mice, which exhibited a relatively normal body weight and a mild 40% elevation of blood glucose
level, responded with increased bone formation (+6.5% in Ct.B.Ar, and 4 to 36-fold increase in Ec.BFR/BS and
Ps.BFR/BS), and the loading effects, in terms of changes of static and dynamic indices, did not differ between
Akita and WT females (p ≥ 0.1). However, loading-induced anabolic effects were greatly diminished in Akita
males, which exhibited reduced body weight, severe hyperglycemia (+230%), diminished bone formation
(ΔCt.B.Ar: 0.003 vs. 0.030 mm2, p = 0.005), and suppressed periosteal bone appositions (ΔPs.BFR/BS, p =
0.02). Hyperglycemia (25 mM glucose) was further found to impair the flow-induced intracellular calcium sig-
naling in MLO-Y4 osteocytes, and significantly inhibited the flow-induced downstream responses including re-
duction in apoptosis and sRANKL secretion and PGE2 release. These results, along with previous findings
showing adverse effects of hyperglycemia on osteoblasts and mesenchymal stem cells, suggest that failure to
maintain normal glucose levels may impair bone's responses to mechanical loading in diabetics.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Obesity and diabetes are epidemic health problems associated with
sedentary life-style and high-fat diets. According to the Center for
Disease Control and Prevention's 2005–2008National Health andNutri-
tion Examination Survey, 14% of adults between ages 45–64 and 27% of
adults older than 65 are diabetic. Diabetes causes serious health compli-
cations including heart disease, neuropathy, blindness, kidney failure,
and lower-extremity amputations. It is the seventh leading cause of
death in the United States (www.cdc.gov). However, the negative im-
pacts of diabetes on bone health have not beenwell recognized until re-
cently. In 2007, two meta-analyses of 13–16 large clinical trials showed
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a startling elevation in bone fracture risk for diabetic patients compared
with normal population, which was a 7-fold increase in type 1 diabetes
(T1D, formerly called juvenile-onset diabetes) and a 1.4-fold increase in
type 2 diabetes (T2D, formerly called adult-onset diabetes) [1,2]. Since
nearly 1 in 6 patients with hip fracture died within one year [3], bone
fractures can be life threatening. The risk is especially high for diabetic
patients, whose impaired vasculature and wound healing capability
contribute to increased mortality [4].

The mechanisms underlying the observed elevation in fracture risk
among diabetics are not fully understood, although human and animal
studies have documented bone defects such as retarded bone accrual
and reduced bone size [5–7] (for T1D) and/or altered bone matrix [8,
9] and increased cortical porosities [10–12] (for T2D) [11,12]. The fragile
bone phenotypes have been recapitulated in various diabetic animal
models [13–16]. On the cellular and molecular levels, hyperglycemia
and hormonal disturbances, present in both T1D and T2D [17,18],
were found to i) inhibit the proliferation and differentiation of bone
marrow mesenchymal stem cells into bone-forming osteoblasts
[19], ii) suppress osteoblast's functions [20,21], and iii) increase
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nonenzymatic glycation of collagen (the major organic constitute of
bone matrix) [8,9,15]. Paradoxically, long-term use of some diabetes
treatments such as thiazolidinediones, a class of insulin-sensitizing drug
including rosiglitazone and pioglitazone, was recently found to stimulate
adipogenesis and inhibit osteogenesis, leading to evenmore bone deteri-
oration [11,22]. Thus, there is a great need to improve bone health in dia-
betics using non-pharmaceutical interventions.

Mechanical stimulation associated with exercise and physical activ-
ities is long recognized as a potent anabolic factor in promoting bone
health [23–25]. The beneficial effects of mechanical stimulation can be
best demonstrated in the stronger bone seen in the accrual of bone
mass in the dominant arms of professional tennis players, in contract
with the rapid bone loss seen in astronauts and bed-rest patients as
their skeletons are deprived from mechanical stimulation [26,27]. Dur-
ing these bone adaptation processes, osteocytes, the most abundant
cells in bone, play a central role. Dispersed in bone matrix and being
well-connected with each other as well as the cells lining the bone sur-
faces, osteocytes serve not only as the primary sensors that detect exter-
nal mechanical stimuli, but also as a paracrine regulator of osteoblasts
and osteoclasts via signaling molecules such as PGE2, RANKL, OPG and
sclerostin/SOST [28–31]. However, the efficacy of applying mechanical
stimulation in rescuing diabetic bone diseases is not known andwheth-
er diabetic hyperglycemia impairs osteocyte's mechanosensing has yet
to be determined.

The objective of the present study was to test the hypothesis that
bone's response to anabolic mechanical loading is attenuated in diabe-
tes due to, at least partially, impaired mechanosensing in osteocytes.
We first investigated bone's acute responses to exogenously applied
ulnar loading in T1D female and male mice as well as their age- and
gender-matched normal controls. We then further studied how hyper-
glycemia associated with severe diabetes affected the responses of
osteocytic MLO-Y4 cells to fluid flow stimulation. Our results demon-
strated that in vivo bone formation was impaired in severe diabetic
T1D mouse and hyperglycemia inhibited osteocyte's sensitivity or
responses to mechanical stimulation in vitro. This study suggests the
use of proper glycemic control to restore bone's response to mechanical
signals and to improve bone health in diabetic patients.

2. Methods

2.1. In vivo response to ulnar loading

2.1.1. Animals
To test whether hyperglycemia negatively affect in vivo bone re-

sponses to loading, we used heterozygous C57BL/6-Ins2Akita/J (Akita)
male and female mice and their age matched wild-type (WT) C57BL/
6J controls (7-month-old, N = 5–7 mice/group, Jackson Laboratory,
BarHarbor,Maine). Due to the spontaneous Akitamutation that impairs
the normal folding and secretion of insulin, Akita male mice develop
T1D diabetes at the age of 5 weeks, manifesting severe hyperglycemia,
hypoinsulinemia, polydipsia, and polyuria, while Akita females demon-
stratedmilder diabetic symptomswith less severe impairment in β-cell
functions [13,32]. Both Akita females and males were used due to their
different stages of disease severity. Fasting blood glucose level was de-
termined using retro-orbital bleeding and a glucometer (OneTouch®,
LifeScan, Inc., Milpitas, CA) prior to acute ulnar loading. Body weight
was measured at both the beginning and the end of experiments. The
animal protocol was approved by the Institutional Animal Care and
Use Committee of the University of Delaware.

2.1.2. Ulnar loading experiments
Similar to previous studies [33,34], we subjected the right forearms

of the anesthetized mice to cyclical compression that induced a peak
of ~3500 με near the lateral mid-shaft surface (Fig. 1). Due to the differ-
ent bodyweights and bone sizes of each group, the applied loadmagni-
tude was determined by strain gauging performed in a separate set of
animals (n ≥ 8 ulnae/group). A single-element gauge (EA-06-015DJ-
120; Measurements Group, Inc., Raleigh, NC) was fixed on a relatively
flat surface (1–2 mm proximal of the mid-shaft) of the intact ulna at-
tached to the body. The ulna was axially compressed with a gradually
increasing load (0.4 N/s to 4.2 N) using a Bose LM1 TestBench® loading
system (Bose Corporation, Framingham, MA), while the strain gauge's
output voltage was recorded by LM1's data acquisition unit and con-
verted to strain using a calibrated conversion coefficient [35]. From
the strain vs. load curves for the compression tests, the mean compres-
sive rigidity of the ulnae per group was thus calculated. To achieve a
consistent 3500 με strain on the ulnar surface, the loading magnitudes
for the four groups were calculated to be 2.7 ± 0.5 N, 3 ± 0.4 N,
2.2 ± 0.4 N, and 3 ± 0.5 N for Akita females, WT females, Akita males
and WT males, respectively. Thus, the group averages were chosen to
be the applied loading magnitudes, i.e., 2.7 N for Akita females (n =
7), 3 N for WT females (n = 5), 2.2 N for Akita males (n = 5), and 3 N
for WT males (n = 7). Daily mechanical stimulation was applied at
2 Hz, 3 min/day, for 5 consecutive days as published [33]. The mice re-
ceived dynamic bone labels (calcein 10 mg/kg) on Day 4 and Day 15
and were sacrificed on Day 18.

2.1.3. Sample processing and data collection
Both loaded and contralateral non-loaded ulnae were harvested,

chemically fixed, embedded in methylmethacrylate, sectioned and
polished, and analyzed using an OsteoMeasure® software package
and an upright epifluorescent microscope, following the protocols
published previously [35,36]. Static and dynamic histomorphometric
measurementswere performedon twomid-shaft sections and the aver-
age values were used for each animal. For each gender, two types of
comparisons were performed. First, the loading effects (loaded ulnae
vs. non-loaded ulnae) were tested within the Akita and WT groups
with either Student's t tests (for normally distributed data such as
bone morphology) or Mann–Whitney U tests (for data without normal
distributions). The second type of comparison focused on whether the
responses of diabetic Akitamice differed from those of controls.We per-
formed Whitney–Mann U tests on the relative changes, Δ(loaded −
nonloaded) data, between the Akita and WT mice. All analyses were
performed using Origin (OriginLab, Northampton, MA) with signifi-
cance set at p b 0.05.

2.2. In vitro responses to hyperglycemia

Although in vivo bone formation involves osteoblasts, osteocytes, and
mesenchymal progenitor cells, we focused our studies on osteocytes, be-
cause the inhibitory effects of hyperglycemia on osteoblast proliferation
and mineralization have been well established in literature [21,37,38].
To test the effects of hyperglycemia on osteocyte mechanosensitivity,
we utilized an in vitro model where cultured osteocytes were exposed
to fluid flow stimulation that mimicked the interstitial fluid flow occur-
ring in vivo [39]. Several outcomemeasures were assessed, such as intra-
cellular Ca2+ ([Ca2+]i) peaks, one of the earliest responses of osteocytes
to physical stimulation [40–42], and important downstreamresponses in-
cluding the secretion of anabolic cytokine (PGE2), catabolic cytokine
(RANKL) and osteocyte apoptosis, which play a role in initiation of bone
remodeling [23,43,44].

2.2.1. Cells and culture media
MLO-Y4 cells, a generous gift from Dr. Lynda Bonewald (University

of Missouri-Kansas City, Kansas City, MO) and a well-characterized
model for osteocytes [45], were cultured on type I collagen (BD Biosci-
ences, San Jose, CA, USA) coated Petri-dishes. Three culture media were
used: i) the regular medium consisted of alpha MEM with 5.5 mM
D-glucose (Invitrogen Corporation, Carlsbad, CA, USA) supplemented
with 5% fetal bovine serum and 5% calf serum (Hyclone Laboratories
Inc., Logan, UT, USA); ii) the osmotic control medium consisted of the
regular medium described above with the addition of 20 mM L-glucose
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Loading 3500  με, 2Hz, 3 min/day, 5 days A

B

Experimental 
Group

Sample 
Size

Peak Load

Akita females 7 2.7N

WT females 5 3.0N

Akita males 5 2.2N

WT males 7 3.0N

Fig. 1. (A) In vivo ulnar loading model. Peak strain was validated using strain gauges placed on the relatively flat area (1–2 mm proximal of the mid-shaft). Induced bone formation was
evaluated in the cross-sections of the mid-shaft (dotted lines). (B) Calibrated peak load magnitudes to achieve a similar 3500 με surface strain in the four experimental groups.
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or 20 mM mannitol (Sigma-Aldrich, St. Louis, MO, USA). The total
L-glucose concentration (25.5mM, 459mg/dL) corresponded to the aver-
aged fasting blood glucose level in Akita males (detailed in the Results
section); iii) the hyperglycemicmedium consisted of the regularmedium
with the addition of 20mMD-glucose (Sigma-Aldrich, St. Louis,MO,USA).
The last twomedia had the same elevated osmolarity,while L-glucose and
mannitol, in contrast with D-glucose, cannot be metabolized by cells and
thus served as an osmotic control agent [46]. For intracellular calcium im-
aging, the cellsweremaintained at 37 °C and 5%CO2 in a humidified incu-
bator for 3, 6, 9, or 12 days, and maintained below 70% confluence. Cells
were seeded on type I collagen coated glass slides 24 h before fluid flow
tests. The flow tests were repeated 6–8 times. The numbers of cells ana-
lyzed were 640, 444, and 599 for regular, osmotic control, and hypergly-
cemic medium, respectively. For downstream responses, the cells were
seeded on rat tail type I collagen coated slides at a density of 3000 cells/cm2

and incubated for 3 days in one of three media described above, prior
to fluid flow stimulation.
2.2.2. [Ca2+]i imaging under fluid flow stimulation
The cells were loaded with a 5 μM Fluo-4 Ca2+ indicator for 30 min

in an incubator followed by three washes with PBS. Slides were then
mounted onto a parallel plateflowchamber placed on top of an inverted
Fig. 2. Intracellular calcium imaging. (A) Osteocytes were exposed to fluid flow stimulation in
(C) A representative calcium response and the quantified spatiotemporal parameters (number
fluorescence microscope (Leica DMI6000) for laminar flow stimulation
[41,47] (Fig. 2A). A unidirectional 2 Pa shear stress was applied to the
cell surface using a magnetic gear pump (Fig. 2B), and the fluorescence
of the cells was recorded with an ORCA-AG interline CCD camera
(Hamamatsu, Japan) at 1 Hz for 1 min at baseline and 9 min after the
onset of the flow (Fig. 2C).
2.2.3. Downstream responses under fluid flow stimulation
Similar to our previous studies [31,48], osteocytes were exposed to

1 Pa oscillating shear stress at 1 Hz for 2 h in a parallel plate flow cham-
ber with either the normoglycemic control medium, mannitol supple-
mented osmotic control medium, or hyperglycemic medium. Static
control cells were placed inside the parallel chamber for the same
time period but without exposure to flow. The cells were then removed
from the chamber and incubated at 37 °C with a fresh change of either
control, hyperglycemic, or mannitol control media. The media and cell
lysates were collected after 24 h of incubation and immediately frozen
at −20 °C. A sandwich ELISA (R&D Systems, Minneapolis, MN) was
used to quantify OPG and RANKL levels in conditioned media. PGE2
levels were quantified using an EIA kit (Cayman, Ann Arbor, MI). Total
protein was determined using a colorimetric kit (Pierce Protein Biology
Products, Thermo Fisher Scientific Inc., Rockford, IL) and lysis buffer
a laminar flow chamber. (B) Osteocytes were dyed with Fluo-4 and imaged for 10 min.
of peaks, 1st peak magnitude (m1), 1st peak response time (t1) and relaxation time (t2)).

Image of Fig. 1
Image of Fig. 2
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(Cell Signaling Technology, Danvers, MA). Apoptosis of the cells was
measured using a fluorescent Caspase-Glo 3/7 Kit (Promega, Madison,
WI). Experiments were repeated four times.

2.2.4. Data and statistical analysis

(1) For the analysis of intracellular calcium imaging, the time course
of the mean [Ca2+]i was obtained for each cell using the
MetaMorph Imaging Software (Danaher, Washington, DC). A
Ca2+ peak was defined as increase in intracellular calcium inten-
sity thatwas greater than four times that of the baseline standard
deviation. The counts of cells exhibiting zero, one, and multiple
calcium peaks were obtained for each medium. Chi-Square
tests and post-hoc pairwise comparisons using a z-test with
Bonferroni adjustment were performed to examine whether
the percentages of cells respondingwith 1+and 2+peaks differ
among the three media (SAS Institute Inc., Cary, NC). For the re-
sponsive cells, the spatiotemporal parameters of the [Ca2+]i
peaks, including the number of peaks, peak magnitude, and the
1st peak response (t1) and relaxation times (t2) (Fig. 2C) were
analyzed using a customized Matlab program [41,47]. One way
ANOVA with Tukey's post-hoc tests (OriginLab, Northampton,
MA) was used for comparison. The significance level was set at
p b 0.05 for all tests.

(2) For the analysis of downstream responses, the protein data from
flow stimulated osteocyteswere normalizedwith those from the
static control cells. One way ANOVA and Tukey's post-hoc tests
was used for comparison among the three culture media with
p b 0.05 as described above.

3. Results

3.1. In vivo responses to ulnar loading

3.1.1. Basic metabolic parameters
Akita female mice showed no significant difference in body weight

compared with WT mice (25.43 ± 1.40 vs. 26 ± 1.87 g), but a 44%
elevation in fasting blood glucose level (216.14 ± 35.19 vs. 150.40 ±
6.69 mg/dL, p = 0.002) (Table 1). Akita males, however, showed a
more severe level of diabetes with a 28.5% decrease in body weight
(23.40 ± 1.52 vs. 32.71 ± 2.69 g, p b 0.0001) and 227% elevation in
fasting blood glucose level (574.80 ± 21.39 vs. 175.57 ± 18.23 mg/dL,
p b 0.0001, Table 1).

3.1.2. Static bone histomorphometry
For females, after five sessions of ulnar loading, both WT and Akita

female mice demonstrated robust bone formation in terms of Ct.B.Ar
(+16%, +6.5%) and Ct.Th (+10%, 6.5%) in the loaded ulnae compared
with their contralateral non-loaded ulnae (p = 0.03, 0.005; and p =
0.02, 0.005, respectively, Table 2). The female Akita mice even showed
a significant shrink of Ct.Ma.Ar (−12%) after loading (p = 0.03,
Table 2). Comparing the nonloaded ulnae between the two genotypes,
there was no significant difference in tissue total area (Ct.T.Ar), bone
area (Ct.B.Ar), marrow area (Ct.Ma.Ar), and cortex thickness (Ct.Th)
Table 1
Basic metabolic data.

Groups C57BL/6J
Females

A
F

Sample size N 5 7
Age at Day 1 of experiment (weeks) 29 2
BW at Day 1 of experiment (g) 26 ± 1.87 2
BW at Day 18 of experiment (g) 24.60 ± 2.95 2
Fasting blood glucose level (mg/dL) 150.40 ± 6.69 2

Note: *p b 0.05 vs. WT controls of the same gender (Student's t tests). Data are presented as m
between Akita and WT females (p = 0.2–0.9, Table 2). Regarding the
degrees of responses to loading seen in the two genotypes, the change
of each of the four static bone indices, Δ(loaded − nonloaded), did
not differ significantly (p = 0.1–0.6, Table 2). The results, however,
were quite different for males. AlthoughWTmales showed a significant
increase in Ct.T.Ar (+10%, p = 0.01), Ct.B.Ar (+14%, p = 0.0004), and
Ct.Th (+11%, p= 0.0003) in the loaded ulnae relative to the nonleaded
ones, the Akita males did not show any significant change in these pa-
rameters under loading (p = 0.2–0.7, Table 2). Comparing the non-
loaded ulnae between the two genotypes, Akita males showed a signif-
icantly smaller Ct.B.Ar (−8%, p= 0.005) thanWTmales. Regarding the
degrees of responses to loading seen in the two genotypes, the change
of the static bone index, Δ(loaded − nonloaded), differed significantly
in ΔCt.B.Ar (0.003 ± 0.010 vs. 0.030 ± 0.011 mm2, p = 0.005) and
ΔCt.Th (5.4 + 6.68 vs. 18.34+ 6.66 μm, p= 0.01, Table 2). To better il-
lustrate the dramatically different responses of Akitamales and females
to mechanical loading, ΔCt.B.Ar was plotted to clearly demonstrate the
robust bone formation in Akita females and greatly attenuated bone for-
mation in Akita males compared with their age- and gender-matched
controls, respectively (Fig. 3).

3.1.3. Dynamic bone histomorphometry
The representative images of dynamic bone labeling in the mid-

diaphyseal sections are shown in Fig. 4. For females, mechanical loading
significantly increased the bone formation activities on the periosteal
surface of the loaded ulnae relative to those of the nonleaded ulnae, in
terms of Ps.MS/BS, Ps.MAR, and Ps.BFR/BS for the Akita (p = 0.0006–
0.005) and the WT (p = 0.01, Table 2). Current loading regimen did
not significantly influence thedynamic labeling indices on the endosteal
surface (where the strains due to mechanical loading were expected to
be lower than the periosteal surface) in theWT females (p= 0.06–0.5),
while Ec.MS/BS and Ec.MAR were significantly increased in Akita fe-
males (p = 0.001, 0.0006, Table 2). When comparing the non-loaded
ulnae, the Akita female mice even showed a ~2-fold increase in the
bonemineralizing surface (MS/BS) at both periosteal and endosteal sur-
faces (p= 0.02, 0.05), while other indices were not significantly differ-
ent between the two genotypes (Table 2). But overall, themagnitudes of
loading effects, as evaluated by the changes of the labeling indices
[Δ(loaded − nonloaded)] within the same animals did not differ be-
tween WT and Akita females, in agreement with the static
histomorphometry data (Table 2). However, a different pattern was
found in males. As expected, the WT males showed increases in all the
labeling indices in the periosteal surface (Ps.MS/BS, Ps.MAR, Ps.BFR/
BS) and bone formation rate (Ec.BFR/BS) in the endosteal surface (p =
0.001–0.05). While the Akita males showed activation of bone forma-
tion in terms of Ps.MS/BS, Ec.MS/BS, Ec.MAR, and Ec.BFR/BS (p =
0.008–0.05) relative to the non-loaded ulnae, they failed to increase
Ps.MAR and Ps.BFR/BS in the periosteum (p= 1, Table 2) and to induce
significant changes in the static indices (Ct.T.Ar, Ct.B.Ar, Ct.Ma.Ar, &
Ct.Th, p = 0.2–07, Table 2). Furthermore, the Akita males showed re-
ductions in the relative changes of Δ(loaded − nonloaded) in terms of
Ct.B.Ar (0.003 ± 0.010 vs. 0.030 ± 0.011 mm2, p = 0.005), Ct.Th
(5.30 ± 6.68 vs. 18.34 ± 6.66 μm, p = 0.01), as well as periosteal
bone formation rate (Ps.BFR/BS, p = 0.02). For the non-loaded ulnae,
in contrast to the 2-fold increase in MS/BS found in Akita females,
kita Het
emales

C57BL/6J
Males

Akita Het
Males

7 5
9 29 29
5.43 ± 1.40 32.71 ± 2.69 23.40 ± 1.52*
4.71 ± 1.60 31.51 ± 2.10 23.40 ± 0.89*
16.14 ± 35.19* 175.57 ± 18.23 574.80 ± 21.39*

ean ± standard deviation.



Table 2
Static and dynamic histomorphometric results of ulnar loading on non-diabetic WT and diabetic Akita male and female mice.

nonloaded loaded
Δ Δ (loaded– 
nonloaded) 

nonloaded loaded
Δ Δ (loaded– 
nonloaded)

WT Females               

(loaded vs. nonloaded)

Akita Females      

(loaded vs. nonloaded)

nonloaded ulnae 

(Akita vs. WT)

Δ (loaded–nonloaded) 

(Akita vs. WT)

Ct.T.Ar (mm2) 0.255 (0.010) 0.289 (0.019) 0.034 (0.028) 0.257 (0.023) 0.266 (0.021) 0.008 (0.015) 0.05 0.2 0.9 0.6

Ct.B.Ar (mm2) 0.218 (0.007) 0.252 (0.016) 0.033 (0.022) 0.215 (0.014) 0.229 (0.010) 0.013 (0.012) 0.03 0.02 0.7 0.1

Ct.Ma.Ar (mm2) 0.369 (0.004) 0.037 (0.004) 0.0006 (0.007) 0.042 (0.011) 0.037 (0.013) –0.005 (0.005) 0.9 0.03 0.4 0.4

Ct.Th (μm) 160.17 (4.10) 176.04 (4.80) 15.87 (6.19) 156.34 (5.25) 166.57 (8.51) 10.23 (6.31) 0.005 0.005 0.2 0.1

Ps.MS/BS (%) 12.55 (5.30) 36.60 (5.43) 24.05 (8.83) 20.02 (3.03) 49.83 (8.86) 29.81 (7.14) 0.01 0.0006 0.02 0.3

Ps.MAR (μm/day) 0 (0) 0.942 (0.506) 0.942 (0.506) 0.050 (0.133) 0.668 (0.396) 0.617 (0.396) 0.01 0.009 1 0.3

Ps.BFR/BS (μm3/μm2/day) 0 (0) 0.364 (0.221) 0.364 (0.221) 0.013 (0.036) 0.362 (0.226) 0.348 (0.222) 0.01 0.005 1 0.8

Ec.MS/BS (%) 9.51 (3.77) 16.91 (5.90) 7.40 (5.00) 17.06 (7.88) 43.96 (10.93) 26.90 (17.33) 0.06 0.001 0.05 0.1

Ec.MAR (μm/day) 0.155 (0.215) 0.0670 (1.011) 0.540 (0.909) 0.428 (0.380) 0.789 (0.324) 0.361 (0.426) 0.5 0.2 0.2 0.8

Ec.BFR/BS  (μm3/μm2/day)

Ct.T.Ar (mm2)

Ct.B.Ar (mm2)

Ct.Ma.Ar (mm2)

Ct.Th (μm)

Ps.MS/BS (%)

Ps.MAR (μm/day)

Ps.BFR/BS (μm3/μm2/day)

Ec.MS/BS (%)

Ec.MAR (μm/day)

Ec.BFR/BS  (μm3/μm2/day)

0.024 (0.037) 0.129 (0.186) 0.104 (0.160) 0.090 (0.083) 0.393 (0.200) 0.303 (0.230) 0.5 0.1 0.1

nonloaded loaded
Δ Δ (loaded– 
nonloaded) 

nonloaded loaded
Δ Δ (loaded– 
nonloaded)

WT Males               

(loaded vs. nonloaded)

Akita Males                         

(loaded vs. nonloaded)

nonloaded ulnae 

(Akita vs. WT)

Δ (loaded–nonloaded) 

(Akita vs. WT)

0.258 (0.012) 0.285 (0.009) 0.027 (0.017) 0.245 (0.013) 0.242 (0.013) –0.002 (0.015) 0.01 0.7 0.1 1

0.220 (0.008) 0.250 (0.008) 0.030 (0.011) 0.203 (0.008) 0.205 (0.004) 0.003 (0.010) 0.0004 0.6 0.005 0.005

0.038 (0.007) 0.035 (0.008) –0.003 (0.008) 0.042 (0.012) 0.037 (0.011) –0.005 (0.006) 0.3 0.2 0.5 0.3

158.16 (5.80) 176.49 (10.15) 18.34 (6.66) 147.49 (8.83) 152.79 (11.37) 5.30 (6.68) 0.0003 0.2 0.2 0.01

22.02 (9.28) 52.77 (18.82) 30.75 (23.01) 14.45 (1.67) 31.69 (6.86) 17.24 (7.55) 0.001 0.008 0.1 0.4

0.290 (0.502) 1.001 (0.616) 0.711 (0.740) 0.135 (0.303) 0.064 (0.144) –0.071 (0.366) 0.04 1 0.6 0.07

0.098 (0.151) 0.642 (0.571) 0.544 (0.608) 0.025 (0.055) 0.028 (0.064) 0.004 (0.094) 0.02 1 0.6 0.02

7.65 (4.61) 17.03 (9.20) 9.38 (9.09) 2.23 (1.13) 22.27 (16.38) 20.04 (17.43) 0.1 0.008 0.03 0.3

0.094 (0.163) 0.399 (0.338) 0.305 (0.442) 0 (0) 0.446 (0.327) 0.446 (0.327) 0.1 0.05 0.6 0.7

0.010 (0.018) 0.110 (0.114) 0.100 (0.125) 0 (0) 0.155 (0.160) 0.155 (0.160) 0.05 0.05 0.6 0.7

Female Data

Male Data

WT Males (n=7) Akita Males (n=5) p Values of Pairwise Comparisons

WT Females (n=5) Akita Females (n=7) p Values of Pairwise Comparisons

0.0006

Note: Data are presented asmean (standard deviation). Pairwise comparisonswere performed using either Student's t tests (shadedwith light blue) orMann–Whitney U tests for normally or non-normally distributed data, respectively. P valueswith
no larger than 0.05 indicate statistical significance and are shown in a bold font.
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Fig. 3. Load-induced changes in bone area. (A) Akita females with mild hyperglycemia
showed similar bone formation asWT; (B) the effect of loading was completely abolished
in Akita males with severe hyperglycemia. The p values were for Mann–Whitney U tests.
Data are presented as mean ± SD.
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Akita males even demonstrated 30%, and 70% decreases in theMS/BS in
the periosteal and endosteal surfaces, respectively (Table 2). Overall, the
Akita males demonstrated diminished anabolic responses compared
with WT males.

3.2. In vitro responses to hyperglycemia

3.2.1. [Ca2+]i imaging under fluid flow stimulation
Because no significant differences were observed in [Ca2+]i parame-

ters among the various culture times (data not shown), the data were
pooled for analysis. Our results (Fig. 5) demonstrated that hyperglyce-
mia impaired MLO-Y4 mechanosensitivity to fluid flow due to the ele-
vated osmolarity and glucose-specific effects. Although the percentage
of responding osteocytes with at least one calcium peak did not differ
among the three culture conditions (Fig. 5A), the cell populations capa-
ble of releasingmultiple peaks were significantly reduced under hyper-
glycemia conditions (Fig. 5B). This particular effect was likely due to
presence of D-glucose because the increase of osmolarity in the L-
glucose control medium did not show this effect. However, elevated
mediumosmolarity did suppress cell's average peak number and the re-
sponse time to the 1st peak (Fig. 5C, E).

The peak magnitude and relaxation time were not altered in the
three culture conditions (Fig. 5D, F).

3.2.2. Downstream responses under fluid flow stimulation
Osteocytes in the normoglycemic control or mannitol-supplemented

media showed decreased Caspase 3/7 level under fluid flow compared
Fig. 4. Representative cross-section images showing bone labels for (A) nor
with those in static (no fluid flow) controls and this beneficial effect of
fluid flow was abolished in the hyperglycemic group (Fig. 6A). Similarly,
fluid flow resulted in decreased secretion of sRANKL by osteocytes
under the normoglycemic and osmotic control media, which was re-
versed in the hyperglycemic medium (Fig. 6B). The OPG secretion was
too low to be detected in our system and thus not reported here. The re-
lease of PGE2 was increased in osteocytes by fluid flow stimulation under
the normoglycemic and osmotic control media, which was suppressed in
the hyperglycemic medium (Fig. 6C).

4. Discussion

Our in vivo ulnar loading study, for the first time, revealed that un-
treated severe type 1 diabetic bone showed much reduced responses
to anabolic mechanical loading in contrast to the normoglycemic con-
trols. This important finding implies that proper diabetic control may
be essential to maximize the beneficial effects of exercise on skeletal
health. As expected, the normoglycemic WT males and females both
responded to the current loading regimen (~3500 με, 2 Hz, 3 min/day
for 5 days) with robust bone formation in their loaded ulnae compared
with nonleaded contralateral ulnae. Female Akita mice, with a mild ele-
vation in the fasting blood glucose levels (+44%) and normal body
weights, responded to the loading stimulus as well as the WT controls
with no significant difference in the changes of static and dynamic indi-
ces (Δ(loaded − nonloaded), p = 0.1–0.8, Table 2, and Fig. 3).
In contrast, the Akita males with extremely higher glucose levels
(+227%) and lower body weights (−28.5%) showed attenuated bone
formation compared with WT males (Table 2 and Fig. 3). More severe
diabetic symptoms were present in Akita males as found in previous
studies [49,50], which was in agreement with the fact that Akita males
had more pronounced reduction in both pancreatic beta-cell functions
and serum insulin level [32]. Compared with age- and gender-matched
controls, the plasma insulin level in Akita males showed a two-fold de-
crease at the age of 8 weeks and the pancreatic insulin content exhibited
a dramatic 10-fold decrease at the age of 22 weeks [50]. This severe dia-
betic phenotype in the Akita males may account for the diminished ana-
bolic response to ulnar loading, as shown in the significant reduction in
the change of load-induced bone area (0.003 mm2 vs. 0.030 mm2, p =
0.005, Fig. 3). This lack of response was mainly due to the suppression
of periosteal bone apposition (ΔPs.BFR/BS, p = 0.02, Table 2).

The different loading responses of Akitamales and femaleswere un-
likely due to the sex hormones, despite of their known influence on
bone growth [51,52]. Bone's response to mechanical loading does not
appear to be gender-dependent [53], at least under the acute loading
regimen employed in this study, where both male and female WT
mice showed similar changes of static and dynamic indices (Δ(loaded−
nonloaded), Table 2). To account for the baseline difference among the
male/female and normal/diabetic groups, we used the nonloaded
mal and Akita females and (B) normal and Akita males. Bar = 0.2 mm.

Image of Fig. 4
Image of Fig. 3


Fig. 5. Hyperglycemia impaired osteocytes' multiple [Ca2+]i responses to fluid flow. (A) No significance among three groups on the fraction of cells responding with one peak or more;
(B) significant decrease in the fraction of cells respondingwithmultiple peaks in the hyperglycemicmedium(35%) versus regular (51%) and osmotic control media (50%). (C) The average
peak number decreased in media with elevated osmolarity. (D) No difference in the 1st peak magnitude. (E) Faster response time from the onset of flow to the 1st peak in the osmotic
control medium. (F) No difference in the relaxation time from the 1st peak to baseline. Regular medium contained 5.5 mM D-glucose, while the osmotic control medium and hypergly-
cemic medium contained additional 20 mM L-glucose, and 20 mM D-glucose, respectively. The flow tests were repeated 6–8 times with 444–640 cells analyzed per medium condition.
*p b 0.05. Bars indicate one standard deviation.
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contralateral ulna as internal control for each animal and compared the
relative changes reflecting the responses to loading. Furthermore, bone
formation rate was reported as the normalized value in reference to the
bone surface (BFR/BS). These considerations and the in vivo results re-
ported herein lead to the conclusion that bone's response to acute ana-
bolic mechanical loading is attenuated in diabetic mice with severe
hyperglycemia. The inhibitory effects of hyperglycemia on osteoblast
proliferation and mineralization [21,37,38] might contribute to our
in vivo results. However, the contribution of osteocytes that are
Fig. 6.Hyperglycemia impairedosteocyte's downstreamresponses tofluidflow. (A) Caspase 3/7
normalized to those under static no-flowcondition. All testswere repeated 4 times. * indicates p
standard deviation.
responsible for sensing mechanical stimuli [54] remained unclear until
the present study.

Our in vitro studies demonstrated that even a short-term (up to
12 days) hyperglycemia treatment with D-glucose (459 mg/dL) im-
paired osteocyte's intracellular calcium signaling. We focused on intra-
cellular calcium as an outcome in our study because it is one of the
earliest cellular responses to physical stimuli in bone cells. As summa-
rized in previous reviews [23,39], upon mechanical stimulation, intra-
cellular calcium responses are initiated within seconds, followed by
expression; (B) soluble RANKL expression and (C) PGE2 concentration inmedia. Datawere
b 0.05 vs. hyperglycemic condition (ANOVAwith post-hoc Tukey's tests). Bars indicate one

Image of Fig. 6
Image of Fig. 5
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the release of ATP [34,55], nitric oxide [56,57], and PGE2 [58,59] within
minutes or hours, leading to long-term changes in signaling molecules
such as sclerostin [28], DMP1 [60,61], and RANKL/OPG [31]. These
signalingmolecules could act on neighboring osteocytes as well as oste-
oblasts and osteoclasts on the bone surfaces in both autocrine and para-
crine fashions [54]. Our in vitro study demonstrated that 3–12 days of
culture in hyperglycemia significantly reduced osteocytes' ability in re-
leasing repetitive calcium peaks under fluid flow stimulation (Fig. 5).
This robust, repetitive calcium signaling has been identified as a unique
feature of osteocytes, which is directly related to the calcium wave
propagation among osteocytes and plays a significant role in intercellu-
lar communication [41] during bone adaptation processes. Moreover,
we demonstrated that osteocyte's downstream responses to fluid
flow, including activation of anti-apoptotic pathways, suppression of
catabolic factor RANKL (activation of osteoclast function), and increased
anabolic PGE2 release, were significantly attenuated/abolished under
hyperglycemia (25 mM D-glucose, Fig. 6). These negative effects were
mainly due to the elevation of glucose level but not the associated
increase in osmolarity in the hyperglycemic medium, because the
mannitol-supplemented medium with elevated osmolarity did not
show such negative effects (Fig. 6).

Data from this study support the clinical practice of proper glycemic
control in diabetes care. Besides the benefits on cardiovascular and mi-
crocirculation system, normalizing the blood glucose level can po-
tentially improve bone health and reduce fracture risks through
i) overcoming the negative effects of hyperglycemia identified pre-
viously on bone progenitor cells [19], osteoblast's functions [20,
21], and composition of bone matrix [8,9,15], and ii) improving
osteocyte's sensitivity and the overall anabolic response to mechan-
ical stimulation. Because physical activities are strongly recom-
mended for diabetic patients (see guidelines in the CDC website),
the present study suggests that exercise's benefits on the skeletal
system could be maximized when the functions of osteoblasts and os-
teoclasts are better regulated by osteocytes under normoglycemia.
However, not all anti-hyperglycemia medications are found to be ben-
eficial for bone health. Recent large clinical data showed negative bone
effects associated with long-term use of hiazolidinediones [11,22]. The
present study adopted the phenotypically different Akita male and
female mice with differential endogenous insulin levels (discussed
below) and the results suggest the profound effects of insulin deficien-
cy on the skeletal system.

Insulin exerts profound impact on bone growth and properties.
Decreased insulin secretion in Akita mice has been well established in
literature. Yoshioka et al. [32] reported that, at the age of 7-weeks, the
immunoreactive insulin levels in plasma (pmol/l) were, significantly
lower in diabetic mice than those in unaffected mice: 193 ± 51 for dia-
beticmales and 471±73 for unaffectedmales; 248±82 for diabetic fe-
males and 379 ± 78 for unaffected females (n = 10/group) [32]. Later
studies confirmed the dramatic decreases in plasma insulin level and
the total insulin produced in pancreas of male mice compared with
those of normal control mice [50]. With the progression of age from 4
to 30 weeks (similar to the age of the mice used in this study), diabetic
Akita males showed significant decreases in the relative areas of immu-
nologically detectable insulin from 20.7% to 9.1% (4 vs. 30weeks), while
they were maintained in Akita females (45.9% to 49.6%; [32]). Based on
these data and their agreement with our recorded blood glucose levels
(Table 1), the female Akita mice in our study were anticipated to have
higher insulin levels and better beta-cell function than the Akita
males, resulting in their relatively normal phenotype (in terms of
body weight, bone size and bone stiffness). This is also in agreement
with a recent study finding that exogenous insulin treatment rescued
the degradation of bone mechanical properties and deficiency in bone
growth in 12-week-old streptozotocin-induced diabetic rats during
eight weeks of experiments [62]. The anabolic effects observed in
our WT and Akita female mice might be due to the anabolic effects of
endogenous insulin on osteoblasts through ERK activation and
cyclooxygenase-2 expression [63], and/or its anti-hyperglycemic effects
on osteocytes' mechanosensing as discussed earlier. It will be inter-
esting to further test whether exogenous insulin treatment will
restore diabetic bone's response to mechanical loading in the Akita
diabetic model.

There are several limitations in this study. Firstly, since diabetes is a
chronicmetabolic disease, many factorsmay be involved in the changes
of the skeletal system in diabetics. We focused on hyperglycemia in the
present investigations, because, as the most obvious marker for diabe-
tes, hyperglycemia has shown negative effects on other bone cells [20,
21]. Other factors such as accumulated advanced glycation end products
[8,19], insulin deficiency [64], oxidative stress, and chronic inflamma-
tion [17,18] may also be responsible for the diabetic disorders observed
herein and warrant further investigations. The other limitation was the
relatively small sample size (n= 5–7) used in the in vivo experiments.
A larger sample size may help detect the more subtle alterations, if any,
in Akita femalemice. Another limitationwas the use of Akita female and
male mice representing different severity levels in diabetes and the as-
sociated hyperglycemia. It would be better to test the effects of varied
diabetes/hyperglycemia levels within the same genders and compare
with the age-matched normal controls. We also note that the loading
regimen adopted in the present study represents short-term (5 days)
and high intensity (3500 με) loading, while the exercise regimens
prescribed to patients may vary in intensity and duration. A range of
physiological loading/exercise parameters should be tested in vivo. Fur-
thermore, the outcomes measured in the study were limited to bone
histomorphometry and intracellular calcium signaling, more compre-
hensive studies on the protein and gene expression in diabetic bones
subjected tomechanical stimulations should be performed in the future
[65]. Lastly, although the Akita mouse in our in vivo studies is a well-
established T1D model, the majority of diabetic patients are T2D. We
are planning to repeat the in vivo loading studies using a high-fat-diet
induced T2D model as established in literature [66,67].

Despite these limitations, the current studies, for the first time, dem-
onstrated that diabetic bone can respond to mechanical loading when
hyperglycemia is not severe, suggesting that mechanical interventions
may be useful to improve bone health and reduce fracture risk inmildly
affected diabetic patients, and proper glycemic control may help maxi-
mize the beneficial effects of exercise on diabetic skeleton.
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