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-thalassemia is often associated with hyperglycemia, osteoporosis and increased fracture risk.
However, the underlying mechanisms of the thalassemia-associated bone loss remain unclear. It might
result from abnormal activities of osteoblasts and osteoclasts, and perhaps prolonged exposure to high
extracellular glucose. Herein, we determined the rate of duodenal calcium transport in hemizygous
B-globin knockout thalassemic (BKO) mice. Their bones were collected for primary osteoblast and
osteoclast culture. We found that BKO mice had lower calcium absorption than their wild-type (WT)
littermates. Osteoblasts from BKO mice showed aberrant expression of osteoblast-specific genes,

e.g., Runx2, alkaline phosphatase and osteocalcin, which could be partially restored by 1,25(0H),D;
treatment. However, the mRNA expression levels of RANK, calcitonin receptor (Calcr), c-Fos, NFATc1,
cathepsin K and DMT1 were similar in both BKO and WT groups. Exposure to high extracellular glucose
modestly but significantly affected the expression of osteoclast-specific markers in WT osteoclasts
with no significant effect on osteoblast-specific genes in WT osteoblasts. Thus, high glucose alone was
unable to convert WT bone cells to BKO-like bone cells. In conclusion, the impaired calcium absorption
and mutation-related aberrant bone cell function rather than exposure to high blood glucose were likely
to be the principal causes of thalassemic bone loss.

p-thalassemia—a hereditary anemic disease caused by loss-of-function mutation of 3-globin gene'—has been
reported to cause a number of complications, including ineffective erythropoiesis, growth retardation, osteopo-
rosis, hyperglycemia and diabetes mellitus (DM)2 Our previous investigations in hemizygous (3-globin knock-
out thalassemic (BKO) mice indicated that the thalassemia-associated bone loss was partially caused by chronic
exposure to inflammatory cytokines [e.g., interleukin (IL)—1a and —13)], which tremendously enhanced oste-
oclastogenesis and osteoclast-mediated bone resorption and decreased bone formation®. Thalassemic mice also
exhibited higher rates of intestinal iron transport and expression of iron transporters [e.g., divalent metal trans-
porter (DMT) — 1]*°. It was interesting to note that iron overload, dysregulation of iron metabolism and abnor-
mal expression of iron transporters [e.g., DMT1 and ferroportin-1] also enhance inflammation and release of
cytokines from several cell types®’. Nevertheless, despite the signs of impaired osteoblast functions®’, how thal-
assemia altered the osteoblast-specific gene expression and phenotype remains elusive.
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Experimental Transepithelial calcium L e T 0

Groups flux, nmol h—! cm—2 PD, mV Isc, pA-cm—2 TER, Q-cm?
Male

WT 13.44£1.69 1.08 £0.29 13.67£7.06 120.00+17.34
BKO 9.08+1.01* 323+1.20 28.17+£10.24 130.204+23.34
Female

WT 17.55+£1.30 1.79£0.40 16.78 £2.44 109.80+11.32
BKO 7.06 £ 0.65%#* 1.58£0.35 11.67£1.81 142.80 4+ 13.73*

Table 1. Transepithelial calcium flux and electrical parameters of the duodenal epithelia in male and female
WT and BKO mice. Values are means + SE. Numbers of animals per group are five to nine animals (n=>5-9).
PD, transepithelial potential difference; Isc, short circuit current; TER, transepithelial resistance. ¥P < 0.05 and
*#%P < 0.001 compared with sex- and age-matched WT group.

Generally, osteoblasts that were exposed to hyperglycemic condition would have impaired functions, such as
decreased expressions of alkaline phosphatase (ALP), osteocalcin, and osteopontin'®!!, Since thalassemic patients
often manifest high plasma glucose that may develop DM in adulthood, and since DM is known to associate with
osteoporosis and poor bone strength!®1>-14, it is possible that exposure to high extracellular glucose might also
aggravate the impairment of bone cell function under thalassemic condition. Alternatively, it was also hypothe-
sized that osteoblasts and/or osteoclasts from thalassemic mice probably malfunctioned from their genetic back-
ground. In other words, the thalassemic bone cells may exhibited abnormalities by themselves in the absence of
proinflammatory cytokine exposure or high glucose.

In addition, thalassemic patients were reported to have lower circulating levels of calciotropic hormones,
25-hydroxyvitamin D [25(OH)D] and 1,25-dihydroxyvitamin D5 [1,25(OH),D;]'>!¢, the latter of which is a
potent stimulator of intestinal calcium absorption and modulator of bone cell differentiation!”8. Thus, thalas-
semic mice were expected to show an impairment of calcium absorption that perhaps indirectly contributed to
aberrant bone cell functions. In that case, 1,25(OH),D; treatment should alleviate the thalassemia-associated
impairment of osteoblast and osteoclast functions.

Therefore, the objectives of the present study were (i) to confirm the presence of aberrant calcium metabolism
in BKO versus wild-type (WT) mice; (ii) to determine the mRNA expression of osteoblast- and osteoclast-related
markers in primary osteoblasts and osteoclasts derived from BKO mice; (iii) to find out whether 1,25(0OH),D;
was able to rescue the expression of bone markers; and (iv) to investigate the responses of primary osteoblasts
and osteoclasts from WT mice to high extracellular glucose and observe whether they exhibited similar abnor-
malities as BKO bone cells or were converted to BKO-like cells. The BKO mice used in the present study normally
exhibited thalassemia intermedia featuring congenital anemia with microcytosis, hypochromasia, anisopoikilo-
cytosis, ineffective erythropoiesis, consistent with the phenotype observed in 3-thalassemic patients'®. We used
9-week-old female mice for isolating primary bone cells because our previous in vivo study has demonstrated that
they clearly manifested osteopenia after 8 weeks of age as assessed by dual-energy x-ray absorptiometry and bone
histomorphometry®.

Results

BKO mice exhibited the impaired intestinal calcium absorption and glucose metabolism.
Consistent with our previous report of lower serum levels of 1,25(OH),D; in BKO mice’, we were able to demon-
strate the impairment of intestinal calcium transport in both male and female BKO mice, as shown in Table 1.
However, the duodenal electrical parameters, i.e., transepithelial potential difference (PD), short circuit current
(Isc) and transepithelial resistance (TER) of BKO mice were comparable to those of WT mice (Table 1). Bone
histomorphometric analysis also confirmed that male BKO mice manifested several signs of suppressed osteo-
blast functions using proxy indicators of osteoblast activity, extracellular matrix accumulation and mineraliza-
tion, i.e., decreases in osteoblast surface, osteoid surface, osteoid volume, mineral apposition rate, double labeled
surface and bone formation rate, as well as the enhanced osteoclast activity, i.e., increases in osteoclast surface
and active erosion surface (Supplementary Fig. S1). In addition, similar to some thalassemic patients with iron
overload-induced insulin resistance'?, both 8- and 15-week-old BKO mice exhibited higher fasting blood glucose,
a sign of abnormal glucose metabolism. They also had an impaired insulin tolerance and lower fasting insulin
level despite a lower HOMA index (Fig. 1).

Primary osteoblasts from BKO mice showed aberrant expression of osteoblast-specific genes,
which could be partially restored by 1,25(0H),D;.  ALP is widely used as an early marker of osteoblast
differentiation both in vivo and in vitro®. In the present study, ALP antibody was used to identify the UMR-106
osteoblast-like cell line by using flow cytometry (Supplementary Fig. S2) and ALP expression was detected in
primary osteoblasts of WT mice (Fig. 2A). Flow cytometric analysis revealed that there was no difference in the
number of ALP-positive cells in primary osteoblast cultures from WT and BKO mice (Fig. 2B).

Nevertheless, despite similar cell number in the two primary osteoblast cultures, the mRNA expression levels
of several osteoblast-specific markers, i.e., Runx2 (transcription factor determining osteoblast differentiation),
ALP (differentiation marker) and osteocalcin, were significantly lower in primary osteoblasts of BKO than WT
mice (Fig. 3). The function or importance of each marker was briefly mentioned in Supplementary Table S1.
Furthermore, since DMTT1 is one of the major transporters for cellular iron uptake, which can induce iron toxicity

SCIENTIFIC REPORTS |

(2019) 9:13963 | https://doi.org/10.1038/s41598-019-50414-7


https://doi.org/10.1038/s41598-019-50414-7

www.nature.com/scientificreports/

A B C
= 8 weeks old = 15 weeks old
2 200 2 200+ 12
g * g * z
@ 150 - (9) @ 150|- 6) 509 O
) (10) ) (6) £ T
§ o § —= < Heokok
S 100} S 100}~ > 0.6 (6)
g g =
S 50 35 50 £ 031
(@] ()] 1))
c c @
= = [N
17} oL 17} oL 0.0-
8 WT  BKO L WT  BKO WT  BKO
D E
16~ 160
O-——-WT (n=4)
(0] - —
121 2 120 ® —BKO(n=4)
o (6) S
1 T —
< s = 80 U
o) skkk =
T 4 (6) £ P I SIS
B - N
m #
ok ok

L | | | |
wT BKO 0 30 60 90 120
Time after insulin injection (min)

Figure 1. Blood glucose and insulin profiles derived from 8- and 15-week-old BKO and WT mice, i.e.,

(A, B) Fasting blood glucose from 8- and 15-week-old mice, (C) fasting insulin level of 15-week-old mice,

(D) homeostatic model assessment of insulin resistance (HOMA-IR) index of 15-week-old mice, *P < 0.05,
*#%P < 0.001 vs. age-matched WT mice, (E) percentage of initial glucose derived from insulin tolerance test
(ITT) of 8-week-old mice. *P < 0.05, **P < 0.01 vs. BKO mice, 'P < 0.05. vs. 0 min after insulin injection of BKO
mice. Numbers in parentheses are numbers of animals.
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Figure 2. (A) A representative immunofluorescence photomicrograph shows expression and localization of
ALP protein in primary osteoblasts isolated from wild-type (WT) mice (60 x magnification). The primary
osteoblasts were plated on coverslip and incubated with primary antibody against ALP (4+-Anti-ALP), the
negative control was incubated with normal goat IgG (—Anti-ALP). The cells were stained for ALP (green) and
nuclei (blue). (B) Quantitative ALP-positive cells in primary osteoblasts which represented as percentage of WT
control. Numbers in parentheses are numbers of animals.

and trigger cellular response during iron overload?!, the expression of DMT1 was determined in the present
study. As shown in Fig. 3F, BKO osteoblasts showed the same level of DMT1 expression compared with WT.
However, mRNA expression of osteoblast-derived osteoclastogenesis-related genes in primary osteoblasts from
BKO mice showed upregulation of MCP-1 and downregulation of IL-6 (Fig. 4) while RANKL, M-CSE, and IL-13
expressions remained unchanged (Fig. 4).
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Figure 3. (A) A schematic picture shows primary osteoblast collection plan for mRNA expression study.
Primary osteoblasts were isolated from 0.5 pug/kg 1,25(OH),D;-treated or 3 mL/kg 9:1 propylene glycol-ethanol
(vehicle)-treated BKO and WT mice. The mRNA expression levels of osteoblast-specific markers, i.e., (B)
insulin receptor (INSR), (C) Runx2, (D) alkaline phosphatase (ALP), (E) osteocalcin, and (F) divalent metal
transporter (DMT) 1 in 8-day primary osteoblasts culture of BKO and WT mice. 3-actin was a housekeeping
gene for normalization. *P < 0.05, ***P < 0.001 vs. vehicle-treated WT mice (white bar), *P < 0.01, ***P < 0.001
vs. vehicle-treated BKO mice (black bar), /P < 0.05, TP < 0.01, ""P < 0.001 vs. 1,25(OH),D;-treated WT mice.
Numbers in parentheses represent the number of independent samples per group.

In some experiments, the osteoblasts were collected from mice pretreated subcutaneously for 7 days with
0.5 pg/kg of 1,25(0OH),D;, as shown in the timeline (Fig. 3A). We found that 1,25(OH),D; pretreatment reduced
the expression of insulin receptor (INSR) in primary osteoblasts from WT, but increased INSR expression in cells
from BKO mice when compared with 1,25(OH),D;-treated WT group (Fig. 3B). Interestingly, 1,25(OH),D; was
able to restore the mRNA expression of Runx2, ALP and osteocalcin, and upregulated the DMT1 expression in
BKO mice (Fig. 3). As expected 1,25(OH),D; downregulated the expression of RANKL and IL-6 in cells from
WT group, but modestly upregulated the expression of IL-6 while downregulating IL-13 and MCP-1 expression
in cells from BKO mice (Fig. 4).

BKO genotype decreased the number of TRAP-positive cells in primary osteoclast culture. The
experimental design pertaining to primary osteoclasts is shown in Fig. 5A. Although primary osteoclasts from
WT and BKO mice exhibited similar morphology of the multinucleated cells (Fig. 5B), BKO + Veh group had less
number of TRAP-positive cells than WT + Veh group (Fig. 5C). When the mice were treated with 1,25(0OH),D;
as depicted in the timeline (Fig. 5A), the culture from 1,25(OH),D;-treated mice showed a significant increase
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Figure 4. mRNA expression levels of osteoblast-derived osteoclastogenesis-related genes, i.e., (A) RANKL,

(B) M-CSE, (C) MCP-1, (D) IL-18, and (E) IL-6 in 8-day primary osteoblast culture from BKO and WT mice.
Primary osteoblasts were isolated from 0.5 pg/kg 1,25(0OH),D;-treated or 3 mL/kg 9:1 propylene glycol-ethanol
(vehicle)-treated BKO and WT mice. 3-actin was a housekeeping gene for normalization. ***P < 0.001 vs.
vehicle-treated WT mice (white bar), *P < 0.05, #*P < 0.01, ***P < 0.001 vs. vehicle-treated BKO mice (black bar),
TP <0.05 vs. 1,25(0OH),D;-treated WT mice. Numbers in parentheses represent the number of independent
samples per group.

in the numbers of TRAP-positive cells (Fig. 5C). However, the primary osteoclasts from both WT and BKO
mice expressed similar mRNA levels of osteoclast function-related genes, i.e., RANK, calcitonin receptor (Calcr),
c-Fos, NFATc1, cathepsin K and DMT1 (Fig. 6). After 1,25(OH),D; treatment, only the expression of RANK and
c-Fos in BKO-derived osteoclasts were upregulated (Fig. 6).

High glucose level did not account for the changes in expression of osteoblast- or osteoclast-related
markers in BKO-derived primary bone cells.  Since BKO mice exhibited an elevation of fasting blood glucose
(Fig. 1) similar to that observed in several thalassemic patients>*>*, we further explored whether exposure to high
extracellular glucose could contribute to osteoblast and osteoclast phenotypes of BKO mice. By using primary bone
cells from WT mice, we found that high extracellular glucose of 25.6 mM (with osmolality of 326 mmol/kg water) as
well as 5.6 mM glucose 4+ 20 mM mannitol (the same osmolality as 25.6 mM glucose) did not alter the mRNA expres-
sion of Runx2, ALP, osteocalcin, DMT1, RANKL, M-CSE, MCP-1, IL-18 or IL-6 in the primary osteoblasts of W'T
mice (Fig. 7), suggesting that high-glucose condition was not able to turn wild-type osteoblasts to cells with phenotype
similar to BKO-derived cells that had lower expressions of Runx2, ALP, and osteocalcin (Fig. 3). On the other hand,
25.6mM glucose, but not a condition with equivalent osmolality (5.6 mM glucose 4+ 20 mM mannitol), modestly but
significantly upregulated the mRNA expression of RANK, Calcr, NFATc1, cathepsin K, and DMT1 in primary oste-
oclasts (Fig. 8). Thus, high glucose level did not contribute or explain the changes in the expression of osteoblast- or
osteoclast-related markers in BKO-derived bone cells.

Discussion

Calcium and bone metabolism, including intestinal calcium absorption and bone turnover, are affected by a num-
ber of factors, such as hormones [e.g., 1,25(0OH),Ds, fibroblast growth factor-23 and prolactin] and pathological
conditions (e.g., diabetes mellitus and thalassemia)®>>!>?4-2¢_ It was previously believed that thalassemia-associated
osteopenia and osteoporosis predominantly resulted from inappropriate release of inflammatory cytokines during
ineffective erythropoiesis, iron overload and the resultant chronic inflammation?, which could, in turn, suppress
the osteoblast function while enhancing the osteoclast activity>?”. However, whether the genetic background—i.e.,
the 3-thalassemia genotype—as well as hyperglycemia contributed to bone cell abnormalities remained unclear.
Here, we developed a technique to culture osteoblasts from BKO mice and found that the primary osteoblasts from
BKO mice manifested lower-than-normal expression of osteoblast-specific genes (e.g., Runx2, ALP and osteocalcin;

Fig. 3), which was able to explain the lower bone formation as reported previously>*.
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Figure 5. (A) A schematic picture shows primary osteoclast collection plan for mRNA expression study.
Primary osteoclasts were isolated from 0.5 png/kg 1,25(0OH),D;-treated or 3mL/kg 9:1 propylene glycol-ethanol
(vehicle)-treated BKO and WT mice. During 8-day culture, 10 ng/mL M-CSF and 10 ng/mL RANKL were
added in culture media to induce osteoclast differentiation. (B) Representative photomicrographs of TRAP-
positive multinucleated osteoclasts (OC). Arrowhead, nucleus of osteoclast. Scale bar, 100 um. (C) Numbers
of TRAP-positive cells/well. *P < 0.05, **P < 0.001 vs. vehicle-treated WT mice (white bar), **P < 0.001 vs.
vehicle-treated BKO mice (black bar), TP < 0.05 vs. 1,25(OH),D;-treated WT mice. Numbers in parentheses
represent the number of independent samples per group.

Although ALP expression was downregulated in BKO group as compared with WT group, visual examination
confirmed that cells with osteoblastic morphology in BKO group did express ALP, i.e., BKO-derived osteoblasts
were also ALP-positive cells despite lower intensity of ALP fluorescent signals (Supplementary Fig. S3). Since
primary osteoblast culture is often contaminated with other cell types, such as hematopoietic cells and stromal
cells, ALP-positive cell sorting help confirm osteoblast number in primary culture. The present data indicated that
both BKO and WT groups had similar number of ALP-positive osteoblasts. On the other hand, BKO osteoclast
precursors were less likely to differentiate into mature osteoclasts as compared to WT cells. In other words, BKO
genotype was associated with the lower number of TRAP-positive cells in primary osteoclast culture, probably
resulted from delayed differentiation from bone marrow cells into TRAP-positive osteoclasts. 3-thalassemia was
also reported to show delayed bone growth and maturation, e.g., delayed osteoid mineralization?, that indicated
aberration of bone remodeling.

In primary osteoblast culture, there was lower Runx2 expression in BKO than WT groups (Fig. 3). This
could well explain the present bone histomorphometric data (Supplementary Fig. S1) in male BKO mice show-
ing decreases in osteoblast surface, osteoid volume and bone formation rate, which were primary indicators of
reduced osteoblast activity and compromised matrix production, respectively, and thus agreeing with the pre-
vious data in female thalassemic mice*?. Downregulation of ALP and osteocalcin were also consistent with the
lower mineralization activity seen in thalassemic mice’. In addition, the BKO osteoblasts showed modest change
in the expression of osteoclastogenic factors. Specifically, only MCP-1 expression was upregulated in the pri-
mary osteoblasts from BKO mice (Fig. 4), suggesting that the previously observed increases in osteoclast surface
and active erosion surface in the tibial metaphysis was not mainly due to the production of osteoblast-derived
osteoclastogenic factor. In other words, the enhanced osteoclast activity in vivo might have resulted from other
circulating osteoclastogenic cytokines, e.g., IL-1a, IL-103, IL-6, and TNF-a from other sources rather than local
cytokine production from neighboring bone cells**.

Interestingly, 1,25(OH),D; was found to decrease RANKL expression in WT osteoblasts (Fig. 4A). Although
it is known that direct exposure to 1,25(OH),D; in vitro can enhance osteoblastic RANKL expression, thereby
upregulating osteoclastogenesis®*2, the in vivo effects of 1,25(OH),D; treatment on osteoblasts are much different
and somewhat dependent on several factors, such as dose and duration of treatment. Consistent with our study,
eldecalcitol (ED-71), a vitamin D derivative, was found to increase serum calcium, bone mineral density (BMD)
in vivo, and caused a reduction in femoral RANKL mRNA expression, the latter of which, in turn, compromised
bone turnover®. Alternatively, the downregulated RANKL expression in the present study was probably related to
1,25(OH),D;-enhanced osteoblast differentiation. Specifically, RANKL is highly expressed in less differentiated oste-
oblasts with low ALP expression, and its expression is progressively decreased in ALP-positive mature osteoblasts®.
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Figure 6. mRNA expression levels of osteoclast function-related genes, i.e., (A) RANK, (B) calcitonin receptor
(Calcr), (C) c-Fos, (D) NFATcl, and (E) cathepsin K, and (F) DMT1, in 8 days primary osteoclasts culture of
BKO and WT mice. Primary osteoclasts were obtained from 0.5 pg/kg 1,25(OH),D;-treated or 3mL/kg 9:1
propylene glycol-ethanol (vehicle)-treated BKO and WT mice. The 18 S rRNA was a housekeeping gene for
normalization. ***P < 0.001 vs. vehicle-treated WT mice (white bar), *P < 0.05, **P < 0.001 vs. vehicle-treated
BKO mice (black bar), TP < 0.01, T"P < 0.001 vs. 1,25(OH),D;-treated WT mice. Numbers in parentheses
represent the number of independent samples per group.

The primary osteoclasts in vitro were likely to behave differently from those in vivo. We observed herein that
the BKO culture had a lower number of TRAP-positive cells than the WT culture, indicating that fewer osteoclast
precursors differentiated into active osteoclasts (Fig. 5), which was contrast to the in vivo finding (Supplementary
Fig. S1). Both BKO and W'T osteoclasts also exhibited similar expression levels of osteoclast-specific markers,
e.g., RANK, NFATc1 and cathepsin K, all of which were required for osteoclast-mediated bone resorption (Fig. 6).
Normally, osteoclasts arise from monocyte precursors to form multinucleated giant cells to resorb bone. The phe-
notype of macrophage lineage including osteoclasts is determined by the complex mixture of cytokines, metab-
olites, plasma proteins, and microbial ligands present in the inflammatory milieu®. Our previous investigation
has reported that thalassemia-induced bone loss is associated with circulating pro-inflammatory cytokines?®,
which markedly enhance osteoclastogenesis and osteoclast activity. Since primary osteoclasts in this study had no
longer exposed to serum cytokines, some thalassemia-induced changes might disappear. In addition, osteoclast
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Figure 7. mRNA expression levels of osteoblast differentiation and function-related genes, i.e., (A) Runx2,
(B) ALP, (C) osteocalcin, (D) DMT1, (E) RANKL, (F) M-CSE, (G) MCP-1, (H) IL-18, and (I) IL-6 in primary
osteoblasts of WT mice cultured with normal glucose (5.6 mM glucose), high glucose (25.6 mM glucose),

or osmotic control (5.6 mM glucose + 20 mM mannitol) for 7 days. 3-actin was a housekeeping gene for
normalization. Numbers in parentheses represent the number of independent samples per group.

progenitors (from macrophage/monocyte lineage) in vivo are probably exposed to a considerable amount of
hematopoietic cell-derived cytokines in bone marrow during ineffective erythropoiesis and bone marrow expan-
sion, leading to more robust enhancement of osteoclast function in vivo than in vitro. Thus, it was likely that the
enhanced differentiation of osteoclasts in BKO mice in vivo was activated by certain circulating osteoclastogenic
factor(s), e.g., IL-1, and not driven exclusively by their genetic background. Our results further suggested that the
thalassemic genotype or genetic background indeed compromised the capabilities of both cell types—particularly
in osteoblasts (Fig. 9A)—rather than enhancing the osteoclast function as in vivo finding.

1,25(OH),D; was also reported to improve calcium metabolism in thalassemic mice, especially to enhance
intestinal calcium absorption to supply more calcium for bone formation®. Basically, 1,25(0H),D; directly affects
bone cells by activating osteoblast activities and induces bone formation or mineralization®. However, para-
doxical actions of 1,25(0OH),D; on bone are found in both in vivo and in vitro studies®’. In the present study, we
evaluated differentiation markers of osteoblasts and osteoclasts derived from 1,25(OH),D;-treated mice. The
1,25(0OH),D; was injected into BKO mice for 7 days before harvesting the cells. The expression levels of osteo-
blast and osteoclast differentiation markers in osteoblasts were mostly upregulated by the in vivo 1,25(0OH),D;
pretreatment (Figs 3—-4). Interestingly, similar findings were previously observed in a primary culture even when
the cells were no longer exposed to the BKO circulating factors in the plasma, which suggested that cell response
in this situation was due to the well-known epigenetic effects of 1,25(OH),D;***. Specifically, 1,25(0OH),D; was
able to modulate gene promoter methylation and histone acetylation, as shown earlier in breast cancer cells and
certain hematopoietic cells***’. Both types of epigenetic regulation often persisted after cell division and probably
continued into the descendent cells in vitro*!=%3.
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Figure 8. mRNA expression levels of osteoclast function-related genes, i.e., (A) RANK, (B) calcitonin receptor
(Calcr), (C) NFATcl, (D) cathepsin K, and (E) DMT1 in primary osteoclasts of WT mice cultured with normal
glucose (5.6 mM glucose), high glucose (25.6 mM glucose), or osmotic control (5.6 mM glucose + 20 mM
mannitol) for 7 days. The 18 S rRNA was a housekeeping gene for normalization. *P < 0.05, **P < 0.01,

*¥*%¥P < 0.001 vs. 5.6 mM glucose-treated group (control group; white bar). Numbers in parentheses represent
the number of independent samples per group.

Although 1,25(0OH),D; was herein found to stimulate osteoclastogenesis ex vivo, it is difficult to extrapolate its
systemic responses in vivo. Some in vivo studies showed the opposite action of 1,25(0OH),D; with decreased oste-
oclast numbers and TRAP-positive osteoclasts**°. The final outcome of 1,25(0OH),D; action probably depends on
the dosage and circulating humoral factors®’. In our BKO model, we hypothesized that 1,25(OH),D; could help
alleviate bone loss by activating intestinal calcium absorption to increase calcium supply and optimizing osteo-
blast and osteoclast activities to mediate balance of bone remodeling and to maintain proper bone metabolism*
(Fig. 9B). However, further investigation was required to reveal the underlying mechanism of the responsiveness
of osteoblast- and osteoclast-related genes under the regulation of 1,25(OH),D; in thalassemia.

Besides the known circulating cytokines, high plasma glucose as well as DM might also contribute to bone
cell malfunction and bone loss in thalassemic patients. Here, BKO mice also exhibited high plasma glucose,
impaired insulin tolerance with abnormal HOMA index (Fig. 1). Several DM-related conditions—i.e., exces-
sive production of advanced glycation end products (AGEs) and chronic inflammation—have been reported to
suppress osteoblast-mediated bone formation and accelerate osteoclast-mediated bone resorption (for review,
please see'**”). However, it is not possible to mimic the exact BKO conditions (e.g., time-dependent changes in
glucose levels with inappropriately low insulin level) in cell culture system. Therefore, we designed the experi-
ment to demonstrate whether high extracellular glucose could convert WT bone cells to BKO-like cells. It was
found that primary osteoblasts that had been exposed to high glucose did not show any change comparable to
those observed in BKO-derived osteoblasts (Fig. 7). On the other hand, high glucose significantly upregulated
osteoclast differentiation markers (i.e., RANK, NFATc1, cathepsin K, calcitonin receptor), and DMT1 (Fig. 8),
consistent in part with the increased bone resorption that previously reported in vivo?. It is still unclear whether
hyperglycemia contributes to BKO characteristics or structural bone change in vivo. A previous in vivo study
demonstrated that hyperglycemia alone decreased osteoblast and osteoclast activities'!, suggesting that high glu-
cose can compromise bone turnover in vivo. Nevertheless, the present finding revealed that high glucose had
no significant effects on the changes in bone marker expression in WT osteoblasts in vitro, while it upregulated
osteoclast-specific gene expression.

We also found that mRNA expression of insulin receptor decreased after exposure to 1,25(0OH),Ds.
Upregulation and downregulation of insulin receptor expression is considered as a sign of increased and
decreased insulin resistance, respectively*®* (i.e., a decrease in insulin resistance requires less receptor number).
Since vitamin D is able to improve insulin sensitivity (i.e., decreased insulin resistance) in various cell types, such
as skeletal muscle cells and bone marrow cells®**!, we hypothesized that vitamin D should downregulate insulin
receptor expression in osteoblasts, as confirmed by the data in Fig. 3B.
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Figure 9. (A) A schematic diagram shows possible role of thalassemia-associated osteopenia and osteoporosis
by reducing capability of bone cell differentiation in vitro. A number of BKO-derived osteoclasts are lower than
WT mice. Thalassemia also impairs osteoblast differentiation as shown by decreased expression of Runx2,
ALP, and osteocalcin transcripts in BKO-derived primary osteoblasts. (B) A schematic diagram shows the
hypothetical mechanisms of preceding 1,25(0OH),Dj; treatment in BKO mice that stimulate differentiation and
function of osteoblasts and osteoclasts. 1,25(OH),D; directly promotes osteoblast differentiation and function
and optimizes osteoclast function to balance bone remodeling, and enhances intestinal calcium absorption,
which, in turn, indirectly promotes osteoblast function.

Adequate calcium supply is essential for bone formation, particularly the mineralizing process. Although the
impaired intestinal calcium absorption contributed to deterioration of bone metabolism in BKO mice, serum
calcium of BKO mice might be maintained within a normal range by actions of several hormones, such as para-
thyroid hormone (PTH)*>%. 1,25(0OH),D; treatment probably increases serum calcium but it should not exceed
the normal range due to rapid distribution of serum calcium to many tissues, including bone. Harada et al.
(2012)* have reported that exogenous vitamin D derivative supplement slightly increased serum calcium; how-
ever, the level of total calcium remained within the normal range of 2.25-2.5 mM, which is crucial for the func-
tions of excitable cells, such as cardiac myocyte and neuron. The underlying mechanisms of thalassemia-induced
impairment of calcium transport was unclear, but it was postulated to result from a decrease in 1,25(0OH),D;
responsiveness in the intestine as well as low circulating calciotropic hormone levels (Fig. 9B). Although we
have previously reported that the 7-day 1,25(OH),D; injection could significantly enhance the duodenal calcium
absorption in BKO mice’, whether restoration of calcium absorption is able to normalize bone turnover remains
to be investigated.

In conclusions, the present BKO mice exhibited several signs of impaired bone and calcium metabolism, such
as lower rate of the duodenal calcium transport and aberrant bone cell functions. We have provided evidence that
BKO genotype was associated with abnormalities of both osteoblasts and osteoclasts, which could be partially
restored by in vivo 1,25(0OH),D; pretreatment. However, prolonged exposure to high extracellular glucose in
vitro was likely to enhance the expression of osteoclast differentiation-related genes but not that of osteoblast
differentiation-related genes, and could not turn WT cells to BKO-like cells. Although more functional studies,
such as in vitro mineralization study, are required to confirm the conclusions, our results are able to support the
beneficial effects of 1,25(OH),D; on thalassemia-associated osteopenia and osteoporosis.

SCIENTIFIC REPORTS |

(2019) 9:13963 | https://doi.org/10.1038/s41598-019-50414-7


https://doi.org/10.1038/s41598-019-50414-7

www.nature.com/scientificreports/

Materials and Methods

Animals and experimental design. Seven-week-old male and female C57BL/6 wild-type (WT) and
hemizygous 3-globin knockout thalassemic (BKO) mice with body weight of 15-30 g were obtained from the
Thalassemia Research Center, Institute of Molecular Biosciences, Mahidol University. The experimental proto-
col was approved by the Institutional Animal Care and Use Committee (IACUC), Faculty of Science, Mahidol
University (protocol no. MUSC56-012-274), and all experiments were performed in accordance with relevant
guidelines and regulations.

After 7-day acclimatization, fasting blood glucose was measured at 8 and 15 weeks of age to indicate glucose
homeostasis. Insulin tolerance test (ITT) was performed in 8-week-old mice to evaluate whole body responsive-
ness to insulin. In ITT experiment, after fasting for 5h, mice were intraperitoneally injected with 0.45 U/kg insu-
lin (Humulin R, Eli Lilly and Company, IN, USA). Blood sample was collected from tail vein at 0, 15, 30, 60, and
120 min for measuring blood glucose levels by Accu-Chek Active Test Strips. Fasting blood glucose and insulin
of 15-week-old mice were used to determine homeostatic model assessment (HOMA), an index of insulin resist-
ance. Fasting insulin level was measured by ultra-sensitive mouse insulin ELISA kit (catalog no. 90080; Crystal
Chem, Downers Grove, IL, USA). Furthermore, to determine the intestinal calcium transport of BKO mice, the
duodenal tissue was studied ex vivo by Ussing chamber technique.

To investigate the potential effect of 1,25(OH),D; treatment in restoring bone cell function, 8-week-old BKO
mice and their age-matched WT mice were subcutaneously injected with vehicle (Veh; 3 mL/kg 9:1 propylene
glycol-ethanol) or 0.5 pg/kg 1,25(OH),D; (catalog no. 71820; Cayman Chemical, Ann Arbor, MI, USA) for 7
days. After euthanasia, tibiae and femora were collected for isolating primary osteoblasts or osteoclast precursors.
Osteoblasts and osteoclasts were cultured for 8 days for mRNA expression study (Figs 3A and 5A). In some exper-
iments, 8-week-old male WT and BKO mice were subcutaneously injected with two doses of calcein (10 mg/kg
body weight) on day 7 and 1 prior to euthanasia to label bone for dynamic histomorphometric study. The tibiae
were then collected for bone histomorphometry.

In order to investigate the contribution of high glucose on bone defect of BKO mice, primary osteoblasts
and osteoclasts were obtained from 9-week-old WT mice. After plating for 1 day, cells were cultured in o-MEM
containing normal glucose (5.6 mM glucose; osmolality 305 mmol/kg water), high glucose (25.6 mM glucose;
osmolality 326 mmol/kg water), or osmotic control (5.6 mM glucose + 20 mM mannitol; osmolality 325 mmol/kg
water) for 7 days. Cells were harvested for total RNA preparation and mRNA expression study.

Bone histomorphometry. Bone histomorphometric analysis was performed as previously described’ using a
computer-assisted OsteoMeasure System version 4.1 (OsteoMetrics, Atlanta, GA) to re-confirm the presence of com-
promised osteoblast activity. After clearing adherent tissue, the tibiae were dehydrated in 70, 95, and 100% vol/vol
ethanol for 3, 3, and 3 days, respectively. Bone specimens were later embedded in methyl methacrylate resin at 42 °C for
48h. The resin-embedded tibiae were longitudinally cut into 5- or 10-pum-thick sections with a microtome equipped
with a tungsten carbide blade (model RM2255; Leica, Nussloch, Germany). All parameters were evaluated at secondary
spongiosa, which was the trabecular part of tibial metaphysis. Static bone parameters [i.e., osteoblast surface normal-
ized by bone surface (Ob.S/BS, %), osteoid surface normalized by BS (OS/BS, %), osteoid volume normalized by tissue
volume (OV/TV, %), osteoclast surface normalized by BS (Oc.S/BS, %) and active erosion surface normalized by BS
(aES/BS, %)] were examined under a light microscope (model BX51TRF; Olympus, Tokyo, Japan) from 5-pm-thick
sections stained with Goldner’s trichrome. Dynamic bone parameters [i.e., mineral apposition rate (MAR, pm/day),
double labeled surface (dLS/BS, %) and bone formation rate (BFR/BS, pm?®/um?/day)] were analyzed from double lines
of calcein in 10-pm-thick unstained sections under a fluorescent microscope (model BX51TRF; Olympus).

Primary osteoblast culture. Primary osteoblasts were prepared from long bones (tibiae and femora) of
9-week-old mice, which were treated with either vehicle (Veh) or 1,25(OH),D; for 7 days before bone cell isola-
tion. Primary osteoblast culture protocol was modified from the method of Wongdee et al.>*. Cells were main-
tained in a-MEM with 30% fetal bovine serum (FBS) for 8 days. In high glucose experiment, 20 mM glucose was
added into o-MEM to mimic high glucose concentration while 20 mM mannitol was used as osmotic control for
high glucose condition. Cells were cultured in normal glucose, high glucose, or osmotic control for 7 days after
plating. Immunolocalization and flow cytometry for ALP-positive cells were used to determine successful of
primary osteoblast isolation.

Primary osteoclast culture. Primary osteoclasts were derived from bone marrow cells of tibiae and fem-
ora. Protocol for primary osteoclast isolation was modified from the method of Marino et al.>>. In high glucose
experiment, cells were cultured in a-MEM containing normal glucose, high glucose, or mannitol control for 7
days after plating. The multinucleated osteoclasts were clearly observed at days 7-8. Tartrate-resistant acid phos-
phatase (TRAP) staining and TRAP-positive cell count were used to determine the success of osteoclast isolation.

Immunofluorescence. The confluent osteoblasts were plated at 3 x 10° cells/well on glass coverslips in 12-well
plates (Corning, NY, USA). Cells were fixed by 4% paraformaldehyde and nonspecific binding was blocked with 5%
normal donkey serum (catalog no. 017-000-121; Jackson Immuno Research, PA, USA) in phosphate-buffered saline
(PBS). Cells were then incubated with 10pg/mL goat polyclonal primary antibody against ALP (catalog no. AF2910;
R&D Systems, MN, USA) at 4°C overnight. For negative control, cells were incubated with 10 ug/mL polyclonal goat
IgG control (catalog no. AB-108-C; R&D Systems). ALP protein expression was detected by incubating with 1:100 don-
key anti-goat IgG conjugated with fluorescein (FITC) (catalog no. 705-095-147; Jackson Immuno Research) for 1h in
dark condition and mounted with anti-fade mounting medium with DAPI (catalog no. H-1200; Vector, Burlin-game,
CA, USA). The coverslips were visualized under a confocal microscope (model FV10i-DOC; Olympus, Tokyo, Japan).
These ALP antibody and normal goat IgG (isotype control) were further used for flow cytometry.
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Flow cytometry. The confluent primary osteoblasts were collected and incubated with 5% normal donkey
serum for blockade of nonspecific binding. Cells were incubated with either 2.5 ug primary antibody against
ALP or normal goat IgG control (isotype control), followed by FITC-conjugated secondary antibody (1:100)
for 1h at 4°C. FITC-labeled cells were analyzed at 515-545 nm by flow cytometer (model BD FACSCanto; BD
Bioscience, NJ, USA). Forward scatter (FSC) and side scatter (SSC) gating were set appropriately for the cells. Rat
osteoblast-like UMR-106 cell line [catalog no. CRL-1661; American Type Culture Collection (ATCC), VA, USA]
was used as positive control for ALP-positive cell analysis.

Tartrate-resistant acid phosphatase (TRAP) staining and quantification of TRAP-positive
cells. Bone marrow cells were plated at 1 x 10° cells/well in 96-well plates and cultured in a-MEM contain-
ing osteoclastogenic factors for 8 days. Cells were fixed with 10% neutral buffer formalin and incubated with
TRAP chromogenic substrate (catalog no. PMC-AKO04F-COS; Cosmo Bio, Tokyo, Japan) at 37°C for 60 min.
TRAP-positive multinucleated osteoclasts containing >3 nuclei were visualized and manually counted under an
inverted microscope (model IX83ZDC; Olympus) as previously described®**’. The number of cells was repre-
sented as TRAP-positive cells per well.

Total RNA extraction and quantitative real-time PCR (qQRT-PCR). Primary osteoblasts and bone
marrow cells were plated at 3 x 10° and 5 x 10° cells/well, respectively, in 6-well plates. Total RNA extraction
and cDNA synthesis were performed as previously described®®. The primers used in this study are shown in
Supplementary Table S1. The QRT-PCR and melting curve analyses were performed with SsoFast EvaGreen
Supermix (catalog no. 172-5204; Bio-rad, CA, USA) and QuantStudio 3 Real-Time PCR system (Applied
Biosystems, MA, USA). Mouse 3-actin or 18 S rRNA were used as housekeeping genes for primary osteoblasts
and osteoclasts, respectively. Changes in gene expression were calculated from the threshold cycles (C,).

Transepithelial calcium transport. Determination of ex vivo intestinal calcium transport was performed
as previously described®. Briefly, the duodenum was cut longitudinally to expose the mucosa and was rinsed
by isotonic bathing solution containing (in mmol/L) 118 NaCl, 4.7 KCI, 1.1 MgCl,, 1.25 CaCl,, 23 NaHCO;, 12
D-glucose, and 2 mannitol (all purchased from Sigma). The intestinal tissue was then mounted in an Ussing
chamber and bathed on both sides of the hemichambers with an isotonic bathing solution for 10 min. In the
mucosal hemichamber, the solution was changed to the bathing solution containing a radioactive tracer, *Ca
(initial amount of 0.451 Ci/mL, final specific activity of 90 mCi/mol; catalog no. NEZ013; PerkinElmer, Boston,
MA, USA). Unidirectional calcium flux (J;;_c, nmol/h/cm?) from the hot side (H; mucosal side) to the cold side
(C; serosal side) was calculated by Eqs 1 and 2:

Jioc = Ru_c/(Sy x A) (1)

Sy = Cy/Cr, (2)

where Ry is the rate of **Ca appearance in the cold side (cpm/h); Sy is the specific activity of the hot side (cpm/
nmol); A is the surface area of the tissue (cm?); Cy is the mean radioactivity of the hot side (cpm); and Cy, is
the total calcium content in the hot side (nmol). **Ca radioactivity was analyzed by a liquid scintillation spec-
trophotometer (model Tri-Carb 3100; Packard, Meriden, CT, USA). Due to the same calcium concentration of
1.25mmol/L in both hemichambers (i.e., the absence of transepithelial calcium gradient), the measured calcium
flux represented the active calcium transport in the mucosal-to-serosal direction.

Statistical analysis. Unless otherwise specified, the results are presented as means + standard error (SE).
Two sets of data were compared using unpaired Student’s ¢-test. One-way analysis of variance (ANOVA) with
Newman-Keuls multiple comparisons test was used for multiple sets of independent data. The level of signif-
icance for statistical tests was P < 0.05. All data were analyzed by GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA).

References
1. De Sanctis, V. et al. Bone disease in (3 thalassemia patients: past, present and future perspectives. Metabolism 80, 66-79 (2018).
2. Nienhuis, A. W. & Nathan, D. G. Pathophysiology and clinical manifestations of the 3-thalassemias. Cold Spring Harb Perspect Med
2,a011726 (2012).
3. Thongchote, K, Svasti, S., Teerapornpuntakit, ., Krishnamra, N. & Charoenphandhu, N. Running exercise alleviates trabecular bone
loss and osteopenia in hemizygous (3-globin knockout thalassemic mice. Am J Physiol Endocrinol Metab 306, E1406-1417 (2014).
4. Charoenphandhu, N. et al. 1,25-Dihydroxyvitamin D;-induced intestinal calcium transport is impaired in 3-globin knockout
thalassemic mice. Cell Biochem Funct 31, 685-691 (2013).
5. Kraidith, K. et al. Hepcidin and 1,25(0OH),D; effectively restore Ca*" transport in 3-thalassemic mice: reciprocal phenomenon of
Fe?* and Ca?* absorption. Am ] Physiol Endocrinol Metab 311, E214-223 (2016).
6. O’Brien-Ladner, A. R, Nelson, S. R., Murphy, W. J., Blumer, B. M. & Wesselius, L. J. Iron is a regulatory component of human IL-13
production. Support for regional variability in the lung. Am J Respir Cell Mol Biol 23, 112-119 (2000).
7. Tsay, J. et al. Bone loss caused by iron overload in a murine model: importance of oxidative stress. Blood 116, 2582-2589 (2010).
8. He, Y. E et al. Iron overload inhibits osteoblast biological activity through oxidative stress. Biol Trace Elem Res 152, 292-296 (2013).
9. Thongchote, K. et al. Bone microstructural defects and osteopenia in hemizygous (3!V$%-%* knockin thalassemic mice: sex-dependent
changes in bone density and osteoclast function. Am J Physiol Endocrinol Metab 309, E936-948 (2015).
10. Hamann, C. et al. Delayed bone regeneration and low bone mass in a rat model of insulin-resistant type 2 diabetes mellitus is due to
impaired osteoblast function. Am J Physiol Endocrinol Metab 301, E1220-1228 (2011).
11. Fujii, H., Hamada, Y. & Fukagawa, M. Bone formation in spontaneously diabetic Torii-newly established model of non-obese type
2 diabetes rats. Bone 42, 372-379 (2008).

SCIENTIFIC REPORTS |

(2019) 9:13963 | https://doi.org/10.1038/s41598-019-50414-7


https://doi.org/10.1038/s41598-019-50414-7

www.nature.com/scientificreports/

12.
13.
14.
15.
16.
17.
. van Driel, M. & van Leeuwen, J. P. Vitamin D endocrine system and osteoblasts. Bonekey Rep 3,493 (2014).

19.

20.
21.

22.
23.
24.

25.

26.

27.
28.
29.
. Morabito, N. et al. The “lively” cytokines network in 3-thalassemia major-related osteoporosis. Bone 40, 1588-1594 (2007).
31.

32.

33.
34,

35.
36.

37.
38.
39.
40.

41.
42.

43.

44.

45.
46.
47.
48.
49.
50.
51.
52.

53.

Ghergherehchi, R. & Habibzadeh, A. Insulin resistance and 3 cell function in patients with 3-thalassemia major. Hemoglobin 39,
69-73 (2015).

Wongdee, K., Krishnamra, N. & Charoenphandhu, N. Derangement of calcium metabolism in diabetes mellitus: negative outcome
from the synergy between impaired bone turnover and intestinal calcium absorption. J Physiol Sci 67, 71-81 (2017).

Aoki, C., Uto, K., Honda, K., Kato, Y. & Oda, H. Advanced glycation end products suppress lysyl oxidase and induce bone collagen
degradation in a rat model of renal osteodystrophy. Lab Invest 93, 1170-1183 (2013).

Napoli, N. et al. Low serum levels of 25-hydroxy vitamin D in adults affected by thalassemia major or intermedia. Bone 38, 888-892
(2006).

Zamboni, G., Marradi, P., Tagliaro, F, Dorizzi, R. & Tato, L. Parathyroid hormone, calcitonin and vitamin D metabolites in
B-thalassaemia major. Eur ] Pediatr 145, 133-136 (1986).

Kopic, S. & Geibel, J. P. Gastric acid, calcium absorption, and their impact on bone health. Physiol Rev 93, 189-268 (2013).

Srinoun, K. et al. Imbalanced globin chain synthesis determines erythroid cell pathology in thalassemic mice. Haematologica 94,
1211-1219 (2009).

van de Peppel, J. & van Leeuwen, J. P. Vitamin D and gene networks in human osteoblasts. Front Physiol 5, 137 (2014).

Lane, D. J. et al. Cellular iron uptake, trafficking and metabolism: key molecules and mechanisms and their roles in disease. Biochim
Biophys Acta 1853, 1130-1144 (2015).

Noetzli, L. ], Mittelman, S. D., Watanabe, R. M., Coates, T. D. & Wood, J. C. Pancreatic iron and glucose dysregulation in thalassemia
major. Am ] Hematol 87, 155-160 (2012).

Gomber, S., Dabas, A., Bagmar, S. & Madhu, S. V. Glucose homeostasis and effect of chelation on § cell function in children with
B-thalassemia major. J Pediatr Hematol Oncol 40, 56-59 (2018).

Khuituan, P. et al. Fibroblast growth factor-23 abolishes 1,25-dihydroxyvitamin D;-enhanced duodenal calcium transport in male
mice. Am J Physiol Endocrinol Metab 302, E903-913 (2012).

Nakkrasae, L. I., Thongon, N., Thongbunchoo, J., Krishnamra, N. & Charoenphandhu, N. Transepithelial calcium transport in
prolactin-exposed intestine-like Caco-2 monolayer after combinatorial knockdown of TRPV5, TRPV6 and Ca,1.3. ] Physiol Sci 60,
9-17 (2010).

Thongon, N., Nakkrasae, L. I., Thongbunchoo, J., Krishnamra, N. & Charoenphandhu, N. Prolactin stimulates transepithelial
calcium transport and modulates paracellular permselectivity in Caco-2 monolayer: mediation by PKC and ROCK pathways. Am |
Physiol Cell Physiol 294, C1158-1168 (2008).

Wong, P, Fuller, P. J,, Gillespie, M. T. & Milat, F. Bone disease in thalassemia: a molecular and clinical overview. Endocr Rev 37,
320-346 (2016).

Thongchote, K. et al. Impaired bone formation and osteopenia in heterozygous 35654 knockin thalassemic mice. Histochem Cell
Biol 136, 47-56 (2011).

Perisano, C. et al. Physiopathology of bone modifications in (3-thalassemia. Anemia 2012, 320737 (2012).

Kitazawa, R. & Kitazawa, S. Vitamin D; augments osteoclastogenesis via vitamin D-responsive element of mouse RANKL gene
promoter. Biochem Biophys Res Commun 290, 650-655 (2002).

Lee, S. K., Kalinowski, J., Jastrzebski, S. & Lorenzo, J. A. 1,25(OH), vitamin D;-stimulated osteoclast formation in spleen-osteoblast
cocultures is mediated in part by enhanced IL- 1o and receptor activator of NF- kB ligand production in osteoblasts. ] Immunol 169,
2374-2380 (2002).

Harada, S. et al. Daily administration of eldecalcitol (ED-71), an active vitamin D analog, increases bone mineral density by
suppressing RANKL expression in mouse trabecular bone. ] Bone Miner Res 27, 461-473 (2012).

Atkins, G. J. et al. RANKL expression is related to the differentiation state of human osteoblasts. ] Bone Miner Res 18, 1088-1098
(2003).

Gordon, S. & Martinez, F. O. Alternative activation of macrophages: mechanism and functions. Immunity 32, 593-604 (2010).
Xiong, Y. et al. 1c,25-Dihydroxyvitamin D; promotes bone formation by promoting nuclear exclusion of the FoxO1 transcription
factor in diabetic mice. ] Biol Chem 292, 20270-20280 (2017).

Nakamichi, Y., Udagawa, N., Suda, T. & Takahashi, N. Mechanisms involved in bone resorption regulated by vitamin D. J Steroid
Biochem Mol Biol 177, 70-76 (2018).

Stefanska, B., Salame, P,, Bednarek, A. & Fabianowska-Majewska, K. Comparative effects of retinoic acid, vitamin D and resveratrol
alone and in combination with adenosine analogues on methylation and expression of phosphatase and tensin homologue tumour
suppressor gene in breast cancer cells. Br ] Nutr 107, 781-790 (2012).

Bahrami, A. et al. Genetic and epigenetic factors influencing vitamin D status. J Cell Physiol 233, 4033-4043 (2018).

Pickholtz, I. et al. Cooperation between BRCA1 and vitamin D is critical for histone acetylation of the p21wafl promoter and growth
inhibition of breast cancer cells and cancer stem-like cells. Oncotarget 5, 11827-11846 (2014).

Ng, S. E et al. Chronic high-fat diet in fathers programs (3-cell dysfunction in female rat offspring. Nature 467, 963-966 (2010).
Yang, K. E, Cai, W, Xu, J. L. & Shi, W. Maternal high-fat diet programs Wnt genes through histone modification in the liver of
neonatal rats. ] Mol Endocrinol 49, 107-114 (2012).

Wei, Y. et al. Paternally induced transgenerational inheritance of susceptibility to diabetes in mammals. Proc Natl Acad Sci USA 111,
1873-1878 (2014).

Erben, R. G, Scutt, A. M., Miao, D., Kollenkirchen, U. & Haberey, M. Short-term treatment of rats with high dose
1,25-dihydroxyvitamin D; stimulates bone formation and increases the number of osteoblast precursor cells in bone marrow.
Endocrinology 138, 4629-4635 (1997).

Shibata, T. et al. Vitamin D hormone inhibits osteoclastogenesis in vivo by decreasing the pool of osteoclast precursors in bone
marrow. ] Bone Miner Res 17, 622-629 (2002).

Kogawa, M. et al. Osteoclastic metabolism of 25(OH)-vitamin Ds: a potential mechanism for optimization of bone resorption.
Endocrinology 151, 4613-4625 (2010).

Wongdee, K. & Charoenphandhu, N. Vitamin D-enhanced duodenal calcium transport. Vitamins and Hormones 98, 407-440
(2015).

Dominici, E P., Arostegui Diaz, G., Bartke, A., Kopchick, J. J. & Turyn, D. Compensatory alterations of insulin signal transduction
in liver of growth hormone receptor knockout mice. J Endocrinol 166, 579-590 (2000).

Dominici, E P, Hauck, S., Argentino, D. P, Bartke, A. & Turyn, D. Increased insulin sensitivity and upregulation of insulin receptor,
insulin receptor substrate (IRS)-1 and IRS-2 in liver of Ames dwarf mice. ] Endocrinol 173, 81-94 (2002).

Maestro, B., Campion, J., Davila, N. & Calle, C. Stimulation by 1,25-dihydroxyvitamin D; of insulin receptor expression and insulin
responsiveness for glucose transport in U-937 human promonocytic cells. Endocr ] 47, 383-391 (2000).

Salles, J. et al. 1,25(OH),-vitamin D; enhances the stimulating effect of leucine and insulin on protein synthesis rate through Akt/
PKB and mTOR mediated pathways in murine C2C12 skeletal myotubes. Mol Nutr Food Res 57, 2137-2146 (2013).

Hultin, H., Edfeldt, K., Sundbom, M. & Hellman, P. Left-shifted relation between calcium and parathyroid hormone in obesity. ] Clin
Endocrinol Metab 95, 3973-3981 (2010).

Jorde, R., Sundsfjord, J., Haug, E. & Bonaa, K. H. Relation between low calcium intake, parathyroid hormone, and blood pressure.
Hypertension 35, 1154-1159 (2000).

SCIENTIFIC REPORTS |

(2019) 9:13963 | https://doi.org/10.1038/s41598-019-50414-7


https://doi.org/10.1038/s41598-019-50414-7

www.nature.com/scientificreports/

54. Wongdee, K. et al. Osteoblasts express claudins and tight junction-associated proteins. Histochem Cell Biol 130, 79-90 (2008).

55. Marino, S., Logan, J. G., Mellis, D. & Capulli, M. Generation and culture of osteoclasts. Bonekey Rep 3, 570 (2014).

56. Alatalo, S. L., Halleen, J. M., Hentunen, T. A., Monkkonen, J. & Vaananen, H. K. Rapid screening method for osteoclast
differentiation in vitro that measures tartrate-resistant acid phosphatase 5b activity secreted into the culture medium. Clin Chem 46,
1751-1754 (2000).

57. Araujo, J. C. et al. Dasatinib inhibits both osteoclast activation and prostate cancer PC-3-cell-induced osteoclast formation. Cancer
Biol Ther 8, 2153-2159 (2009).

58. Teerapornpuntakit, J., Wongdee, K., Krishnamra, N. & Charoenphandhu, N. Expression of osteoclastogenic factor transcripts in
osteoblast-like UMR-106 cells after exposure to FGF-23 or FGF-23 combined with parathyroid hormone. Cell Biol Int 40, 329-340
(2016).

59. Aeimlapa, R. et al. Insulin does not rescue cortical and trabecular bone loss in type 2 diabetic Goto-Kakizaki rats. ] Physiol Sci 68,
531-540 (2018).

Acknowledgements

The authors thank Prof. Nateetip Krishnamra for comments and proofreading of the manuscript, and Dr.
Kanogwun Thongchote for technical assistance. This work was supported by grants from the Thailand Research
Fund (TRF) through the TRF International Research Network Program (IRN60W0001 to K. Wongdee and N.
Charoenphandhu), the TRF-Office of the Higher Education Commission (OHEC) Research Grant for New
Scholar (MRG6280198 to J. Teerapornpuntakit), the Faculty of Science, Mahidol University (to J. Thongbunchoo),
Mahidol University (MU-MRC; to N. Charoenphandhu), and Science Achievement Scholarship of Thailand
(to R. Aeimlapa and S. Sooksawanwit). N. Charoenphandhu is a TRF Senior Research Scholar (RTA6080007)
supported by TRE

Author Contributions

Charoenphandhu N, Wongdee K designed experiments; Charoenphandhu N, Aeimlapa R, Sooksawanwit S,
Thongbunchoo J, Wongdee K conducted experiments; Charoenphandhu N, Aeimlapa R, Sooksawanwit S,
Teerapornpuntakit J, Svasti S, Wongdee K reviewed data and performed statistical analyses; Charoenphandhu
N, Aeimlapa R, Teerapornpuntakit J, Wongdee K wrote the manuscript; All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50414-7.

Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:13963 | https://doi.org/10.1038/s41598-019-50414-7


https://doi.org/10.1038/s41598-019-50414-7
https://doi.org/10.1038/s41598-019-50414-7
http://creativecommons.org/licenses/by/4.0/

	Responses of primary osteoblasts and osteoclasts from hemizygous β-globin knockout thalassemic mice with elevated plasma gl ...
	Results

	BKO mice exhibited the impaired intestinal calcium absorption and glucose metabolism. 
	Primary osteoblasts from BKO mice showed aberrant expression of osteoblast-specific genes, which could be partially restore ...
	BKO genotype decreased the number of TRAP-positive cells in primary osteoclast culture. 
	High glucose level did not account for the changes in expression of osteoblast- or osteoclast-related markers in BKO-derive ...

	Discussion

	Materials and Methods

	Animals and experimental design. 
	Bone histomorphometry. 
	Primary osteoblast culture. 
	Primary osteoclast culture. 
	Immunofluorescence. 
	Flow cytometry. 
	Tartrate-resistant acid phosphatase (TRAP) staining and quantification of TRAP-positive cells. 
	Total RNA extraction and quantitative real-time PCR (qRT-PCR). 
	Transepithelial calcium transport. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Blood glucose and insulin profiles derived from 8- and 15-week-old BKO and WT mice, i.
	Figure 2 (A) A representative immunofluorescence photomicrograph shows expression and localization of ALP protein in primary osteoblasts isolated from wild-type (WT) mice (60 × magnification).
	Figure 3 (A) A schematic picture shows primary osteoblast collection plan for mRNA expression study.
	Figure 4 mRNA expression levels of osteoblast-derived osteoclastogenesis-related genes, i.
	Figure 5 (A) A schematic picture shows primary osteoclast collection plan for mRNA expression study.
	Figure 6 mRNA expression levels of osteoclast function-related genes, i.
	Figure 7 mRNA expression levels of osteoblast differentiation and function-related genes, i.
	Figure 8 mRNA expression levels of osteoclast function-related genes, i.
	﻿Figure 9 (A) A schematic diagram shows possible role of thalassemia-associated osteopenia and osteoporosis by reducing capability of bone cell differentiation in vitro.
	Table 1 Transepithelial calcium flux and electrical parameters of the duodenal epithelia in male and female WT and BKO mice.




