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Abstract

The association between iron overload and osteoporosis has been found in many diseases, such as
hemochromatosis, B-thalassemia and sickle cell anemia with multiple blood transfusion. One of the contributing factors
is iron toxicity to osteoblasts. Herein, ferric ammonium citrate (FAC) and ferrous ammonium sulfate (FAS) were used
as ferric and ferrous donors. Our results showed that both iron species suppressed cell survival and proliferation. Both
also induced osteoblast cell death consistent with the higher levels of cleaved caspase 3 and caspase 7 in osteoblasts
indicating that iron-induced osteoblast apoptosis. By using ferroptosis inhibitor, ferrostatin-1 as well as the determination
of glutathione peroxidase 4 expression, our data showed that iron-induced osteoblasts also relied on ferroptosis.
Additionally, both iron species could induce GO/G1 cell cycle arrest in osteoblasts with the stronger effects from ferric
than ferrous. Downregulation of osteoblast differentiation genes was observed in osteoblasts exposed to ferric and
ferrous. Decreased alkaline phosphatase (ALP expression), ALP activity and mineralization in osteoblasts under iron
overload were also shown with the stronger effects from ferric than ferrous. Cellular ROS production was significantly
increased in osteoblasts exposed to ferric and ferrous, but antioxidant agent (N-acetyl cysteine; NAC) could not alleviate
osteoblast cell death. In addition, the expression of NADPH oxidases (NOX1 and NOX4) was also significantly
increased in iron treated osteoblasts, but NOX inhibitor (diphenylene iodonium; DPI) failed to rescued iron-osteoblast
cell death suggesting that iron-induced osteoblast cell death did not depend on NOX expression or activity. Iron
treatments led to the elevated intracellular iron in osteoblasts as determined by flame atomic absorption
spectrophotometry. Iron chelator (deferiprone; DFP); however, could not rescue iron-induced osteoblast cell death. As
the common treatment for calcium malabsorption, effects of 1,25 dihydroxyvitamin D5 [1,25(OH),D;] and exogenous
calcium on osteoblast cell viability and iron uptake capacity in osteoblasts under iron overload were investigated. While
1,25 dihydroxyvitamin D5 [1,25(OH),D;] treatment led to increased levels of intracellular iron in osteoblasts exposed to
iron, it did not affect osteoblast cell viability under iron overload. These results confirmed the independence of
intracellular iron level or iron uptake capacity in iron-induced osteoblast cell death. Interestingly, our results showed
that exogenous treatment of calcium improved osteoblast cell viability under iron overload suggesting the potential
therapeutic application of exogenous calcium treatment in iron overload-induced osteoporosis. In conclusion, ferric and
ferrous differentially compromised the osteoblast functions and viability, which can be alleviated by an increase in
extracellular ionized calcium, but not 1,25(0OH),D; or iron chelator DFP. This study has provided the invaluable
information for therapeutic design targeting specific iron specie(s) in iron overload-induced osteoporosis. Moreover, an
increase in extracellular calcium could be beneficial for this group of patients. Results from this project have been
published and accepted in 2 international peer-reviewed journals including Biometals (impact factor 2.478, Q1)
and PLoS One (impact factor 2.776, Q1) Moreover, results have been presented (both oral and poster

presentation) and published in 4 international conferences both in Thailand and abroad
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1. Introduction to the research problem and its significance

It has been shown that more than 50% of R-thalassemia patients develop osteoporosis and osteopenia, which
can lead to patients’ immobility, morbidity and even mortality Haidar (2011), De Sanctis (2013). Similar phenomenon
could be seen in thalassemic mouse models Charoenphandhu (2013), Kraidith (2016), Thongchote (2011),
Thongchote (2014), Thongchote (2015). In addition to osteoporosis, iron overload is another complication commonly
found in thalassemia patients. Iron has been shown to have negative effects on osteoblast differentiation and function,
which could contribute to iron overload-induced osteoporosis Diamond (1991), Chen (2015), Tsay (2010), Zhao
(2014). Corresponding to other studies, results from our group also showed the negative effects of iron on osteoblast

survival (Lertsuwan, et al., unpublished data). Knowing the underlying mechanism of iron-induced osteoblast cell

death will provide the critical data for therapeutic method for iron overload-induced osteoporosis. However, the

signaling involving in iron-induced osteoblastic cell death has not been elucidated.

Studies in mammalian cells showed that iron exposure leads to increased intracellular reactive oxygen species
(ROS) accumulation from the reduced level of antioxidant, glutathione. Enzymes that play a crucial role in iron-
mediated cell death is a group of ROS-producing enzymes called NADPH oxidases (NOXs) Dixon (2012). Previous
studies showed that overactivated NOXs contributed to high level of oxidative stress associated with osteoporosis

Schroder (2015), Schroder (2009), Leboff (2009), and ROS production from NOXs caused osteoblast damage and

dysfunction Nojiri (2011). Therefore, the involvement of ROS and NOX in osteoblast toxicity under iron overload was

investigated. Since iron chelator has been widely used to prevent iron overload in patients with thalassemia and
other iron overload causing diseases, the association of iron uptake capacity and the effects of iron chelator in iron-
induced-cell death were also demonstrated.

In_ summary, this study provided the information about mechanisms behind iron-induced osteoblast cell death

and the potential involvement of NOXs in this mechanism were investigated. In addition, effects of iron overload on

osteoblast differentiation and mineralization as well as osteoblast cell proliferation and cell cycle progression under

iron overload were examined. The potential therapeutic properties of NOX inhibitor (diphenylene iodonium; DPI), iron

chelator (deferiprone; DFP) and antioxidant agent (N-acetyl cysteine; NAC) in iron-induced osteoblast cell death were

tested. Last but not least, the effects of the commonly used calcium absorption enhancer (vitamin D3) and exogenous

calcium treatment on osteoblast cell death under iron overload were also demonstrated. This study provided an




important data for the identification of novel therapeutic target(s) and methods for iron-mediated osteoporosis in iron
overload and/or thalassemia patients.

Results from this project has been published and accepted in 2 international peer-reviewed journals including
Biometals (impact factor 2.478, Q1) in the topic of “Ferrous and ferric differentially deteriorate proliferation and
differentiation of osteoblast-like UMR=-106 cells” and PLoS One (impact factor 2.776, Q1) in the topic of "Differential
effects of Fe?* and Fe®" on osteoblasts and the effects of 1,25(0H),D,, deferiprone and extracellular calcium on
osteoblast viability under iron-overloaded conditions". Moreover, results have been presented and published in 4

international conferences both in Thailand and abroad.

2, Objectives

2.1 To investigate the underlying mechanism iron-induced osteoblast cell death

2.2 To examine the effects of iron overload on osteoblast differentiation and mineralization

2.3 To elucidate and compare the involvement reactive oxygen species (ROS) production and NADPH
oxidases (NOXs) in ferric (FAC) and ferrous (FAS)-treated osteoblast cells

2.4 To involvement of iron uptake capacity of osteoblasts in iron-induced osteoblast cell death

2.5 To examined the potential therapeutic properties of NOX inhibitor (diphenylene iodonium; DPI), iron
chelator (deferiprone; DFP) and antioxidant agent (N-acetyl cysteine; NAC) in iron-induced osteoblast cell death

2.6 To elucidate the effects of vitamin D; and exogenous calcium treatment on osteoblast cell survival under
iron overload

2.7 To investigate the effects of ferric and ferrous on cell cycle progression in osteoblasts under iron

overload.

3. Methodology

3.1 The underlying mechanisms involving iron-induced osteoblast cell death by ferric and ferrous were
performed by investigating the alteration of apoptotic markers and ferroptosis markers including cleaved caspase 3,
cleaved caspase 7, poly (ADP-ribose) polymerase-1 (PARP-1) by western blot analysis. The dependence of
ferroptosis in iron-induced osteoblast cell death was tested by using ferroptosis inhibitor, ferrostatin-1. Osteoblast cell
viability was determined by MTT assay

3.2 Effects of iron overload from ferric and ferrous on osteoblast differentiation was determined by the
expression of osteoblastic genes by qRT-PCR and alkaline phosphatase (ALP) activity assay. Mineralization of
osteoblasts was determined by alizarin red staining of calcium deposition in osteoblast cells and extracellular
matrices.

3.3 The level of cellular ROS was determined by using a commercially available ROS detection kit. The
potential involvement of NOXs was determined by the expression alteration of NOXs in osteoblasts treated with ferric
and ferrous. Gene expression alteration was examined by qRT-PCR.

3.4 To study the correlation of iron uptake capacity of osteoblast cell death under iron overload, intracellular
iron in osteoblasts treated ferric and ferrous was measured by using flame atomic absorption spectrometry (FAAS)

3.5 The potential therapeutic properties of NOX inhibitor (diphenylene iodonium; DPI), iron chelator

(deferiprone; DFP) and antioxidant agent (N-acetyl cysteine; NAC) in iron-induced osteoblast cell death were



examined by osteoblast cell viability assay of osteoblasts cells treated with ferric and ferrous in the presence or
absence of these agents.

3.6 As the common treatment for calcium malabsorption, effects of vitamin D and exogenous calcium on
osteoblast cell viability and iron uptake capacity in osteoblasts under iron overload were investigated. Osteoblast cell
viability under iron overload with ferric or ferrous in the presence or absence of vitamin D or exogenous calcium
treatment. In addition, intracellular iron in osteoblasts treated with iron in the presence and absence of vitamin D was
also investigated by using FAAS.

3.7 Effects of ferric and ferrous on cell cycle progression in osteoblasts under iron overload were determined

by flow cytometry analysis.



4. Key findings from this project

4.1 The alteration of apoptotic markers was clearly observed, especially in ferric treated osteoblasts.
Ferrostatin could significantly rescued osteoblasts from iron-induced osteoblast cell death indicated the involvement
of ferroptosis mechanism in iron-induced osteoblast cell death. This speculation was later confirmed by the
downregulation of the ferroptosis downregulated marker, glutathione peroxidase 4. Hence, iron-induced osteoblast
cell death replied on both apoptosis and ferroptosis mechanisms.

4.2 The downregulation of osteoblast differentiation genes was observed in osteoblasts exposed to ferric
and ferrous. Decreased ALP expression, activity and mineralization in osteoblasts under iron overload were also
shown.

4.2 Results showed that cellular ROS production was significantly increased in osteoblasts exposed to ferric
and ferrous. In addition, the expression of NOX1 and NOX4 was also significantly increased in iron treated
osteoblasts. These indicated the correlation between cellular ROS level and iron-osteoblast cell death and the
potential role of NOX1 and NOX4 in iron-induced osteoblast cell death.

4.3 Intracellular iron in osteoblasts was significantly increased after being exposed to both ferric and ferrous.
This result showed the potential correlation between iron uptake capacity and iron-induced osteoblast cell death.
More experiments on intracellular level and iron-induced osteoblast cell death were conducted using several
treatments that affected intracellular iron including iron chelator and vitamin D. These results have been discussed
later in this section.

4.4 The results showed that DPI, DFP and NAC could not rescue osteoblasts from iron-induced osteoblasts
cell death. Some of these agents also showed its toxicity in osteoblasts itself; hence, they were not the good
candidates for therapeutic agents for iron-induced osteoblast cell death. While iron chelator, DFP, was shown to
effectively lower intracellular level of iron in osteoblasts under iron overload, it could not suppress iron-induced
osteoblast cell death indicating that this phenomenon might not depend on iron uptake capacity or intracellular iron
level in osteoblasts.

4.5 Our results showed that while vitamin D treatment led to increased levels of intracellular iron in
osteoblasts exposed to ferric and ferrous, it did not affect osteoblast cell viability under iron overload. These results
confirmed the independence of intracellular iron level or iron uptake capacity of osteoblasts in iron-induced osteoblast
cell death. Interestingly, our results showed that exogenous treatment of calcium improved osteoblast cell viability
under iron overload suggesting the potential therapeutic application of exogenous calcium treatment in iron overload-
induced osteoporosis.

4.6 Effects ferric and ferrous on cell cycle progression in osteoblasts under iron overload were studied. The
results showed that iron significantly induced GO/G1 cell cycle arrest leading to the suppression of osteoblast cell

viability and proliferation.



5. Research output

International publication

Results from this project has been published in 1 international peer-reviewed article in Biometals (impact
factor 2.478, Q1), and another manuscript is accepted to be published in PLoS One (impact factor 2.776, Q1) as

follows. More output summary could be found in Table 2.

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Phoaubon S, Lertsuwan J, Thongbunchoo J, Wongdee
K, Charoenphandhu N (2018) Ferrous and ferric differentially deteriorate proliferation and differentiation of osteoblast-

like UMR-106 cells. Biometals 31(5):873-889. (Attached document)

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Tannop N, Teerapornpuntakit J, Thongbunchoo J,
Charoenphandhu N (2020) Differential effects of Fe** and Fe®" on osteoblasts and the effects of 1,25(0H)2D3,
deferiprone and extracellular calcium on osteoblast viability under iron-overloaded conditions. PLoS One (Accepted)

(Attached document)

Presentation in international and national conferences

1.1 Being a speaker in the topic: “Targeting Molecular Mechanism for Osteoporosis in Thalassemia and Iron
Overload” in COCAB-moving forward for food and drug translational research (August 2018)

1.2 Parts of results from this project has been presented and published (conference proceeding) in the topic:
“Comparative Effects of Ferric and Ferrous on Osteoblast Cell Survival and Function” in Pure and Applied Chemistry
International Conference 2019 (February 2019).

Nanthawuttiphan S, Charoenphandhu N, Lertsuwan, K. (2019, February) Comparative Effects of Ferric and Ferrous
on Osteoblast Cell Survival and Function presented at Pure and Applied Chemistry International Conference 2019,
Bangkok, Thailand.

1.3 Parts of results from this project has been presented as a poster in a topic of: "Differential effects of
Fe?* and Fe® on the proliferation and differentiation of osteoblasts"

Nammultriputtar K., Lertsuwan K. and Charoenphandhu N. (2019, March) Differential effects of Fe2+ and Fe3+ on
the proliferation and differentiation of osteoblasts. Poster presented at the 9th Federation of the Asian and Oceanian
Physiological Societies Congress (FAOPS), Kobe, Japan.

1.4 Oral presentation at 27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala
Lumpur, Malaysia in a topic of "Unveiling underlined molecular mechanisms of Thalassemia-induced osteoporosis"
Lertsuwan K, Nammultriputtar K, Nammultriputtar K, Phoaubon S and Charoenphandhu N. (2019, August) Unveiling
underlined molecular mechanisms of Thalassemia-induced osteoporosis. Oral presentation at
27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala Lumpur, Malaysia

1.5 Parts of results from this project has been presented and published (conference proceeding) in the topic:

"Investigating the Involvement of Ferroptosis in Osteoblast Cell Death under Iron Overload"



Tannop N, Charoenphandhu N. and Lertsuwan K. (2020, February) Investigating the Involvement of Ferroptosis in
Osteoblast Cell Death under Iron Overload. Poster presented at Pure and Applied Chemistry International 2020

(PACCON 2020), Bangkok, Thailand



Table 2 Outputs from this project were illustrated as follows

Output

Detail

First / Corresponding author

First author

Corresponding

author

Research articles

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan
S, Phoaubon S, Lertsuwan J, Thongbunchoo J,
Wongdee K, Charoenphandhu N (2018) Ferrous and
ferric differentially deteriorate proliferation and

differentiation of osteoblast-like UMR-106 cells.

Biometals 31(5):873-889. (IF 2.478, Q1)

D manuscript is under
preparation.

D manuscript is submitted.

D manuscript is under revision.
O manuscript is accepted/ in
Press.

manuscript is published.

Lertsuwan K.

Charoenphandhu N
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Charoenphandhu N (2020) Differential effects of Fe*’
and Fe* on osteoblasts and the effects of
1,25(0OH)2D3, deferiprone and extracellular calcium
on osteoblast viability under iron-overloaded

conditions. PLoS One (IF 2.776, Q1) (Accepted)

O manuscript is under
preparation.

D manuscript is submitted.

D manuscript is under revision.
manuscript is accepted/ in
Press.

D manuscript is published.

Lertsuwan K

Charoenphandhu N

International conference

Nanthawuttiphan S, Charoenphandhu N and
Lertsuwan, K. (2019, February) Comparative Effects
of Ferric and Ferrous on Osteoblast Cell Survival
and Function presented at Pure and Applied
Chemistry International Conference 2019, Bangkok,

Thailand.

results are presented.
D proceeding is accepted.
proceeding is published.

Nanthawuttiphan §

Lertsuwan K.

Nammultriputtar K., Lertsuwan K. and
Charoenphandhu N. (2019, March) Differential
effects of Fe** and Fe** on the proliferation and
differentiation of osteoblasts. Poster presented at
the 9th Federation of the Asian and Oceanian
Physiological Societies Congress (FAOPS), Kobe,

Japan.

results are presented.
O proceeding is accepted.
D proceeding is published

Nammultriputtar K

Charoenphandhu N

Lertsuwan K, Nammultriputtar K, Nammultriputtar K|
Phoaubon S and Charoenphandhu N. (2019, August)
Unveiling underlined molecular mechanisms of
Thalassemia-induced osteoporosis. Oral
presentation at

27th FAOBMB & 44th MSBMB Conference and
IUBMB Special Symposia, Kuala Lumpur, Malaysia

M results are presented.
O proceeding is accepted.
D proceeding is published

Lertsuwan K

Charoenphandhu N

Tannop N, Charoenphandhu N. and Lertsuwan K.
(2020, February) Investigating the Involvement of
Ferroptosis in Osteoblast Cell Death under Iron
Overload. Poster presented at Pure and Applied

Chemistry International 2020 (PACCON 2020),

Bangkok, Thailand

results are presented.
D proceeding is accepted.
proceeding is published.

Tannop N

Lertsuwan K




6. Schedule for the entire project

Schedule/year Year 1 Year 2
Month | Month | Month | Month
1-6 7-12 1-6 7-12
Investigate the involvement of apoptosis and ferroptosis in iron-induced osteoblast cell death /
Determine the involvement of ROS production and the expression of NADPH oxidases /
including NOX1 and NOX4 upon iron exposure to osteoblastic UMR-106 cells
Manuscript #1 submission
Determine the effects of extracellular iron exposure on iron uptake ability into UMR-1106 cells /
Manuscript #1 published
Examine the effects of ferric and ferrous on osteoblast differentiation and mineralization /
Evaluate effects of NOX inhibitor (diphenylene iodonium; DPI), iron chelator (deferiprone; DFH /
and antioxidant agent (N-acetyl cysteine; NAC) on iron uptake ability and osteoblast cell deatH
under iron overload
Examine effects of vitamin D5 on iron uptake ability and osteoblast cell death under iron /
overload
Manuscript #2 preparation/submission
Examine effects of both iron species on cell cycle progression of osteoblasts /
Manuscript #2 accepted
Full report submission /
7. Budget details
Year 1 (Baht) Year 2 (Baht) Sum
(Baht)
1. Honorarium 156,000 156,000 312,000
- Honorarium for principal investigator
2. Materials
- Chemicals and disposables for cells tissue culture and 35,000 35,000 70,000
treatments
- Chemicals and consumables for molecular techniques, 99,000 89,000 188,000
such as qRT-PCR, Western blot, ROS assay, glutathione
assay, CRIPSR/Cas9 construction
- Experimental animals and related chemicals and
consumables 10,000 20,000 30,000
3. Expenses - - -
4. Hiring - - -
Total 300,000 300,000 600,000
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Research results from the project

Objective 1: To investigate the alteration of apoptotic markers upon iron-induced osteoblast cell

death

1.1 Rationale
Previous studies from our and other groups showed that iron could induce osteoblast cell death, so the primary
program cell death, apoptosis, was investigated to verify and compare the potential mechanism of osteoblast cell death

under iron overload by ferrous and ferric species.

1.2 Experimental procedures

UMR-106 cells were seeded at 4.2x10° cells/well in 6-well tissue culture plate. Then, the cells were treated
with ferric ammonium citrate (FAC) or ferrous ammonium sulfate (FAS) at 0, 100, 200 or 300 uM. After 72 hours of
treatment, cell pellet was collected by scraping, and protein samples were extracted by using modified
radioimmunoassay precipitation (RIPA) buffer containing 50 mM Tris—HCI pH 7.4, 1% Triton X-100, 0.25%
deoxycholate, 150 mM NaCl. Protein concentration in each sample was determined by using BCA protein assay kit
(Roche, USA). Twenty-five micrograms of proteins were used for SDS-PAGE and western blot analysis for the
expression of cleaved caspase-3, cleaved caspase-7, poly (ADP-ribose) polymerase-1 (PARP-1) and actin
(housekeeping control). The relative protein expression was determined by pixel density of each protein band

normalized by its own actin.

1.3 Results

As caspase 3 and caspase 7 function as the executive caspases in apoptosis pathway, they are commonly
used as apoptotic markers. Our results showed that FAC induced the increased level of cleaved caspase 3 and cleaved
caspase 7 significantly in dose-dependent fashion (Figure 1A). While the change is not significant in FAS treated
groups, the increasing trends of cleaved caspase 3 and cleaved caspase 7 were also observed. The semi-quantitative
value of cleaved caspase 3 and cleaved caspase 7 upon FAC and FAS treatment on UMR-106 cells normalized to
control was also shown in Figure 1B and 1C. These results suggested that FAC and FAS induced osteoblast cell

death via apoptosis.
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Figure 1 Both FAC and FAS induced the increased level of cleaved caspase 3 and cleaved caspase 7 in UMR-106
cells. (A) western blot of cleaved caspase 3 and 7 from UMR-106 cells treated with FAC and FAS, (B and C)
quantitative analysis of cleaved caspase 3 and 7 from western blot normalized to B-actin (* P < 0.05; ** P < 0.01,

*** P <0.001)

In addition to cleaved caspases, the alteration of total and cleaved Poly (ADP-ribose) polyemerase-1 (PARP-
1), which is the protein functioning in DNA repair and is known to be the primary caspases target during apoptosis,
was also investigated. The expression of PARP-1 and cleaved PARP-1 was shown in Figure 2A. Even though they
are not statistically significant, our quantified results showed that the full length of PARP-1 was notably decreased in
UMR-106 cells treated with FAC, while this effect could not be seen in FAS treated groups (Figure 2C). Similar trend
was also shown in cleaved PARP-1 level upon FAC and FAS treatment (Figure 2B). When the level of cleaved PARP-
1 was normalized to the full length PARP-1 to yield the relative level of cleaved PARP-1 to full length PAR-1, the
results showed that the ratio between cleaved PARP-1 to full length PARP-1 was increased significantly in osteoblastic

cells, UMR-106 cells, treated FAS at 300 uM (Figure 2D).
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Figure 2 The expression of full length PARP-1 and cleaved PARP-1 in UMR-106 cells upon ferric (FAC) and ferrous
(FAS) treatments was shown in this figure. (A) western blot showed that expression alteration of full length and cleaved
PARP-1 upon FAC and FAS treatments, (B) and (C) quantified data from western blot, (D) relative level of cleaved
PARP-1 and full length PARP-1 (* P < 0.05; ** P < 0.01)

13



Objective 2: To investigate the involvement of ferroptosis mechanism in iron-induced osteoblast

cell death

2.1 Rationale
Our results from objective 1 showed that FAC could significantly induce apoptotic marker processing, while
FAS could not. With the relative similar EC50 of both iron species on UMR-106 cell death, other alternative cell death

pathway(s) was also considered to be a potential cell death mechanism in UMR-106 cell death under iron overload.

2.2 Experimental procedures

UMR-106 cells were seeded at 2500 cells/well in 96-well tissue culture plate. Then, the cells were treated
with ferric ammonium citrate (FAC) or ferrous ammonium sulfate (FAS) at 0, 100, 200 or 300 uM with or without 0.5
M M ferroptosis inhibitor (ferrostatin-1). After 72 hours of treatment, cell viability was measured by MTT assay.
Tetrazolium dye, 3- (4,5-dimethylthiazol- 2- yl) -2,5- diphenyltetrazolium bromide (MTT) was reduced by metabolic
enzymes in mitochondria of living cells. The reducing activity can change the color of yellow tetrazole (MTT dye) to
purple formazan. After the end of the experiments, the culture media were removed followed by adding 100 pL of 0.5
mg/mL MTT dye in culture media in each well and incubating at in 37°C for 3 hours. The background of culture medium
was subtracted by the empty well contained only 0.5 mg/mL MTT solution. After incubation, 100 pL of 5% (w/v) sodium
dodecyl sulfate (SDS) in 50% (v/v) N, N-Dimethylformamide in purified water was added in each well. The MTT
formazan was completely dissolved by mixing with 200P micropipette. The absorbance was measured with microplate
reader at 540 nm. For data analysis, the absorbance was subtracted from culture medium background and normalized

to control group. Then, the absorbance was calculated as a percentage of cell viability.

2.3 Results

Ferroptosis is a novel iron-dependent non-apoptotic cell death. As FAS does not induce significant change in
apoptotic markers in UMR-106 cells, the alternative cell death pathway was investigated. In this experiment, ferroptosis-
specific inhibitor, ferrostatin-1 was used. Our results showed that FAC dramatically decreased osteoblast cell survival
in dose-dependent manner. While ferrostatin-1 alone did not negatively affect UMR-106 cell viability, cells treated with
both FAC and ferrostatin-1 was shown to be resistant to FAC-induced osteoblast cell death (Figure 3A). Similar results
were shown in FAS-treated groups. As FAS markedly induced osteoblast UMR-106 cell death, ferrostatin-1 could also
suppress FAS-induced cell death (Figure 3B). These results indicated that iron also induced osteoblast cell death via

ferroptosis pathway.
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Figure 3 Ferrostatin-1 could prevent iron-induced osteoblast cell death in FAC and FAS-treated UMR-106 cells. (A)
UMR-106 cells treated with FAC, (B) UMR-106 cells treated with FAS with or without ferrostatin-1 (*** P < 0.001
compared to the treatment at 30 pM, ** P < 0.001 compared to the treatment at 100 uM,**¢ P < 0.001 compared to
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Objective 3: To examine the effects of FAC and FAS on glutathione peroxidase 4 (GPX4) level in

osteoblasts

3.1 Rationale

Inactivation of glutathione peroxidase 4 (GPX4) can increase intracellular lipid peroxides, resulting in
ferroptosis. Therefore, we would like to examine if treating osteoblast cells with FAC and FAS at different
concentration would affect the level of GPX4 protein in osteoblasts. Moreover, GPX4 down-regulation is one of the
hallmarks for ferroptosis. This experiment would confirm the involvement of ferroptosis in iron-induced osteoblast cell
death.

3.2 Experiment procedures

UMR-106 cells were seeded at 1.0 x 10° cells/well in 6-well plate (Corning, NY, USA). Cells were treated with
0, 30, 100, 200 and 300 uM of FAC or FAS for 72 hours. The treatments were changed every day. After that, cell
pellets were collected by scraping and washed twice with 1X cold phosphate buffer saline (PBS). Proteins were
extracted by radioimmunoassay precipitation (RIPA) buffer containing 10% protease inhibitor for 1 hour on ice. Cell
lysates were centrifuged at 7,500 rpm for 30 minutes and supernatants were collected. Protein concentration was
measured by using BCA protein assay kit (Thermo scientific, USA). Thirty-five microgram of protein were separated
through 8-15% acrylamide gel at 100 volts for 100 minutes and transferred to nitrocellulose membrane at 12 volts
for 120 minutes. Membranes were blocked for 2 hours at room temperature in blocking solution (Capricorn Scientific,
USA). After that, membranes were washed 3 times with TBST and incubated with specific antibody for GPX4 (Abcam,
USA) and B-actin (Abcam, USA) overnight at 4°C. Then, membranes were wash 3 times with TBST and incubated
with anti-rabbit IgG secondary antibody (Cell Signaling, USA). Protein was visualized by enhanced
chemiluminescence (ECL) (Millipore, USA) and exposed to X-ray film (GE Healthcare, UK). The band intensity was

quantified by using Image J software.

3.3 Results

Even though the results were not statistically significant, the expression level of GPX4 protein was notably
decreased after UMR-106 cells were treated with FAC or FAS in a dose-dependent manner (Figure 4A and B).
These results suggested that both FAC and FAS reduced GPX4 level in osteoblasts resulting in ferroptosis cell

death.
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Figure 4 The effects of FAC and FAS on glutathione peroxidase 4 (GPX4) level in osteoblasts (A) The expression
level of GPX4 protein (B) The quantified data of (A).
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Objective 4: To elucidate and compare the involvement reactive oxygen species (ROS)

production activity in ferric (FAC) and ferrous (FAS)-treated osteoblast cells

4.1 Rationale
Since ROS production was shown to play an important role in both apoptosis and ferroptosis, cellular ROS
production in UMR-106 cells upon FAC and FAS treatment was investigated and compared. These results would

lead to the potential prevention for iron toxicity in osteoblast by using antioxidants in the future experiments.

4.2 Experimental procedures

UMR-106 cells were seeded at 2.5x10* cells/well in 96-black well plate. After 24 hours, ROS production was
measured by using DCFDA cellular ROS detection assay kit (ab113851, Abcam, USA). In brief, the cells were
washed with 1X buffer. Then, DCFDA solution was added 100 uL/well, and the cells were incubated for 45 minutes.
They were washed with 1X buffer again; then iron treatment was added at 0, 30, 100 and 200 yM and incubated for
6 hours. ROS production was measured with fluorescence microplate reader at ExX'Em: 485/535 nm. The levels of

ROS production in each treatment were normalized to control.

4.3 Results

Our results showed that FAC at 30, 100 and 200 uM significantly increased cellular ROS production (Figure
5A). Similarly, FAS was shown to induce ROS production significantly in UMR-106 cells at 100 and 200 uM (Figure
5B). Even though both iron species could induce ROS production significantly in osteoblast UMR-106 cells, the cells
showed to be more sensitive for FAC than FAS. In general, these results showed that ROS might involve in iron-

induced osteoblast cell death in UMR-106 cells with both ferric and ferrous exposure.
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Figure 5 ROS production was increased in osteoblast UMR-106 cells after FAC and FAS exposure. (A) FAC
increased ROS production significantly at 30, 100 and 200 uM, (B) FAS induced ROS production significantly at 100
and 200 pM (*** P < 0.001 compared to control)
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Objective 5: To elucidate and compare the expression of NADPH oxidases in osteoblast UMR-

106 cells under iron overload

5.1 Rationale

NADPH oxidases (NOXs) were the ROS-producing enzymes. Previous studies showed that the inhibition of
NOXs pharmacologically and genetically led to the prevention of alcohol- and ovariectomy-induced osteoporosis. The
basal expression of NOXs in UMR-106 cells were investigated in the previous studies from ours and others. NOX1
and NOX4, expressed in UMR-106 cells, were selected for this study. Here, the expression alteration of NOX1 and

NOX4 in UMR-106 cells under iron overload was investigated.

5.2 Experimental procedures

UMR-106 cells were plated in 6-well plate at seeding density 4.2 x 10° cells/well. Twenty-four hours after
plating, cells were treated FAC or FAS with ECs, at 200 uM for 72 hours. The cells were collected by washing with
1X PBS 2 times and resuspended in TRIzol reagent to extract total RNA. The RNA was purified and measured with
NanoDrop-2000c spectrophotometer with OD at 260 and 280 nm. The ratio of which ranged between 1.8 and 2.0
was considered acceptable. Then, one microgram of RNA was converted to complementary DNA (cDNA) with iScript
cDNA synthesis kit (Bio-rad, CA, USA). The quantitative real-time PCR (qRT-PCR) was performed by QuantStudio
3D Digital PCR System (Thermo Fisher Scientific, MA, USA) with SsoFast EvaGreen Supermix (Bio-rad, Hercules,
CA, USA) for 40 cycles at 95 °C for 60 seconds, 55-60 °C annealing temperature for 30 seconds, and 72 °C for 30
seconds. Fold change values were calculated from the threshold cycles (CT) based on the standard ACT method.

AACT method normalized to control.

Relative expression was expressed as the 2°

5.3 Results

Previous study showed that NADPH oxidases (NOXs) 1 and 4 were expressed in UMR-106 cells, while NOX2
and NOX3 were not. The expression alteration of NOX1 and NOX4 after both iron exposure was investigated. Even
though the expression alteration of NOX1 was not statistically significant in UMR-106 cells under iron exposure, the
increasing trend of NOX1 was noticeable in both FAC and FAS treated cells with the stronger effects from FAC
(Figure B6A). In the other hand, NOX4 was significantly increased in FAC-treated UMR-106 cells for 24 and 72 hours
(Figure 6B). These data showed that NOX4 could be a contributor for ROS production in UMR-106 cells under iron

overload.
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Figure 6 Gene expression alteration of NOX1 and NOX4 in UMR-106 cells upon FAC and FAS exposure was
illustrated. (A) NOX1 showed non-significant increase in UMR-106 cells treated with FAC and FAS, (B) NOX4 showed
a statistically significant increase in UMR-106 cells after being treated with FAC at 24 and 72 hours ( ** P < 0.01

and *** P < 0.001 as compared to control)
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Objective 6: To investigate the effects of NOX inhibitor on UMR-106 cell survival in normal

condition and under iron overload

6.1 Rationale

As the ROS-producing enzymes, NOXs inhibition was used to prevent several ROS-related cell toxicity in
many models. However, the dosage and length of the treatment of NOXs inhibitor still needed to be compromised
because NOXs also participated in electron transport within mitochondria. In this experiment, dose-dependent effects
of NOX pan inhibitor, Diphenyleneiodonium (DPI), on UMR-106 cells in normal condition and under iron overload will

be tested.

6.2 Experimental procedures

UMR-106 cells were seeded at 2500 cells/well in 96-well tissue culture plate. Then, the cells were treated
with DPI at varied doses ranging from 0 to 3.162 yM. After 72 hours of treatment, cell viability was measured by
MTT assay as discussed in the previous experiment (objective 2). For data analysis, the absorbance was subtracted
from culture medium background and normalized to control group. Then, the data was calculated as a percentage

of cell viability.

6.3 Results

Our results showed that high doses of DPI could negatively affect UMR-106 cell survival leading to the
significantly decreased percent cell survival of UMR-106 cells treated with 31.62 nM, 100 nM, 316.23 nM, 1000 nM
(1 pM) and 3162.28 nM (3.162 yM). However, low concentration of DPI at 1 nM, 3 nM and 10 nM did not affect

UMR-106 cell survival (Figure 7). Therefore, the low concentration of DPI will be selected for the future experiment.
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Figure 7 DPI toxicity on UMR-106 cells was shown. Significant decreased of percent cell viability was observed in
the concentration greater than 31.26 nM, while the lower concentration did not affect UMR-106 cell survival. (*** P <

0.001 as compared to control)
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Objective 7: To evaluate the effects of diphenyleneiodonium (DPI) on iron-induced osteoblast

cell death under iron overload with FAC and FAS

7.1 Rationale

As the ROS-producing enzymes, NADPH oxidases (NOXs) inhibition was used to prevent several ROS-related
cell toxicities in many models. However, the dosage and length of the treatment of NOXs inhibitor still needed to be
compromised because NOXs also participated in electron transport within mitochondria. Our preliminary data found
that NOXs were overexpressed, and ROS was increased in osteoblasts treated with FAC and FAS. A pan NOXs
inhibitor, diphenylene iodonium (DPI) was selected as the potential therapeutic agent for iron-induced osteoblast cell

death under iron overload. Thereby, the effects of DPI on iron-induced osteoblast cell death are examined.

7.2 Experiment procedures

UMR-106 cells were plated at 1,000 cells/well in 96-well tissue culture plate. Twenty-four hours after plating,
the cells were treated with 0, 250 or 1,000 uM of FAC for 48 hours with or without DPI (1.0 nM) or DMSO (vehicle
control). After the treatment period, cell viability was measured by using MTT assay. The absorbance of each well

representing cell viability was determined at 595 nm by a microplate reader as mentioned earlier.

7.3 Results

The results showed that treating cells with only FAC decreased osteoblastic cell viability in a concentration-
dependent manner comparing to the control. Whereas, increasing of cell viability were not statically significant in
FAC and DPI-treated groups, and DMSO as a vehicle control did not affect cell viability (Figure 8). Therefore, this

result suggested that DPI at 1 nM could not improve osteoblastic cell viability under iron overload.
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Figure 8 Osteoblast cell viability after iron exposure with FAC in the presence of DPI or vehicle control. ***P < 0.001

as compared to control group (0 )AM) without DPI
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Objective 8: To verify the potential capacity of osteoblast to uptake different iron species, ferric
(FAC) and ferrous (FAS) in iron overload condition by flame atomic absorption spectrometry

(FAAS)

8.1 Rationale

In intestinal cells, the two iron forms can use different transport routes into the cells. Previous studies showed
that osteoblast also expresses transporter proteins from both transport systems. Therefore, this experiment is aimed
to elucidate whether exogenous iron exposure could lead to the increased iron uptake capacity by measuring

intracellular iron concentration by FAAS.

8.2 Experimental procedures

UMR-106 cells were plated in 12-well plate at 2.1 x 10° cells/well. Twenty four hours after plating, cells were
treated with iron treatments (FAC or FAS) at 0, 100,200 and 300 uM for 24 hours. The cells were collected by
washing twice with 1 X phosphate buffered saline (PBS) before gently scraped with cell scraper in PBS. After
centrifugation at 7,000 rpm for 15 minutes, the pellet was resuspended in 250 pL of ultrapure water for a brief
sonication. Then, the samples were digested with 65% nitric acid (HNO;) and 30% hydrogen peroxide (H,0,) by
Ethos UP MAXI-44 microwave digester (Milestone, CT, USA). After digestion, the samples were adjusted to 25 mL
with ultrapure water. Intracellular iron concentration was measured by FAAS (PinAAcle 900T Atomic Absorption
Spectrometer, PerkinElmer, Waltham, MA, USA). The system was calibrated with blank solution (2% HNO;) to
subtract background and start analyzing. The working standard in optimum range at 0, 0.04, 0.4, 0.8, 1.6, and 3
pg/mL that were diluted from 1,000 pg/ml Fe certified standard solution with 2% HNO; were used to construct the
standard curve. Then, the samples were analyzed and 0.8 pg/mL standard concentration was re—analyzed after
every 8 samples for the accuracy. Intracellular iron concentration was normalized to protein concentration that can

measured by bicinchoninic acid assay (BCA assay) as previously described.

8.3 Results

The experiment aimed to measure the intracellular iron concentration of UMR-106 cells under the different
iron treatment using FAAS. After 24-hours treatment with either FAC or FAS at concentration 0, 100, 200 and 300
uM, cells were collected and prepared for FAAS measurement. UMR-106 osteoblast-like cells showed the increased
intracellular iron concentration after being exposed to FAC from 0.18 mg/mg protein (in a control group) to 0.4 3,
0.65 and 1.03 mg/mg protein in FAC treatment at 100, 200 and 300 p M, respectively. The intracellular iron
concentration of cells that were exposed to FAS also showed the same trend from 0.17 mg/mg protein (in a control
group) to 0.56, 0.50 and 0.51 mg/mg protein in FAS treated groups at 100, 200 and 300 uM, respectively. These
results demonstrated that both iron species could increase intracellular iron in UMR-106 cells. In addition, our results

showed that FAC could induce higher intracellular iron uptake into UMR-106 cells (Figure 9).
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Figure 9 The potential capacity of osteoblast to uptake different iron species, ferric (Fe**) and ferrous (Fe*') in iron
overload condition by flame atomic absorption spectrometry (FAAS) showing increased intracellular iron concentration
upon iron exposure. FAC showed the significant higher potent to influx into osteoblast than FAS. (* P < 0.05, *** P

< 0.001 as compared to control)
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Objective 9: To study effects of 1,25-dihydroxyvitamin D, on iron uptake into osteoblast under

iron overload condition by flame atomic absorption spectrometry (FAAS)

9.1 Rationale:
Vitamin D; was shown to regulate the genes involved in iron homeostasis at the enterocytes. It downregulated
hepcidin expression but upregulated ferroportin expression leading to increased iron excretion. However, in the
condition of iron overload the effects of vitamin D, on iron uptake into bone cells have not been reported. Therefore,
this experiment aimed to test the action of vitamin D; on iron influx into osteoblast under enrich iron concentrations

and compare the capability of osteoblast to uptake two iron species under vitamin D; treatment.

9.2 Experimental procedures

UMR-106 cells were plated in 12-well plate at 2.1 x 10° cells/well. Twenty four hours after plating, cells were
treated with 10 nM 1,25(0OH),D; or 9:1 propylene glycol-ethanol (as a vehicle control) without iron treatment for 72
hours. Then, cells were treated with iron treatments (FAC or FAS) at 0, 100, 200 and 300 yM containing 10 nM
1,25(0OH)2D; or vehicle control for 24 hours. After that, the cells were collected, and intracellular iron was measured

by FAAS as mentioned previously (objective 7).

9.3 Results

The results showed that vitamin D5 significantly increased intracellular iron of UMR-106 cells as compared to
the similar concentration of iron with vehicle control. Intracellular iron rose from 0.11 to 0.16 mg/mg protein in 100
MM of FAC, increased from 0.12 to 0.20 mg/mg protein in 200 pM of FAC and increased 0.14 to 0.22 mg/mg protein
in 300 uM of FAC (Figure 10A). Likewise, the same condition with FAS treatment demonstrated that vitamin D, also
enhanced FAS uptake into osteoblast leading to the elevated intracellular iron significantly different from vehicle
control at the same concentration of FAS treatments. Intracellular iron increased from 0.10 to 0.14 mg/mg protein in
a control group, increased 0.10 to 0.16 mg/mg protein in 100 uM of FAS, increased 0.11 to 0.18 mg/mg protein in
200 uM of FAS and increased 0.11 to 0.17 mg/mg protein in 300 uM of FAS (Figure 10B). The results indicated that
1,25-dihydroxyvitamin D; enhanced iron uptake into osteoblasts after FAC and FAS exposure, and FAC still had

stronger effects on iron uptake into osteoblasts.
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Figure 10 Effects of 1,25-dihydroxyvitamin D3 on iron uptake into osteoblast under iron overload condition by FAAS.
UMR-106 cells were treated with 72-hours vitamin D, pre-treatment and 24-hours of FAC (A) or FAS (B) together
with vitamin Ds. (* P < 0.05, ** P < 0.01 *** P < 0.001 as compared to control group (0 uM); # P < 0.01, #* p <
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Objective 10: To examine the effects of 1,25-dihydroxyvitamin D, on osteoblast cell viability

under iron overload condition

10.1 Rationale

Previous experiments showed that 1,25 (OH),D; (1,25-dihydroxyvitamin D;) increased iron uptake into
osteoblast UMR-106 cells (Figure 9). Our results indicated that both cytotoxic effects and iron uptake into osteoblast
were dose-dependent. Therefore, increased of iron uptake into osteoblast from vitamin D, uptake could lead to higher
iron-induced cell death. This experiment is aimed to elucidate the effects of vitamin D; on osteoblast cell viability

under iron overload.

10.2 Experimental procedures

UMR-106 cells were plated in 12-well plate by seeding density at 2.1 x 10° cells/well. Twenty-four hours after
plating, cells were treated with 10 nM 1,25 (OH),D; (vitamin D;) or 9:1 propylene glycol-ethanol (vehicle control)
without iron treatment for 72 hours; then, cells were treated iron treatments (FAC or FAS) at 0, 100, 200 and 300
UM by containing 10 nM vitamin D5 or vehicle control for 24 hours. After the treatment, cell viability was assayed by

MTT assay as previously described.

10.3 Results

The results showed that vitamin D; tended to enhance both iron species to suppress UMR-106 cell viability;
even though, the differences between vitamin D; and vehicle control in each concentration of iron treatment could
not reach to statistical significantly different. The comparison between cell viability in vehicle control and vitamin D,
treatment at the same concentration of FAC found to decrease from 56.07% to 49.77% in 100 uM of FAC, decreased
54.23% to 47.13% in 200 pM of FAC and decreased 45.87% to 41.08% in 300 uM of FAC (Figure 11A). Similarly,
in FAS treatment, vitamin D; was showed to promote FAS for suppressing osteoblast cell viability. The comparison
between cell viability in vehicle control and vitamin D, treatment at the same concentration of FAS found to decrease
from 64.89% to 57.01% in 100 pM of FAS, decreased 60.88% to 55.68% in 200 uM of FAS and decreased 55.94%
to 52.40% in 300 pM of FAC (Figure 11B). These results suggested that vitamin D5 could facilitate iron-induced
osteoblast cell death from both FAC and FAS exposure. This indicated the potential correlation between iron uptake

and osteoblast cell death under iron overload.
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Objective 11: To elucidate the effects of iron in two forms, ferric (Fe*') and ferrous (Fe*’), on

osteoblast cell mineralization

11.1 Rationale

Since the previous studies showed that iron overload suppressed the expression of several bone-specific
proteins, such as ALP and osteocalcin that are important for bone mineralization. In addition, iron overload might
decrease osteoid maturation and bone mineralization by incorporating into hydroxyapatite crystals. However, the
comparative effects of two iron species on bone mineralization need to be investigated. Therefore, this experiment
was aimed to test the effects of two iron species on bone mineralization by alizarin red staining that refer to bone

nodule formation and calcium deposition.

11.2 Experimental procedures

UMR-106 cells were plated in 24-well plate by seeding density at 2 x 10* cells/well. Twenty-four hours after
plating, the old media was changed to complete media with 50 mM B-glycerophosphate and 50 pg/ml L-ascorbate
2-phospate in the presence of the treatments including 0, 50,100, 200, 250 and 300 uM of FAC or FAS. The media
was changed every other day for 6 days. At day 6th, the cells were stained for calcium mineralization by alizarin red
staining. The culture media was removed, and cells were gently washed with 1x PBS for 3 times. Then, cells were
fixed in 70% cold ethanol for 1 hour at 4°C, and after fixing, cells were washed with deionized water for 3 times. The
water was completely removed, and cells were stained with 40 mM alizarin red S for 5-10 minutes on the shaker at
room temperature. Alizarin red S was removed and 5 times washing with 1x PBS or until the water came out clear.
The cells were inspected with microscope and took the pictures. The total area of red nodule formation was quantified

by Image J software

11.3 Results

After the osteoblast-like UMR-106 cells were induced for bone nodule formation and treated with either FAC
or FAS for 6 days, cells were stained with alizarin red to determine bone mineralization (Table 1). The proportion of
alizarin red staining was quantified to area coverage. The results showed that both iron species inhibited bone
mineralization by decreasing bone nodule formation (Figure 12). Especially FAC had strong inhibitory effects on bone
nodule formation in dose dependent manner (Figure 12A). The comparative effects between two iron forms showed
that FAC had a stronger suppressive effect on bone mineralization than FAS, such as at the highest concentration
(300 uM) FAC showed a markedly reduced bone mineralization by 82.52% while FAS decreased bone mineralization

by 33.21% (Figure 12).
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Table 1 Alizarin staining (red color) determined bone mineralization after iron exposure for 6 days.

Alizarin staining

FAC conc. (uM)

Alizarin staining

FAS conc. (M)

0

50
100 100
200 200
250 250
300 300
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Figure 12 Effects of ferric (Fe**) and ferrous (Fe®*) on osteoblast mineralization by alizarin red staining. Bone nodule
formation was induced in UMR-106 cells by adding 50 mM B-glycerophosphate and 50 ug/ml L-ascorbate 2-phospate
together with or without iron exposure for 6 days. (A) FAC showed a markedly reduced bone mineralization in dose
dependent manner. (B) Similar pattern with lower potency was found in FAS treated groups. (** P < 0.01, *** P <

0.001 as compared to control group (0 uM))
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Objective 12: To evaluate effects of antioxidant (N-acetyl cysteine; NAC) on iron-induced

osteoblast cell death under iron overload with FAC and FAS

12.1 Rationale The results from this study showed the increased cellular reactive oxygen species (ROS)
production in osteoblast cells exposed to both iron species: Fe** (from FAC) and Fe?* (from FAS). Therefore, effects

of antioxidant (N-acetyl cysteine; NAC) on iron-induced osteoblast cell death is evaluated.

12.2 Experiment procedure
UMR-106 cells will be seeded at 1000 cells/ well in 96-well plates for 24 hours. After that, cells will be
treated with either FAC and FAS at 30, 100, 200 or 300 uM in the presence or absence of 0.5 mM NAC for 72 hours.

After the treatment, cells in each group are subjected to cell viability assay by MTT assay. At the end of the treatment
period, cell viability was determined by MTT assay by adding 0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT
dye) (Sigma Chemical Co., St. Louis, MO, USA) in culture media and incubating at in 37°C for 3 hours. After
incubation, MTT solvent (5% (w/v) Sodium dodecyl sulfate (SDS) (Vivantis Technologies Sdn. Bhd., Malaysia) in
50% (v/v) N, N-dimethylformamide (VWR international, LLC, OH, USA) in purified water) was added in each well.
The absorbance was measured with micro-plate reader (M695+, Metertech Inc., Taiwan) at 540 nm Riss et al (2016).
An absorbance was subtracted from culture medium background and normalized to control group. Then the

absorbance was calculated as a percentage of cell viability.

12.3 Results

Similar to the inhibitory effects of iron on osteoblast cell viability shown in previous study, increased cellular
ROS was shown in osteoblasts treated with both Fe3+ and Fe2+. N-acetyl-L-cysteine (NAC) is a well-known
antioxidant that has been shown to effectively reduce cellular ROS. In this experiment, osteoblast cell viability was
determined in osteoblasts treated with various doses of FAC or FAS with or without NAC (Figure 13) Osteoblast cell
viability decreased significantly down to 88.00%, 65.04%, 47.84 and 19.60% in osteoblasts treated with 30 pM, 100
uM, 200 uM and 300 uM FAC, respectively (Figure 13A). Similarly, FAS also reduced osteoblast cell viability to
88.89%, 74.18%, 53.40% and 21.67% at 30 puM, 100 uM, 200 uM and 300 puM FAS, respectively (Figure 13B). Our
results showed that NAC did not help protecting osteoblasts from iron-induced osteoblast cell death. Interestingly,
osteoblast viability also further reduced from 65.04% to 36.77% in 100 uM FAC treated groups, from 47.84% to
15.96% in 200 uM FAC treated groups (Figure 13A) and from 53.40% to 39.09% in 200 pM FAS treated groups
(Figure 13B) in the presence of NAC.
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Figure 13 Effects of N-acetyl-L-cysteine (NAC) on osteoblast cell viability under iron overload with (A) FAC and (B)

FAS. ***P < 0.001 as compared to control group (0 uM) with vehicle control; ##P < 0.001 as compared to the same

dose of iron between vehicle and NAC treatment.
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Objective 13: To examine the effects of iron chelator, deferiprone (DFP), on intracellular iron in

osteoblasts and iron-induced osteoblast cell death under iron overload with FAC and FAS

13.1 Rationale

Intracellular iron was increased in osteoblasts treated with both FAC and FAS according to our results
reported earlier. Thereby, the correlation between intracellular iron and iron-induced osteoblast cell death is
hypothesized, and the effects of iron chelator on intracellular iron in osteoblasts and iron-induced osteoblast cell

death during iron overload are examined.

13.2 Experiment procedure

UMR-106 cells were plated in 12 well plate by seeding density 1 x 105 cells/well. Twenty four hours after
plating, cells were treated with 10 nM 1,25(0OH),D; and used 9:1 propylene glycol-ethanol as a vehicle without iron
treatment for 72 hours; then cells were treated iron treatments (FAC or FAS) with concentration 0, 100, 200 and 300
MM by containing 10 nM 1,25(0OH),D; or vehicle control without 1,25(0OH),D for 24 hours.

After treatment, cells were collected by washing twice in cold 1X phosphate buffered saline (PBS) and then
the cell were added 100 yM 3-hydroxy-1, 2 - dimethyl-4 ( 1 H)-pyridone (deferiprone; catalog no. 379409 Sigma
Chemical Co., St. Louis, MO, USA) in 1X PBS and incubated with slowly shaker at 4 °C for 30 minutes and then the
solution was removed and cells are washed again with 1X PBS before gently scraped with cell scraper (Corning In.,
NY, USA) in 1 X PBS. After centrifugation at 7,000 rpm for 15 minutes, the pellet was re-suspended in 250 pl of
ultrapure water for a brief sonication (Li et al., 2016). Then the samples were digested with 65% nitric acid (HNO3)
and 30% hydrogen peroxide (H,O,) by Ethos UP MAXI-44 microwave digester (Milestone, CT, USA). After digestion
the samples were adjusted volume to 25 mL with ultrapure water.

Intracellular iron concentration was measured by FAAS (PinAAcle 900 T Atomic Absorption Spectrometer,
PerkinElmer, Waltham, MA, USA). The system was calibrated with blank solution (2% HNO;) to subtract background
and start analyzing the working standard in optimum range at 0, 0.04, 0.4, 0.8, 1.6, and 3 pg/mL that were diluted
from 1,000 pg/mL Fe certified standard solution with 2% HNO,;. Then the samples were analyzed and 0.8 pg/mL
standard concentration was re-analyzed after every 8 samples for checking the accuracy of working standard. Data
analysis, intracellular iron concentration was normalized to protein concentration that can measured by bicinchoninic
acid assay (BCA assay) as previously described in Noble et al. (2009).

For the determination of osteoblast cell viability, cells were treated with FAC or FAS in the presence or
absence of 100 uM deferiprone for 72 hours. After that, osteoblast cell viability will be measured by MTT assay as

mentioned earlier.

13.3 Results

To further verify whether intracellular iron level relates to iron-induced osteoblast cell death under iron
overload or not, effects of iron chelator on intracellular iron in osteoblasts under iron overload with FAC and FAS
were tested. Deferiprone (DFP) was an iron chelator used to protect the excess iron in iron overload patients.
Therefore, this experiment aimed to study effects of DFP on intracellular iron of osteoblasts under iron overload with
or without 1,25(0OH),D; stimulation. After cells were exposed to vehicle control or 1,25(OH),D; and iron treatments,
osteoblasts were incubated with DFP prior to intracellular iron measurement by FAAS. Overall, intracellular iron in
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osteoblast UMR-106 cells was decreased after the incubation with 100 puM deferiprone (Figure 14). In the absence
of 1,25(0OH),D,, only high concentration of FAC at 300 pM could significantly raise intracellular iron in osteoblasts.
No significant change was observed in other FAC or FAS treated groups; hence, the effects of DFP on the level of
intracellular iron in these groups (Figure 14A-B). However, intracellular iron level in osteoblasts treated with 300 uM
FAC was decreased significantly from 0.14 mg/mg proteins to 0.10 mg/mg proteins in the presence of DFP (Figure
14A). On the other hand, DFP notably lowered intracellular iron from 0.11 to 0.09 mg/mg proteins in control groups,
from 0.16 to 0.11 mg/mg proteins in 100 uM, from 0.20 to 0.12 mg/mg proteins in 200 uM and from 0.22 to 0.14
mg/mg proteins in 300 uM FAC treated groups under 1,25(0OH),D; stimulation (Figure 14C). Similarly, intracellular
iron in FAS together with 1,25 (OH),D; treated osteoblasts also decreased from 0.14 to 0.10 mg/mg proteins in
control groups, from 0.16 to 0.12 mg/mg proteins in 100 uM, from 0.18 to 0.12 mg/mg proteins in 200 uM and from
0.17 to 0.12 mg/mg proteins in 300 UM FAS treated osteoblasts (Figure 14B). These results demonstrated that iron
chelator, DFP, could reduce 1,25(0OH),Ds-induced intracellular iron in osteoblasts from both iron exposure.

As previous experiment showed that deferiprone (DFP) could reduce intracellular iron in osteoblasts treated
with FAC and FAS with and without 1,25(0OH),D; (Figure 14). Effects of DFP on osteoblast cell survival under iron
overload, especially those under 1,25 (0OH),D; stimulation were investigated. As shown in Figure 15A, FAC
significantly reduced osteoblast cell survival in dose-dependent manner both in vehicle control and DFP treated
groups. While osteoblast cell survival was slightly improved in DFP treated groups: from 92.75% to 99.63 %, from
73.54% t0 75.66%, from 46.09% to 50.94 % in osteoblasts treated with 30 uM, 100 pM and 200 puM FAC,
respectively, none of these changes showed statistical significance. This effect could not be seen in osteoblast
treated with 300 pM FAC (Figure 15A). Similarly, dose-dependent inhibitory effects were also seen in FAS treated
osteoblasts. However, a nonsignificant improvement of osteoblasts was only seen in osteoblasts cells treated with
30 puM FAS from 93.83 % in vehicle control to 97.89 % in DFP treated group. It is worth to note that long-term
exposure of DFP also significantly reduced osteoblast cell survival by itself (Figure 15A-B). Thereby, the further
reduction in osteoblasts exposed to both iron and DFP was also observed. Osteoblast cell survival further decreased
in the presence of DFP from 23.14% to 16.62% in 300 puM FAC, from 77.13% to 45.03% in 100 uM FAS, from
52.54% to 21.20% in 200 uM FAS and from 28.12% to 14.25% in 300 puM FAS treated groups (Figure 15A-B).
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Figure 14 Intracellular iron in osteoblasts after treated with iron under the stimulation of vehicle control (A-B) or

1,25(0H),D, (C-D) in the presence or absence of deferiprone (DFP). Both (A&C) FAC and (B&D) FAS were
included. *P < 0.05, **P < 0.01 ***P < 0.001 as compared to control group (0 uM) without DFP. *P < 0.05, #p <

0.01, #P < 0.001 as compared to the same iron concentration.
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Figure 15 Osteoblast cell viability under iron overload from (A) FAC and (B) FAS in the presence of deferiprone
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##p < 0.001 as compared to the same iron concentration.
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Objective 14: To examine the effects of ferric and ferrous on the expression of osteoblast

differentiation factors

14.1 Rationale

Osteoblast differentiation was determined by the expression of osteoblast differentiation factors, and iron
overload has been reported to contribute to osteoblast differentiation impairment. This study aimed to investigate the
effects of two iron species, ferric (Fe**) and ferrous (Fe?'), on the expression of osteoblast differentiation factors
including runt-related transcription factor 2 (Runx2), alkaline phosphatase (ALP), collagen type 1A and osteocalcin
by gRT-PCR. UMR-106 cells were exposed to ferric ammonium citrate (FAC) of ferrous ammonium sulfate (FAS) as

Fe* and Fe?*iron donors, respectively for 24, 48 and 72 hours before subjected to qRT-PCR.

14.2 Experiment procedures

Cells were plated at 4.2 X 10° cells/well in 6-well plate (Corning, NY, USA). After seeding, cells were
exposed to Fe*" or Fe?* iron donors (FAC and FAS) at 0, 100, 200 and 300 uM for 24, 48, and 72 hours. Several
studies showed that the expression alteration of osteoblast differentiation markers in different osteoblast cell lines
including UMR-106 cells could be observed since 12 to 96 hours of extracellular treatments, and the alteration of
mRNA and protein expression was significantly correlated Accordingly, 24 to 72-hour exposure period should be
sufficient to see the mRNA expression alteration in iron treated osteoblasts. Moreover, this short exposure time will
minimize the effects of Fe?* and Fe®* on osteoblast viability; while, the iron overload condition can still be represented.
The cells were collected by washing twice with phosphate buffered saline (PBS) solution and dissolved in TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) to extract total RNA. RNA was purified then measured the OD with
NanoDrop-2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at 260 and 280 nm. The ratio of
which ranged between 1.8 and 2.0 was considered acceptable. Then, 1 ug of RNA was converted to complementary
DNA (cDNA) with iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA) according to the manufacturer's instruction.

The quantitative real-time PCR (qRT-PCR) was performed by QuantStudio 3D Digital PCR System with
SsoFast EvaGreen Supermix (Bio-rad, Hercules, CA, USA) for 40 cycles at 95 °C for 60 seconds, 55-60 °C annealing
temperature (S1 Table) for 30 seconds and 72 °C for 30 seconds. Fold change values were calculated from the

2-AACT method.

threshold cycles (C;) based on the standard ACT method. Relative expression was expressed as the

14.3 Results

Twenty-four, 48 and 72 hour-treatments of Fe®" or Fe?" did not significantly change Runx2 mRNA expression
level (Figure 16A-B). On the other hand, high concentration of both iron treatments significantly decreased ALP
mRNA level at 24 hours (Figure 16C-D). For 48- and 72-hour exposure, the significant reduction of ALP mRNA level
was found in only Fe* iron treatment but not Fe** (Figure 16C-D). Ferric treatment also had stronger effects on the
expression of collagen type 1A at 24 hours than Fe?" iron. Interestingly, Fe** treatment at 200 and 300 uM triggered
collagen type 1A mRNA expression (Figure 16E), but neither Fe** nor Fe?" changed collagen type 1A mRNA level
at 48 and 72-hour (Figure 16E—F). Similar trend could be seen in the expression of osteocalcin. Only Fe®* treatment
at 300 pM for 72 hours significantly increased osteocalcin mRNA level (Figure 16G); whereas, 24 and 48-hour

treatments of both iron species did not significantly affect osteocalcin expression (Figure 16G-H).
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Figure 16 The expression of osteoblast differentiation markers in UMR-106 cells upon FAC and FAS exposure at
24, 48 and 72 hours was determined by qRT-PCR. (A-B) Runx2, (C-D) alkaline phosphatase (ALP), (E-F)
collagen | alpha (1A), and (G—H) osteocalcin expression upon FAC and FAS exposure. *P < 0.05, **P < 0.01, ***P
< 0.001 as compared to control group (0 pM).
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Objective 15: To elucidate the effects of exogenous calcium treatment on iron-induced osteoblast cell death

15.1 Rationale

Hypocalcemia has been reported in thalassemia, which could worsen thalassemia and iron overload-induced
osteoporosis. Giving that calcium supplement could be one of the therapeutic agents for thalassemia and iron
overload-induced osteoporosis, the direct effects of extracellular calcium on osteoblast cell viability under iron

overload have not been elucidated.

15.2 Experiment procedures

In this experiment, osteoblast UMR-106 cell viability was determined in osteoblasts treated with FAC at 0,
30, 100 and 200 uM in the presence or absence of CaCl,. At the end of the treatment period, cell viability was
determined by MTT assay by adding 0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT dye) (Sigma Chemical Co.,
St. Louis, MO, USA) in culture media and incubating at 37 °C for 3 hours. After incubation, MTT solvent (5% (w/v)
Sodium dodecyl sulfate (SDS) (Vivantis Technologies Sdn. Bhd., Malaysia) in 50% (v/v) N, N-dimethylformamide
(VWR international, LLC, OH, USA) in purified water was added in each well. The absorbance was measured with
microplate reader (Metertech Inc., Taiwan) at 540 nm according to Riss et al. (2016). An absorbance was subtracted
from culture medium background and normalized to control group (vehicle control without iron treatment). Then the

absorbance was calculated as a percentage of cell viability.

15.3 Results

Similar to results from previous experiments, this experiment also showed that FAC significantly reduced
osteoblast cell viability in dose dependent manner. When extracellular calcium in a form of CaCl, was applied,
deleterious effect of ferric on osteoblast was subsided in a dose-dependent manner of CaCl, (Figure 17). CaCl, at 1
mM was able to rescue osteoblasts from FAC-induced osteoblast cell death by 17.63% and 16.31% in 100 and 200
MM FAC, respectively. More profound effects were shown in a higher concentration of CaCl,. Our results showed
that osteoblast cell death was recovered by 25.38%, 32.61% and 25.43% in 30, 100 and 200 uM FAC treated groups
in the presence of 2.5 mM CaCl, (Figure 17).
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Objective 16: To examine the effects of ferric and ferrous on osteoblast cell cycle progression

16.1 Rationale

Many studies showed the correlation between ROS production and cell cycle arrest in osteoblast MC3T3-
E1cells. In addition, our previous published data showed that both ferric and ferrous suppressed osteoblast cell
viability and proliferation. Therefore, this experiment aimed to elucidate the potential effects of these iron species

on cell cycle progression in osteoblasts.

16.2 Experimental procedures

UMR-106 cells were seeded at 1.0 x 10° cells/well in 6-well tissue culture plate (Corning, NY, USA). After
24 hours, the cells were treated with 0, 30, 100, 200 and 300 uM of FAC and FAS (Sigma Chemical Co., St. Louis,
MO, USA) for 72 hours. The treatments were refreshed every day. Then, the cells were harvested by trypsinization
and fixed in cold 70% ethanol overnight at -20°C. Subsequently, each cell suspension was centrifuged at 800 rpm
for 3 minutes and incubated with propidium iodide (PI) DNA staining solution (20 pg/mL PI )(Life Technologies, CA,
USA) and 200 pg/mL DNAse-free RNAse A (Life Technologies, CA, USA) for 30 minutes at room temperature in the
dark. Cell cycle distribution was analyzed using a FACScan flow cytometer (FACSCanto; BD Biosciences, USA).

16.3 Results

To investigate the involvement of iron-induced cell growth inhibition in osteoblast cells, cell cycle distribution
of iron-treated UMR-106 cells was analyzed by flow cytometry. UMR-106 cells were treated with O (control), 30, 100,
200 and 300 puM of FAC or FAS for 72 hours. The results showed that the percentage cell population in the G0O/G1
phase was significantly increased in 200 and 300 uM FAC-treated groups as compared to the control (Figure 18).
Similar results could be seen in osteoblasts treated with 200 uM FAS (Figure 19). Whereas, no significant change
was observed in the S and G2/M phases. Therefore, these results suggested that FAC and FAS could induce cell

cycle arrest in GO/G1 phase resulting in cell growth inhibition in osteoblasts.

43



Control

p

pabat

Count
05006
i

Ay

1

1

!

200 250
Pl-A (x 1,000)

FAC100

Count
D5A06Q07A0300900

A R P

1
m

(-
a0 100 150 200 250 a0 100 150 200 50
Pl-A (x 1,000) PI-A (x 1,000%
. FACZ00 o FAC300
& 3
] Gl 1 =l
2 5
i £8
8 G2im & f
1 5
2] 2
. A
o 4 subG - g
o T
50 100 150 200 250 50 100 150 200 250
Pl-A (x 1,000% PI-A (x 1,000)
B G0/G1 phase C S phase D G2/M phase
60~ @ @ 20~ 40~
@ 2 @ (@) @3 @
— —_ (3 _ @B) @ @
. g @ @ g e
= = =
§ § 10 § 20
Qo Qo Qo
= 200 = =
3 8 s & 10+
o- o- o-
g Q& ® . S L racem g Q& ® & F F racem g Q& ® . S & racem

Figure 18 Cell cycle distribution of UMR-106 cells treated with FAC (A) representative figures of cell cycle distribution
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Research Output

International publication

Results from this project has been published in 1 international peer-reviewed article in Biometals (impact
factor 2.478, Q1), and another manuscript is accepted to be published in PLoS One (impact factor 2.776, Q1). (Table
2).

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Phoaubon S, Lertsuwan J, Thongbunchoo J, Wongdee K,
Charoenphandhu N (2018) Ferrous and ferric differentially deteriorate proliferation and differentiation of osteoblast-

like UMR-106 cells. Biometals 31(5):873-889. (Attached document)

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, Tannop N, Teerapornpuntakit J, Thongbunchoo J,
Charoenphandhu N (2020) Differential effects of Fe2+ and Fe3+ on osteoblasts and the effects of 1,25(0OH)2D3,
deferiprone and extracellular calcium on osteoblast viability under iron-overloaded conditions. PLoS One (Accepted)

(Attached document)

Other activities

1 Presentation in international and national conferences

1.1 Being a speaker in the topic: “Targeting Molecular Mechanism for Osteoporosis in Thalassemia and Iron
Overload” in COCAB-moving forward for food and drug translational research, Bangkok, Thailand (August 2018)

1.2 Parts of results from this project has been presented and published (conference proceeding) in the topic:
“Comparative Effects of Ferric and Ferrous on Osteoblast Cell Survival and Function” in Pure and Applied Chemistry
International Conference 2019 (February 2019).
Nanthawuttiphan S, Charoenphandhu N, Lertsuwan, K. (2019, February) Comparative Effects of Ferric and Ferrous
on Osteoblast Cell Survival and Function presented at Pure and Applied Chemistry International Conference 2019,
Bangkok, Thailand.

1.3 Parts of results from this project has been presented as a poster in a topic of:
"Differential effects of Fe* and Fe® on the proliferation and differentiation of osteoblasts" in the 9th Federation of
the Asian and Oceanian Physiological Societies Congress (FAOPS), Kobe, Japan. (March 2019)
Nammultriputtar K., Lertsuwan K. and Charoenphandhu N. (2019, March) Differential effects of Fe2+ and Fe3+ on
the proliferation and differentiation of osteoblasts. Poster presented at the 9th Federation of the Asian and Oceanian
Physiological Societies Congress (FAOPS), Kobe, Japan.

1.4 Oral presentation in a topic of "Unveiling underlined molecular mechanisms of Thalassemia-induced
osteoporosis" at 27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala Lumpur, Malaysia
(August 2019)
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Lertsuwan K, Nammultriputtar K, Nammultriputtar K, Phoaubon S and Charoenphandhu N. (2019, August) Unveiling
underlined molecular mechanisms of Thalassemia-induced osteoporosis. Oral presentation at
27th FAOBMB & 44th MSBMB Conference and IUBMB Special Symposia, Kuala Lumpur, Malaysia

1.5 Parts of results from this project has been presented and published (conference proceeding) in the topic:
"Investigating the Involvement of Ferroptosis in Osteoblast Cell Death under Iron Overload" at Pure and Applied
Chemistry International 2020 (PACCON 2020), Bangkok, Thailand (February 2020).
Tannop N, Charoenphandhu N. and Lertsuwan K. (2020, February) Investigating the Involvement of Ferroptosis in
Osteoblast Cell Death under Iron Overload. Poster presented at Pure and Applied Chemistry International 2020
(PACCON 2020), Bangkok, Thailand

2 Collaboration with other researchers

2.1 Associate professor Dr. Kannikar Wongdee (Burapha University) in her suggestions and expertise in iron
transport and regulation
2.2 Dr. Jomnarong Lertsuwan (Chulabhorn Research Institute) in his suggestions and expertise in apoptotic

and non-apoptotic cell death mechanisms
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Table 2 Outputs from this project were illustrated as follows

Output

Detail

First / Corresponding author

First author | Corresponding

author

Research articles

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, D manuscript is under preparation| Lertsuwan K. Charoenphandhu N
Phoaubon S, Lertsuwan J, Thongbunchoo J, Wongdee O manuscript is submitted.

K, Charoenphandhu N (2018) Ferrous and ferric O manuscript is under revision.

differentially deteriorate proliferation and differentiation | [] manuscript is accepted/ in

of osteoblast-like UMR-106 cells. Biometals 31(5):8731 Press.

889. (IF 2.478, Q1) %} manuscript is published.

Lertsuwan K, Nammultriputtar K, Nanthawuttiphan S, | [J manuscript is under preparation| Lertsuwan K Charoenphandhu N

Tannop N, Teerapornpuntakit J, Thongbunchoo J,
Charoenphandhu N (2020) Differential effects of Fe**
and Fe® on osteoblasts and the effects of
1,25(0OH)2D3, deferiprone and extracellular calcium on
osteoblast viability under iron-overloaded conditions.

PLoS One (IF 2.776, Q1) (Accepted)

O manuscript is submitted.

D manuscript is under revision.
|Z[ manuscript is accepted/ in
Press.

O manuscript is published.

International conference

Nanthawuttiphan S, Charoenphandhu N and
Lertsuwan, K. (2019, February) Comparative Effects of]
Ferric and Ferrous on Osteoblast Cell Survival and
Function presented at Pure and Applied Chemistry

International Conference 2019, Bangkok, Thailand.

M results are presented.
O proceeding is accepted.
] proceeding is published.

Nanthawuttiphan § Lertsuwan K.

Nammultriputtar K., Lertsuwan K. and
Charoenphandhu N. (2019, March) Differential effects
of Fe?" and Fe*" on the proliferation and differentiation
of osteoblasts. Poster presented at the 9th Federation
of the Asian and Oceanian Physiological Societies

Congress (FAOPS), Kobe, Japan.

M results are presented.
O proceeding is accepted.
O proceeding is published

Nammultriputtar K| Charoenphandhu N

Lertsuwan K, Nammultriputtar K, Nammultriputtar K, |Z[ results are presented. Lertsuwan K Charoenphandhu N
Phoaubon S and Charoenphandhu N. (2019, August) O proceeding is accepted.

Unveiling underlined molecular mechanisms of Od proceeding is published

Thalassemia-induced osteoporosis. Oral presentation a

27th FAOBMB & 44th MSBMB Conference and IUBMB

Special Symposia, Kuala Lumpur, Malaysia

Tannop N, Charoenphandhu N. and Lertsuwan K. M results are presented. Tannop N Lertsuwan K

(2020, February) Investigating the Involvement of
Ferroptosis in Osteoblast Cell Death under Iron
Overload. Poster presented at Pure and Applied

Chemistry International 2020 (PACCON 2020),

Bangkok, Thailand

O proceeding is accepted.
] proceeding is published.
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5. Budget details

Year 1 (Baht) Year 2 (Baht Sum (Baht)

1. Honorarium 156,000 156,000 312,000

- Honorarium for principal investigator
2. Materials

- Chemicals and disposables for cells tissue culture and 35,000 35,000 70,000
treatments

- Chemicals and consumables for molecular techniques, 99,000 89,000 188,000
such as qRT-PCR, Western blot, ROS assay, glutathione
assay, CRIPSR/Cas9 construction

- Experimental animals and related chemicals and
consumables 10,000 20,000 30,000
3. Expenses - - -
4. Hiring - - -
Total 300,000 300,000 600,000
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OUTPUTS

Publication in international peer-reviewed journals
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Ferrous and Ferric Differentially Deteriorate Proliferation and Differentiation of

Osteoblast-Like UMR-106 Cells
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Abstract The association between iron overload and
osteoporosis has been found in many diseases, such as
hemochromatosis, p-thalassemia and sickle cell ane-
mia with multiple blood transfusion. One of the
contributing factors is iron toxicity to osteoblasts.
Some studies showed the negative effects of iron on
osteoblasts; however, the effects of two biological
available iron species, i.e., ferric and ferrous, on
osteoblasts are elusive. Since most intracellular ion-
ized iron is ferric, osteoblasts was hypothesized to be
more responsive to ferric iron. Herein, ferric ammo-
nium citrate (FAC) and ferrous ammonium sulfate
(FAS) were used as ferric and ferrous donors. Our
results showed that both iron species suppressed cell
and proliferation. Both induced
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osteoblast cell death consistent with the higher levels
of cleaved caspase 3 and caspase 7 in osteoblasts,
indicating that iron induced osteoblast apoptosis. Iron
treatments led to the elevated intracellular iron in
osteoblasts as determined by atomic absorption spec-
trophotometry, thereby leading to a decreased expres-
sion of genes for cellular iron import and increased
expression of genes for cellular iron export. Effects of
FAC and FAS on osteoblast differentiation were
determined by the activity of alkaline phosphatase
(ALP). The lower ALP activity from osteoblast with
iron exposure was found. In addition, ferric and
ferrous differentially induced osteoblastic and osteo-
blast-derived osteoclastogenic gene expression alter-
ations in osteoblast. Even though both iron species had
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similar effects on osteoblast cell survival and differ-
entiation, the overall effects were markedly stronger in
FAC-treated groups, suggesting that osteoblasts were
more sensitive to ferric than ferrous.

Keywords Alkaline phosphatase - Ferric - Ferrous -
Iron overload - Osteoblast

Introduction

Iron is one of the most essential elements found in
organisms. It functions as the crucial components in
many biochemical molecules, such as in iron-sulfur
cluster containing proteins and in the heme group of
oxygen transporting-storing proteins, hemoglobin and
myoglobin. Iron enters our body in one of the two
forms, i.e., ferrous (Fe*") and ferric (Fe*%). In
enterocytes, heme-coupled ferrous can be transported
into the cell via heme carrier protein (HCP1), and the
free ferrous can be transported via divalent metal
transporter 1 (DMTT1). In contrast to a straightforward
transport mechanism for ferrous, ferric from vegeta-
bles and grains needs to be reduced by ferric reductase,
duodenal cytochrome b (Dcytb), to ferrous before
being imported to the cell via DMT1. Ferrous can be
exported out of enterocyte via ferroportin (Fpn), and is
later oxidized back to ferric by the activity of oxidase
enzyme, ceruloplasmin (Cp), and transported in
circulation with transferrin. When transferrin-coupled
iron reaches the target cells, it can be taken up by the
cells via transferrin receptor-mediated endocytosis.
Ferric will be released, reduced back to ferrous by
ferric reductase Steap3 and exported out of the
endocytic vesicle via DMT-1, respectively (MacKen-
zie et al. 2008; McKie et al. 2001). While the
mechanism of iron uptake has been well elucidated
in enterocytes and some other cell types, such as
macrophages, an ability to import iron and the
transport mechanism for osteoblasts are largely
unknown.

Regardless to their vital roles in biological systems,
excess amount of iron can become toxic to cells. For
bone cells, it has been shown that iron negatively
affected osteoblast survival, differentiation and min-
eralization, but had stimulatory effects on osteoclast
development (Chen et al. 2015; Tian et al. 2016; Tsay

@ Springer

et al. 2010; Zarjou et al. 2010; Zhao et al. 2014). Not
surprisingly, osteoporosis is a common complication
in several diseases with iron overload including [3-
thalassemia and hemochromatosis. Disease-associated
osteoporosis may worsen patients’ conditions, leading
to immobility or even mortality from severe fracture.
Therefore, knowing the potential factor governing
iron-overload-induced osteoporosis would be highly
beneficial for specialized drug development for this
condition. Even though some investigators have
reported the adverse effects of ferric on osteoblast
survival and differentiation, the differential effects of
ferrous and ferric on bone microenvironment have not
been illustrated. High dose of ferric nitrate has been
shown to suppress rat osteoblast cell (UMR-106)
proliferation, protein synthesis and ALP activity
(Diamond et al. 1991). Ferric in a form of ferric
ammonium citrate (FAC) was also widely used to test
the effects of ferric on osteoblasts. Several groups
reported that FAC treatment decreased cell viability,
collagen I expression and ALP activity in mouse
osteoblast (MC3T3-El) and human osteoblast
(hFOB1.19) cells (He et al. 2013; Tian et al. 2016;
Yamasaki and Hagiwara 2009). On the other hand, the
negative effects of iron on osteoblast were also found
from ferrous exposure. Another study showed that
ferrous in a form of ferrous sulfate also inhibited
osteoblastic gene expression and induced cell apopto-
sis in fetal rat-derived calvarial culture (Messer et al.
2009). In addition, another investigator showed that
FAC and ferritin ferroxidase suppressed osteoblast
differentiation and extracellular matrix calcium depo-
sition in human osteosarcoma 143-B cells, suggesting
the potential mechanism of iron-mediated osteoblast
suppression via ferritin ferroxidase activity (Zarjou
et al. 2010). Interestingly, the comparative studies of
the two iron species on osteoblast have not been
elucidated.

Since there are two major iron species in biological
system, i.e., ferrous and ferric, our comparative study
is crucial for specialized therapy targeting the iron
specie that causes more detrimental effects on iron
overload-induced osteoporosis. Accordingly, this
study is the very first study to compare the effects of
ferric and ferrous on osteoblast cell proliferation and
differentiation. Specifically, the effects of the two iron
forms on osteoblast survival, proliferation, function as
well as the expression of osteoblastic genes,
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osteoclastogenic genes and genes for iron transporters
upon ferric and ferrous exposure were investigated.

Materials and methods
Cell culture and reagents

UMR-106 cells (American Type Culture Collection,
ATCC, no. CRL-1661) were purchased from ATCC,
and were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, MO, USA) supplemented
with 10% fetal bovine serum (FBS) (PAA Laborato-
ries, Pasching, Awustria), and 100 U/ml penicillin—
streptomycin (Gibco, NY, USA). They were grown at
37 °C with 5% CO; and subcultured according to
ATCC’s protocol. Ferric ammonium citrate (FAC)
(Sigma) was used as ferric treatment, and ferrous
ammonium sulfate (FAS) (Sigma) was used as ferrous
treatment. Unless otherwise specified, the treatments
were refreshed everyday by half changing the treat-
ment containing media.

Cell viability assay

Osteoblastic UMR-106 cells were plated at 2500
cells/well in 96-well tissue culture plate (Corning,
NY, USA). Twenty-four hours after plating, the cells
were treated with escalating concentration of FAC or
FAS ranging from 0 to 800 uM for 24, 48 or 72 h.
After the treatment period, cell viability was mea-
sured by using MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. In short,
MTT (Sigma Aldrich, MO, USA) was added to each
well to achieve a final concentration of 1 mg/ml. The
cells were then incubated at 37 °C for 3 h. After that,
formazan dissolving solution containing 10% SDS
(Sigma Aldrich, MO, USA) in 50% N,N-dimethyl-
formamide (DaeJung, Gyeonggi-do, South Korea) to
dissolve MTT product, formazan. The absorbance of
each well representing cell viability was determined
at 590 nm by a microplate reader (Model 1420;
Wallac, MA, USA).

BrdU assay
Cell proliferation was determined by BrdU Cell

Proliferation Assay Kit (Cell signaling technology,
Inc., MA, USA). UMR-106 cells were plated in
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96-well plate (Corning, NY, USA) by seeding density
2500 cells/well. After plating for 24 h, cells were
treated with 5-bromo-2'-deoxyuridine (BrdU) in cul-
ture media containing iron treatment (FAC or FAS) at
concentrations of 0, 1, 3, 10, 30, 100, 300 and
1000 uM for 24 h. During cell proliferation, BrdU
acts as pyrimidine analog incorporated into the newly
synthesized DNA of proliferating cells by replacing
thymidine. After being treated, cells were fixed with
fixing solution and followed by adding BrdU mouse
antibody and anti-mouse [gG HRP-linked antibody to
detect the incorporated BrdU. Then, the HRP-sub-
strate, TMB (3,3'.5,5'-tetramethylbenzidine) was
added to develop color, the intensity of which was
quantified at 450 nm to determine the proportional
BrdU incorporation that could directly indicate cell
proliferation.

Live/dead cell viability assay

UMR-106 cells were plated at 1 x 10° cells/well in
6-well tissue culture plate (Coming, NY, USA). After
plating for 24 h, cells were treated with 0, 100, 200 or
300 pM of FAC or FAS for 72 h. After that, the cells
were simultaneously labeled with calcein AM and
ethidium homodimer using Live/dead viability/cyto-
toxicity kit for mammalian cells (Invitrogen, CA,
USA) to stain live and dead cells, respectively. The
labeled cells were incubated at 37 °C for 30 min.
After 30 min incubation, the pictures from seven
different fields in each treatment were visualized and
captured under fluorescent microscope (model BX53;
Olympus Corporation, Tokyo, Japan). The quantifica-
tion was done by using cellSens software (Olympus
Corporation, Tokyo, Japan) to measure pixel coverage
and fluorescent intensity for green (living cells) and
red (dead cells) to obtain average dead/live ratio in
each treatment.

Western blot analysis

Cells were plated at 42 x 10° cells/well in 6-well
tissue culture plate (Greiner, Kremsmiinster, Austria).
Cells were treated with 0, 100, 200 or 300 pM of FAC
and FAS for 72 h before collecting cell pellets by
scraping. Cell pellets were lysed for 45 min in
modified radioimmunoassay precipitation (RIPA)
buffer containing 50 mM Tris—=HCl (DaelJung,
Gyeonggi-do, South Korea) pH 7.4, 1% Triton
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X-100,0.25% deoxycholate, 150 mM NaCl(DaelJung,
Gyeonggi-do, South Korea) supplemented with Roche
complete Minitabs (Roche, IN, USA) at supplier’s
recommended concentration. Protein concentration of
the samples was measured by using BCA protein assay
kit (Thermo scientific, MA, USA). Twenty-five
micrograms of proteins were subjected to SDS-PAGE
using 4-20% Bis-Tris polyacrylamide gels. The
proteins were transferred to nitrocellulose membrane
(GE, Little Chalfont, United Kingdom). Membranes
were blocked for 1.5h at room temperature in
blocking buffer containing 4% w/v bovine serum
albumin (BSA) in 0.1% v/v Tween 20 in Tris buffer
saline (TBST). All blots were incubated in primary
antibody and secondary antibody diluted in blocking
buffer at 4 °C overnight and at room temperature for
75 min, respectively. Primary antibodies used in this
experiment included rabbit anti-cleaved caspase-3
(Asp175) monoclonal antibody (9964, Cell Signaling
Technology, MA, USA), rabbit anti-cleaved caspase-7
(Asp198) monoclonal antibody (8438, Cell Signaling
Technology, MA, USA), rabbit anti-actin monoclonal
antibody (A2066, Sigma Aldrich, MO, USA). Sec-
ondary antibody was goat anti-rabbit IgG conjugated
with horseradish peroxidase (7074, Cell Signaling
Technology, MA, USA). Proteins were visualized by
enhanced chemiluminescence (ECL) (Millipore, MA,
USA) and exposed to Hyperfilm (GE Healthcare,
Boston, MA, USA).

Intracellular iron concentration measurement

Measurement intracellular iron concentration was
done by flame atomic absorption spectroscopy
(FAAS). UMR-106 cells were plated in 12-well plate
(Corning, NY, USA) by seeding density 210,000 cells/
well; 24 hafter plating, cells were treated FAC or FAS
at the concentration of 0, 100, 200 and 300 pM for
24 h. The cells were collected by washing twice in 1 x
phosphate buffer saline (PBS) before gently scraped
with cell scraper (Corning, NY, USA) in PBS. After
centrifugation at 7000 rpm for 15 min, the pellet was
resuspended in 500 pL of ultrapure water for a brief
sonication (Li et al. 2016). Then the samples were
digested with 65% nitric acid (HNO;) and hydrogen
peroxide (H,O,) by Ethos UP MAXI-44 microwave
digester (Milestone, CT, USA). After digestion, iron
concentration was measured by FAAS (PinAAcle
900T Atomic Absorption Spectrometer, PerkinElmer,
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Waltham, MA, USA). In addition, the protein content
of the samples was measured by bicinchoninic acid
assay and was used to normalize intracellular iron

concentration, as described by Noble and Bailey
(2009) (Noble and Bailey 2009).

Quantitative reverse transcription polymerase
chain reaction (qRT-PCR)

UMR-106 cells were plated at 4.2 x 107 cells/well in
6-well tissue culture plate (Greiner, Kremsmiinster,
Austria). Unless otherwise stated, cells were treated
with either FAC or FAS at their half maximal
inhibitory concentration (ICs,; determined by the
experiments in Fig. 1) for 24 h before collecting cell
pellets by scraping. Total cellular RNA from cell
lysates was extracted by using TRIzol reagent (Invit-
rogen, CA, USA) according to manufacturer’s instruc-
tion. Following extraction, RNA was treated with
RINAse-free DNase I (Roche, IN, USA) according to
manufacturer’s protocol. RNA quality and quantity
were analyzed spectrophotometrically by using Nano-
Drop-2000c spectrophotometer (Thermo Scientific,
MA, USA) and electrophoretically by using 0.8% v/w
agarose gel in 0.5x Tris—acetate (TAE) buffer. One
microgram of RNA was converted to cDNA by using
iScript cDNA synthesis kit (Bio-rad, CA, USA) with
the thermal cycler (model MyCycler; Bio-rad, CA,
USA). gqRT-PCR was operated by Bio-rad MiniOpti-
con using SsoFast EvaGreen Supermix (Bio-rad, CA,
USA) according to manufacturer’s recommendation.
PCR was performed at 95 °C for 40 s (enzyme
activation and DNA denaturation), annealing temper-
ature (Table 1) for 30 s (annealing), 65 °C for 5 s and
95 °C for 30 s (melting curve construction). Relative
expression levels of the genes mentioned in Table 1
were calculated from 27" values to the house-
keeping gene [hypoxanthine phosphoribosyltrans-
ferase 1 (Hprt1) or f-actin], and normalized by control
to obtain 2 44,

Alkaline phosphatase activity assay (ALP assay)

UMR-106 cells were plated in 12-well plate (Corning,
NY, USA) at seeding density 210,000 cells/well.
Twenty-four hours after plating, cells were treated
with FAC or FAS at concentration 0, 100, 200,
300 uM for 24 h and collected by washing twice in
PBS before gently scraped with cell scraper (Corning,
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Fig. 1 Effects of FAC and FAS on osteoblast cell survival after
iron exposure for 24 h (a), 48 h(b) and 72 h (c). Both FAC and
FAS treatments led to decreased osteoblast cell survival in dose
dependent manner. (**P < 0.01, ***P < (0.001 as compared to
control in FAC treated groups; P < 0.05, p < 0.01, il
P < 0.001, as compared to control in FAS treated group:
experiments were performed in 4 biological replicates each with
3 technical repeats)

NY, USA) in PBS. After centrifugation at 7000 rpm
for 15 min, the pellet was resuspended in 250 pL of
lysis buffer (1% Triton X-100 in 50 mM Tris—HCI pH
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7.6) for a brief sonication. In addition, the protein
content of samples was measured by BCA assay
(Noble and Bailey 2009) to normalize ALP activity.

To determine effects of iron on osteoblast differ-
entiation by measurement alkaline phosphatase
activity (ALP activity), 100 pL of the sample
content was added into 96 well plate and incubated
with 20 pL of 40 nM p-nitrophenyl phosphate
(phosphatase substrate) (Sigma Aldrich, MO,
USA) for 10-30 min at 37 °C. To stop reaction,
0.5 M NaOH 20 pL. was added and mixed briefly
before measurement the OD at 405 nm shortly after
the mixing. The proportion of ALP activity was
determined by the color changed from the reduction
of phosphatase substrate from colorless to yellow.
The quantitative of ALP activity was normalized to
protein content and control.

Results

Ferrous and ferric iron differentially inhibited
osteoblast cell survival

UMR-106 cells were used to determine the effects of
ferric and ferrous iron on osteoblastic cell growth. The
cells were treated with ferrous (FAS) or ferric (FAC)
at the final concentration of iron at 0, 25, 50, 75, 100,
200, 400, 600 or 800 pM. Cells were treated with
different iron species for 24, 48 or 72 h, after which
the cell viability of each group was determined by
MTT assay normalized to control (0 pM of treatment).
Our results showed that both ferric and ferrous had a
negative effect on osteoblast cell survival in a dose-
dependent manner (Fig. 1). After 24-h treatment, all
conditions could not suppress UMR-106 cell growth
more than 50%. Even with the highest dose used in
these experiments (800 pM), cell viability of UMR-
106 dropped by 25.74 and 30.56% for FAC and FAS,
respectively (Fig. la). At 48 and 72 h after treatment,
UMR-106 cells responded to FAS and FAC in a
similar pattern. UMR-106 cell survival reduced dras-
tically with the treatment concentration higher than
200 uM to achieve the half maximal inhibitory
concentration (ICsg) at 221.64 and 232.35 uM of
FAC and FAS treatment after 48 h (Fig. 1b). The cells
showed slightly lower ICsy after 72 h of iron treat-
ments for both iron species. The IC5;, of iron on UMR-
106 cell survival at 72 h was 211.45 and 229.76 pM
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Table 1 Rattus norvegicus primers used in the qRT-PCR experiments

Gene

Accession no. Primer (forward/reverse)

Annealing
temperature (°C)

Iron transport
Transferrin receptor 1 (TTR1)

Transferrin receptor 2 (TTR2)

Divalent metal transporter 1 (DMT1)

Ferroportin (Fpn)

Duodenal cytochrome B1 (DCytb1)

Ceruloplasmin (Cp)

Hephaestin (Heph)

Homeostatic iron regulator (HFE)

Osteogenic differentiation factor

Runt-related transcription factor 2 (Runx2)

Osteocalcin (OCN)

Ephrin type-B receptor 4 (EphB4)

Ephrin B2 (Ephrin B2)

Osteoprotegerin (OPG)

Cyclooxygenase2 (COX2)

Osteaclastogenic differentiation factor

Receptor activator of nuclear factor kB ligand
(RANKL)

NM_022712
3!

5
GGCGGAAACTGAGTATGGTTGA-
3!

5'-AGCTGGGACGGAGGTGACTT-3

5'-TCCAGGCTCACGTACACAACA-
3!

5'-GCTGAGCGA AGATACCAGCG-
3!

5'-TGTGCAACGGCACATACTTG-3'

NM_001105916

NM_013173

XM_017596804
5 _
TACAGTCGAAGCCCAGGACTGT-
3
5'-“TCCTGAGAGCGATTGTGTTG-3'
5'“TTAATGGGGCATAGCCAGAG-3
5'-“TCCACTGCCATGTGACTGAC-3'
5'-AACAACGTCATTGTGCTCGT-3'
5'-CACATTTTTCCAGCCACCTT-3
5'-TGACGAACTTTGCCTGTGAG-3'

NM_001011954

XM_008760859

XM_006257049

NM_010424 5'-CAGCCTCTCACTGCCACT-3'
5'-AGTGTGTCCCCTCCAAGT-3'
NM_053470 5'-TAACGGTCTTCACAAATCCTC—
3!
5'-GGCGGTCAGAGAACAAACTA—
3!
104500 5'-CACAGGGAGGTGTGTGAG-3
5'“TGTGCCGTCCATACTTTC-3
NM_010144 5'-GTGTATGCCACGATACGCTT-3'
5'—
ACTGTGTCCACCTTGATGTAGG-
3!

5'-AACACTCTCCACAGCACACG-3'
5'-“TGGGCAGAAGACACTGTCTG-3'

NM_001107328

NM_012870 5'-ATTGGCTGAGTGTTCTGGT-3
5'-CTGGTCTCTGTTTTGATGC-3'
NM_017232 5'-TATCAGGTCATCGGTGGAGAG-
3!
5'-CGAAGCCAGATGGTAGCATAC-
3!

5'-TCGCTCTGTTCCTGTACT-3'
5'-AGTGCTTCTGTGTCTITCG-3

NM_057149

52.00

55.00

53.00

50.00

51.00

50.00

51.00

54.00

57.00

50.85

47.35
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Table 1 continued

Gene Accession no.

Primer (forward/reverse)

Annealing
temperature (°C)

Macrophage colony-stimulating factor NM_023981
(MCSF)

Monocyte Chemoattractant Protein-1 (MCP-  NM_031530
1

Interleukin 1P (IL-1p) NM_031512

Interleukin 6 (IL-6) NM_012589

Housekeeping gene

Hypoxanthine phosphoribosyltransferase 1 NM_012583

(Hprtl)

5'“ATCCAGGCAGAGACTGACAGA- 54.29
3!

5'-CGCAGTGTAGATGAACCATCC-

3!

5'-TGAGTCGGCTGGAGAACTA-3'  51.53
5'-ATTGGGGTCAGCACAGAT-3
5'-“TCAAGCAGAGCACAGACCTGT- 56.07
3!

5'-“TGAGAGACCTGACTTGGCAGA-

3!

5'-GCAAGAGACTTCCAGCCAGT-3'  54.97
5'-AGCCTCCGACTTGTGAAGTG-3'
5'-GGCCAGACTTTGTTGGATTTG-  53.00
3!

5'-

CTTTCGCTGATGACACAAACAT-

3!

for FAC and FAS, respectively (Fig. lc). Generally,
FAC showed slightly higher inhibitory effects on
UMR-106 than FAS.

Both iron species suppressed UMR-106 cell
proliferation

UMR-106 osteoblast cells were treated with different
concentration of either FAS or FAC at 0, 1, 3, 10, 30,
100, 300 or 1000 uM. Cell proliferation rate was
determined by BrdU assay after 24 h of FAC or FAS
treatments. The incorporation of BrdU into the newly
synthesized DNA represented the ability of cells to
proliferate under the treatment of FAS and FAC. FAC
showed a more severe effect on UMR-106 cell
proliferation (Fig. 2). FAC significantly suppressed
UMR-106 cell proliferation by 33.44 and 49.48% at
300 and 1000 pM, respectively (Fig. 2a). On the other
hand, FAS significantly inhibited UMR-106 cell
proliferation by 26.55% at 100 uM and by 28.53%
at 1000 pM. Even though the results were not
statistically significant, cells treated with FAS also
showed a markedly reduced cell proliferation by
23.43% at 300 uM (Fig. 2b) Corresponding to the
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results from cell survival assay in Fig. 1, FAC showed
the overall greater suppression effects on UMR-106
cell proliferation than FAS.

Ferric and ferrous induced osteoblast cell death

Membrane integrity as well as intracellular enzyme
activity can be used to determine cell death and cell
viability. In this experiment, cell membrane integrity
was assessed by using ethidium homodimer, which
penetrated cell and nuclear membrane of the dead
cells. After entering the cell, the red-fluorescent
ethidium homodimer can bind to DNA inside the cell
giving a red fluorescent signal of dead cells. On the
other hand, the activity of intracellular esterase to
change calcein-AM into the green-fluorescent calcein
indicated the viability of living cells. UMR-106 cells
were treated with different concentrations of FAC or
FAS including 0, 100, 200 and 300 pM for 72 h. After
that, the cells were labeled simultaneously with
ethidium homodimer and calcein-AM. The intensity
of red/green fluorescent signals and the area coverage
of green and red fluorescent positive cells were
evaluated to get dead/live ratio of each group. Our
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Fig. 2 Both FAC (a) and FAS (b) suppressed osteoblast cell proliferation as shown by BrdU assay. (*P < 0.05, ***P < 0.001 as
compared to control; experiments were performed in 3 biological replicates each with three technical repeats)

results showed that both iron species induced cell
death as indicated by the increased death/live ratio in
all treatment groups (Fig. 3a, b). Fluorescent intensity
ratios between the red ethidium homodimer (from
dead cells) and the green calcein product were 33.50,
34.07 and 35.29 in UMR-106 cells treated with 100,
200 and 300 pM FAS, respectively. Even though the
intensity ratios from FAC treated cells were lower than
those from FAS treated cells at 28.47 and 24.50 after
treated with 100 and 200 pM FAC, respectively, the
dead/live intensity ratio was significantly higher to
54.09 with 300 uM FAC (Fig. 3c). The lost of cell
membrane integrity of dead cells and the activity of
intracellular enzyme of living cells were also mea-
sured by the ratios between red fluorescent positive to
green fluorescent positive cells representing the ratio
between area coverage of the dead cells to living cells.
The dead/live ratios were 70.28, 97.43 and 171.32 for
cells treated with 100, 200 and 300 pM FAC, respec-
tively. The dead/live ratios were slightly lower for
FAS treatment at 65.77, 93.33 and 140.44 for 100, 200
and 300 pM of FAS (Fig. 3d). Taken together, FAC
still showed a higher ability to induce osteoblast cell
death as indicated by the greater dead/live intensity
and dead/live area coverage than FAS.

FAC and FAS induced osteoblast cell death
via apoptosis

To investigate the effects of both ferrous and ferric on
apoptotic markers level, UMR-106 cells were treated
with FAC and FAS for 72 h before collecting protein
samples. The samples were used for western blot
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analysis of apoptotic markers including cleaved cas-
pase 3 and cleaved caspase 7 to evaluate the protein
level of these apoptotic markers after exposing to both
iron species (Fig. 4a). Our results showed that the
level of cleaved caspase 3 increased drastically after
UMR-106 was treated with FAC in a dose-dependent
manner (Fig. 4a, b). Although the results were not
statically significant, similar trend could be seen in the
groups treated with FAS (Fig. 4b). These results
suggested that both iron species induced osteoblast
cell death via apoptosis pathway. To confirm this
speculation, the level of another executioner caspase,
cleaved caspase 7, upon the exposure of FAC and FAS
was evaluated (Fig. 4a, ¢). After exposing to FAC,
UMR-106 also had a dramatically elevated level of
cleaved caspase 7. A slight increase of cleaved caspase
7 could be observed in FAS treated cells (Fig. 4c).
Taken together, our results indicated that both ferric
and ferrous iron induced osteoblast cell apoptosis with
a higher degree from ferric.

FAC and FAS treatments led to increased
intracellular iron and gene expression alteration
in iron transporters

To determine whether the exposure of both iron
treatments led to increased intracellular iron, intracel-
lular iron after 24 h of FAC or FAS treatment was
determined by using FAAS. Results from FAAS
showed that intracellular iron significantly elevated
after FAC treatment from (.18 mg iron/mg proteins in
the control to 0.43, 0.65 and 1.03 mg iron/mg proteins
after treated with 100, 200 and 300 pM of FAC.
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Fig. 3 The dead-inducing activity from FAC and FAS on
osteoblast UMR-106 was tested by live/dead assay. Green
fluorescent signal from calcein stained live cells, and red
fluorescent signal from ethidium homodimer stained dead cells.
UMR-106 cells treated with FAC (a) and FAS (b) showed
decreased live cells and increased dead cells in dose-dependent
manner. The quantified data from dead/live fluorescent intensity

Likewise, intracellular iron increased from 0.17 mg
iron/mg proteins in the control group to 0.56, 0.50,
0.51 for 100, 200 and 300 pM FAS treated cells
(Fig. 5a). Our results indicated that FAC induced
higher intracellular iron uptake in osteoblast cells as
compared to FAS.

To examine the potential transporter(s) responsible
for cellular transport of iron in osteoblasts, the
expression level of iron transport machineries upon
FAC and FAS treatment was investigated by qRT-
PCR. After 72-h iron treatment, iron transporters and
its associated genes showed gene expression alter-
ations after iron exposure (Fig. 5b—i). Results showed
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ratio (c) and dead/live area coverage ratio (d) confirmed the
elevation of dead cell population and the reduction of live cell
population in UMR-106 cells treated with FAC and FAS.
(**P < 0.01, ***P < (0.001 as compared to control; experi-
ments were performed in 3 biological replicates each with 7-8
technical repeats). (Color figure online)

that the DMT levels were reduced by 56 and 45%
after FAC and FAS treatment, respectively (Fig. 5b).
Similar trend could be seen in genes for transferrin
receptor 1 and 2 (TfR1 and TfR2) with approximately
70 and 20% reduction for TfR1 and TfR2 after both
iron treatments (Fig. 5c, d). Only minor reduction was
observed in Dcytb gene expression after FAC and FAS
treatment (Fig. Se). On the other hand, the opposite
trend was observed for hephaestin (Heph) and Fpn.
Specifically, Heph expression was upregulated by
1.38- and 1.18-fold for FAC and FAS (Fig. 5f), while
the expression levels of Fpn were increased signifi-
cantly by 1.71- and 1.36-fold as compared to control
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Fig. 4 The representative blot showed the elevation of cleaved
caspase 3 and cleaved caspase 7 in UMR-106 exposed to FAC
and FAS (a). The quantified data showed a significant increase
in cleaved caspase 3 (b) and cleaved caspase 7 (c) in UMR-106
treated with FAC. Even though the results were not statistically
significant, similar trend could be seen in UMR-106 treated with
FAS. (*P < 0.05, #*P < 0.01, ***P < (0.001 as compared to
control; experiments were performed in three biological
replicates)

(Fig. 5h). There were no significant changes in
hemochromatosis protein (HFE) and Cp (Fig. 5g, 1),
but the latter of which showed a tendency of
upregulation.

Both iron species decreased alkaline phosphatase
(ALP) activity

Comparative effects of FAS and FAC on osteoblast
differentiation and activity were determined by the
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activity of ALP. After treated with either FAC or FAS
at 100, 200 or 300 puM for 24 h, ALP activity from
UMR-106 cells was assessed. The activity of ALP and
the activity of ALP normalized to protein content were
evaluated. Our results showed a significant decrease in
ALP activity from UMR-106 treated with FAC
(Fig. 6a). Similar trend could be found in UMR-106
treated with FAS (Fig. 6b). When the activity of ALP
was normalized to protein content of each sample, the
results were quite fluctuated. However, the reduction
of ALP in UMR-106 treated with 300 uM of FAC and
FAS were clearly seen (Fig. 6¢, d). Our overall results
showed that both FAC and FAS, especially the high
dose treatment, suppressed ALP activity in UMR-106
cells.

Ferrous and ferric differently affected osteoblastic
and osteoclastogenic genes expression

In addition to the expression of osteoblastic genes that
directly promote osteoblast differentiation itself,
osteoblast also regulates osteoclast differentiation
and activity through the interaction and secretion of
several osteoblastic and osteoclastogenic factors.
Here, the expression levels of osteoblastic genes that
promote osteoblast differentiation, but inhibit osteo-
clast differentiation were determined (Fig. 7). Results
showed that the expression levels of erythropoietin-
producing human hepatocellular receptor-interacting
protein B2 (Ephrin B2), Cyclooxygenase 2 (Cox-2)
and osteoprotegerin (OPG) were 1.06, 1.70 and 1.44
fold increased after FAC treatment relative to control
(Fig. 7a, c—d). While there was no significant change
in erythropoietin-producing human hepatocellular
receptors B4 (Eph B4) after FAC treatment, FAS
treatment led to a downregulation of Ephrin B2 and
Eph B4 by 16 and 25% as compared to control
(Fig. 7a, b). The small increase in COX-2 and OPG
expression was seen after FAS treatment (Fig. 7c¢, d).
Additional experiments were performed for 2 early
differentiation markers, i.e., Runt-related transcription
factor 2 (Runx2) and osteocalcin (OCN) using rat -
actin as a housekeeping gene. However, when UMR-
106 cells were treated with 100 pM of FAC and FAS,
the expression of the two markers was not significantly
altered (P > 0.05; n = 6/group). Specifically, the
Runx2 expression showed only 1.01 £ 0.16
(P =0.998) and 1.04 = 0.14 (P = 0.99) fold as com-
pared to control in FAC- and FAS-treated groups,
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Fig. 5 a FAC and FAS treatment on UMR-106 cells led to
elevated intracellular iron in dose-dependent manner.
*#P < 0.05, ***P < (0.001 as compared to control; experiments
were performed in 3 biological replicates each with three
technical repeats. b-i Gene expression alteration of iron
transporters and proteins functioning in cellular iron transport
after iron exposure at the 1Cs; obtained from Fig. 1 (221.64 uM
for FAC and 232.35 pM for FAS) compared with the control

respectively. The OCN expression levels were
1.13 £ 0.25 (P =0.467) and 1.25 £ 0.19
(P = 0.539) fold in FAC and FAS treated groups as
compared to the control group. On the other hand,
expression levels of osteoclastogenic genes, which
promote osteoclast differentiation, were also tested.
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group. The expression of DMT1 (b), TfR1 (c), TfR2 (d) and
Dcytb (e) in UMR-106 was reduced after both FAC and FAS
exposure. The expression of Heph (f), Cp (g), Fpn (h) was
induced with FAC and FAS treatment; while HFE was
unaffected (i). *P < 0.05, *P < 0.001 as compared to control
group; experiments were performed in four biological replicates
each with three technical repeats

Our data showed that FAC treatment led to a
significantly increase in monocyte chemotactic pro-
tein 1 (MCP-1) and interleukin 6 (IL-6) to 2.80 and
2.14 fold change normalized to control (Fig. 7e, f).
FAC showed only a minimal effect on macrophage
colony-stimulating factor (M-CSF) and interleukin-1[3
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Fig. 6 ALP activity from UMR-106 cells treated with FAC and
FAS was determined. ALP activity in UMR-106 cells was
significantly reduced after 24 h of FAC treatment (a). Similar
trend was observed in UMR-106 cells treated with FAS (b).
When ALP activity was normalized to protein content of each

(IL-1B) (Fig. 7g, h). Interestingly, FAC significantly
suppressed Receptor activator of nuclear factor kB
ligand (RANKL) expression (Fig. 7i). On the other
hand, FAS induced an increased expression of MCP-1
and IL-6 to 1.87 and 1.378 fold change relative to
control (Fig. 7e, f). The expression of MCSF, IL-1pB
and RANKL was minimally altered after FAS
treatment.

Discussion

As a pivotal element for human body, excess amount
of iron or iron overload can be deleterious to many
organs including bone. Iron overload could come from
uncontrollable iron absorption as in hemochromatosis
as well as from increased iron absorption or repeated
blood transfusion to compensate with ineffective
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sample, the decreased ALP activity in UMR-106 treated was
seen in cells treated with 300 uM FAC and FAS (c, d).
(**P < (.01 as compared to control: experiments were per-
formed in 5 biological replicates each with three technical
repeats)

erythropoiesis in several blood diseases, such as -
thalassemia. It has been demonstrated that iron had
negative effects on bone structure and calcium home-
ostasis, presumably by enhancing bone resorption and
suppressing bone formation, the latter of which might
be related to the ferroxidase activity of ferritin (Chen
et al. 2015; Tian et al. 2016; Tsay et al. 2010; Zarjou
et al. 2010; Zhao et al. 2014). Bone formation was
found to have an inverse correlation with degree of
iron overload (Diamond et al. 1991; Tsay et al. 2010).
Iron overload was also associated with reduced
osteoblast recruitment and collagen synthesis in
osteoporotic pig (de Vernejoul et al. 1984). While
the normal serum iron levels range from 10 to 30 uM,
the concentration can be elevated to > 50 pM in iron-
overloaded patients (Ganz 2007; Zhao et al. 2014). In
addition, serum iron > 89.5 pM can cause serious
systemic toxicity, and mortality rate is high when
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serum iron > 179 pM (Bregstein et al. 2011). Thus,
the investigation of effects of iron on osteoblasts in the
present study was performed in the broad range of iron
concentration (0—1 mM) to investigate the effects of
both physiological and supra-physiological concen-
trations, some of which (e.g., 100 uM) could be
observed in iron-overloaded conditions.

Two major forms of iron exist in biological
systems, i.e., ferrous (Fe*") and ferric (Fe* ™). In this
study, FAS and FAC were used to study the ditferen-
tial effects of the two iron species on osteoblast cell
survival and proliferation. The results showed that
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both FAC and FAS suppressed osteoblast cell survival
in dose and time-dependent manner (Fig. la—c).
Similarly, data from BrdU assay indicated that high
dosage of both iron species significantly decreased
osteoblast cell proliferation even within 24 h (Fig. 2).
Our results corresponded to previous studies showing
negative effects of iron on osteoblast cells (Balogh
et al. 2016; Diamond et al. 1991; He et al. 2013;
Messer et al. 2009; Tian et al. 2016; Yamasaki and
Hagiwara 2009; Zhang et al. 2017). It has been shown
that ferrous sulfate treatment caused osteoblast cell
death in fetal rat-derived calvarial culture (Messer
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et al. 2009). In addition, a high-dose ferric nitrate and
FAC suppressed osteoblast cell proliferation and
decreased cell viability of mouse osteoblast-like
MC3T3-El cells (Diamond et al. 1991; Yamasaki
and Hagiwara 2009). In addition to the similar anti-
proliferative effects of iron on osteoblasts as reported
before and in this study, this is the very first study to
compare the effects of ferrous and ferric iron on
osteoblast cell survival and proliferation. Our results
have suggested that ferric from FAC has more
detrimental effects on osteoblast cell survival and cell
proliferation than ferrous from FAS (Figs. 1, 2).

To verify whether both iron species also induced
osteoblast cell death, the measurement of the lost of
membrane integrity and the activity of intracellular
esterase representing dead and live cells were per-
formed. Our results showed the dramatically elevated
dead/live intensity ratio and dead/live area coverage in
UMR-106 after both iron treatments with the stronger
effects from FAC than FAS (Fig. 3). This indicated
that both iron species induced osteoblastic cell death
with the higher death-inducing effect from ferric than
ferrous. Thus, in the presence of high circulating iron
from intestinal iron hyperabsorption as in thalassemia
and hemochromatosis, it could potentially cause a
deleterious effect on osteoblasts, leading to iron
overload-associated osteopathy.

While both iron species could induce osteoblast cell
death, the mechanism behind this phenomenon is still
unknown. Since the cleavage of executioner caspases,
i.e., caspase 3 and 7, is widely accepted as a hallmark
for apoptosis (Bressenot et al. 2009), protein levels of
these apoptotic markers were investigated (Fig. 4). In
this study, the level of cleaved caspase 3 was markedly
elevated in osteoblasts treated with FAC and slightly
increased in osteoblasts treated with FAS. This
confirmed that both iron species induced osteoblast
apoptosis with a stronger effect from ferric. These
results were consistent with the previous studies
reported the effects of FAC to induce osteoblast
apoptosis (Ke et al. 2017; Liu et al. 2017; Tian et al.
2016). Our data revealed notable changes in cleaved
apoptotic markers from ferric treatment versus the
slight changes from ferrous treatment. However, the
two iron species showed similar ICsy and had
relatively resembling dead/live cell ratio for UMR-
106 cells, suggesting that the two iron species might
use different pathways to induce osteoblast cell death.
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To demonstrate whether these iron treatments led to
an increase in intracellular iron in osteoblasts, intra-
cellular iron was measured after each iron exposure.
Our results showed that upon the exposure of both
ferric and ferrous treatments, the intracellular iron was
remarkably increased (Fig. 5a). It is worth mentioning
that FAC induced significantly higher intracellular
iron in osteoblast treated with FAS at the same
concentration. In other words, the transport of ferric
iron across the plasma membrane of osteoblasts might
be easier than that of ferrous iron. In contrast to the
well-known mechanisms in enterocytes, iron transport
mechanism in osteoblasts remains unclear.
expression of some iron-transporting proteins was
thus verified in this study. Our results showed that
osteoblast-like UMR-106 cells strongly expressed
DMTI1, TtR1, T{R2, Dcytb, Fpn, Heph, Cp and
HFE. As we tested for the gene expression alteration
of iron transporter genes in osteoblasts after FAC and
FAS treatments, the results were consistent between
the two iron species. Interestingly, our data showed
that iron transporters, which are responsible for iron
uptake mechanisms including DMTI1, DCytb, TfR1
and TfR2, were significantly downregulated. In con-
trast, the expression of iron transporters involving in
iron export mechanism, including Fpnl, HEph and Cp
was upregulated. Our results are different from the
previous study that showed an increase in DMTI
expression in 24-h FAC-treated hFOBI1.19 fetal
osteoblasts (Liu et al. 2017). Corresponding to our
data, results from another group also showed that FAC
treatment induced the iron exporter, Fpnl expression
in human hFOB1.19 osteoblasts (Zhao et al. 2014).
Since our study and others showed that iron induced
osteoblast cell death with the strong correlation with
increased intracellular iron (Fig. 5a) (Tian etal. 2016),
such adaptation to increase iron export but decrease
iron import could potentially provide the survival
advantages to iron-overloaded osteoblasts. Although a
downregulation of ferrous-transporting DMT 1 expres-
sion may explain as to why ferrous was less toxic than
ferric, more investigation is required to reveal how
osteoblasts uptake ferric into the cytoplasm and why

Gene

ferric accumulation is more robust.

Furthermore, the possible effects of both ferrous
and ferric on osteoblast differentiation were tested in
this study. Our results showed a marked decrease in
ALP activity after treatment with ferric or ferrous for
24 h (Fig. 5). Similar to previous characteristics, the
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higher significant effects could be seen from ferric
treatment (FAC) than from ferrous treatment (FAS).
Our findings corresponded to previous studies that
illustrated the negative effects of ferric on osteoblast-
derived ALP activity (Diamond et al. 1991; He et al.
2013; Jeney 2017; Yamasaki and Hagiwara 2009;
Zhao et al. 2012). Furthermore, FAC and ferritin
ferroxidase have been shown to inhibit osteoblast
differentiation and extracellular matrix calcium depo-
sition in human osteosarcoma 143-B cells, indicating
the potential mechanism of iron-mediated osteoblast
differentiation and suppression of matrix mineraliza-
tion by ferritin ferroxidase activity (Zarjou et al.
2010). Herein, we reported similar phenomenon and
the comparative effects of ferric and ferrous on rat
osteoblast-like UMR-106 cells.

Under normal conditions, bone homeostasis is
regulated by the process called bone-remodeling
process, which is govemed by the activity of bone-
forming cells (osteoblasts) and bone-resorbing cells
(osteoclasts). To keep the balance remodeling process,
the development and functionalities of these cells are
determined by the signals from itself as well as the
interplay signals from another cell type. The combi-
nations of the intracellular signals and extracellular
signals will determine whether the bone will be
formed or removed by the responsible cells (Proff
and Romer 2009; Raggatt and Partridge 2010).
Normally, several systems, e.g., RANKL-OPG,
Ephrin-Eph and Cox-2, plays important roles in this
bone-remodeling process. The expression alterations
of osteoblast-derived osteoblastic genes that facilitate
bone formation by osteoblast and osteoblast-derived
osteoclastogenic genes that regulate bone resorption
by osteoclast upon iron exposure was also determined
(Fig. 7). Osteoblastic gene markers used in this study
included Cox-2, OPG, Ephrin B2 and Eph4. Our
results showed that both iron species moderately
increased the expression of Cox-2 and OPG. Since
Cox-2 also plays an important role in inflammatory
responses of the cells under stress, an enhanced
expression of Cox-2 was also found in several cell
types in response to iron-induced stress, such as
hepatocytes and brain cells (Lee et al. 2010; Lukiw
and Bazan 1998; Salvador et al. 2010). However, both
iron forms led to a decrease in Eph B4 expression,
whereas only FAS suppressed the expression of
Ephrin B2. Therefore, differential expression alter-
ations of several osteoblastic genes in osteoblast cell

66

treated with iron were found in our study. It is worth
mentioning that ferrous and ferric showed different
degree of gene expression induction/suppression with
an opposite effect on Ephrin B2. As many studies
reported about the direct effects of iron on osteoclast
differentiation, the effects on osteoblast-derived
osteoclastogenic factor expression are still limited
(Guo et al. 2015; Xiao et al. 2015, 2018; Xie et al.
2016). In this study, the expression change of the
osteoclastogenic genes including MCSF, MCP-1, IL-
I and IL-6 after iron exposure to osteoblast was
determined in this study. While the slightly reduced
expression of MCSF and IL-1[3 and moderately lower
expression of RANKL were observed in osteoblast
treated with iron, both iron species markedly induced
the expression of MCP-1 and IL-6 in osteoblast cells.
Osteoblast is known to secrete these cytokines to
facilitate osteoclast differentiation and activity (Boyle
et al. 2003; Cappellen et al. 2002; Matsuo and Irie
2008). As mentioned earlier, the combination of
osteoblastic factors and osteoclastogenic factors
would determine the phase of bone remodeling
process. Even though iron treatments induced the
expression of a few osteoblastic genes in osteoblast
UMR-106 cells, the opposite effects were also seen in
some other osteoblastic genes. Additionally, the
greater enhancement was observed in some osteoclas-
togenic genes after iron exposure in this study. These
gene expression alterations implied the shifting role of
osteoblast to induce bone resorption rather than bone
formation during iron overload. Taken together, our
results explained the direct effects of iron on
osteoblast cells itself and the indirect effects on
osteoblast-mediated osteoclast differentiation during
overload-induced osteoporosis. Similar to other exper-
iments in this study, ferric still showed the overall
stronger effects on osteoblast gene expression alter-
ations than ferrous (Fig. 7).

Our data suggested the differential contribution of
the two iron species in iron overload-induced osteo-
porosis as ferric showed the overall greater effects on
osteoblasts than ferrous. Fenton reaction has been used
to explain iron toxicity in many cells. In this reaction,
ferrous and ferric react with hydrogen peroxide to
generate reactive oxygen species including hydroxyl
radical (¢OH) and hydroperoxyl radical (HO;e) caus-
ing DNA and cell structural damage (Djordjevic 2004;
Salgado et al. 2013; Winterbourn 1995). It has been
shown that hydroxyl radical produced from Fenton
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reaction of ferrous or copper is the most reactive
radical known (Djordjevic 2004). With this principle,
ones might assume that ferrous should be more toxic
than ferric for the cells. However, our results showed
that ferric treatment caused significantly higher intra-
cellular iron in osteoblast than ferrous treatment
(Fig. 5a). These results indicated that osteoblasts have
the greater sensitivity to ferric than ferrous potentially
by the higher level of iron transported into the
cytoplasm. Accordingly, our study implied that ferric
iron from the increased iron absorption (as observed in
thalassemia) has greater deleterious impact on osteo-
blasts than ferrous iron from blood transfusion in iron-
overloaded thalassemic patients. The results from this
study would be beneficial for the development of
interventions and iron chelation treatment for iron-
induced osteoporosis.
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Abstract

One of the potential contributing factors for iron overload-induced osteoporosis is the iron
toxicity on bone forming cells, osteoblasts. In this study, the comparative effects of Fe** and Fe?*
on osteoblast differentiation and mineralization were studied in UMR-106 osteoblast cells by
using ferric ammonium citrate and ferrous ammonium sulfate as Fe®" and Fe** donors,
respectively. Effects of 1,25 dihydroxyvitamin Dz [1,25(OH):D:] and iron chelator deferiprone
on iron uptake ability of osteoblasts were examined, and the potential protective ability of
1,25(0H);D3, deferiprone and extracellular calcium treatment in osteoblast cell survival under
iron overload was also elucidated. The differential effects of Fe®* and Fe®" on reactive oxygen
species (ROS) production in osteoblasts were also compared. Our results showed that both iron
species suppressed alkaline phosphatase gene expression and mineralization with the stronger
effects from Fe*' than Fe?". 1,25(0OH):D; significantly increased the intracellular iron but
minimally affected osteoblast cell survival under iron overload. Deferiprone markedly decreased
intracellular iron in osteoblasts, but 1t could not recover iron-induced osteoblast cell death.
Interestingly, extracellular calcium was able to rescue osteoblasts from iron-induced osteoblast
cell death. Additionally, both iron species could induce ROS production and GO/G1 cell cycle
arrest in osteoblasts with the stronger effects from Fe®". In conclusions, Fe’* and Fe**
differentially compromised the osteoblast functions and viability, which can be alleviated by an
mcrease in extracellular ionized caleum, but not 1,25(0OH):Ds3 or iron chelator deferiprone. This
study has provided the invaluable information for therapeutic design targeting specific iron
specie(s) in iron overload-induced osteoporosis. Moreover, an increase in extracellular calcium

could be beneficial for this group of patients.
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Introduction

Tron overload could be a result from an increase in iron absorption, ineffective erythropoiesis and
regular blood transfusion [1,2]. These conditions are commonly found in several diseases, e.g..
[-thalassemia, hereditary hemochromatosis and sickle cell anemia [3—5]. Because the body has
no active mechanism for effective iron excretion [2,6], excess iron often leads to iron toxicity in
a number of organs, such as heart, liver and bone [2,7,8], the latter of which could lead to
massive calcium loss, osteoporosis, pathological fracture and deformity. Thus, many patients
with iron overload have been reported to exhibit signs of osteopenia or osteoporosis [9-11].

Two forms of ionized iron exist in the biological systems—i.e., ferrous (Fe?") and ferric
iron (Fe*") [12]. Regarding intestinal absorption, free-ionized non-heme Fe®" iron must be
reduced to Fe*" by ferric reductase duodenal cytochrome b (DcytB) before being transported into
cells, mostly via divalent metal transporter (DMT)-1. Once inside the cells, iron is either stored
in iron storage protein, ferritin or entering mitochondria to be used for heme and iron-sulfur
cluster synthesis. Fe*" is exported from the intestinal cells by ferroportin-1 and oxidized back to
Fe*" by copper-dependent ferroxidase hephaestin before binding to transferrin and circulated
through the body [13-15]. Excess free iron in the cells could participate in redox reaction for
reactive oxygen species (ROS) production through interconverting between Fe®™ and Fe®',
leading to organ damage and a number of diseases, e.g., fibrosis, liver injury, heart failure,
diabetes mellitus, neurodegenerative diseases and bone loss [5,16,17].

Cellular iron metabolism in bone cells is largely unclear. For example, the principle route
for osteoblast iron uptake is controversial, but it might be related to DMT1, some calcium
channels and/or transferrin receptor-mediated endocytosis. Nevertheless, ROS from iron

overload has been reported to inhibit osteoblast differentiation and stimulate osteoclast
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differentiation, so bone loss could be the consequence [18,19]. Previously, we reported that Fe*
was a dominant iron specie that inhibited osteoblast by decreasing osteoblast survival,
proliferation and activity [20]. Although it is known that iron overload can disturb bone
homeostasis causing bone loss, it is not known whether Fe** and Fe*' have similar effects on
osteoblast differentiation. Moreover, the effects of deferiprone (DFP) as a potential therapeutic
agent for osteoblast cell suppression under iron overload were also tested in this study.

Human bone marrow derived-mesenchymal stem cells (hBMSCs) can differentiate into
multiple committed cell types, e.g., chondrocytes, cardiomyocytes and osteoblasts. Osteoblast
differentiation is regulated epigenetically and genetically by different proteins, cytokines and
miRNAs [21,22]. Previous studies showed that an inhibition of histone deacetylases (HDACs),
especially HDAC2, could facilitate hBMSC osteogenic differentiation [22]. Moreover, bone
morphogenetic protein (BMP)-2 and miR-29¢-3p were also shown to regulate osteoblast
differentiation through Wnt/p-catenin pathway [21,23].

Osteoblast differentiation is driven by the sequential expression of multiple proteins
classified as carly, intermediate and late osteoblast differentiation markers responsible for
osteoblast proliferation, maturation and mineralization, respectively. Runt-related transcription
factor (Runx)-2 is the principal transcription factor, which further regulates other early
differentiation markers including osterix (OSX) and alkaline phosphatase (ALP). Later on,
intermediate osteoblast differentiation markers including collagen type 1 and osteopontin are
expressed during pre-osteoblast development into mature osteoblasts. Osteocalcin is then
expressed marking the stage of mature osteoblasts [22,24]. However, the differential effects of
Fe’* and Fe’™ on osteoblast differentiation marker expression have never been studied or

compared. Additionally, 1,25 dihydroxyvitamin Ds (1,25(0OH)2D3;)—a potent enhancer for
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intestinal calcium absorption—profoundly benefits bone homeostasis, in part by increasing
calcium availability for bone formation and delaying bone resorption. Furthermore, 1,25(0OH)2D;
was also shown to directly modulate osteoblast proliferation, differentiation and mineralization
of osteoblasts (for reviews, please see [25-27]). It is possible that 1,25(OH):Ds is able to help
protect against adverse cffects of iron overload on bone homeostasis. Our previous study
illustrated that osteoblasts expressed similar iron transporters as found in enterocytes (e.g., the
presence of DMT1 expression), and extracellular iron exposure enhanced iron transport into
osteoblasts [20]. However, the effects of 1,25(0OH)2D: on iron uptake capacity of osteoblasts
remained elusive, and the effects of 1,25(OH).Ds and extracellular calcium on osteoblast
viability under iron overload has never been elucidated.

Accordingly, this study is aimed to examine the effects of two different iron species,
including Fe*" and Fe?*, on osteoblast differentiation markers and osteoblast mineralization
ability in UMR-106 cells by using ferric ammonium citrate (FAC) and ferrous ammonium
sulfate (FAS) as Fe*™ and Fe** donors, respectively. As the known calcium absorption enhancer,
effects of 1,25(0OH)2Ds on iron uptake and cell survival of osteoblasts under iron overload with
the two iron species were determined. Moreover, effects of extracellular calcium supplement on
osteoblast cell survival under iron overload were also examined. Because deferiprone (DFP) has
been used as an iron chelator to protect iron excess in iron overload patients [28,29], effects of
DEP on iron uptake ability and osteoblast cell survival under iron overload with FAC and FAS
were determined. Last but not least, the comparative effects of Fe** and Fe** on ROS production
and cell cycle progression in osteoblasts under iron overload were elucidated.

Due to the ability to retain cell proliferation, several osteoblast models derived from

osteosarcoma or stem cells were used. Several osteosarcoma-derived osteoblast cells were
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widely used to represent osteoblasts or cells committed to osteoblast linage, such as MG-63,
Saos-2, U-2 OS and UMR-106 cell lines [30,31]. Therefore, this study provided the critical
information for the development of treatment for iron overload-induced osteoporosis using
specific therapeutic agents targeting specific iron specie(s) or mechanism underlies iron
overload-induced osteoblast cell death in UMR-106 cells derived from rat osteosarcoma. UMR-
106 cells have similar phenotypic characteristics to those found in primary osteoblasts, such as
morphological appearance, high ALP activity, expression of vitamin D receptors and in vitro

mineralization within 6 days after seeding [32-37].

Materials and Methods

Cell culture and reagents

UMR-106 cells were obtained from American Type Culture Collection (ATCC no. CRL-1661).
Cells were maintained and propagated at the Department of Physiology and Department of
Biochemistry, Faculty of Science, Mahidol University, Thailand. UMR-106 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma Chemical CO., St. Louis, MO, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS; PAA Laboratories, Pasching, Austria)
and 100 U mL™! penicillin-streptomycin (Gibco, Grand Island, NY, USA). Cells were incubated
at 37 °C with 5% COz2 and sub-cultured according to manufacturer’s instruction. The medium
was replaced every other day.

Ferric ammonium citrate (FAC) and ferrous ammonium sulfate (FAS) were used as
donors of Fe** and Fe?**, respectively (Sigma). Our previous study from viability assay (MTT
assay) as well as cell proliferation assay (BrdU assay) at varied concentration of FAC and FAS

showed that <30 uM of Fe? and Fe®* affected neither viability nor proliferation of UMR-106
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cells [20]. Thus, we used >30 uM Fe** and Fe** in the present study as we aimed to investigate
the effects of iron on osteoblast viability. Moreover, we have shown that the short-term <300 pM
Fe*" and Fe*" exposure did not significantly affect osteoblast cell viability [20]. Thus, 200 uM
and 300 puM FAC and FAS were used in some experiments for a short period of time without
affecting osteoblast viability. In this study, deferiprone (3-hydroxy-1,2-dimethyl-4(1H)-pyridone;
DFP) (Sigma) was used as an iron chelator. Calcium chloride (CaClz) (Merck, Kenilworth, NJ,

USA) was used as extracellular calcium treatment.

Quantitative real-time PCR (qRT-PCR)

Cells were plated at 4.2 x 10° cells/well in 6-well plate (Comning, NY, USA). After seeding, cells
were exposed to Fe*™ or Fe** iron donors (FAC and FAS) at 0, 100, 200 and 300 pM for 24, 48,
and 72 h. Several studies showed that the expression alteration of osteoblast differentiation
markers in different osteoblast cell lines including UMR-106 cells could be observed from 12 to
96 h of treatments, and the alteration of mRNA and protein expression was well correlated [38—
42]. After incubation, the cells were collected by washing twice with phosphate buffered saline
(PBS) solution and dissolved in TRIzol reagent (Invitrogen, Carlsbad, CA, USA) to extract total
RNA. RNA was purified then measured the OD with NanoDrop-2000c spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) at 260 and 280 nm. The ratio of which ranged
between 1.8 and 2.0 was considered acceptable. Then, 1 pg of RNA was converted to
complementary DNA (cDNA) with iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA)
according to the manufacturer's instruction.

The quantitative real-time PCR (qRT-PCR) was performed by QuantStudio 3D Digital

PCR System with SsoFast EvaGreen Supermix (Bio-rad) for 40 cycles at 95 °C for 60 seconds,
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55-60 °C annealing temperature (S1 Table) for 30 seconds and 72 °C for 30 seconds. Fold
change values were calculated from the threshold cycles (Cr) based on the standard ACt method.

Relative expression was expressed as the 2724“T method.

Bone mineralization determination by alizarin red staining

Twenty-four hours after cell seeding, bone nodule formation of UMR-106 cells were induced by
adding 50 mM B-glycerophosphate (Sigma) and 50 pug/mlL L-ascorbate 2-phosphate (Sigma) with
or without FAC or FAS (0-300 uM) for 6 days. It was previously reported that mineralization in
UMR-106 cells occurred as early as 20 h after seeding, presumably due to high ALP activity
[37.43], and alizarin red staining could be observed on day 4-5 [9,39]. The media was changed
every other day. On day 6, cells were stained for calcium mineralization by alizarin red staining.
The culture media was removed, and cells were gently washed with PBS for 3 times. Then, cells
were fixed with 70% cold ethanol for 1 h at 4 °C. After fixing, cells were washed with deionized
water 3 times. The water was completely removed, and cells were stained with 40 mM alizarin
red S (Sigma) for 5-10 minutes on the shaker at room temperature. Alizarin red S was removed
by washing 5 times with PBS or until the solution came out clear. Osteoblasts were inspected
under a light microscope (Nikon, Melville, NY, USA), and the pictures were taken for further
analysis. The total area of red nodule formation was quantified by Image J software (National

Institutes of Health, USA).

Flame atomic absorption spectrometry (FAAS)

Osteoblasts were seeded at 1 x 10° cells/well in 12-well plates (Corning) and incubated for 24 h.

UMR-106 cells were pre-treated with 10 nM 1,25(OH)2D3 (Cayman Chemical, Ann Arbor, MI,
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USA) without iron for 72 h. Then, cells were exposed to iron treatments (FAC or FAS) at 0, 100,
200 and 300 uM together with 10 nM 1,25(0OH);Ds or vehicle control for 24 h.

To determine the effects of deferiprone (DFP) on intracellular iron of osteoblasts under
iron overload, after 1,25(0OH):Ds treatment mentioned above, cells were washed twice in cold
PBS. Then, 100 uM DFP (Sigma) in PBS was added and incubated with slowly shaker at 4 °C
for 30 minutes.

After the treatments, the solution was removed, and cells were washed again with PBS
before gently scraped with cell scraper (Corning) in PBS. After centrifugation at 7,000 rpm for
15 minutes, the pellet was re-suspended and briefly sonicated in 250 pL. of ultrapure water.
Then, the samples were digested m 65% nitric acid (HNOs) and 30% hydrogen peroxide (H202)
by Ethos UP MAXI-44 microwave digester (Milestone, CT, USA) as mentioned previously.
After digestion, the samples were adjusted the volume to 25 mL with ultrapure water.

Intracellular iron was measured by FAAS. The system was calibrated with blank solution
(2% HNO:s), and the working standard in optimum range was used. Data analysis for intracellular
iron concentration was normalized to protein concentration measured by bicinchoninic acid

assay (BCA assay).

Cell viability assay
To study the effects of 1,25(OH):D;3 on osteoblast cell viability under iron overload, UMR-106
cells were plated in 24-well plates at 2 x 10* cells/well. Twenty-four hours after plating, cells

were treated with 10 nM 1,25(0H)2Ds (Cayman Chemical, Ann Arbor, ML, USA) or 9:1

propylene glycol-ethanol as a vehicle control for 72 h. Then iron treatments (FAC or FAS) at 0,
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100, 200 and 300 uM were introduced to the cells together with 10 nM 1,25(0OH),D; or vehicle
control for 24 h.

To study the effects of deferiprone (DFP) and CaClz on osteoblast cell viability under
iron overload, the cells were plated at 1,000 cells/well on 96-well plates and allowed to attach to
the plates for 24 h. After that, cells were treated with cither FAC or FAS at 0, 30, 100 and 200
uM in the presence or absence of 100 pM DFP for 72 h. Similarly, the cells will be exposed to
FAC or FAS at 0, 30, 100 and 200 uM with or without ImM and 2.5 mM CaCl; for 72 h.

At the end of the treatment period, cell viability was determined by MTT assay by adding
0.5 mg/mL thiazolyl blue tetrazolium bromide (MTT; Sigma) in culture media and incubating at
37 °C for 3 h. After incubation, MTT solvent (5% (w/v) Sodium dodecyl sulfate (SDS) (Vivantis
Technologies Sdn. Bhd., Malaysia) in 50% (v/v) N, N-dimethylformamide (VWR international,
LLC, OH, USA) in purified water was added in each well. The absorbance was measured with
microplate reader (Metertech Inc., Taiwan) at 540 nm according to Riss et al. (2016) [44]. An
absorbance was subtracted from culture medium background and normalized to control group
(vehicle control without iron treatment). Then the absorbance was calculated as a percentage of

cell viability.

Cellular reactive oxygen species (ROS) assay

UMR-106 cells were seeded at 2.5 x 10* cells/well in 96-black well plate (Corning). After 24 h,
ROS production was measured by using DCFDA cellular ROS detection assay kit (Abcam,
Cambridge, UK). The cells were washed with 1x buffer solution. Then, DCFDA solution was
added 100 pL/well, and the cells were incubated for 45 minutes. After incubation, they were

washed with 1X buffer again, then iron treatments were added at 0, 30, 100 and 200 uM and
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incubated for 6 h. ROS production was measured with fluorescence microplate reader (Spark™
10M multimode microplate reader, Switzerland) at Ex/Em: 485/535 nm. Fold of ROS production

was normalized to control groups.

Cell cycle analysis

UMR-106 cells were seeded at 1.0 x 10° cells/well in 6-well tissue culture plate (Corning). After
24 h, the cells were treated with 0, 30, 100, 200 and 300 pM of FAC and FAS (Sigma) for 72 h.
The treatments were refreshed every day. Then, the cells were harvested by trypsinization and
fixed in cold 70% ethanol overnight at —20 °C. Subsequently, each cell suspension was
centrifuged at 800 rpm for 3 minutes and incubated with propidium iodide (PI) DNA staining
solution (20 ug/mL) (Life Technologies, CA, USA) and 200 pg/mL DNAse-free RNAse A (Life
Technologies, CA, USA) for 30 minutes at room temperature in the dark. Cell cycle distribution

was analyzed using a FACScan flow cytometer (FACSCanto; BD Biosciences, USA).

Statistical analysis

The results were expressed as Mean = standard error of mean (SEM). The mean values were
from at least 3 biological replicates with at least 3 internal repeats. The treatment groups were
analyzed by the multiple comparison of one-way analysis of variance (ANOVA). The difference
between pairs of means was analyzed by Tukey all pair comparison. The level of significance for
all statistical tests was P < 0.05, and all data were analyzed by GraphPad Prism 5.0 (GraphPad

Software Inc., San Diago, CA, USA).
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Results

Ferric (Fe*') and ferrous (Fe?') altered osteoblast differentiation markers

Osteoblast differentiation was determined by the expression of osteoblast differentiation factors,
and iron overload has been reported to contribute to osteoblast differentiation impairment
[9,45,46]. This study aimed to investigate the effects of two iron species, ferric (Fe*") and ferrous
(Fe*™), on the expression of osteoblast differentiation factors including runt-related transcription
factor 2 (Runx?2), alkaline phosphatase (ALP), collagen type 1A and osteocalcin by gqRT-PCR.
UMR-106 cells were exposed to ferric ammonium citrate (FAC) of ferrous ammonium sulfate
(FAS) as Fe** and Fe*"iron donors, respectively. Twenty-four, 48 and 72 h treatments of Fe** or
Fe** did not significantly change Runx2 mRNA expression level (Fig 1A-B). On the other hand,
high concentration of both iron treatments significantly decreased ALP mRNA level at 24 h (Fig
1C-D). For 48- and 72-h exposure, the significant reduction of ALP mRNA level was found in
only Fe*" iron treatment but not Fe** (Fig 1C-D). Ferric treatment also had stronger effects on
the expression of collagen type 1A at 24 h than Fe*" iron. Interestingly, Fe** treatment at 200 and
300 pM triggered collagen type 1A mRNA expression (Fig 1E), but neither Fe* nor Fe**
changed collagen type 1A mRNA level at 48 and 72 h (Fig 1E-F). Similar trend could be seen in
the expression of osteocalcin. Only Fe®* treatment at 300 uM for 72 h significantly increased
osteocalcin mRNA level (Fig 1G); whereas, 24- and 48-h treatments of both iron species did not

significantly affect osteocalcin expression (Fig 1G—H).
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Ferric (Fe**) had higher deleterious effects on osteoblast mineralization than

ferrous (Fe**)

Previous experiments showed that both iron forms could suppress the activity and expression of
alkaline phosphatase (ALP), which is the key marker for bone mineralization ([20] and Fig 1C—
D). Therefore, this experiment was hypothesized that iron overload from both iron species could
also impair bone mineralization. Osteoblasts (UMR-106 cells) were incubated with 50 mM -
glycerophosphate and 50 pg/mL of L-ascorbate 2-phosphate to induce bone nodule formation in
the presence or absence of Fe** or Fe?' treatments for 6 days. After that, alizarin red staining was
used to determine calcium deposition referred to bone mineralization after treatment either with
Fe** or Fe**. Quantified data showed that both Fe®" and Fe?" treatments significantly reduced the
mineralization of bone nodule in a dose-dependent manner (Fig 2). Fe** significantly reduced
osteoblast mineralization down to 51.04%, 29.27%, 21.79% and 17.49% at 100, 200, 250 and
300 uM, respectively (Fig 2A). On the other hand, osteoblast mineralization was slightly
decreased to 71.29% and 66.79% in osteoblasts treated with 250 and 300 uM of Fe*" (Fig 2B).
Fe** treatment had stronger inhibitory effects on bone mineralization than Fe?". This study
confirmed that both forms of iron impaired bone mineralization, and the more drastic effects

were observed in ferric treatments (S1 Fig).

1,25(0OH):2Ds enhanced iron uptake in osteoblasts

1.25(0OH)2Ds 1s an essential hormone for bone formation by inducing intestinal calcium
transport. Interestingly, vitamin D deficiency and hypocalcemia were found in thalassemic
patients with iron overload condition [47,48]. Therefore, 1,25(OH)2D3 might be beneficial for

bone homeostasis of these patients. In addition, osteoblasts were also shown to express similar
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set of iron transporters found on enterocytes [20,49]. Accordingly, the relationship between
1,25(0OH),;D; and iron uptake in osteoblast is still needed to be uncovered. This experiment
aimed to determine the effects of 1,25(0H)2D3 on iron uptake into osteoblasts upon Fe'™ and
Fe** exposure. After treatment, intracellular iron concentration in osteoblast UMR106 cells were
measured by flame atomic absorption spectrometry (FAAS). 1,25(0OH):Ds significantly
increased intracellular iron concentration in osteoblasts treated with FAC and FAS as compared
to vehicle treated groups. As shown in Fig 3A, intracellular iron increased in 1,25(0OH)2Ds
treated osteoblasts from 0.11 to 0.16 mg/mg proteins in cells treated with 100 uM FAC, from
0.12 to 0.20 mg/mg proteins with 200 uM FAC and from 0.14 to 0.22 mg/mg proteins with 300
uM FAC exposure. Likewise, treatment with 1,25(OH);Ds also facilitated iron uptake into
osteoblast treated with Fe?* iron more than vehicle treated groups at the comparable doses of
Fe** iron treatment. As shown in Fig 3B, intracellular iron increased from 0.10 to 0.16 mg/mg
proteins with 100 uM FAS, from 0.11 to 0.18 mg/mg proteins with 200 uM FAS and from 0.11
to 0.17 mg/mg proteins with 300 pM FAS treatments with the presence of 1,25(OH);Ds. Our
results showed that 1,25(0OH).D; facilitated iron uptake of both iron species into osteoblasts, and

we also found that Fe** was still a prefer form that was transported into osteoblasts.

1,25(0OH):D3 minimally affected iron-induced osteoblast cell death

Previous experiment showed that 1,25(OH)zDs could enhance iron uptake leading to elevated
intracellular iron in osteoblasts (Fig 3). To verify the effects of 1,25(0OH)2Ds; on osteoblast
viability in the presence of iron, UMR-106 cells were pre-treated with 1,25(OH)2D3 for 72 h,
then 1,25(OH)2D: coupled with Fe** (FAC) or Fe** (FAS) for 24 h. Osteoblast viability was

compared between vehicle and 1,25(0OH);Ds-treated cells with the same concentration of Fe**
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and Fe?* treatments. As shown in Fig 4A, 1,25(0H),D; treatment led to decreased osteoblast
viability from 55.79% to 48.49% at 100 pM, from 53.54% to 45.98% in 200 pM and from
45.01% to 40.35% in 300 pM of FAC treated groups. However, no statistically significant
difference was found. Similar effects were also shown in FAS treated groups. Osteoblast
viability was decrecased from 64.88% to 56.75% in 100 pM, from 60.86% to 55.25% in 200 uM
and from 55.92% to 52.17% in 300 pM of FAS treated groups in the presence of 1,25(0OH)2D;
(Fig 4B). Even though the further reduction in osteoblast viability was noted in osteoblasts
treated with iron together with 1,25(0OH)2Ds, none of these results showed statistically different

between the vehicle control and 1,25(0H)2Ds treatments.

Deferiprone diminished 1,25(OH):Ds-induced intracellular iron in osteoblasts

To further verify whether intracellular iron level relates to iron-induced osteoblast cell death
under iron overload or not, effects of iron chelator on intracellular iron in osteoblasts under iron
overload with FAC and FAS were tested. Deferiprone (DFP) was an iron chelator used to protect
the excess iron in iron overload patients [28,29]. Therefore, this experiment aimed to study
effects of DFP on intracellular iron of osteoblasts under iron overload with or without
1,25(0H).Ds stimulation. After cells were exposed to vehicle control or 1,25(0H)2D; and iron
treatments, osteoblasts were incubated with DFP prior to intracellular iron measurement by
FAAS. Overall, intracellular iron in osteoblast UMR-106 cells was decreased after the incubation
with 100 uM deferiprone (Fig 5). In the absence of 1,25(OH)2Ds, only high concentration of
FAC at 300 uM could significantly raise intracellular iron in osteoblasts. No significant change
was observed in other FAC or FAS treated groups: hence, the effect of DFP on the level of

intracellular iron in these groups was not observed (Fig SA). However, intracellular iron level in

86



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

Page 16

osteoblasts treated with 300 uM FAC was decreased significantly from 0.14 mg/mg proteins to
0.10 mg/mg proteins in the presence of DFP (Fig 5A). On the other hand, DFP notably lowered
intracellular iron under 1,25(0H):Ds stimulation from 0.11 to 0.09 mg/mg proteins in control
groups, from 0.16 to 0.11 mg/mg proteins in 100 uM, from 0.20 to 0.12 mg/mg proteins in 200
uM and from 0.22 to 0.14 mg/mg proteins in 300 pM FAC treated groups (Fig 5B). Similarly,
intracellular iron in FAS together with 1,25(OH),D; treated osteoblasts also decreased from 0.14
to 0.10 mg/mg proteins in control groups, from 0.16 to 0.12 mg/mg proteins in 100 uM, from
0.18 to 0.12 mg/mg proteins in 200 uM and from 0.17 to 0.12 mg/mg proteins in 300 uM FAS
treated osteoblasts (Fig 5B). These results demonstrated that iron chelator, DFP, could reduce

1,25(OH)2Ds-induced intracellular iron in osteoblasts from both iron exposure.

Deferiprone could not recover iron-induced osteoblast cell death

As previous experiment showed that deferiprone (DFP) could reduce intracellular iron in
osteoblasts treated with FAC and FAS with and without 1,25(0OH),D; (Fig 5). Effects of DFP on
osteoblast cell survival under iron overload, especially those under 1,25(OH).D; stimulation
were investigated. As shown in Fig 6A, FAC significantly reduced osteoblast cell survival in a
dose-dependent manner both in vehicle control and DFP treated groups. While osteoblast cell
survival was slightly improved in DFP treated groups: from 92.75% to 99.63%, from 73.54% to
75.66%, from 46.09% to 50.94% in osteoblasts treated with 30 uM, 100 pM and 200 uM FAC,
respectively, none of these changes showed statistical significance. This effect could not be seen
in osteoblasts treated with 300 uM FAC (Fig 6A). Similarly, dose-dependent inhibitory effects
were also seen in FAS treated osteoblasts. However, a nonsignificant improvement of osteoblast

cell survival was only seen in osteoblasts cells treated with 30 puM FAS from 93.83% in vehicle
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control to 97.89% in DFP treated group. It 1s worth to note that long-term exposure of DFP also
significantly reduced osteoblast cell survival by itself. Thereby, the further reduction in

osteoblasts exposed to iron together with DFP was also observed (Fig 6A-B).

Extracellular calcium treatment recovered iron-induced osteoblast cell death

Hypocalcemia has been reported in thalassemia, which could worsen thalassemia and iron
overload-induced osteoporosis [50-52]. Giving that calcium supplement could be one of the
therapeutic agents for thalassemia and iron overload-induced osteoporosis, the direct etfects of
extracellular calcium on osteoblast cell viability under iron overload have not been elucidated. In
this experiment, osteoblast UMR-106 cell viability was determined in osteoblasts treated with
FAC at 0, 30, 100 and 200 puM in the presence or absence of CaCly. Similar to results from
previous experiments, this experiment also showed that FAC significantly reduced osteoblast cell
viability in dose dependent manner. When extracellular calcium in a form of CaCl, was applied,
deleterious effect of ferric on osteoblast was subsided 1n a dose-dependent manner of CaCl; (Fig
7). CaCl; at 1 mM was able to rescue osteoblasts from FAC-induced osteoblast cell death by
17.63% and 16.31% in 100 and 200 uM FAC, respectively. More profound effects were shown
in a higher concentration of CaCl,. Our results showed that osteoblast cell death was recovered
by 25.38%, 32.61% and 25.43% 1n 30, 100 and 200 uM FAC treated groups in the presence of

2.5 mM CaCl; (Fig 7).
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Both Fe** and Fe?* induced cellular reactive oxygen species (ROS) production

in osteoblasts

Reactive oxygen species (ROS) were shown to be associated with iron toxicity in several organs
[53-55]. In this experiment, cellular ROS production in osteoblasts treated with FAC and FAS
was measured to mnvestigate whether this activity was related to iron-induced osteoblast cell
death by both iron species. As shown in Fig 8A, FAC at 30, 100, and 200 uM significantly
increased osteoblast ROS production to 1.39, 1.54 and 1.68-fold, respectively as compared to the
control group (0 uM). In the same way, levels of cellular ROS i osteoblasts exposed to FAS
was also increased significantly to 1.30 and 1.67-fold in 100 and 200 uM FAS treated groups as
compared to control (Fig 8B). Hence, ROS level was increased in osteoblasts treated with both

FAC and FAS in a dose-dependent manner.

Fe*t and Fe?* caused GO0/G1 cell cycle arrest in osteoblasts

To investigate the involvement of iron-induced cell growth inhibition in osteoblasts, cell cycle
distribution of iron-treated UMR-106 cells was analyzed by flow cytometry. UMR-106 cells
were treated with 0 (control), 30, 100, 200 and 300 uM of FAC or FAS for 72 h. The results
showed that the percentage of cell population in the GO/G1 phase was significantly increased in
200 and 300 uM FAC-treated groups as compared to the corresponding control (Fig. 9F). Similar
results could be seen in osteoblasts treated with 200 uM FAS (Fig. 10F). However, no significant
change was observed in the S and G2/M phases. Our results thus suggested that FAC and FAS

could induce cell cycle arrest in GO/G1 phase, resulting in cell growth inhibition in osteoblasts.
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Discussion

Osteoporosis in thalassemia and other iron overload-related diseases has been documented by
many studies as reviewed in [45,56,57]. Interestingly. the information about the direct effects of
ron on osteoblasts is still limited. As the two biological available forms of iron, our previous
study was the first study to compare the direct deleterious effects of ferric (Fe**) and ferrous
(Fe*") on osteoblast cell viability, proliferation and differentiation [20]. Similarly, previous
studies from other groups also showed negative effects of iron on osteoblasts [9,58—61]. In this
study, direct effects of Fe" and Fe?* on the expression of osteoblast differentiation markers upon
iron exposure were examined and compared. While both Fe** and Fe?* did not significantly alter
the expression of most osteoblast differentiation markers, both iron species markedly inhibited
ALP expression (Fig 1). Similar to the previously reported data showing that Fe** had stronger
negative effects on osteoblasts than Fe?” [20], Fe** also showed the stronger suppressive effects
on ALP expression in osteoblasts than Fe?' in this study. These results also corresponded to the
previous reports that both Fe*" and Fe®* could impair ALP activity [20,41,60,62,63]. A few
studies also suggested the inhibitory roles of iron on the expression of osteoblast differentiation
markers in C2C12 myoblast cells and human bone marrow multipotent mesenchymal stem cells
(BMSCs) [9,64]. Accordingly, these results suggested that both iron species could have higher
inhibitory effects on osteoblast differentiation markers in osteoblast precursor cells during
osteogenic induction than in committed osteoblast cells. Interestingly, a slight induction of
collagen 1A and OCN expression was observed in FAC treated groups (Fig 1E and G). Similar
induction was observed in previous studies where OCN expression was non statistically
mcreased 1 C2C12 cells treated with ferric sulfate [64]. Our results also showed that collagen

type 1A mRNA expression was slightly increased in the presence of 300 uM FAC at 24 h, but
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this induction disappeared in the later time points (Fig 1E). This corresponded to previous
studies showing that collagen I protein was down-regulated in osteoblasts treated with long-term
exposure of FAC [41]. Future experiments can also be done to determine protein expression of
these osteoblast differentiation markers. However, previous studies reported that the alterations
of mRNA and protein expression of these osteoblast differentiation markers were well correlated
in iron-treated ostecoblasts and BMSCs [9,41]. ALP is an enzyme functioning in osteoblast
mineralization by hydrolyzing inorganic pyrophosphate to phosphate for hydroxyapatite
formation [65]. Hence, the effects of Fe’* and Fe?™ on osteoblast mineralization from the
measurement of calcium deposition in osteoblasts themselves and in peripheral extracellular
matrices were further investigated. Our results also confirmed that FAC (Fe*") inhibited
osteoblast mineralization significantly and with the stronger degree than FAS (Fe*). Although
long-term exposure of certain iron concentration could also affect osteoblast viability, our
previous published data [20] and results from the present study (Fig. 1) showed that both Fe**
and Fe** could suppress ALP activity and expression in UMR-106 cells. Therefore, a decreased
ALP function may contribute to the negative effects of Fe? and Fe*" on mineralization shown in
this study.

In addition to direct effects of iron overload on bone cells that could aggravate
osteoporosis, hypocalcemia and certain hormone deficiency may also contribute to osteoporosis.
Interestingly, hypocalcemia and vitamin D deficiency have also been reported in thalassemia
patients and animals, which could also contribute to thalassemia-induced osteoporosis [66,67].
Hypocalcemia was also evidenced in hemochromatosis [68]. Accordingly, vitamin D and/or
calcium supplement may be treatment options for iron overload-induced osteoporosis. Previous

study in our laboratory also demonstrated calcium absorption impairment in thalassemic mice.
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Moreover, administration of iron transport inhibitor, hepcidin or vitamin D; could restore
calcium transport in thalassemic mice [49]. These findings suggested that calcium transport had
an inverse correlation with iron absorption in intestine. Qur previous report also showed that
both iron species could enhance intracellular iron in osteoblast exposed to FAC and FAS in a
dose-dependent manner [20]. Moreover, similar set of iron transporters found in intestinal cells
were also expressed in osteoblasts [20], but the direct effects of vitamin D on osteoblast iron
uptake has never been elucidated. Therefore, effects of 1,25(0OH),D; on intracellular iron of
osteoblast and on osteoblast viability under iron overload with FAC and FAS were investigated.
Our results showed that, surprisingly, 1,25(OH):Ds significantly induced intracellular iron in
osteoblasts treated with FAC and FAS (Fig 3). However, this increased intracellular iron in
osteoblasts did not significantly alter osteoblast survival under FAC and FAS treatments (Fig 4).
Since the reciprocal interaction between calcium and iron transport has been proposed in
intestinal cells or in intestine of thalassemic mice, our report suggested that this phenomenon
might not occur in osteoblasts. There is no previous report about the effects of 1,25(0H):Ds on
ron uptake in osteoblasts. However, previous study in human hepatocellular carcinoma reported
that 1,25(OH),D; could mediate iron homeostasis in HepG2 cells and monocytes by suppressing
hepcidin expression but promoting ferroportin and ferritin expression [69]. This report supported
our hypothesis that 1,25(OH).Ds could also have a non-calciotropic effects on osteoblasts
leading to higher iron uptake capacity. Nevertheless, the mechanism behind 1,25(OH)zDs-
induced intracellular iron in osteoblasts under iron overload still needs to be sought. Moreover,
because the increased intracellular iron in osteoblasts treated with 1,25(OH)2Ds under iron
overload did not significantly affect osteoblast cell viability (Fig 4), our results suggested that the

level of intracellular iron did not directly correlate with osteoblast cell death under iron overload.
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To further verify this speculation, iron chelator, deferiprone (DFP) was selected to examine the
effects on intracellular iron of osteoblasts and osteoblast viability under iron overload. Our
results demonstrated that DFP effectively reduced intracellular iron in osteoblasts treated with
FAC and FAS, especially under 1,25(OH)2Ds stimulation (Fig 5). Interestingly, DFP could not
significantly rescue ostecoblasts (Fig 6). These results suggested that DFP could not be use as a
therapeutic or preventive agent for osteoblasts under iron overload, and the level of intracellular
iron did not relate to osteoblast cell death under iron overload with FAC and FAS.

Hypocalcemia has been reported in iron overload patients as mentioned, and vitamin D3
did not show the promising results in osteoblast cell survival under iron overload (Fig 4).
Therefore, calcium supplement could be another alternative to improve calcium homeostasis in
thalassemia and iron overload patients. Accordingly, the direct effects of extracellular calcium
treatment in a form of CaClz on osteoblast cell survival under iron overload has been tested in
this study. Interestingly, the results showed that CaCl; could effectively rescue osteoblasts from
tron-induced osteoblast cell death (Fig 7). Even though the reciprocal interaction between
calcium and iron transport has been suggested in intestine of thalassemia mice [49], our findings
have already elaborated that this might not be the underlies rescue mechanism of iron-induced
osteoblast cell death by CaCl.. This is because our results demonstrated that iron-induced
osteoblast cell death was independent from the level of intracellular iron in osteoblasts (Figs 3, 4,
5 and 6). Instead, a few studies recently reported the beneficial effects of extracellular calcium
on osteoblast cell proliferation and development [70,71]. Accordingly, the positive signals from
extracellular calcium exposure on osteoblast cells might be able to counteract the negative
signals from iron overload by FAC and FAS leading to the protective properties of extracellular

calcium against iron-induced osteoblast cell death. Even if the mechanism behind the protective
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activity of CaCl, was still unknown, extracellular calcium supplement or agents that could
improve serum calcium level could be a strong candidate for the therapeutic agent for iron
overload-induced osteoporosis, which could protect osteoblast cells from iron toxicity and
improve hypocalcemia at the same time.

Several studies have reported that iron overload by FAC could lead to the increase of
cellular reactive oxygen species (ROS) in osteoblasts leading to iron-induced osteoblast cell
death [60,61,72,73]. Previous studies showed that increased ROS production could induce cell
cycle arrest in osteoblasts [74,75]. However, there is no report whether Fe** could also induce
ROS production in osteoblasts, and whether the two biological available iron species, Fe** and
Fe**, increased a comparable level of ROS production in osteoblasts. Accordingly, ROS
production in UMR-106 osteoblast cells exposed to both Fe** and Fe*” was investigated and
compared. The results showed that both iron species could induce ROS production in UMR-106
cells with the stronger degree from Fe** (Fig 8). Moreover, Fe*™ and Fe*™ were found to induce
GO/G1 cell cycle arrest in UMR-106 cells (Figs. 9 and 10), consistent with the correlation
between ROS production and GO/G1 cell cycle arrest as reported previously in MC3T3-E
osteoblast-like cells [75]. Therefore, we speculated that both iron species used similar
mechanism to induce osteoblast cell death via ROS production, and the use of chemical agents
that could protect cells from ROS or inhibit ROS production could be another possible way to
protect osteoblasts from iron-induced osteoblast cell death. More studies are needed to further
elucidate this possibility.

In summary, this study provided crucial information about differential effects of two iron
species, Fe¥* and Fe?*, on osteoblast cell differentiation, mineralization and ROS production as

well as effects of potential therapeutic agents of osteoblast cell death under iron overload. In
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addition, effects of 1,25(OH):Ds on iron uptake capacity by osteoblasts and the protective
property of extracellular CaCl: on osteoblast cell death under iron overload were firstly
discovered. This study has provided the essential data for targeted therapeutic design for specific
iron species contributing to osteoblast toxicity in patients with iron overload-induced
osteoporosis. Last but not least we have shown that an increase in extracellular calcium by any

mean may be beneficial for this group of patients.
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Figure captions

Fig 1. The expression of osteoblast differentiation markers mm UMR-106 cells upon FAC and
FAS exposure at 24, 48 and 72 h was determined by qRT-PCR. (A-B) Runx2, (C-D) alkaline
phosphatase (ALP), (E-F) collagen I alpha (1A), and (G—H) osteocalcin expression upon FAC

and FAS exposure. *P < 0.05, #*P < 0.01, ***P < 0.001 as compared to control group (0 uM).

104



765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

Page 34

Fig 2. Quantified data from alizarin red S staining depicting calcium deposition of UMR-106
cells under iron overload with (A) FAC and (B) FAS. Both FAC and FAS significantly
decreased osteoblast calcium deposition. **P < 0.01, ***P < (.001 as compared to control group

(O uM).

Fig 3. Intracellular iron was measured in UMR-106 cells exposed to (A) FAC and (B) FAS in the
presence of 1,25(0OH)Ds or vehicle control. 1,25(0OH),D; significantly induced intracellular iron
in osteoblasts treated with FAC and FAS. *P < 0.05, **P < 0.01 ***P < 0.001 as compared to
control group (0 uM) with vehicle control; #P < 0.01, P < 0.001 as compared to the same

dose of iron between vehicle and 1,25(0OH):Ds treatment.

Fig 4. UMR-106 osteoblast cell viability was tested under the presence of (A) FAC or (B) FAS
together with vehicle control or 1,25(0H)2Ds. 1,25(OH):Ds did not significantly affect osteoblast
cell viability under iron overload with FAC and FAS. ***P < 0.001 as compared to control

group (0 uM) with vehicle control.

Fig 5. Intracellular iron in osteoblast UMR-106 cells after treated with (A) FAC and (B) FAS
under the stimulation of vehicle control or 1,25(0OH):Ds in the presence or absence of
deferiprone (DFP). DFP significantly reduced intracellular iron in osteoblasts treated with FAC
and FAS. The more profound reduction was observed in the groups under 1.25(0OH).Ds;
stimulation. ¥*P < 0.01 ***P < 0.001 as compared to control group (0 pM) without DFP. *P <

0.05,"P < 0.01, ™ P < 0.001 as compared to the same iron concentration.
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Fig 6. Osteoblast cell viability under iron overload from (A) FAC and (B) FAS 1n the presence of
deferiprone (DFP). DFP could not recover iron-induced osteoblast cell death in both FAC and
FAS treated groups. **P < (.01 ***P < 0.001 as compared to control group (0 pM) without

DFP. " P < 0.001 as compared to the same iron concentration.

Fig 7. Effects of extracellular CaCl; on UMR-106 osteoblast cell survival under iron overload
with FAC were 1llustrated. Osteoblast cell viability was significantly improved ***P < 0.001 as
compared to control group (0 pM) with vehicle control; **P < 0.001 as compared to 30 uM FAC
in vehicle control group; *P < 0.05, %P < 0.001 as compared to 100 uM FAC in vehicle control

group; 'P < 0.05, "1TP < 0.001 as compared to 200 uM FAC in vehicle control group.

Fig 8. Intracellular reactive oxygen species (ROS) production in osteoblast cells treated with (A)
FAC and (B) FAS was evaluated. Both FAC and FAS significantly increased ROS production in
osteoblasts. ***P < 0.001 as compared to control group (0 uM); *P < 0.05, 7P < 0.01, #p <

0.001 as compared to 30 uM of iron; *P < 0.05, %3P < 0.001, as compared to 100 uM of iron.

Fig 9. Cell cycle distribution of UMR-106 cells treated with 30, 100, 200 or 300 uM FAC. (A-
E) Representative figures of cell cycle distribution as determined by flow cytometry. Quantified
data showing percent cell distribution in G0/G1 phases (F), S phase (G) and G2/M phases (H).

*P < 0.05 as compared to control group (0 uM); PI, propidium iodide.
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Fig 10. Cell cycle distribution of UMR-106 cells treated with 30, 100, 200 or 300 uM FAS. (A-
E) Representative figures of cell cycle distribution as determined by flow cytometry. Quantified
data showing percent cell distribution in GO/G1 phases (F), S phase (G) and G2/M phases (H).

*P < 0.05 as compared to control group (0 uM); PL, propidium 1odide.

Captions for supporting information files

S1 Table. Rattus norvegicus primers used in the qRT-PCR experiments.

S1 Fig. Represent images of calcium mineralization by alizarin red staining of UMR-106 cells

treated with FAC (A) and FAS (B).
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Abstract: Iron overload is commonly found in several diseases including hemochromatosis
and thalassemia, potentially from the upregulated iron absorption and blood transfusion. Iron
overload has been shown to negatively affect bone formation. Not surprisingly, osteoporosis is
commonly found in these patients. There are two forms of iron existing in biological systems:
ferric (Fe*") and ferrous (Fe**), which come from different sources. In this study, comparative
effects of the two iron forms on osteoblast were studied. UMR-106 cells were treated with
ferric ammonium citrate (FAC) or ferrous ammonium sulfate (FAS) representing ferric and
ferrous, respectively. Our results showed that both FAC and FAS significantly decreased
osteoblast cell viability. In addition, they could lead to the expression alteration of osteoblastic,
osteoclastogenic and NADPH oxidases in osteoblast at different degree. Overall, FAC showed
markedly stronger inhibitory effects on osteoblast cell survival and function than FAS. Lastly,
ROS production from osteoblast after both iron exposure was observed. This indicated the
potential mechanism of iron-mediated osteoblast cell death via ROS-mediated pathway.

1. Introduction

There are many diseases that iron overload
could be found, such as thalassemia,

osteoblastic and osteoclastogenic genes.
Osteoblastic genes are the genes that activate

osteoporosis, and hemochromatosis. Excess
iron can damage several organs including
heart, spleen, and liver. Moreover, iron
overload also negatively affects bone
metabolism by disrupting the balance of
osteoblast and osteoclast cell function in bone
remodeling mechanism. These two cells have
the opposite functions. Osteoblast cells make
new bone for bone formation, while the
osteoclasts release enzyme to degrade bone!.
Osteoblasts and osteoclasts regulate each
other function via the expression of

osteoblast function and/or suppress osteoclast
function involving in a bone generation, such
as Cyclooxygenase 2 (Cox-2), Erythropoietin-
producing human hepatocellular receptors B4
(Eph B4), Erythropoietin-producing human
hepatocellular receptor-interacting protein B2
(Ehrin B2), and Osteoprotegerin (OPG)
genes. On the other hand, osteoclastogenic
genes are the genes regulating osteoclast cell
function for bone resorption, such as Receptor
activator of nuclear factor kappa-B ligand
(RANKL), Interleukin 1 Dbeta (IL-1p),
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Monocyte Chemoattractant Protein-1 (MCP-
1), Interleukin 6 (IL-6), and Macrophage
colony-stimulating factor (MCSF) genes?.

The human body receives 2 forms of iron
including ferric (Fe*") from vegetable and
grains and ferrous (Fe?*) from meat or blood
transfusion®. Even though iron is an essential
component in many proteins and enzymes in
the human body, excess iron can become
toxic. The deposition of iron in many organs
can induce oxidative stress by reactive
oxygen species (ROS) production. ROS
contains oxygen species, which are very
active and can oxidize and damage other
molecules in the body. Examples of ROS
found in animal cells are hydrogen peroxide
(H202), superoxide anion (O:") and hydroxyl
radical (HQ"). ROS can be generated from the
activity of several enzymes including
xanthine oxidoreductase (XOR),
myeloperoxidase (MPQO), and nicotinamide
adenine dinucleotide phosphate oxidases
(NADPH oxidases or NOXs)*.

NOXs are the ROS producing enzymes
located at the inner-membrane  of
mitochondria. NOXs family contains 35
subtypes including NOX1, NOX2, NOX3,
NOX4, and NOXS. They are similar in
function, while their structures are different.
The major role of these enzymes is to transfer
electron  passing the membrane of
mitochondria. However, excess NOXs-
derived ROS compounds can damage
biomolecules such as nucleic acids, lipids,
and proteins>®.

In previous studies, iron overload with FAC
suppressed human osteoblast cells
(hFOB1.19) activity through the increasing of
intracellular ROS level’. Moreover, iron
overload was accumulated in bone leading to
the reduction of trabecular and cortical bones
volume of 2-month-old C57/BL6 male
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mice’®. In the present study, the comparative
effects of ferric and ferrous on osteoblast and
the correlation between NOXs and iron
toxicity in osteoblast are studied.

2. Materials and Methods
2.1 Cell culture

UMR-106 osteoblast cells (American Type
Culture Collection, ATCC, no. CRL-1661)
were purchased from ATCC and cultured in
Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma. MO, USA) supplemented
with 10% fetal bovine serum (FBS) (PAA
Laboratories, Pasching, Austria) and 100
U/mL penicillin-streptomycin  (Gibco, NY,
USA). They were maintained at 37 °C with
5% COz. Ferric ammonium citrate (FAC)
(Sigma MO, USA) and ferrous ammonium
sulfate (FAS) (Sigma MO, USA) were used
as ferric and ferrous treatments, respectively.

2.2 Cell viability assay

UMR-106 cells were seeded at 2.5x10°
cells/well in 96-well plate (Corning, NY,
USA). After 24 hours, iron treatment was
added at 0, 3, 10, 30, 100, 300, 1000, 3000
uM. The treatments were refreshed every day
for 72 hours. After that, old media was
removed; then MTT dye (3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide) (Sigma Aldrich, MO, USA) was
added to the final concentration of 1.2 mM.
The cells were incubated for 3 hours, and stop
solution (10% of SDS in 50% N, N-Dimethyl
formamide) (Sigma life science, Japan and
Daejung, Korea) was added 100 pL/well. Cell
viability was measured at 595 nm.

2.3 Quantitative real time polymerase
chain reaction (qQRT-PCR)

One microgram of an RNA template from
UMR-106 cells after iron exposure was mixed
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with 4 pL of iScript RT super mix (Bio-rad,
CA, USA) and adjusted the total volume of 20
nL. with RNAse-free DNase I water (Roche,
IN, USA). Then, the RNA was reverse
transcribed to cDNA. The cDNA was mixed
with Ssofast supermix (Bio-rad, CA, USA)
and primers. The primers used in this study
included NOX1 primers, NOX4 primers, and
hypoxanthine phosphoribosyltransferase 1
(Hprtl) primers. The sequences of primers
were listed in Table 1. The qPCR reaction
was performed on Real-Time PCR machine
(CFX Connect™, Bio-rad, USA).

Table 1 Rattus norvegicus primers used for qRT-
PCR

Gene Primer (forward/reverse)

NOX1 5-CCCTTTGCTTCCTTCTTGAAATC-3"
5-GCACCCGTCTCTCTACAAATCC-3’

NOX 4 5-CTGCATCTGTCCTGAACCTCAA-3’
5-TCTCCTGCTAGGGACCTTCTGT-3’

Hprtl 5-GGCCAGACTTTGTTGGATTTG-3"
5-CTTTCGCTGATGACACAAACAT-3"

2.4 Calcium deposition staining

UMR-106 cells were seeded at 2x10*
cells/well in 24-well plate (Corning, NY,
USA). After 24 hours, the cells were treated
with FAC at 0, 10, 30, and 100 pM. The
treatments were changed every other day.
After 120 hours of treatment, old media was
removed and gently washed with 1X
phosphate buffer saline (PBS) for 3 times.
Next, the cells were fixed with cold 70%
ethanol for 1 hour. After that, ethanol was
removed, and the cells were washed with DI
water 3 tunes. Then, DI water was removed,
and 40mM alizarin red s was added to stain
the calcium deposition for 5 minutes. After 5
minutes, the cells were washed with 1X PBS
until the buffer came out clear. The cells were
then observed under a light microscope.
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2.5 ROS detection assay

UMR-106 cells were seeded at 2.5x10*
cells/well in 96-black well plate (Corning,
NY, USA). After 24 hours, ROS production
was measured by using DCFDA cellular ROS
detection assay kit (Abcam, USA). The cells
were washed with 1X bufferr DCFDA
solution was added 100 uL/well, and the cells
were incubated for 45 minutes. They were
washed with 1X buffer again, then iron
treatment was added at 0 and 200 uM and
incubated for 6 hours. ROS production was
measured with a fluorescence microplate
reader (Spark™ 10M multimode microplate
reader, Switzerland) at Ex/Em: 485/535 nm.

3. Results & Discussion

3.1 Ferric and ferrous iron differently
suppressed osteoblast cell viability

UMR-106 cells were treated with FAC or
FAS at varies concentrations including 0
(control), 3, 10, 30, 100, 300, 1000 and 3000
uM. The percentage cell viability of UMR-
106 cells was significantly reduced after FAC
or FAS exposure with the increasing iron
concentration. A half inhibitory concentration
(ICs0) of FAC and FAS on UMR-106 cells
were 250 uM (Figure 1) and 285 pM (Figure
2), respectively. These data corresponded to
previous studies from Yamasaki and
Hagiwara in 2009 and Tian et al. in 2016
showed that FAC decreased cell viability of
MC3T3-E1 osteoblasts cell®.
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72-hours FAC exposure

100

50

% Cell viability
{compared with control)

concentration (M)

Figure 1 FAC exposure significantly reduced
UMR-106 cell viability (***p < 0.001 compared
with control)

After the comparison of iron ICso on UMR-
106, we found that FAC has a stronger effect
on UMR-106 cell viability than FAS.

72-hours FAS exposure
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Figure 2 FAS exposure significantly reduced
UMR-106 cell viability (***p < 0.001 compared
with control)

3.2 Ferric and ferrous iron differently
induced osteoblastic, osteoclastogenic, and
NADPH oxidases (NOXs) gene expression

Our recently published data showed that the
level of osteoblastic and osteoclastogenic
genes expression was altered differently after
FAC and FAS exposure’. FAC exposure
slightly increased osteoblastic OPG, Cox-2,
and Ephrin B2 expression. Similarly, FAS
exposure also moderately increased the
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expression of OPG and Cox-2, but it
decreased the expression of Eph B4 and
Ephrin B2 as compared to control. On the
other hand, FAC exposure led to the
significant increase in osteoclastogenic IL-6
and MCP-1 expressions, and FAS exposure
resulted in the increased IL-6 and MCP-1
expressions as compared with control’. These
results showed that iron treatment led to a
more significant increase in osteoclastogenic
genes expression than osteoblastic genes;
hence, iron exposure could result in the higher
bone resorption through the upregulated
osteoclastogenic genes.

To investigate the potential mechanism of
iron toxicity on osteoblast UMR-106 cells, the
expression of NOXs after iron exposure was
investigated. Even though the results were not
statistically significant, NOXI1 gene was
slightly increased in UMR-106 cells after
FAC or FAS exposure (Figure 3). On the
other hand, NOX4 gene expression was not
significantly changed after FAC or FAS
exposure (Figure 4). Both iron exposures had
an overall effect on the expression of NOX1
gene more than NOX4 gene.

Effects of iron exposure on NADPH oxidase 1 gene

Relative gene expression
(nermalized te HRPT1 and contrel)

FAC FAS

Genes

Figure 3 The expression level of NOX1 gene was
slightly increased in UMR-106 cells after FAC or
FAS exposure
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Effects of iron exposure on NADPH oxidase 4 gene

Relative gene expression
(normalized to HRPT1 and control)

| -j
0 T
FAC FAS

Genes

Figure 4 The expression level of NOX4 gene was
slightly increased in UMR-106 cells after FAC or
FAS exposure

3.3 Ferric iron negatively affected calcium
deposition activity of osteoblasts

UMR-106 cells were treated with FAC at 0
(control), 10, 30, and 100 uM. After 24 hours
of iron exposure, results showed that 10 pM
FAC did not significantly affect calcium
deposition ability of UMR-106 cells.
However, the calcium deposition was
markedly decreased after 30 and 100 pM of
FAC exposure (Figure 5). Therefore, FAC
exposure suppressed calcium deposition
ability of osteoblast UMRI106 cells. These
results were similar to the previous study
showed that ferrous sulfate or FAS treatment
reduced extracellular matrix calcium content
in human bone mesenchymal stem cells!?.

Control FAC 10 uM

| i i i ]
/ /N /
\\ ./"'r ] N / R =
TR~ Y Cs: - £ o A
Y/ '\ / : =S A _t'

FAC 30 pM

FAC 100 pM

Figure 5 FAC exposure reduced calcium
deposition in UMR-106 cell
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3.4 Ferric and ferrous iron stimulated ROS
production in osteoblasts

UMR-106 cells were treated with FAC or
FAS at 200 puM for 6 hours. After FAC
exposure, the intracellular ROS production in
UMR-106 cells was significantly increased to
approximately 1.7-fold as compared to
control (Figure 6). In the same way, cellular
ROS production was significantly increased
to around 1.6-fold as compared with control
after FAS exposure (Figure 7). These results
corresponded to the previous study in mice,
which showed that iron dextran treatment (a
ferric oxyhydroxide complex) led to the
increase of ROS production in bone marrow
mononuclear cells (BMMNCs),
hematopoietic progenitor cells (HPCs), and
hematopoietic stem cells (HSCs) cells'>. Our
results showed that both FAC and FAS could
induce ROS production in osteoblast UMR-
106 cells.

Effect of ferric on ROS production in UMR-106 cells

2.09 * &k
—_1—
1.5

1.0

0.5

Fold of ROS production

0.0~
Control FAC 200 gMm

Figure 6 FAC exposure significantly induced
ROS production in UMR-106 cells (***p < 0.001
compared with control)
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Effect of ferrous on ROS productionin UMR-106 cells

2.51

2.0 _I_

1.5

1.0
0.5
0.0~

Control FAS 200 gpM

Fold of RO S production

Figure 7 FAS exposure significantly increased
ROS production in UMR-106 cells (***p < 0.001
compared with control)

4. Conclusion

Iron overload showed negative effects on
osteoblast cells, the pivotal cells for bone
formation in our body. Cytotoxicity of FAC
or FAS exposure on osteoblast UMR-106
cells was shown in this study. Both iron
species significantly decreased osteoblast cell
viability in a dose-dependent manner. A half
inhibitory concentration (ICso) on UMR-106
cells were 250 uM for FAC and 285 uM for
FAS, respectively. These results were
consistent with the previous study that both
iron species could reduce cell viability?:1°.
The expression level of osteoblastic and
osteoclastogenic  genes was  differently
affected by FAC and FAS iron exposures’.
The expression level of NOXI1 gene was
increased with both iron exposures, while the
expression level of NOX4 gene was not
changed. The staining of calcium deposition
after iron exposure showed that 100 pM of
FAC  significantly  inhibited  calcium
deposition in UMR-106 cells. Intracellular
ROS level of the UMRI06 cells was
significantly increased to approximately 1.7-
fold and 1.6-fold after FAC and FAS
exposure as compared with control,
respectively. In conclusion, our results were
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consistent with the previous study that iron
overload suppressed osteoblast cell survival
and function”-®. We also showed that both iron
species could induce NOXI1 expression and
intracellular ROS production. This suggested
the mechanism of iron toxicity in osteoblast is
via ROS production, potentially by NOX1
activity.
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Abstract:

Iron overload is found in many diseases including hemochromatosis and thalassemia.
Previous studies showed that ferric ammonium citrate (FAC) and ferrous ammonium sulfate
(FAS) induced osteoblastic cell death, leading to osteoporosis. Recently, a new form of non-
apoptotic cell death called ferroptosis has been recognized as a regulated cell death
characterized by the iron-dependent lipid hydroperoxides accumulation. However, the
involvement of ferroptosis mechanism in osteoblast cell death under iron overload is not
known. Therefore, we aim to investigate whether both forms of iron can trigger ferroptosis
pathway in osteoblasts under iron overload. To pursue this goal, the protective effects of
ferroptosis inhibitor (ferrostatin-1) on osteoblast cell death under iron overload were evaluated.
Our results showed that increased osteoblastic cell viability was observed in osteoblast cells
exposed to FAC or FAS and ferrostatin-1 as compared to the ones treated with FAC or FAS
alone. In addition, lipid peroxidation in osteoblast exposed to iron was evaluated. We found
that iron freatments led to the increase of lipid peroxidation in osteoblasts. Lastly, effects of
FAC on the expression of ferroptosis marker, glutathione peroxidase 4 (GPX4), were also
determined by western blot. Our results showed that FAC decreased GPX4 level. Together
these results suggested that both ferrous and ferric iron species induced osteoblastic cell death
via ferroptosis pathway.

1. Introduction
Iron 1s an essenfial element for the

liver and spleen. Moreover, there are many
evidences showing that iron overload is also

survival of all living organisms. It is required
for maintaining normal function of many
proteins, such as hemoglobin and myoglobin
and enzymes containing iron-sulfur cluster
involving in electron transport chain.
However, free iron is extremely toxic to
cells.!

Iron overload is a condition that
excess iron accumulates in the body. One of
the most common causes is hereditary
hemochromatosis, the stage which a person
absorbs too much iron from diet. Other
causes of iron overload are multiple blood
transfusions and hyper iron absorption in
prolonged anemia patients, such as
thalassemia.” Deposition of iron causes organ
dysfunction in several organs including heart,

associated with bone loss and osteoporosis.?
Normally, bone loss occurs when the
activities of osteoblast and osteoclast in bone
remodeling  process are imbalance.’
Osteoblasts are specialized bone formation
cells; while, osteoclasts are responsible for
bone degradation.’ Previous study showed
that ferric ammonium citrate; FAC (Fe*") and
ferrous ammonium sulfate; FAS (Fe?") could
induce osteoblastic cell death via apoptosis
pathway, especially in FAC-treated groups
that showed higher levels of cleaved caspase
3 and caspase 7. Whereas, increasing of these
apoptotic markers were not statically
significant in FAS-treated groups regardless
of their close ECs0.® Therefore, these
evidences lead us to investigate whether FAC

© The 2020 Pure and Applied Chemistry International Conference (PACCON 2020)

126



i PACCON %
: w C20

Yo

CHEMISTRY FOR CATALYZING SUSTAINABILITY AND PROSPERITY

and FAS also trigger any other mechanisms
of non-apoptotic cell death.

Ferroptosis is a regulated cell death
mechanism characterized by the iron-
dependent accumulation of  lipid
hydroperoxides.” Another hallmark of
ferroptosis is the inactivation of glutathione
peroxidase 4 (GPX4), which is the enzyme
that  functionmally reduces membrane
phospholipid hydroperoxides to suppress
ferroptosis.  Other hallmarks are the
availability of redox-active iron and
oxidation of polyunsaturated fatty acid
(PUFA)-containing phospholipids.®®
Because ferroptosis is iron-dependent, it can
be inhibited by using ferrostatin-1 (Fer-1),
which blocks lipid peroxidation by trapping
peroxyl radicals in lipid bilayers of cell
membrane.'” Recent studies indicated that
ferroptosis linked to many diseases and
conditions including neurodegenerative
disease, ischemic injury of the brain, heart,
liver and kidney.” Therefore, suppressing
ferroptosis may be used as a potential
therapeutic target for treating all of these
diseases.

In this study, the ultimate goal is to
investigate whether both forms of iron also
trigger ferroptosis pathway in osteoblasts
under 1ron overload. Understanding the
underlying mechanisms would lead to the
discovery of therapeutic agents for protecting
the patients from iron overload-induced
osteoporosis.

2. Materials and Methods
2.1 Cell culture and reagents

UMR-106 osteoblast cells were
provided by center of calctum and bone
research (COCAB), Mahidol University.
They were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco,
NY. USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco, NY, USA), and
100 U/mL penicillin-streptomycin (Gibco,
NY, USA). They were incubated at 37°C with
5% CO2. Ferric ammonium citrate (FAC)

(Sigma, MO, USA) was used as ferric
treatment, and ferrous ammonium sulfate
(FAS) (Sigma, MO, USA) was used as
ferrous treatment. FAC and FAS were used at
the indicated concentrations. The ferrostatin-
1 (Fer-1) concentration was at 0.5 pM
(Sigma, MO, USA).
2.2 Cell viability assay

UMR-106 cells were seeded at 1,000
cells/well in 96-well plate (Corning, NY,
USA). After 24 hours, cells were treated with
0, 30 or 200 uM of FAC or FAS with or
without Fer-1 (0.5 uM) for 72 hours. The
treatment were refreshed every day. After
that, cell viability was measured by using
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) assay. In short,
MTT dye (Sigma Aldrich, MO, USA) was
added to each well to achieve a final
concentration of 1 mg/ml. Then, the cells
were incubated at 37°C for 3 hours. After
that, stop solution (10% of SDS in 50% N, N-
Dimethyl-formamide) (Sigma life science,
Japan and Daejung, Korea) was added 100
pL/well to dissolve formazan. Cell viability
was measured at 595 nm by a microplate
reader (Thermo, Multiskan EX).
2.3 Lipid peroxidation measurement

UMR-106 cells were seeded at 1.0 x
10° cells/well in 6-well plate (Coming, NY,
USA). After 24 hours, the cells were treated
with 30 and 200 uM of FAC for 72 hours.
The treatment were changed every day. After
the treatment period, cells were harvested and
washed with 1X «cold PBS. Lipid
peroxidation was measured using a lipid
peroxidation (MDA) assay kit (Abcam,
USA) according to the manufacturer’s
instructions. The cells were homogenized in
lysis solution containing BHT, which stops
further  sample  peroxidation  while
processing, using a dounce homogenizer on
ice. Next, samples were centrifuged at 13,000
x g for 10 minutes and the supernatants were
collected. To generate MDA-TBA adduct,
TBA reagent was added into each sample and
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standard, which was incubated at 95°C for 60
minutes and cooled down to room
temperature for 10 minutes. After that,
supernatant containing MDA-TBA adduct
was taken and added into a 96-well
microplate for analysis by fluorescence
microplate reader (Spark™ 10M multimode
microplate reader, Switzerland) at Ex/Em:
532/580 nm.
2.4 Western blot analysis

UMR-106 cells were seeded at 1.0 x
10° cells/well in 6-well plate (Corning, NY,
USA). Cells were treated with 0, 30, 100, 200
and 300 uM of FAC for 72 hours. The
treatment were changed every day. After that,
cell pellets were collected by scraping and
washed twice with 1X cold phosphate buffer
saline (PBS). Proteins were extracted by
radioimmunoassay  precipitation (RIPA)
buffer containing 10% protease inhibitor for
1 hour on ice. Cell lysates were centrifuged
at 7,500 rpm for 30 minutes and supernatants
were collected. Protein concentration was
measured by using BCA protein assay kit
(Thermo  scientific, USA). Thirty-five
microgram of protein were separated through
8-15% acrylamide gel at 100 volts for 100
minutes and fransferred to nitrocellulose
membrane at 12 volts for 120 minutes.
Membranes were blocked for 2 hours at room
temperature in blocking solution (Capricormn
Scientific, USA). After that, membranes
were washed 3 times with TBST and
incubated with specific antibody for GPX4
(Abcam, USA) and [B-actin (Abcam, USA)
overnight at 4°C. Then, membranes were
wash 3 times with TBST and incubated with
anti-rabbit IgG secondary antibody (Cell
Signaling, USA). Protein was visualized by
enhanced chemiluminescence (ECL)
(Millipore, USA) and exposed to X-ray film
(GE Healthcare, UK). The band intensity was
quantified by using Image J software.

3. Results & Discussion
3.1 Ferric and ferrous induced osteoblast
cell death via ferroptosis pathway

To werify the involvement of
ferroptosis in iron-treated osteoblast cells, the
potent and specific ferroptosis inhibitor,
ferrostatin-1 (Fer-1) was used. UMR-106
cells were treated with 0 (control), 30 and 200
uM of FAC or FAS with or without Fer-1
(0.5 uM) for 72 hours. The results showed
that the percentage cell viability of UMR-106
cells was significantly reduced in FAC or
FAS-treated groups in a concentration-
dependent manner as compared to the
control. Whereas, treating cells with both
FAC or FAS and Fer-l significantly
increased osteoblastic cell wviability as
compared to cells treated with FAC or FAS
alone (Figure 1 and 2). Therefore, these
results suggested that FAC and FAS could
induce osteoblastic cell death via ferroptosis
pathway. Moreover, ferrostatin-1 could be
the potential protective agent against iron-
induced cytotoxicity in osteoblasts.

St
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0.5 uM Fer-1
Figure 1. Ferrostatin-l  significantly

increased cell wviability in FAC-treated
osteoblasts (*p < 0.05, "‘*"‘p <0.001 as
compared to control, *#p < 0.001 as
compared to FAC-treated group)
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Figure 2.

3.2 Iron increased lipid peroxidation in
osteoblasts

Ferroptosis is also characterized by
the accumulation of lipid peroxides (products
of lipid peroxidation) inside the cells. Lipid
peroxidation leads to the oxidative
degradation of lipids, especially
polyunsaturated fatty acids (PUFA). The
major end products of lipid peroxidation are
malondialdehyde  (MDA),  4-hydroxy-
alkenals (4-HDA) and 2-alkenals. However,
MDA has been widely used for many years
as a convenient biomarker for lipid
peroxidation.!!

In this experiment, we firstly selected
FAC for treating UMR-106 cells because
previous study showed that FAC treatment
had greater inhibitory effects on osteoblast
viability than FAS treatment.® Since FAC had
a more profound effect on osteoblast cell
death than FAS from our study and previous
study, we expected that FAC would induce
the significant level of lipid peroxides in
osteoblasts. Hence, FAC was selected as a
representative of iron freatment in this study.

To investigate and confirm the
involvement of ferroptosis in iron-induced
osteoblast cell death by measuring lipid
peroxidation, the concentration of MDA in
UMR-106 cells treated with 30 and 200 pM

of FAC for 72 hours were measured. As
expected, our study showed that FAC
markedly increased lipid peroxidation in
osteoblasts indicating that iron-induced
osteoblast cell death also occurred through
ferroptosis. However, this effect should also
be evaluated in FAS-treated osteoblasts in the
future study.
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Figure 3. FAC increased MDA level in

osteoblasts in a concentration-dependent
manner.
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3.3 Ferric treatments led to decreased
glutathione peroxidase 4 (GPX4) level in
osteoblasts

Inactivation of glutathione
peroxidase 4 (GPX4) can increase
intracellular lipid peroxides, resulting in
ferroptosis. Therefore, we would like to
examine if treating osteoblast cells with FAC
at different concentration would affect the
level of GPX4 protein in osteoblasts.
Moreover, GPX4 down-regulation is one of
the hallmark for ferroptosis.® This
experiment would confirm the mvolvement
of ferroptosis in iron-induced osteoblast cell
death.

To examine the effects of ferric on
GPX4 level in osteoblasts, UMR-106 cells
were treated with 0, 30, 100, 200 and 300 uM
of FAC for 72 hours before collecting protein
samples for western blot analysis for GPXA4.
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Figure 4. The expression level of GPX4
protein was slightly decreased in UMR-106
cells after FAC exposure in the representative
blot.
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Figure 5. The quantified data showed the
decreasing of GPX4 in UMR-106 cells
exposed to FAC.

Even though the results were not
statistically significant, the expression level
of GPX4 protein was notably decreased after
UMR-106 cells were treated with FAC in a
dose-dependent manner (Figure 4 and 5). Our
overall results showed that FAC reduced
GPX4 level in osteoblasts.

4. Conclusion

Consistent with the previous study,
our results also showed that both ferric and
ferrous iron inhibited osteoblast cell viability
in a dose-dependent manner.® Moreover,
previous study showed that FAC and FAS
could induce osteoblast cell death via
apoptosis pathway.® In this study, our results
suggested that both iron species also
triggered other non-apoptotic cell death
called ferroptosis. Ferrostation-1 (ferroptosis
inhibitor) significantly increased osteoblast
cell survival in FAC or FAS ftreated groups.

The results indicated that iron-induce
osteoblastic cell death involved in ferroptosis
pathway. To confirm this hypothesis, the
investigation of other ferroptosis hallmarks
were performed. We also showed that FAC
could increase the accumulation of lipid
peroxides in osteoblasts in a dose-dependent
manner. The expression level of GPX4,
negative regulator i ferroptosis process, also
decreased after FAC exposure. In conclusion,
our results were confirmed that iron overload
could contribute to ferroptosis cell death in
osteoblast cells. Therefore, suppression of
ferroptosis can be used as a potential
therapeutic target for preventing iron-induce
cytotoxicity in osteoblasts.
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