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Abstract: Low mineralization activity by human osteoblast cells (HOBs) indicates abnormal bone
remodeling that potentially leads to osteoporosis. Oxidation, the most prominent form of high-density
lipoprotein (HDL) modification, is suggested to affect bone mineralization through the inflammatory
pathway. Adiponectin, which possesses anti-inflammatory activity, is postulated to have the ability
to suppress the detrimental effects of oxidized HDL (oxHDL). This study aimed to investigate the
effects of HDL before and after oxidation on markers of mineralization and inflammation. The
protective effects of adiponectin on demineralization and inflammation induced by oxHDL were
also investigated. OxHDL at 100 µg/mL protein had the highest inhibitory effect on mineralization,
followed by lower calcium incorporation. OxHDL also had significantly lower expression of a
mineralization marker (COL1A2) and higher expression of inflammatory markers (IL-6, TNF-α, and
RELA proto-oncogene, NF-κβ (p65)) compared to the unstimulated control group. These findings
suggest that oxHDL reduces the mineralization activity of HOBs by increasing the expression of
inflammatory markers. Interestingly, co-incubation of adiponectin and oxHDL in HOBs resulted in
higher expression of mineralization markers (ALPL, COL1A2, BGLAP, and RUNX2) and significantly
reduced all targeted inflammatory markers compared to the oxHDL groups. On the contrary, HDL
increased the expression of mineralization markers (COL1A2 and STAT-3) and exhibited lower
expression of inflammatory cytokines (IL-6 and TNF-α), proving the protective effect of HDL beyond
the reverse cholesterol transport activity.

Keywords: oxidized high-density lipoprotein (HDL); adiponectin; osteoblast cells; mineralization;
inflammatory pathway

1. Introduction

Bone mineralization is an important process during bone construction and hardening.
During the bone mineralization process, calcium and phosphate are accumulated in the
mineral vesicle that buds off the osteoblast cells to produce hydroxyapatite crystals. This
hydroxyapatite crystal is deposited onto the organic extracellular matrix in an organized
manner [1]. Bone mineralization is regulated explicitly by osteoblast cells, one of the bone
cell types that lie along the bone surface, which comprises 4–6% of the total resident bone
cells [2]. Any disruption during osteoblast differentiation or maturation leads to a lower
bone mineralization rate and, in severe cases, may lead to osteoporosis. Osteoporosis
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is a “silent disease”, which causes an individual to be unaware of their bones gradually
becoming weaker and brittle until they eventually break. Osteoporosis develops when there
is a decrement in bone mineral density (BMD), in which osteoporotic patients usually have
a T-score of −2.5 or less when measured by a DEXA (dual-energy X-ray absorptiometry)
scan [3]. About 18.3% of the world population suffers from osteoporosis, which affects
the patient’s quality of life and increases the burden on government agencies and medical
institutes in various fields [4,5]. Much effort in terms of caregiver time and medical costs
is required for acute rehabilitative care following osteoporotic fractures [6]. Therefore,
intensive research on preventing the occurrence of osteoporosis at the very first and most
basic level, which is the cell osteoblast, is crucial.

A histomorphometry study by Byers et al. in 1997 found that most osteoporotic pa-
tients had a significantly lower number of osteoblast cells, and these osteoblasts have a
lower mineralization rate, indicating a lower percentage of active osteoblasts in patients
and leading to reduced efficiency of the active osteoblasts [7]. This shows that osteoblast
dysfunction, characterized by a lower mineralization rate, is involved in the pathogen-
esis of osteoporosis. Dyslipidemia, specifically a low level of high-density lipoprotein
(HDL), is one of the strongest candidates that could disturb bone mineralization activity as
osteoporosis has been found to co-exist in rodents with hyperlipidemia [8].

Pro-inflammatory processes are suggested to play an important role in inhibiting
osteogenic differentiation of mesenchymal stem cells (MSCs) and osteoblast differentiation,
leading to disruption of bone-forming activities [9]. Osteoblasts’ bone formation activity
is crucial in replacing new bone tissue at the site where osteoclasts have removed the
old and damaged bone tissue to ensure no net changes in the bone mass density. The
disruption in the bone-forming activity interrupts the balanced tight coupling process
between osteoblasts and osteoclasts in the bone remodeling cycle, leading to bone loss [10].
Consequently, the bone loses its strength and becomes prone to frequent fractures (breaks),
which is one of the important signs of osteoporosis.

Previous studies reported the presence of oxidized lipids and lipoproteins that induce
inflammation in osteoblasts, causing these cells to malfunction [11]. The accumulation of ox-
idized lipids or lipoproteins also induces oxidative stress in the bone, commonly observed
in osteoporotic and aging human bone. Interestingly, oxidized lipids are found in the bone
marrow of hyperlipidemic mice. The in vivo study reported that mice fed an atherogenic
high-fat diet had reduced bone mineralization activities with higher osteoclastogenesis
activity. The bone marrow cells showed suppressed expression of osteocalcitonin, which
potentially lead to the inhibition of osteoblastic differentiation [12]. The induction of mini-
mally oxidized low-density lipoprotein (oxLDL) and oxidized 1-palmitoyl-2-arachidonoyl-
sn-glycero-3-phosphorylcholine (oxPAPC), including 8-iso prostaglandin E2 isoprostanes,
caused inhibition of alkaline phosphatase (ALP) activity and calcium uptake in MC3T3-E1
pre-osteoblast cells [11]. Moreover, oxLDL suppressed the secretion of Cbfa1/RUNX2
transcription and osteopontin in inorganic-phosphate-induced UMR106 rat osteoblasts,
which reduced the mineralization ability of these cells [13].

HDL (high-density lipoprotein) is another lipoprotein that is also prone to oxida-
tion, especially when exposed to oxidative stress, inflammation, hyperglycemia-induced
advanced glycation end-products, and the presence of reactive oxygen species. HDL is
known to have many beneficial activities in cardioprotection. However, oxidation causes
the components of HDL to change in terms of the quantity and quality, and this HDL
later becomes dysfunctional [14,15]. This dysfunctional HDL loses its anti-inflammatory
and antioxidative properties, thus impairing its anti-atherogenic activities and other vital
functions. Furthermore, dysfunctional HDL starts to behave like pro-inflammatory and
pro-atherogenic molecules [16]. However, studies on the role of HDL in bone metabolism
are scarce. There is a possibility that the presence of oxidized HDL (oxHDL) could interrupt
bone mineralization. A study performed on mice with ApoA-I-deficiency showed a reduc-
tion in BMD, accompanied by lower secretion of osteoblast-related markers such as RUNX2,
Osterix, and Col1α [17]. ApoA-I is the major protein component of HDL [18]. Moreover,
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another study by Martineau’s research group also showed the elevated plasma level of
HDL-cholesterol in Scarb1-deficient mice, higher trabecular bone volume, and a greater
osteoblast number and function compared to the wild-type mice [19]. Scarb1 is a gene that
encodes Scavenger receptor class B, type I (SRBI), an HDL receptor that regulates reverse
cholesterol transport (RCT). Deficiency of the Scarb1 gene is commonly associated with
the elevation of adrenocorticotropic hormone (ACTH) levels, which have anabolic effects
on osteoblast cells [20,21]. Perhaps, HDL might play an important role in preserving the
biological activity of osteoblast cells, thus maintaining normal bone homeostasis. However,
its actual mechanisms are still unclear and require further research.

Osteoporosis is also associated with obesity. The secretion of myokines, osteokines,
and adipokines is the main bridge of the crosstalk between bone tissue and fat tissue [22].
For instance, adipokines released by the adipose tissues, such as leptin, resistin, adiponectin,
and TNFα, could modulate bone metabolism [22]. Interestingly, one of the common fea-
tures observed in osteoporosis and obesity is the lack or lower secretion of adiponectin.
Adiponectin is one of the major adipokines predominantly secreted by adipocytes in the
white adipose tissues [23]. Interestingly, the secretion of adiponectin is inversely correlated
with body mass and total body fat. Adiponectin has been postulated to have beneficial
activity in preventing osteoporosis by enhancing osteogenesis, leading to increased bone
formation activity and, at the same time, inhibiting bone resorption activity [24]. In os-
teoporosis, the osteogenic cell population in the bone marrow stroma is declining while
adipocyte cell numbers are increasing [25]. The incubation of murine mesenchymal progen-
itor cells with adiponectin showed a positive elevation of osteoblastic differentiation. This
was accompanied by increased expression of some osteogenic marker genes [26]. Moreover,
induction of recombinant adiponectin into normal human osteoblasts elevates alkaline
phosphatase (ALP) activity, osteocalcin, and collagen type I production, accompanied by
the intense formation of mineralized nodules [27]. This evidence shows that adiponectin
plays an important role in protecting the regulation of bone formation activity. However,
it is still unclear whether adiponectin could protect osteoblast cells from the detrimental
effects of oxHDL.

Therefore, the aims of this study were to investigate the effects of HDL before and after
oxidation on bone mineralization to examine whether oxHDL can induce inflammation in
primary human osteoblasts and elucidate its underlying mechanism and, finally, investigate
the ability of adiponectin in suppressing the detrimental effects of oxHDL.

2. Results
2.1. OxHDL Reduces the Formation of Mineral Nodules and Calcium Incorporation in HOBs

In this study, alizarin red was used to stain the mineral nodules produced by the
HOBs. The red stain observed during microscopic examination (Figure 1A) indicates
the region formation of mineral nodules. This red stain was extracted for quantitative
analysis. Quantitative analysis confirmed the presence of 10, 25, and 100 µg/mL protein
oxHDL significantly inhibited the formation of mineral modules in HOBs compared to
cells grown in culture media only (35 ± 2.2% (p < 0.01), 35.7 ± 2.1% (p < 0.01), 59.7 ± 8.2%
(p < 0.0001), respectively, vs. 0.0 ± 1.6%) (Figure 1B). Furthermore, cells incubated with 100
µg/mL protein oxHDL showed the highest inhibition, even higher than the positive control,
inorganic pyrophosphate (59.7 ± 8.2% (p < 0.0001) vs. 58.2 ± 3.1% (p < 0.0001)). Only
50 µg/mL protein oxHDL did not significantly inhibit the formation of mineral nodules
(26.5 ± 18%), but it did show a decremental trend. A trend of a reduction in calcium
deposition was also observed in the HOBs cells treated with 10, 25, 50, and 100 µg/mL
protein oxHDL (0.6 ± 0.11 µg/mg protein, 1.5 ± 0.02, 1.6 ± 0.31, and 1.7 ± 0.24 µg/mg
protein, respectively) (Figure 1C). Microscopic examination of cells incubated with 10, 25,
and 100 µg/mL protein oxHDL also showed a reduction in cell counts. The cell morphology
of HOBs incubated with 100 µg/mL protein oxHDL also changed, and some of the cells
looked like they were bursting. The concentration of 100 µg/mL oxHDL was selected for
an investigation of the gene expression of inflammation and osteogenic markers in HOBs.
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Figure 1. Effects of oxHDL on mineralization and calcification in HOBs. (A) Cell morphology and
formation of mineral nodules. The pictures were captured at 10× magnification using a phase-
contrast microscope (Olympus IX81 microscope). HOBs were incubated with (a1) culture medium
(negative control); (a2) inorganic pyrophosphate (positive control); and (a3) 10, (a4) 25, (a5) 50, and
(a6) 100 µg/mL protein oxHDL, for 14 days. The medium was changed for every 3 days. HOBs
were stained with 2% alizarin red for the detection of mineral nodules indicated by the presence
of red color. (B) The percentage of mineralization inhibition in HOBs was quantified by measuring
the concentration of Alizarin red staining in the cells. (C) Calcium deposition was analyzed using
a calcium colorimetric assay. Data are expressed as mean ± SEM of duplicate readings. * p < 0.05,
** p < 0.01, **** p < 0.0001 compared to the negative control. Non-available (n/a) indicates not
significant.

2.2. Effect of HDL, oxHDL, Adiponectin, and Co-Incubation of oxHDL with Adiponectin on the
Expression of Bone Mineralization Markers (RUNX2, ALPL, COL1A2, BGLAP)

RUNX2 plays an important role during osteoblast differentiation from mesenchymal
stem cells to pre-osteoblast and intermediate osteoblast cells [28]. In this study, HOBs cells
incubated with 15 µg/mL adiponectin alone (0.015 ± 0.001 relative mRNA expression
(p < 0.05, p < 0.0001)) and co-incubation of oxHDL with 5 µg/mL adiponectin (0.1 ± 0.006
relative mRNA expression (p < 0.0001)) showed an increment in RUNX2 gene expression
when compared to the unstimulated (0.002 ± 0.000 relative mRNA expression) and oxHDL
group (0.002 ± 6.7 × 10−5 relative mRNA expression) (Figure 2A). In general, two main
predictions can be made: firstly, RUNX2 might not be affected by the presence of HDL and
oxHDL; secondly, these cells do not produce RUNX2 as the cells used in this experiment
were mature adult human osteoblast cells. Therefore, several bone matrix proteins were
selected as target markers to understand the effect of all treatments on the mineralization
activity of HOBs. Bone matrix proteins are important in anchoring calcium to the matrix
during the bone mineralization process.
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Figure 2. Effects on bone-associated markers in HOBs. Effects of (i) inorganic pyrophosphate
(positive control), (ii) culture medium (negative controls, denoted as the unstimulated group),
(iii) HDL (100 µg/mL protein), (iv) oxHDL (100 µg/mL protein), (v) adiponectin (5, 10, and
15 µg/mL), and (vi) the combination of oxHDL (100 µg/mL) with adiponectin (5, 10, and 15 µg/mL)
on mRNA gene expression of (A). RUNX2, (B). ALPL, (C). COL1A2, and (D). BGLAP in HOBs. Data
are expressed as the mean ± SEM of 3 experiments. * p < 0.05, **** p < 0.0001, # p < 0.05, ## p < 0.01,
#### p < 0.0001. Non-available (n/a) indicates not significant. * Indicates the comparison with the
oxHDL group; # Indicates the comparison with the unstimulated group. GAPDH and HPRT1 genes
were used as the reference gene.

One of the markers is ALPL, a gene coding for alkaline phosphatase protein. In this
study, the cells treated with oxHDL (0.0006 ± 5.1 × 10−5 relative mRNA expression) and
adiponectin alone, 5–15 µg/mL (5 µg/mL adiponectin: 0.0004 ± 7.2 × 10−5 relative mRNA
expression, 10 µg/mL adiponectin: 0.0006 ± 7.3 × 10−5 relative mRNA expression, and
15 µg/mL adiponectin: 0.0007 ± 5.3 × 10−5 relative mRNA expression), did not have
any effect on the mRNA expression of ALPL when compared to the unstimulated group
(0.0005 ± 0.0001 relative mRNA expression) (Figure 2B). Unexpectedly, cells treated with
the co-incubation of oxHDL and adiponectin (5–15 µg/mL) showed significant elevation in
ALPL mRNA expression (oxHDL + 5 µg/mL adiponectin: 0.0027 ± 0.0002 relative mRNA
expression (p < 0.0001), oxHDL + 10 µg/mL adiponectin: 0.0017 ± 0.0001 relative mRNA
expression (p < 0.0001), and oxHDL + 15 µg/mL adiponectin: 0.0016 ± 5.5 × 10−5 relative
mRNA expression (p < 0.0001)) compared to oxHDL alone. Cells treated with HDL had a
neutral effect on HOBs in terms of ALPL mRNA expression compared to the unstimulated
group (0.0012 ± 0.0002 relative mRNA expression vs. 0.0005 ± 0.0001 relative mRNA
expression), but it was significantly higher than cells treated with oxHDL.

Moreover, this study also measured the mRNA expression of COL1A2, which codes
for the synthesis of the α2 chain, one of the collagen chains intertwined with the other two
α1 chains to form collagen 1 (Figure 2C). In this study, oxHDL did not affect the mRNA
expression of COL1A2. Incubation of cells with oxHDL and the lowest concentration
of adiponectin (5 µg/mL) showed the highest mRNA secretion of COL1A2 compared
to oxHDL alone (24 ± 1.4 relative mRNA expression vs. 0.499 ± 0.025 relative mRNA
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expression (p < 0.0001)). In addition, cells stimulated with 10 and 15 µg/mL adiponectin
also showed significantly higher mRNA secretion of COL1A2 when compared to the un-
stimulated group (10 µg/mL adiponectin: 2.8 ± 0.1 relative mRNA expression (p < 0.0001),
15 µg/mL adiponectin: 3.9 ± 0.3 relative mRNA expression, respectively (p < 0.0001), and
unstimulated: 0.28 ± 0.007 relative mRNA expression). Incubation of cells with HDL also
showed a significantly higher mRNA expression of COL1A2 compared to the unstimulated
group and the oxHDL group (HDL: 3.2 ± 0.1 relative mRNA expression (p < 0.0001) vs.
unstimulated: 0.28 ± 0.007 relative mRNA expression and oxHDL: 0.499 ± 0.025 relative
mRNA expression).

In addition, cells treated with 10 µg/mL adiponectin alone (0.0007 ± 7.74 × 10−5

relative mRNA expression (p < 0.01)) showed higher mRNA expression of bone gamma-
carboxyglutamate protein (BGLAP), which encodes for osteocalcin, compared to the un-
stimulated group. Moreover, cells co-incubated with oxHDL and 5 µg/mL adiponectin
(0.0025 ± 0.0003 relative mRNA expression (p < 0.0001)) showed significantly higher mRNA
secretion of BGLAP compared to the oxHDL group and unstimulated group (Figure 2D).
Treatment of cells with HDL, oxHDL, and other concentrations of adiponectin (either
incubated alone or with oxHDL) did not show any effect on the mRNA secretion of BGLAP.

2.3. Effect of HDL, oxHDL, Adiponectin, and Co-Incubation of oxHDL with Adiponectin on the
Expression of Osteoblastic Transcription Factor (STAT-3 and PPAR-α)

STAT-3 is one of the important transcription factors involved in stimulating the bone
formation activity of osteoblast cells [29]. Interestingly, the presence of HDL (0.093 ± 0.003
relative mRNA expression (p < 0.0001)), and 10 µg/mL of adiponectin (0.042 ± 0.001
relative mRNA expression (p < 0.01)) resulted in a significantly higher mRNA expression
of STAT-3 compared to the unstimulated group (0.017 ± 0.0006 relative mRNA expression)
(Figure 3A). The co-incubation of a low concentration of adiponectin (5 µg/mL) with
oxHDL also exhibited higher STAT-3 mRNA expression compared to the unstimulated
and oxHDL groups (5 µg/mL adiponectin: 0.2 ± 0.01 vs. unstimulated: 0.017 ± 0.0006
and oxHDL: 0.05 ± 0.001, respectively (p < 0.0001)). These results showed that HDL and
adiponectin might have the ability to increase the secretion of STAT-3 in HOBs. However,
oxHDL did not have any effects on the expression of STAT-3 in HOBs.

The expression of PPAR-α was also measured as a previous study demonstrated the
involvement of PPAR-α in pre-osteoblast cell maturation [30]. Similar to STAT-3, oxHDL
did not have any effects on the mRNA expression of PPAR-α when compared to the
unstimulated group (0.0059 ± 0.0004 relative mRNA expression vs. 0.0063 ± 0.0002 relative
mRNA expression (p < 0.0001)) (Figure 3B). The presence of 10 µg/mL adiponectin during
co-incubation with oxHDL increased mRNA expression of PPAR-α when compared to
the oxHDL group (0.01 ± 0.0006 relative mRNA expression vs. 0.0059 ± 0.0004 relative
mRNA expression (p < 0.0001)). In addition, cells incubated with the highest concentration
of adiponectin alone (15 µg/mL) also showed significantly higher mRNA expression of
PPAR-α compared to the unstimulated group (0.015 ± 0.0007 relative mRNA expression
vs. 0.0063 ± 0.0002 relative mRNA expression (p < 0.0001)). Cells treated with HDL only
showed a trend of increment in the mRNA expression of PPAR-α when compared to the
unstimulated group (0.0079 ± 0.0003 relative mRNA expression vs. 0.0063 ± 0.0002 relative
mRNA expression (p < 0.0001)).

2.4. Effects of HDL, oxHDL, Adiponectin, and Co-Incubation of oxHDL with Adiponectin on the
Expression of Inflammatory Markers (IL-6, TNF-α, RELA Proto-Oncogene NF-κβ Subunit (p65),
and CREB1)

Inhibition of osteoblast differentiation and maturation by pro-inflammatory cytokines
is one of the crucial factors that disturbs a balanced bone remodeling process, leading to
bone loss [31]. In this study, it was found that the incubation of oxHDL in HOBs elevated the
gene expression of the pro-inflammatory cytokine IL-6 when compared to the unstimulated
groups (0.81 ± 0.03 relative mRNA expression vs. 0.32 ± 0.008 relative mRNA expression
(p < 0.0001)) (Figure 4A). The presence of adiponectin (5–15 µg/mL) during co-incubation
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with oxHDL showed significant lower mRNA expression of IL-6 compared to the cells
treated with oxHDL only (oxHDL + 5 µg/mL adiponectin: 0.63 ± 0.05 relative mRNA
expression, oxHDL + 10 µg/mL adiponectin: 0.46 ± 0.02 relative mRNA expression and
oxHDL + 15 µg/mL adiponectin: 0.03 ± 0.002 relative mRNA expression, respectively, vs.
oxHDL: 0.81 ± 0.03 relative mRNA expression (p < 0.0001)). This suggests that adiponectin
has a protective effect against the upregulation of IL-6 heightened by oxHDL. Furthermore,
a high concentration of adiponectin (15 µg/mL) showed significantly lower IL-6 mRNA
expression compared to the unstimulated group (0.12 ± 0.008 relative mRNA expression
vs. 0.32 ± 0.008 relative mRNA expression (p < 0.0001)). Incubation of cells with HDL
alone showed a significantly lower mRNA expression of IL-6 (0.2 ± 0.01 relative mRNA
expression) compared to the unstimulated group (p < 0.05) and oxHDL group (p < 0.0001).
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Figure 4. Effects of (i) inorganic pyrophosphate (positive control), (ii) culture medium (negative
control, denoted as the unstimulated group), (iii) HDL (100 µg/mL protein), (iv) oxHDL (100 µg/mL
protein), (v) adiponectin (5, 10, and 15 µg/mL), and (vi) the combination of oxHDL (100 µg/mL) with
adiponectin (5, 10, and 15 µg/mL) on mRNA gene expression of (A). IL-6, (B). TNF-α, (C). RELA
proto-oncogene, NF-κβ (p65), and (D). CREB1 in HOBs. Data are expressed as the mean ± SEM
of 3 experiments. *** p < 0.001, **** p < 0.0001, # p < 0.05, ## p < 0.01, #### p < 0.0001. Non-available
(n/a) indicates not significant. * Indicates the comparison with the oxHDL group; # Indicates the
comparison with the unstimulated group. GAPDH and HPRT1 genes were used as the reference
genes.

TNF-α is another inflammatory cytokine measured in this study. The presence of
oxHDL significantly induced higher mRNA expression of TNF-α compared to the unstim-
ulated and HDL groups (oxHDL: 0.003 ± 0.0001 relative mRNA expression (p < 0.0001) vs.
unstimulated: 0.0007 ± 0.0001 and HDL: 0.00012 ± 2.27 × 10−5) (Figure 4B). This effect of
oxHDL was suppressed by the presence of adiponectin (5–15 µg/mL) during co-incubation
as the cells exhibited significantly lower mRNA expression of TNF-α compared to the
cells treated with oxHDL only (oxHDL + 5 µg/mL adiponectin: 0.00019 ± 7.4 × 10−5 relative
mRNA expression (p < 0.0001), oxHDL + 10 µg/mL adiponectin: 0.00018 ± 1.9 × 10−5 relative
mRNA expression (p < 0.0001) and oxHDL + 15 µg/mL adiponectin: 0.0001 ± 3.4 × 10−5 rela-
tive mRNA expression (p < 0.0001), respectively, vs. oxHDL: 0.0034 ± 0.0002 relative mRNA
expression). The highest concentration of adiponectin (15 µg/mL) also showed significantly
lower TNF-α mRNA expression compared to the unstimulated group (0.0001 ± 3.4−5 vs.
0.0007 ± 0.0001 (p < 0.05)). Cells treated with HDL also showed significantly lower TNF-α
mRNA expression (0.00012 ± 2.27 × 10−5) compared to the unstimulated group, suggesting
adiponectin and HDL could have a protective effect in terms of TNF-α mRNA expression.

The finding from this study suggests that the increment in inflammatory cytokines by
oxHDL is via RELA proto-oncogene NF-kβ subunit (P65) activation (Figure 4C). the RELA
proto-oncogene NF-kβ subunit (p65) is the gene that codes for NF-kβ (p65) protein. It shows
that oxHDL showed a higher elevation of RELA proto-oncogene NF-kβ subunit mRNA
expression when compared to the unstimulated and HDL groups (oxHDL: 0.11 ± 0.005
relative mRNA expression (p < 0.0001) vs. unstimulated: 0.01 ± 0.0004 relative mRNA
expression and HDL: 0.005 ± 0.0001 relative mRNA expression). This effect of oxHDL
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might be suppressed by the presence of adiponectin because significantly lower mRNA
expression of the RELA proto-oncogene NF-kβ subunit was observed during co-incubation
of 5 to 15 µg/mL adiponectin with oxHDL compared to the cells treated with oxHDL alone
(oxHDL + 5 µg/mL adiponectin: 0.02 ± 0.0007 relative mRNA expression (p < 0.0001),
oxHDL + 10 µg/mL adiponectin: 0.04 ± 0.003 relative mRNA expression (p < 0.0001) and
oxHDL + 15 µg/mL adiponectin: 0.03 ± 0.0025 relative mRNA expression, respectively
(p < 0.0001), vs. oxHDL: 0.11 ± 0.0054 relative mRNA expression). However, cells incu-
bated with adiponectin alone (5–15 µg/mL) showed higher RELA proto-oncogene NF-kβ
subunit mRNA expression compared to the unstimulated group (5 µg/mL adiponectin:
0.03 ± 0.0008 relative mRNA expression (p < 0.01), 10 µg/mL adiponectin: 0.05 ± 0.002
relative mRNA expression (p < 0.0001), and 15 µg/mL adiponectin: 0.03 ± 0.002 rela-
tive mRNA expression (p < 0.05), respectively, vs. unstimulated: 0.01 ± 0.0004 relative
mRNA expression), and the values were significantly lower than cells treated with oxHDL
(0.11 ± 0.0055 relative mRNA expression).

This study also measured the expression of the cAMP-responsive element-binding
protein 1 (CREB) gene coding for the CREB proteins, a nuclear factor involved in the cyclic
AMP signaling pathway. Activation of the cAMP signaling pathway usually correlates with
a decline in mineralization and osteogenesis activity in differentiated osteoblasts [32]. How-
ever, in this study, the incubation of oxHDL and HDL in the HOBs also did not affect the
mRNA expression of CREB1 compared to the unstimulated group. Induction of adiponectin
(5–15 µg/mL), either when incubated alone (5 µg/mL adiponectin: 0.044 ± 0.0009 rela-
tive mRNA expression, 10 µg/mL adiponectin: 0.025 ± 0.0015 relative mRNA expression
and 15 µg/mL adiponectin: 0.0105 ± 0.0005 relative mRNA expression, respectively) or
co-incubated with oxHDL (oxHDL + 5 µg/mL adiponectin: 0.046 ± 0.0026 relative mRNA
expression, oxHDL + 10 µg/mL adiponectin: 0.027 ± 0.0015 relative mRNA expression,
and oxHDL + 15 µg/mL adiponectin: 0.0058 ± 0.0004 relative mRNA expression), showed
a dose-dependent decrement in CREB1 mRNA expression.

3. Discussion

A reduction in mineralization activity in HOBs indicates disruption of bone formation
activity. It is one of the crucial factors contributing to the unbalanced bone remodeling
process as when lost bone fails to be replaced, it may lead to osteoporosis [33]. Instead
of producing a complete bone structure, HOBs remove the mineral nodules or matrix
vesicles, which serve as the site for accumulating phosphate and calcium to produce
hydroxyapatite crystal [1]. Later, this crystallized hydroxyapatite is released, propagated
into the extracellular matrix, and deposited between the collagen fibrils on the top of the
osteoid, which is required for the bone hardening process [34]. Therefore, the decrement in
matrix vesicles stained by alizarin red observed during exogenous induction of oxHDL in
this study indicated that the HOBs lost some of their physiological function. Furthermore,
Ca2+ incorporation into matrix vesicles by the annexin calcium channel and other calcium-
binding phospholipids is a crucial step in the formation of hydroxyapatite crystals. A
reduction in calcium incorporation was also observed in UMR106 rat osteoblasts during
exogenous induction with Cu2+-induced oxLDL, which later disturbed the osteoblast
protein markers, RUNX2 and OPN [13].

In this study, the reduction in the mineralization activity in HOBs by oxHDL might be
due to the decrease in COL1A2 expression. COL1A2 is the gene that codes for collagen type
1 protein. This protein is the most dominant constituent of the collagenous organic matrix
in bone, which provides the site for hydroxyapatite crystal deposition. Therefore, with the
presence of oxHDL, it might reduce the collagen cross-linking and repress the deposition
of the crystallized matrix. Subsequently, it might lead to bone mineralization activity
impairment, which is commonly observed in patients diagnosed with senile osteoporosis
and osteogenesis imperfecta [17].

The findings form this study suggest that the inhibitory activity of oxHDL towards the
mineralization of HOBs might be via the inflammatory pathway. Inflammation is a well-
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known culprit that disturbs the balanced bone remodeling process by inducing excessive os-
teoclast differentiation and inhibiting osteoblast maturation, leading to osteoporosis [35,36].
Patients with chronic inflammatory diseases such as rheumatoid arthritis usually have
abnormal bone loss and bone formation activities in the inflamed joints, leading to os-
teoporosis in the axial and appendicular skeleton [31]. A previous study showed that
the exogenous induction of TNF-α suppressed the RUNX2 expression in pluripotent pro-
genitor cells and prevented these cells from differentiating into osteoblast cells [1] while
the binding of IL-6 to its receptor, rsIL-6R, inhibits mineralization of MC3T3-E1 cells and
primary murine calvaria osteoblasts by reducing the expression of ALP, RUNX2, Osterix,
and OCN [37]. In this study, a reduction in HOB mineralization activity by oxHDL was
concomitant with increased elevation of the pro-inflammatory cytokines, IL-6 and TNF-α.
Pro-inflammatory cytokines have been proven to disturb the balance between osteoclast
and osteoblast activity, typically resulting in a net loss of bone. Similarly, in a previous study,
the presence of oxLDL in an atherosclerotic murine model stimulates a pro-inflammatory
response towards the bone, which leads to a loss of bone mass [38]. In this study, the
increment in inflammatory cytokines by oxHDL was followed by an increase in the mRNA
expression of RELA proto-oncogene and NF-kβ subunit (p65). The activation of NF-kβ
plays an essential role in inflammation and is usually involved in metabolic syndrome [39].
Specific inhibition of NF-kβ in differentiated mice osteoblasts significantly maintains bone
formation activity, thus preventing bone loss [35]. In addition, the osteoblastic differentia-
tion of mesenchymal C2C12 cells (an immortalized mouse myoblast cell line) was enhanced
when the synthesis of NF-kβ (p65) was inhibited [40]. NF-kβ acts in an autocrine manner,
in which the activation of the NF-kβ signaling pathway stimulated by pro-inflammatory cy-
tokines secreted during the inflammation state in turn promotes the secretion of cytokines.
Activated NF-kβ intensifies the inflammatory reaction, which is beyond the initial stimulus,
as found in rheumatoid arthritis patients [41]. Therefore, this current study postulated that
the high expression of IL-6 and TNF-α induced by oxHDL promotes the activation of the
NF-kβ signaling pathway. A previous study also found that the TNF-induced inhibition
of the TGFβ-mediated Smad signaling pathway was attenuated by the suppression of
NF-kβ. TGFβ-mediated Smad signaling is an important pathway involved in stimulating
differentiation and mineralization of pre-osteoblasts [42]. It showed that the activation of
the NF-kβ signaling pathway mediated by pro-inflammatory cytokines interrupts normal
physiological osteoblast activity. Based on all the results obtained, this study postulates
that the elevation of inflammatory cytokines (IL-6 and TNF-α) by oxHDL causes NF-kβ
activation. Consequently, some of the important bone matrix proteins (ALPL and COL1A2)
required for the formation of hydroxyapatite crystallized matrix vesicles and deposition to
form hard bone are suppressed, causing a significant reduction in HOB mineralization.

Interestingly, this study found that adiponectin showed protective effects by suppress-
ing the activation of NF-kβ during its co-incubation with oxHDL, which then reduced
the secretion of pro-inflammatory cytokines (IL-6 and TNF-α). The suppression of NF-kβ
inflammatory pathways may be due to the high mRNA expression of PPAR-α induced by
adiponectin when incubated alone and during co-incubation with oxHDL. PPAR-α has
been known to have inhibitory effects on NF-kβ activity, resulting in decreased secretion
of IL-6 [43]. In addition, the induction of adiponectin in HOBs reduced the secretion of
the CREB1 gene. There are conflicting facts regarding the actual role of CREB and cAMP
in osteoblast cells. A study carried out by Zhang et al. (2017) showed that the elevation
of the intracellular cAMP level activates phosphorylation of the cAMP response element-
binding protein (CREB), which then promotes the secretion of Osterix in MC3T3-E1 (mouse
osteoblast) [44]. On the other hand, a study carried out by Nishihara et al. (2018) indicated
that cAMP reduced the mineralization activity of osteoblast-like cell lines (TMS-12 cells
and MC3T3E1 cells) and promoted phenotypic changes in these cells [45]. In this study,
the reduction in CREB1 secretion was predicted to retain the mineralization activity of the
HOBs and protect the phenotype of the cells from changing. The mRNA expression of
STAT-3 was also elevated when the cells were treated with adiponectin alone and during co-
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incubation with oxHDL. STAT-3 has been confirmed to play an important role in osteoblast
differentiation and bone formation [46]. A study carried out by Itoh et al. (2006) proved that
mice with osteoblast-specific disruption of the STAT-3 gene had a lower bone formation
rate and showed an osteoporotic phenotype. Perhaps, adiponectin promotes osteoblast
differentiation through the activation of the STAT-3 signaling pathway, which requires
further studies. This might explain why all the mineralization markers were increased
when the cells were incubated with adiponectin (5 µg/mL) during co-incubation with
oxHDL. Furthermore, a study carried out in primary osteoblast cells isolated from human
trabecular bone found that the induction of recombinant adiponectin in these cells elevated
the activity of ALP and enhanced the secretion of OCN and collagen type 1, which then
increased mineralization [27].

This study also found that before undergoing oxidation, HDL could have some benefi-
cial effects on HOBs. The mRNA expression of COL1A2 and STAT-3 is increasing. There is
no solid explanation regarding the protective activity of HDL in preventing osteoporosis
due to the lack of laboratory research on this topic. However, a low level of HDL is com-
monly linked to osteoporosis. A study carried out by Blair’s research groups in ApoA-1−/−

deficiency mice proved that the elimination of ApoA-1, the prominent component of HDL,
leads to severe osteoporosis [17]. In these mice, the secretion of osteoblast-related factors
such as RUNX2, Osterix, and COL1A1 is also reduced. Furthermore, in the same study,
isolation of MSCs (mesenchymal stem cells) from ApoA-1−/− deficiency mice showed
that this cell prefers to differentiate into adipocytes rather than osteoblast cells. However,
further analysis needs to be carried out to understand HDL’s beneficial activity on HOBs
fully.

4. Materials and Methods
4.1. Culturing and Maintenance of HOBs

Primary human osteoblast cells (HOBs) were purchased from Promocell (Heidelberg,
Germany) at passage number 2. The cell tested positive for alkaline phosphates using
the 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) assay and
positive for mineralization ability using Alizarin Red S. HOBs were grown and maintained
in osteoblast growth medium containing 0.1 mL/mL (10%), fetal calf serum (FBS), and 1%
Antibiotic-Antimycotic Solution, as recommended by the Promocell. Phosphate-buffered
saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) was used as the washing solution and
Accutase (Innovative Cell Technologies, San Diego, CA, USA) was used as the detachment
solution during the sub-culturing. Cells in passages 6–7 were used for this study. Upon
stimulation, the culturing medium was replaced with a treatment medium composed of
DMEM media (ThermoFisher Scientific, Waltham, MA, USA) containing 15% FBS (Sigma-
Aldrich, St. Louis, MO, USA), 10 mM β-glycerophosphate (Merck Millipore, Massachusetts,
USA), 0.1 mM ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), and 1% Antibiotic-
Antimycotic Solution (Sigma-Aldrich, St. Louis, MO, USA).

4.2. Oxidation of HDL

Human high-density lipoprotein (HDL) was purchased from Merck Millipore (Burling-
ton, MA, USA). The HDL is certified to be from a healthy individual and the human plasma
tested negative for HBsAg and HIV-I, HIV-II, HBc, and hepatitis C antibodies. Firstly, the
HDL was dialyzed against phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO,
USA) for 24 h in the dark at 4 ◦C with three buffer exchanges to remove any preservative
agents. Then, about 1 mg protein/mL HDL was incubated with 50 µM copper sulphate
(CuSO4) (Sigma-Aldrich, St. Louis, MO, USA) for 4 h at 37 ◦C. The mixture of HDL and
CuSO4 was placed in a 15 mL centrifuge tube wrapped with aluminum foil and the incuba-
tion was performed in an incubator set at 37 ◦C. The oxidation was stopped by the addition
of 2.5 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA). The oxidized HDL was dialyzed
again with PBS for 24 h in three buffer exchanges stored at 4 ◦C and used within 2 weeks.
The value of TBARs in the oxHDL was measured using an OxiSelect™ TBARS Assay Kit
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(Cell Biolab Inc., San Diego, CA, USA) to evaluate the degree of oxidation. The average
value of TBARs in this experiment was 119.9 ± 21 nmol/L/mg protein of MDA.

4.3. Mineralization Detection via Alizarin Red Staining

An established Alizarin red S staining method was used to detect and quantify the min-
eralization of mineral nodules observed on the osteoblast cells [47]. About 35,000 cells/well
HOBs were seeded overnight in a 24-well plate with treatment media. Then, the cells were
induced with treatment media containing (i) media only as the negative control; (ii) 100 µM
inorganic pyrophosphate (positive control); and (iii) 10, 25, 50, and 100 µg/Ml protein
oxHDL in 400 µL of media (final total volume) for 14 days. The media was exchanged
every 4 days.

On day 14 of incubation, the media was removed, and the cells were washed three
times with PBS. The cells were fixed by incubation with 100 µL of 4% formaldehyde (diluted
in PBS) at 4 ◦C for 45 min. Next, the fixative reagent was removed, and the cells were
washed with distilled water three times. Then, the cells were incubated with 1 Ml of 2%
alizarin red (PH 4.2) for 20 min at room temperature with gentle shaking. The dye was
removed, and the cells were gently washed twice with distilled water. Pictures of the cells
were taken using an inverted microscope (Olympus, Tokyo, Japan).

In total, 800 µL of 10% acetic acid was added to each well and incubated at room
temperature for 30 min with gentle shaking. The cells in each well were collected using a
cell scraper, transferred into a 1.5 mL micro-centrifuge tube, and vortexed for 30 min. Then,
the tubes were heated at 85 ◦C using a digital block heater for 10 min. The tubes were put
on ice for 5 min. The tubes were then centrifuged for 15 min at 20,000× g. About 500 µL
of the supernatant was transferred into a new micro-centrifuge tube. Then, about 200 µL
of 10% ammonium hydroxide was added into each tube to neutralize the acidic solution.
The standard curve of alizarin red was prepared by diluting the 4 Mm alizarin red in serial
dilution. The Ph of each dilution was between 4.1 and 4.3. In total, 150 µL of the samples
and standard curve dilution was transferred into a 96-well plate. The optical density (OD)
was measured using a microplate reader (PerkinElmer 2030 Multilabel Reader VictorTM X5,
Waltham, MA, USA) at a wavelength of 450 nm. The concentration of alizarin red obtained
for each sample was calculated based on the standard curve.

4.4. Detection of Calcium Deposition Using the Calcium Colorimetric Assay

About 10,000 cells/well HOBs were seeded overnight in a 96-well plate in the treat-
ment medium. Then, the cells were induced with a treatment medium containing (i) media
only as the negative control; (ii) 100 µM inorganic pyrophosphate (positive control); and
(iii) 10, 25, 50, and 100 µg/mL protein oxHDL in 100 µL of media (final total volume) for
14 days. The media was changed every 4 days. Then, on the 14th day of incubation, the
cells were washed twice with PBS (phosphate-buffered saline). About 0.6 N HCL (100 µL)
was added to each well to decalcify the cells. After 24 h, the supernatants were collected to
quantify the calcium content using a Calcium Colorimetric Assay Kit (Sigma-Aldrich, St.
Louis, MO, USA) while the protein content inside the cells was collected by solubilizing the
cells with 0.1 N NaOH. The amount of calcium was normalized with the cells’ total protein
content and quantified using a BCA protein assay kit (Thermo Fisher Scientific, Pierce, IL,
USA).

4.5. Quantification of Bone Mineralization (ALPL, COL1A2, BGLAP, and RUNX2),
Osteoblast-Related Transcription Factors (STAT-3 and PPAR-α), and Inflammatory (IL-6, TNF-α,
RELA Proto-Oncogene, NF-kB Subunit (P65), and CREB) Markers Using Quantitative Reverse
Transcription-Polymerase Chain Reaction (RT-qPCR)

About 300,000 cells/well HOBs were seeded overnight in a 6-well micro-plate con-
taining treatment medium. On the next day, the cells were incubated with (i) inorganic
pyrophosphate (positive control); (ii) culture medium (negative control, denoted as the
unstimulated group); (iii) HDL (100 µg/mL protein); (iv) oxHDL (100 µg/mL protein);
(v) adiponectin (5, 10, and 15 µg/mL); and (vi) the combination of oxHDL (100 µg/mL)
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with adiponectin (5, 10, and 15 µg/mL). Total RNA was extracted using the AllPrep®

RNA/Protein kit (Qiagen, Hilden, Germany). The concentration and purity of the extracted
protein and RNA were measured using a Nanodrop ND-100 Spectrophotometer.

The total RNA extract samples were reverse transcribed to complementary DNA
(cDNA) using an iScript™ gDNA Clear cDNA Synthesis Kit (Qiagen; Hilden, Germany)
before the quantitative real-time PCR assay (rt-qPCR). Then, the cDNA was either stored
at −20 ◦C or directly used as the template for the qPCR assay. SYBR-green was used as a
detection method in the rt-qPCR assay. GAPDH and HPRT-1 were selected as the reference
genes. The primer sequence for each measured gene is presented in Table 1. For every
sample, 1 µL of cDNA was added to 9 µL of reaction mixture containing 1 µL of forward
and reverse primer (400 nM final concentration), 5 µL of iTaq™ Universal SYBR® Green
Supermix (1 × final concentration), and 2 µL of DNase free water in a 10 µL volume and
loaded into 96-well clear microtiter plates (Bio-Rad Laboratories, Hercules, CA, USA). Then,
the reaction plates were sealed with optically clear adhesive films (Bio-Rad Laboratories,
Hercules, CA, USA) before insertion into the CFX96TM Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA) to perform PCR at 95 ◦C for 30 s (polymerase
activation and DNA denaturation), 95 ◦C for 5 s (denaturation), 60 ◦C for 30 s (anneal-
ing/extension process), and repeated for another 49 cycles. Normal template controls
(NTCs) and a reverse transcription control (RTC) were included in every reaction plate. A
melt curve was obtained for each run to ensure the purity of the primer. The PCR efficiency
was obtained by analyzing a series of cDNA (standard curve). Relative gene expression,
∆CT, was calculated using the formula: Ratio (references/target) = 2Ct(references)−Ct(target)

(Bio-Rad Laboratories, Hercules, CA, USA).

Table 1. Primer sequences of the target and reference genes.

Gene Name Gene Symbol Gene Bank
Accession Number Primer Sequence

Alkaline phosphatase ALPL NM_000478.5
F : CCAAGTACTGGCGAGACCAA
R : TGTGGAGACACCCATCCCAT

Bone gamma-carboxyglutamate
protein BGLAP NM_199173.5

F : TCACACTCCTCGCCCTATTG
R : CTCTTCACTACCTCGCTGCC

Runt-related transcription factor 2 RUNX2 NM_0010246303
F : CCACCACTCACTACCACACC
R : AAGGGTCCACTCTGGCTTTG

Collagen type I alpha 2 chain COL1A2 NM_000089.3
F : GGATGAGGAGACTGGCAACC
R : TGCCCTCAGCAACAAGTTCA

Interleukin 6 IL-6 NM_000600.4
F : TGAGGAGACTTGCCTGGTGA
R : GCATTTGTGGTTGGGTCAGG

Tumor necrosis factor TNF-α NM_000594.3
F: GGTCCTCTTCAAGGGCCAAG
R: TCCTCCTCACAGGGCAATGA

RELA proto-oncogene, NF-kB (p65)
subunit

P65 NM_021975.3
F : AGGCTATCAGTCAGCGCATC
R : TCCCCACGCTGCTCTTCTAT

cAMP responsive element binding
protein 1 CREB1 NM_004379.4

F : CGAGAACCAGCAGAGTGGAG
R : CGGTGGGAGCAGATGATGTT

Signal transducer and activator of
transcription 3 STAT3 NM_139276.2

F : ACCATTGACCTGCCGATGTC
R : GTGAGGGACTCAAACTGCCC

Peroxisome proliferator activated
receptor alpha PPAR-α NM_001001928.2

F : AAGGCTGCAAGGGCTTCTTT
R : ACATCCCGACAGAAAGGCAC

Glyceraldehyde 3-phosphate
dehydrogenase GAPDH NM_002046.6

F : GGAGCGAGATCCCTCCAAAAT
R : GGCTGTTGTCATACTTCTCATGG

Hyperparathyroidism 1 HRPT1 NM_000194_2
F : CCTGGCGTCGTGATTAGTGAT

R : AGACGTTCAGTCCTGTCCATAA
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4.6. Statistical Analysis

The data were analyzed using Statistical Package for the Social Sciences (SPSS) version 21.0.
The data were expressed as the mean ± SEM obtained from three experiments, where
each assay was performed in triplicates (n = 3). A one-way ANOVA test was performed
followed by post-hoc analysis (Bonferroni). The level of significance was set at p < 0.05.

5. Conclusions

From this study, it can be concluded that inflammation is the link responsible for the
occurrence of osteoblast demineralization induced by oxHDL. Even though HDL might
not exhibit solid protective activity, it shows a better effect than oxHDL. Oxidation causes
HDL to lose its anti-inflammatory properties, impairing its protective functions, where
dysfunctional HDL starts to behave like a pro-inflammatory molecule. Interestingly, the
detrimental effects of oxHDL could be suppressed by the presence of adiponectin. This
shows that adiponectin may possess some beneficial activities. These findings could be
fundamental for future development of drugs or treatments that could either protect
HDL from being oxidized in the human body or drugs that could elevate the secretion of
adiponectin.
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