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Abstract

The heavy metals (HMs) lead and cadmium are persistent environmental pollutants capable of
inducing ill-health in exposed individuals. One of the primary sites of accumulation and poten-
tial damage from HMs is bone, and we therefore examined the acute effects of lead and cad-
mium on human bone osteoblasts in vitro over a concentration range of 0.1 yM to 1TmM, and
for 3, 6, 12, 24, and 48 hour exposures. Incubation of osteoblasts with either lead or cadmium
reduced cell viability in a concentrations and exposure durations dependent manner, as mea-
sured using MTT and LDH assays. Cytotoxicity was significant from 0.1 uM concentrations
after 48 hour exposures. Both HMs damaged cellular bioenergetics with reductions of ATP pro-
duction, mitochondrial complex activities, and aerobic respiration. There was a concomitant
elevation of reactive oxygen species, with induction of redox stress measured as increased
lipid peroxidation, and depleted cellular redox defense systems via reduced superoxide dismut-
ase and catalase activity and cellular glutathione levels. Both HMs induced nuclear activation
of Nrf2, presumably to increase transcription of antioxidant responsive genes to combat oxida-
tive stress. Incubation of osteoblasts with HMs also compromised the secretion of procollagen
type 1, osteocalcin, and alkaline phosphatase. Pre-incubation of osteoblasts with reduced glu-
tathione prior to challenge with HMs lessened the cytotoxicity of the HMs, indicative that antiox-
idants may be a beneficial treatment adjunct in cases of acute lead or cadmium poisoning.

Introduction

Heavy metals (HMs) such as lead, cadmium, mercury, and arsenic are worldwide environmen-
tal pollutants with multiple adverse health effects [1]. Humans may experience occupational or
environmental exposure to HMs usually via inhalation, dermal, or ingestion routes, primarily
via contaminated air, soil, water, or foodstuffs, respectively [2]. For some HMs, bone can be a
primary target for HM accumulations and toxic damage. For example, bones may sequester
and store lead, which can be subsequently remobilized during childhood or pregnancy, with
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neurotoxic or teratogenic properties, respectively [3-5]. Although higher bone mineral density
(BMD) has been attributed to higher lead exposure in children [6], reduced BMD correlated
with lead exposure in certain adult cohorts [7].

Kidney damage typifies environmental toxicity from cadmium exposures. However, cad-
mium also damages other tissues including lung, liver, and testis as well as exerting toxic effects
upon bones. Bone softening (osteomalacia), reduced bone density (osteoporosis), increased
bone fracture risk, and the development of Itai-Itai disease (cadmium-induced renal tubular
osteomalacia) are clinical outcomes for humans that have experienced environmental expo-
sure to cadmium [8-13].

The harmful effects of HMs may arise through organ toxicity such as cadmium-induced
renal damage, or through secondary effects on metabolism, influencing vitamin D activation
and calcium hemostasis [14-17]. Additionally, HMs may exert direct effects on bone cells,
influencing bone formation and/or resorption.

Bone is essential for locomotion and skeletal function, with a principal function of provi-
sion of resistance to mechanical forces. The composition of bone is approximately 60%
mineral crystals, 30% organic matrix, and 10% cells. There are four cell types: osteoblasts,
osteoclasts, osteocytes, and bone lining cells [18]. Bone in not inert but a dynamic tissue that
undergoes a continuous process of renewal through bone remodeling, via a balance between
matrix synthesis by osteoblasts (of mesenchymal origin) and bone resorption by osteoclasts (of
hematopoietic origin) [19,20]. An imbalance between matrix formation and resorption, results
in net bone loss, as in cases of osteoporosis [21,22].

Osteoblasts are differentiated, cuboidal cells that line the bone surface and are responsible
for bone matrix protein production; this includes the secretion of collagen (mainly type I) and
non-collagenous proteins including osteocalcin, osteopontin, bone sialoprotein II, and alkaline
phosphatase (ALP), crucial for bone mineralization [18].

To date, there is no level of exposure to lead that is without risk, indeed exposure to lead
has been estimated to account for over half a million deaths in 2016 [23]. Lead accumulation
in tissues promotes oxidative DNA damage, and causes anemia, in part through inhibition of
the activity of §-aminolevulinic acid dehydratase, an enzyme involved in the biosynthesis of
heme [17, 24]. Cadmium exposure is also a major health concern, with cadmium classified as a
human carcinogen [25,26]. In addition to their genotoxic effects, acute exposure to lead or cad-
mium triggers tissue damage and cell death via oxidative stress, depletion of protein thiols,
mitochondrial dysfunction, and apoptosis [16,17,27-33]. Both heavy metals reduce activities
of antioxidant defense enzymes and cellular glutathione levels, and promote lipid peroxidation
in a number of target tissues [16,17,27-33].

Although lead and cadmium represent the two most abundant toxic metals and for which
tissue toxicity has been extensively studied, their acute toxicity to bone cells has not been
completely delineated. Furthermore, there is a need to establish the threshold lead or cadmium
exposure that triggers osteoblast damage, and delineate the mechanisms of toxicity. To address
this we have considered the cytotoxic effects of lead and cadmium after direct application to
human osteoblasts in vitro. Additionally, we have considered the effects of both HMs upon cel-
lular bioenergetics, the generation of redox stress, and whether HM administration influences
osteoblast secretory functions.

Material and methods
2.1 Chemicals and reagents

All chemicals, including the heavy metal solutions lead nitrate and cadmium dichloride, were
purchased from Sigma (St. Louis, MO, USA), unless mentioned otherwise. For studies of
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oxygen consumption rates, Hank’s solution was prepared as described by Daunt et al. [34] and
contained 5.6 mM KCI, 138 mM NaCl, 4.2 mM NaHCO3, 1.2 mM NaH,PO,, 2.6 mM CaCl,,
1.2 mM MgCl,, 10 mM HEPES (pH 7.4 with NaOH), and 0.1% (w/v) bovine serum albumin
(BSA).

2.2 Cell culture

Osteoblasts were purchased from PromoCell (Heidelberg, Germany) and used at passages 4-5
for all studies. Cells were grown in Human Osteoblast Growth Medium and incubated at
37°C, 5% CO, in a humidified incubator.

2.3 Cytotoxicity assessment using MTT and LDH assays

Osteoblasts were seeded at a density of 2 x 10* cells/well, and grown to 90% confluence. Cells
were then treated with Pb or Cd at concentrations of (0.1, 1, 10, 100, and 1000 uM) for 3, 6, 12,
24, or 48 hrs. The production of reduced MTT substrate as a measure of cell metabolic activ-
ity/viability was quantified spectrophotometrically at 590 nm according to the manufacturer’s
protocol. All assay points were performed in triplicate. MTT absorbance values are expressed
as percentages of control wells (defined as 100%).

For MTT assays performed in the presence of reduced glutathione, osteoblasts were
prepared as before, but prior to treatment with HMs, cells were pre-incubated with 10 uM
reduced GSH for 24 hours.

A commercially available kit was used to measure LDH levels, with methods followed
according to the manufacturer’s protocol (Clontech, Mountain View, California, USA). Cells
were seeded as for the MTT assay, and likewise incubated at the concentrations and for the
durations detailed for the MTT assay. The release of LDH was measured spectrophotometri-
cally at 490 nm using a plate reader “TopCount’ (Perkin Elmer, Ueberlingen, Germany). Posi-
tive control wells containing 2% Triton X-100 were used to provide a reference for total cell
lysis. Cell cytotoxicity and the associated release of LDH was calculated as a percentage of the
positive control.

2.4 Measurements of osteoblast proliferation

Osteoblast were seeded in 96 well plates at 2 x 10* cells/well and then grown overnight. Cells
were then treated with Pb (55 uM) or Cd (30 uM) for 12, 24, 48, 72, or 96 hrs. This concentra-
tion of HM reflects the estimated ICs, concentrations as determined using the MTT assay.
5-bromo-2’-deoxyuridine (BrdU) proliferation assays were performed according to the manu-
facturer’s guide (Millipore, Massachusetts, USA). Briefly, BrdU cell proliferation reagent was
added at least 2 hr before the end of the incubation period with the HMs. After this HM incu-
bation period, media was aspirated and 200 ul of fixing solution added per well, and samples
incubated at room temperature for 30 minutes before aspiration. Well washing with a wash
buffer was performed prior to the addition of 100 pL/well of diluted anti-BrdU monoclonal
antibody, and incubation for 1 hour at room temperature. After well washing, goat anti-mouse
IgG 100 pL/well was added, and the plate incubated for 30 minutes at room temperature. After
further well washing, the plate was air dried. One hundred pL of peroxidase substrate was
added to each well and the plate incubated in the dark for 30 minutes, and then the reaction
stopped by pipetting 100 pL of acid stop solution to each well. The absorbance at 450 nm was
measured using a microplate reader. All assay points were performed in triplicate, with control
well values subtracted from test samples.
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2.5 Measurements of intracellular ATP levels

Osteoblasts were seeded at 2 x 10* cells/well and grown to 90% confluence, before treatment
with Pb (55 uM) or Cd (30 uM) for 24 hrs. Levels of intracellular ATP were then measured
according to a kit protocol (Abcam, Cambridge, UK). ATP levels, measured as luminescence,
were detected by single photon counting with values quantified relative to control well
readings.

2.6 Measurements of mitochondrial membrane potential

Osteoblasts were seeded in 24-well plates at 3 x 10* cells/well. At confluence, cells were treated
with Pb (55 uM) or Cd (30 uM). After 24 hrs, media were removed and cells incubated with a
staining solution of mitotracker green (50 nM) at 37 °C. After 30 minutes, stained cells were
retained in fresh phosphate buffered saline. Fluorescence was measured using a fluorescence
microplate reader “TopCount’ (Perkin Elmer, Ueberlingen, Germany), using excitation and
emission filters of 490 nm and 516 nm, respectively. Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) was used as a positive control to trigger membrane uncoupling.

2.7 Measurements of mitochondrial complex activities

Osteoblasts were seeded at 4 x 10* cells/well in six well plates, and incubated for 24 hrs with
either Pb (55 uM) or Cd (30 uM) as determined using the MTT assay. A mitochondrial
enriched fraction for complex I assay and cell lysate for complex III assay were prepared
according to Spinazzi et al. [35]. Complex I activity was measured following the protocol of
Janssen et al [36]. Complex III activity was assayed according to Spinazzi et al. [35]. Dichlor-
oindophenol (DCIP) was used as the terminal electron acceptor.

2.8 Measurements of lactate production

Cells were seeded in 24-well plates at 5 x 10* cells/well, and treated with Pb (55 uM) or Cd

(30 uM) for 24 hrs. Cells were trypsinized, and then briefly spun at 1000 x g for 5 minutes. Pel-
leted cells were counted whereas the supernatant media was retained and assayed for lactate
levels using a lactate assay kit (Biovision, Mountain View, California, USA) according to the
manufacturer’s instructions. Lactate production was normalized to cell number and expressed
as a percentage of control lactate production.

2.9 Measurements of oxygen consumption rate

The oxygen consumption rate (OCR) of osteoblast suspensions of known cell density was mea-
sured polarographically using Clark oxygen electrodes (Rank Brothers, Bottisham, UK), simi-
lar to a previous publication [37]. Cells were incubated with Pb (55 pM) or Cd (30 uM) for 24
hours. Cells were harvested by trypsinization, centrifuged and re-suspended in Hank’s solution
and counted using a haemocytometer. The OCR was then assessed under basal conditions for
10 minutes before 2 pl of 6 mM azide was added to each chamber. The OCR was measured as
the change in PO, level over a 300-sec period with the azide slope measured 60 seconds after
its addition. The majority of PO, changes were linear under these conditions.

2.10 Measurements of reactive oxygen species

The relative levels of ROS generated in response to treatment with Pb or Cd were calculated
based upon a 2,7-dichlorodihydrofluorescein diacetate (DCFDA) assay as described in a previ-
ous publication [38]. Osteoblast incubation with Antimycin A (10 mM for 30 min) was used as
a positive control, with non-stained cells used for negative control values.
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2.11 Measurements of catalase activity

Catalase (CAT) activity was assayed colorimetrically at 620 nm and expressed as umoles H,0,
consumed/min/mg of protein using the method described by Singh et al. [39]. Assays were
performed 24 hrs post-exposure to HMs. The reaction mixture (1.5 mL) contained 1.0 mL of
0.01M pH 7 phosphate buffer, 0.1 mL of tissue homogenate and 0.4 mL of 2M H,0,. The reac-
tion was stopped by the addition of 2 mL of dichromate-acetic acid reagent.

2.12 Measurements of superoxide dismutase activity

Superoxide dismutase (SOD) activity measurements were based on SOD-mediated inhibition
of the reduction of nitroblue tetrazolium to blue formazan by superoxide anions as described
by Beauchamp and Fridovich [40]. Units of SOD activity were expressed in terms of mg of
total protein.

2.13 Measurements of reduced glutathione

Reduced glutathione (GSH) was determined based upon the original method of Ellman as
described by Ullah et al. [41]. Absorbance values were measured spectrophotometrically at 412
nm using a plate reader “TopCount’ (Perkin Elmer, Ueberlingen, Germany). The activity of
GSH was expressed as nM reduced GSH/g tissue.

2.14 Measurements of lipid peroxidation

Thiobarbituric acid reactive substances (TBARS) were quantified as markers of lipid peroxida-
tion [42]. Osteoblasts were treated with Pb (55 uM) or Cd (30 uM) (ICs, concentrations
according to the MTT assay), and also at 10 uM for 24 hrs. Media was removed, cells were har-
vested, and then a TBARS assay performed according to Alam et al. [43].

2.15 Measurements of Nrf2 activation

Activation of Nrf2 was studied using a Nrf2 Transcription Factor Assay Kit (Abcam, Cam-
bridge, UK). Osteoblasts were seeded in 75 cm” flasks and grown to 90% confluence, before
treatment with Pb (55 pM) or Cd (30 uM) for 24 hours. Nuclear extracts were prepared
according to the assay kit protocol, protein concentrations determined using a Bradford assay,
and then samples stored at -80 °C until required for assay. Assays for Nrf2 activation followed
the manufacturer’s guidelines. Briefly, 40ul of binding buffer was added to each well of a 96
well assay plate, and then 15 pg of nuclear extract added in 10yl of lysis buffer. The plate was
sealed and incubated at room temperature on a rocking platform for 1 hour, and then each
well washed three times with wash buffer before addition of anti-Nrf2 primary antibody
(100pl/well) and the plate then incubated for 60 minutes. Wells were washed before secondary
antibody applied at room temperature for 1 hour. Finally, the developing solution was added
(100pl/well) and plate incubated in the dark for 10 minutes before the addition of stopping
solution. Well absorbance was read at OD 450nm (Perkin Elmer, Ueberlingen, Germany),
with blank readings subtracted from final absorbance values. All assay points were performed
in triplicate.

2.16 Effect of HMs on procollagen secretion

Osteoblasts were seeded at 4 x 10 cells/well in 96-well plates and grown to 80-90% confluency.
Cells were then treated with Pb (55 uM) or Cd (30 uM) for 24 hrs. Media was collected, soni-
cated, and procollagen type I C-Peptide (PIP) quantified using an ELISA kit (Takara Shuzou,
Japan), with PIP concentrations interpolated from a standard curve. Cells were homogenized

PLOS ONE | https://doi.org/10.1371/journal.pone.0225341 November 22, 2019 5/18


https://doi.org/10.1371/journal.pone.0225341

@ PLOS|ONE

Osteoblasts and lead and cadmium

in phosphate buffered saline containing 0.5% Triton X-100, 1 mM ethylenediaminetetraacetic
acid, and 1 mM phenylmethylsulfonyl fluoride, with procollagen content determined as for
media and normalized to cell number.

2.17 Effect of HMs on osteocalcin secretion

Osteoblasts were seeded at 4 x 10> cells/well in 96-well plates and grown to 80-90% confluency.
Cells were then treated with Pb (55 uM) or Cd (30 uM) for 3, 6, 12, 24 or 48 hrs. Media were
collected and the levels of osteocalcin determined using a sandwich enzyme-linked immuno-
sorbent assay (ELISA) kit (Takara Shuzou, Japan), with osteocalcin concentrations interpo-
lated from a standard curve.

2.18. Effect of HMs on alkaline phosphatase secretion

Osteoblasts were seeded at 4 x 10° cells/well in 24-well plates and grown to 80-90% confluency.
Cells were treated with Pb (55 uM) or Cd (30 uM) for 3, 6, 12, 24 and 48 hrs. Media was col-
lected, and alkaline phosphatase (ALP) activity evaluated using a commercially available kit
following the manufacturer’s protocol (Abcam, Cambridge, UK). A p-nitrophenyl phosphatase
assay was used to measure ALP activity within media, and quantified spectrophotometry at
405 nm using a TopCount plate reader (Perkin Elmer, Ueberlingen, Germany).

2.19 Statistical analysis

All statistical analyses were performed using PRISM 5 (GraphPad Software Inc., San Diego,
California, USA). One way analysis of variance (ANOVA) test with Dunn’s multiple compari-
sons post-test or unpaired student t-test were used for comparisons of the different groups
data. Statistical significance was defined as p < 0.05.

Results
3.1 Pb and Cd are cytotoxic to human osteoblasts

Human osteoblasts were incubated with the HMs, lead (Pb) or cadmium (Cd) over a broad
concentration range of 0.1 pM to 1 mM, and the level of cytotoxicity quantified after 3, 6, 12,
24, and 48 hours using MTT and LDH assays. Both Pb and Cd were cytotoxic to osteoblasts in
a concentration and duration dependent manner (Fig 1A-1D, Table 1, and S1 and S2 Tables).
Even at 0.1 uM, Pb and Cd were significantly cytotoxic to osteoblasts 48 hours post-treatment
(p =0.035 and 0.023, respectively) (Fig IA-1D and S1 and S2 Tables). Cd was more cytotoxic
than Pb with lower ICsys at all tested time points (Fig 1E, Table 1, and S1 and S2 Tables). That
these HMs induced a cytotoxic response was further confirmed via a BrdU cell proliferation
assay that demonstrated that neither agent stimulated osteoblast proliferation (results not
included).

3.2 Pb and Cd damage osteoblast bioenergetics

The investigation of cellular bioenergetics provided an additional independent evaluation of
osteoblast viability, and an insight to the molecular mechanism of cytotoxicity. Treatment of
osteoblasts with Pb or Cd for 24 hours at concentrations of 55 uM and 30 uM, respectively
(their IC5, values as determined using the MTT assay), significantly reduced intracellular ATP
levels to 58 and 54% of controls, respectively (p = <0.0001) (Fig 2A). Since the production of
ATP is governed by oxidative phosphorylation linked to the mitochondrial electron transport
system, a determination of the mitochondrial membrane potential, and activity assays for the
mitochondrial enzymes, complex I and complex III, were undertaken. A 24 hr exposure to Pb
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Fig 1. Lead and cadmium cytotoxicity to human osteoblasts in vitro. Human osteoblasts were treated with lead or
cadmium over a concentration range of 0.1-1000 uM and for 3-48 hours and the level of cell metabolic activity and
viability determined by MTT and LDH assays (A-D). The concentrations of lead or cadmium that produced 50%
inhibition of metabolic activity or cell viability were determined (E). Data points are representative of 9 independent
experiments.

https://doi.org/10.1371/journal.pone.0225341.9001

or Cd significantly reduced mitochondrial membrane potential (p < 0.0001) (Fig 2B), mito-
chondrial complex I activity (p = 0.0035) (Fig 2C), and mitochondrial complex III activity
(p =0.0063) (Fig 2D). Cellular bioenergetics were also assessed using a polarographic assay
of oxygen consumption rates (OCRs). Pb or Cd significantly lowered osteoblast OCRs

(p < 0.0001) (Fig 2E), and, consistent with an inhibition of aerobic metabolism, both HMs
triggered a significant increase in the production of lactate (p = 0.0037) (Fig 2F).
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Table 1. ICs, values (uM) for lead and cadmium cytotoxicity to human osteoblasts in vitro.

Assay Duration of exposure (hr)
3 6 12 24 48

Pb (MTT) 604.2 411.2 137.8 54.9 27.8
(680.6-530.3) (461.9-366.1) (150.8-125.9) (58.9-51.1) (37.7-20.5)

Pb (LDH) 1139.2 678.6 276.5 78.8 37.4
(1283.4-1011.1) (769.8-598.2) (310.9-245.9) (84.0-73.8) (39.3-35.7)

Cd (MTT) 286.1 153.2 67.5 32.3 17.3
(323.5-253.3) (167.8-139.9) (75.4-60.3) (36.7-28.5) (18.5-16.1)

Cd (LDH) 588.7 309.1 157.7 63.0 29.9
(673.9-514.2) (352.6-271.4) (178.5-139.2) (72.3-55.0) (33.0-27.0)

https://doi.org/10.1371/journal.pone.0225341.t001

3.3 Pb and Cd damage osteoblasts via generation of redox stress

To assess redox stress, osteoblasts were incubated with Pb (55 pM) or Cd (30 uM) at their
MTT ICsq concentrations. Measurements of reactive oxygen species (ROS) were conducted in
situ using a dichlorofluorescin diacetate (DCFDA) assay. Pb or Cd significantly increased cel-
lular ROS production (p = 0.0023) by 39 and 54%, respectively (Fig 3A).
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Fig 2. The effect of lead or cadmium on human osteoblast bioenergetics. Human osteoblasts were treated with lead
(Pb) (55 uM) or cadmium (Cd) (30 uM), and the production of cellular ATP (A), mitochondrial membrane potential
(B), mitochondrial complex I activity (C), mitochondrial complex III activity (D), oxygen consumption rate (OCR)
(E), and lactate levels (F) quantified. Significant differences from controls are marked with asterisks. Data are
representative of 6-9 independent experiments. For * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.0001.

https://doi.org/10.1371/journal.pone.0225341.9002
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lead (Pb) (55 uM) or cadmium (Cd) (30 uM) for 24 hours, and the production of ROS (A), catalase activity (B),

superoxide dismutase-1 (SOD-1) activity (C), intracellular reduced glutathione levels (D), production of thiobarbituric
acid reactive substances (TBARS) (E), and activation of Nrf2 (F) quantified. Human osteoblasts were treated with
reduced glutathione prior to treatment with lead or cadmium, and the level of cytotoxicity determined using an MTT
assay (G). Significant differences from controls are marked with asterisks. Data are representative of 5-9 independent
experiments. For * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.0001.

https://doi.org/10.1371/journal.pone.0225341.g003
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We then investigated the activity of the cellular redox regulating enzymes, catalase and
superoxide dismutase (SOD), and the cellular levels of reduced glutathione. Pb or Cd signifi-
cantly decreased catalase activity to 45% and 36% of controls, respectively (p = 0.0006); SOD
activities to 65% and 59% of controls, respectively (p = 0.0066), and glutathione levels to 63%
and 56% of controls, respectively, (p = 0.0024) (Fig 3B-3D).

The redox stress triggered by Pb or Cd induced an increase of the levels of lipid peroxida-
tion products as thiobarbituric acid reactive substances (TBARS) by 78% and 69% of control
levels, respectively, (p = 0.002) (Fig 3E).

Induction of cellular redox stress by Pb or Cd was consistent with significant activation of
the nuclear (redox regulatory) transcription factor, Nrf2, by 2.32- and 2.98-fold, respectively
(p < 0.0001) (Fig 3F). To demonstrate that Pb or Cd induced redox stress contributed to
reduced cell viability, osteoblasts were pre-incubated with reduced glutathione (GSH) prior to
challenge with Pb or Cd. Pre-incubation with GSH significantly lowered the cytotoxic effects
of Pb (p = 0.0004) or Cd (p < 0.0001) (Fig 3G).

3.4 Pb and Cd toxicity affects human osteoblast secretory functions

The effect of HMs on the osteoblast production of procollagen type I peptide and osteocalcin
were quantified. The secretion of procollagen was significantly reduced in cells and also that
secreted into the media after a 24 hour incubation with Pb (55 uM) (p = 0.0126) or Cd (30uM)
(p =0.0025) (Fig 4A).

The secretion of osteocalcin was quantified at 3, 6, 12, 24, and 48 hour time points after
treatment of osteoblasts with Pb (55 uM) or Cd (30uM). After 12, 24, or 48 hours the produc-
tion of osteocalcin was significantly reduced by Pb or Cd by 18 and 20% (p = 0.019), 26 and
30% (p = 0.002), and 13 and 24%, (p = 0.0004), respectively (Fig 4B).

The secretion and activity of ALP was quantified at 3, 6, 12, 24, and 48 hour time points
after treatment of osteoblasts with Pb (55 uM) or Cd (30uM). After 24 and 48 hours ALP was
significantly reduced by Pb or Cd by 26 and 30% (p = 0.026), and 18 and 20% (p = 0.0062),
respectively (Fig 4C).

Discussion
4.1 Lead and cadmium are cytotoxic to human osteoblasts

Our study examined the cytotoxic effects of two widely spread and encountered HMs, lead
and cadmium, and considered their direct effects on human osteoblasts in vitro. The four cell
types resident within bone: osteoblasts, osteoclasts, osteocytes, and bone lining cells exist in a
dynamic interaction and collectively form a basic multicellular unit (BMU) [18,20]. However,
for ease of study, and in order to delineate cell specific effects, analysis of a single homogeneous
population of cells is required. Hence, our approach was to utilize a human osteoblast cell line
rather than extraction of primary cells. This ensured the use of phenotypically similar cells,
avoided any species-specific responses, and has also been shown to provide results consistent
with primary cells [44].

Lead is toxic to a number of bodily systems, including bone. There are no safe levels of lead
exposure [23], with initial clinical symptomology that includes kidney dysfunction at a blood
lead level (BLL) of 5-10 ug/dL (0.24-0.48 uM). A spectrum of health impact is observed above
11 pg/dL, with cognitive impairment at 40-79 pg/dL, neuropathy at >80 pg/dL (~4 uM), and
encephalopathy at 100-120 ug/dL (=6 uM) [45]. Since levels of human intoxication from lead
exposure are correlated with BLL, we examined a broad concentration range that included
symptomatic BLL concentrations (0.1-1 pM), as well as gross intoxication (>10 uM).
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Fig 4. The effect of lead or cadmium (Cd) on human osteoblast secretions. Human osteoblasts were treated with
lead (Pb) (55 pM) or cadmium (Cd) (30 uM), and the level of procollagen type I peptide within the cells and released
into the culture media quantified (A). At 3, 6, 12, 24, and 48 hours post-treatment with lead or cadmium, the levels of
osteocalcin (B) and ALP (C) secreted into the culture media were quantified. Significant differences from controls are
marked with asterisks. Data are representative of 5 independent experiments. For * = p-value < 0.05, ** = p-

value < 0.01, *** = p-value < 0.0001.

https://doi.org/10.1371/journal.pone.0225341.g004

Noteworthy is the recent demonstration that bone lead levels significantly correlate with past
maximum and current BLLs [46].

The accumulation of cadmium is reflected by its 24 hour urinary excretion, and typically
reported as either nmol of cadmium excretion/day or as creatine-adjusted urinary cadmium
levels. For smelter workers occupationally exposed to lead and cadmium, blood cadmium lev-
els up to 0.145 umol/L, and BLLs of 1-3.7 umol/L have been reported [15]; comparable to our
0.1-1 uM exposure measurements. Furthermore, by using the same exposure concentration
range for cadmium as that employed for lead, we were able to make direct toxicity compari-
sons between the two HMs, and establish if similar mechanisms of toxicity existed at a given
exposure concentration.

Although BLL concentrations of >10 uM would be considered overdose levels, exposure of
cells in vitro at relatively high concentrations is used to model more chronic and cumulative
exposure within a limited period of study. Furthermore, HMs including lead and cadmium are
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non-degradable, and have a slow rate of elimination (blood lead has a half-life of about 40 days
in humans, cadmium an elimination half-life of 20-30 years); they therefore can progressively
accumulate in tissues such as bone that sequesters HMs.

Both HMs were cytotoxic to osteoblasts in a concentrations and exposure durations depen-
dent manner, as assessed using a MTT assay (Fig 1, Table 1, S1 and S2 Tables). The tetrazolium
(MTT) assay is based upon the ability of NAD(P)H-dependent cellular oxidoreductase
enzymes to reduce MTT to formazan, but may not discriminate between cytostatic and cyto-
toxic agents. Hence, to confirm cytotoxicity of the HMs, production of extracellular LDH was
also quantified. The liberation of LDH relates to a loss of the cell membrane integrity experi-
enced at cell death. The LDH concentration curves for cell cytotoxicity mirrored those gener-
ated from MTT assays (refer to Fig 1), confirming that lead or cadmium induced cell death
with increasing concentration and duration of exposure. The threshold concentration for cell
death was 0.1 uM for both lead and cadmium, after a 48 hour and 24 hour exposure, respec-
tively. At 1 uM, cytotoxic effects were evident after 6 hours for lead and 3 hours for cadmium
(SI and S2 Tables); concentrations comparable with BLLs, or cadmium blood levels experi-
enced by occupationally or environmentally exposed individuals [15].

Collectively, cadmium was more cytotoxic than lead, with lower ICsps at all tested time
points (refer to Table 1, S1 and S2 Tables). The cytotoxicity of lead or cadmium to either osteo-
blast-like cell lines, or primary osteoblasts is via induction of apoptosis and necrosis [47-49].
Even lower ICsqs (higher sensitivity) have been reported using rat primary osteoblasts (ICs of
2 uM for cadmium) [49], which may reflect species-specific effects as well as improved respon-
siveness of primary cells.

4.2 Lead and cadmium exposure impairs human osteoblast cellular
bioenergetics and generates redox stress

Our study demonstrated that lead or cadmium when applied to cells at 55 pM and 30 pM,
respectively, damaged osteoblast bioenergetics. A reduction of mitochondrial membrane
potential was evident, with disruption and inhibition of mitochondrial complex protein activi-
ties; components of the electron transport chain (ETC) crucial for cellular (aerobic) respiration
(Fig 2). A loss of electron transport and coupling to oxidative phosphorylation resulted in a
shift to anaerobic metabolism, with reduced oxygen consumption, increased lactate produc-
tion, and reduced ATP production (Fig 2).

The ability of toxic agents to induce damage to mitochondria and nullify ATP production
is a common mechanism of cellular damage, and contributes to cellular redox stress and
induction of apoptosis [50-56]. There is normally leakage of protons from the ETC into the
mitochondrial matrix. These protons can combine with oxygen molecules to form reactive
oxygen species (ROS); a process increased under pathological conditions [53,57]. ROS are able
to damage DNA, proteins, and lipids; the latter consistent with an increase in lipid peroxida-
tion (Fig 3E). The generation of ROS may be further self-propagating since ROS also damage
mitochondria and thereby promote membrane permeation, and potentially more ROS pro-
duction and accumulation of HMs [58].

ROS levels within osteoblasts increased in response to a 24 hour exposure to lead (55 uM)
or cadmium (30 pM), with cellular redox stress exacerbated by a reduction in the activities of
superoxide dismutase (SOD) and catalase, as well as diminished cellular glutathione levels (Fig
3). SOD catalyzes the dismutation of the superoxide radical to form either molecular oxygen
or hydrogen peroxide. Hydrogen peroxide can be decomposed to water and molecular oxygen
via the action of catalase. Glutathione is the major cellular thiol able to buffer and resist redox
stress. Hence, lead or cadmium induced redox stress will be compounded once SOD and
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catalase activity are compromised and glutathione depleted; as collectively they comprise
major elements of cellular redox defense. Consistent with our in vitro data, biomarkers of
redox stress have also been detected in blood after occupational exposure to lead or cadmium
[59,60]. Cells are able to resist the detrimental effects of xenobiotic and redox stress promoters
via activation of the transcription factor, nuclear factor E2-related factor 2 (Nrf2) [61,62]. We
detected significantly increased nuclear Nrf2 as a response to toxic levels of lead or cadmium
(Fig 3F). Upon appropriate cellular stimulus (including redox stress), Nrf2 translocates from
the cytoplasm to the nucleus to promote transcription of a vast array of cytoprotective genes,
including those for antioxidant and detoxificating enzymes [61,62]. At present we can only
speculate that the increased Nrf2 activity we have observed is to mitigate redox stress [63,64],
and a comprehensive determination of the transcriptional and translational changes induced
after Nrf2 activation are still required.

4.3 HMs decrease the secretory output from osteoblasts

The organic matrix of bone is primarily (=90%) comprised of collagenous proteins (predomi-
nantly type I collagen), as well as non-collagenous proteins such as osteocalcin and ALP
secreted by osteoblasts. This prompted us to consider the ability of osteoblasts to secrete type I
procollagen, osteocalcin, and ALP.

Treatment of osteoblasts with either lead or cadmium impaired the secretion of these pro-
teins (Fig 4). Collagen fibers, formed from secreted procollagen, contribute to the structural
strength of bone [21]. A toxic exposure to lead or cadmium that evokes a reduction of collagen
production may reduce bone strength, a process consistent with the increased fracture risk
associated with HM exposures [12,13].

Osteocalcin promotes bone mineralization and density, but also has an emerging role as
a bone-derived hormone that influences energy metabolism, and brain development and
cognition [65]. Notably, even at relatively low BLL, lead exposure in children results in cogni-
tive impairment and 1Q deficits [4]. Given the growing appreciation of the importance of
osteocalcin in neuronal development, reduced osteocalcin production as a consequence of
elevated lead could impact on bone strength as well as contribute to the effects of lead on
neurodevelopment.

ALP functions to degrade phosphate-containing compounds, releasing phosphate ions
within the bone matrix vesicles to promote matrix crystallization. Reduced ALP levels and
associated activity would similarly be expected to limit bone strength and integrity.

4.4 Management of lead or cadmium exposure through treatment of redox
stress

The current treatment strategy for lead poisoning is via administration of chelating agents
[66,67]. This may be of acute benefit, with treatment of lead-exposed children with the chelat-
ing agent, succimer, able to reduce BLL after 1 week, but was without effect on BLL 1 year after
treatment, indicative of remobilization of lead from stores such as bone [68]. Thus, additional
acute, subacute, and chronic treatment options are needed to support current therapies. Since
the cytotoxicity to osteoblasts from lead or cadmium exposure was mediated in part by damage
to cellular bioenergetics and induction of redox stress, agents able to mitigate redox stress

may be useful for cellular preservation. This was tested by pre-incubation of osteoblasts with
reduced glutathione prior to exposure to HMs, and this improved cell viability (Fig 3F). Other
studies have also proposed the benefits of dietary supplementation as a means to resist acute or
subacute lead or cadmium induced redox stress in vivo [67,69], although whether this repre-
sents a useful chronic treatment has not yet been validated. Additionally, given the impact of
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Fig 5. Toxic effects of lead or cadmium to human osteoblasts. The heavy metals (HMs) lead and cadmium were
toxic to human osteoblasts in vitro. Both HMs damaged cellular bioenergetics; with reduced mitochondrial complex
activities, ATP production, and aerobic respiration. Both HMs induced cellular redox stress via increased production
of reactive oxygen species (ROS) with associated elevation of lipid peroxidation as thiobarbituric acid reactive
substances (TBARS). Both HMs limited cellular redox defence via a lowering of catalase (CAT) and superoxidase
dismutase-1 (SOD-1) activities, and reduced glutathione levels. Damaged mitochondria can liberate more ROS that in
turn will further damage mitochondria («). The transcription factor Nrf2 was activated in response to HMs, and
presumably acts to mitigate some of the mitochondrial and redox damage via upregulation of antioxidant genes. HM
damaged osteoblasts displayed functional deficits with reduced secretion of procollagen type I, osteocalcin, and
alkaline phosphatase (ALP).

https://doi.org/10.1371/journal.pone.0225341.g005

these HMs on cellular bioenergetics, interventions that provide alternative respiratory sub-
strates, such as B-hydroxybutyrate could prove useful therapeutic interventions if able to
bypass or ameliorate HM-induced mitochondrial protein inhibition.

Conclusion

To conclude, the environmental and occupational pollutants lead and cadmium, damage cellu-
lar bioenergetics of human osteoblasts, and induce redox stress via ROS generation and limit-
ing the effectiveness of the cellular antioxidant defense systems. Osteoblast secretory functions
were significantly reduced in parallel with the HM-induced bioenergetics disruption and oxi-
dative damage (Fig 5). Since the induction of redox stress is one of the common mechanisms
by which these agents induce cellular damage and death, administering antioxidants may pro-
vide a useful adjunct to support the currently employed chelation therapy.
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(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0225341 November 22, 2019 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225341.s001
https://doi.org/10.1371/journal.pone.0225341.g005
https://doi.org/10.1371/journal.pone.0225341

@ PLOS|ONE

Osteoblasts and lead and cadmium

S2 Table. Cytotoxic effect of cadmium to human osteoblasts in vitro.
(DOCX)

Author Contributions
Conceptualization: Ekramy Elmorsy, Wayne G. Carter.

Data curation: Ayat Al-Ghafari, Ekramy Elmorsy, Emad Fikry, Majed Alrowaili, Wayne G.
Carter.

Formal analysis: Ayat Al-Ghafari, Ekramy Elmorsy, Emad Fikry, Majed Alrowaili, Wayne G.
Carter.

Investigation: Ayat Al-Ghafari, Ekramy Elmorsy, Emad Fikry, Majed Alrowaili.
Methodology: Ayat Al-Ghafari, Ekramy Elmorsy, Emad Fikry, Majed Alrowaili.
Resources: Ayat Al-Ghafari, Ekramy Elmorsy, Emad Fikry, Majed Alrowaili.
Writing - original draft: Ekramy Elmorsy, Wayne G. Carter.

Writing - review & editing: Ekramy Elmorsy, Wayne G. Carter.

References

1. Briggs D. Environmental pollution and the global burden of disease. Br Med Bull. 2003; 68:1-24. https://
doi.org/10.1093/bmb/Idg019 PMID: 14757707.

2. Jarup L. Hazards of heavy metal contamination. Br Med Bull. 2003; 68:167-82. https://doi.org/10.1093/
bmb/Idg032 PMID: 14757716.

3. Davis JM, Otto DA, Weil DE, Grant LD. The comparative developmental neurotoxicity of lead in humans
and animals. Neurotoxicol Teratol. 1990; 12(3):215-29. https://doi.org/10.1016/0892-0362(90)90093-r
PMID: 2196421.

4. Finkelstein Y, Markowitz ME, Rosen JF. Low-level lead-induced neurotoxicity in children: an update on
central nervous system effects. Brain Res Brain Res Rev. 1998; 27(2):168-76. https://doi.org/10.1016/
s0165-0173(98)00011-3 PMID: 9622620.

5. Caito S, Aschner M. Developmental Neurotoxicity of Lead. Adv Neurobiol. 2017; 18:3—12. hitps://doi.
org/10.1007/978-3-319-60189-2_1 PMID: 28889260.

6. Campbell JR, Rosier RN, Novotny L, Puzas JE. The association between environmental lead exposure
and bone density in children. Environ Health Perspect. 2004; 112(11):1200-3. https://doi.org/10.1289/
ehp.6555 PMID: 15289167.

7. Campbell JR, Auinger P. The association between blood lead levels and osteoporosis among adults—
results from the third national health and nutrition examination survey (NHANES Il1). Environ Health
Perspect. 2007; 115(7):1018-22. https://doi.org/10.1289/ehp.9716 PMID: 17637916

8. Chisolm JJ Jr. Poisoning from heavy metals (mercury, lead, and cadmium). Pediatr Ann. 1980; 9
(12):458-68. PMID: 7005844.

9. Staessen JA, Roels HA, Emelianov D, Kuznetsova T, Thijs L, Vangronsveld J, et al. Environmental
exposure to cadmium, forearm bone density, and risk of fractures: prospective population study. Public
Health and Environmental Exposure to Cadmium (PheeCad) Study Group. Lancet. 1999; 353
(9159):1140-4. https://doi.org/10.1016/s0140-6736(98)09356-8 PMID: 10209978.

10. Alfven T, Elinder CG, Carlsson MD, Grubb A, Hellstrom L, Persson B, et al. Low-level cadmium expo-
sure and osteoporosis. J Bone Miner Res. 2000; 15(8):1579-86. https://doi.org/10.1359/jbmr.2000.15.
8.1579 PMID: 10934657.

11. Honda R, Tsuritani |, Noborisaka Y, Suzuki H, Ishizaki M, Yamada Y. Urinary cadmium excretion is cor-
related with calcaneal bone mass in Japanese women living in an urban area. Environ Res. 2003; 91
(2):63-70. https://doi.org/10.1016/s0013-9351(02)00035-x PMID: 12584006.

12. Nawrot T, Geusens P, Nulens TS, Nemery B. Occupational cadmium exposure and calcium excretion,
bone density, and osteoporosis in men. J Bone Miner Res. 2010; 25(6):1441-5. https://doi.org/10.1002/
jomr.22 PMID: 20200937.

13. Wallin M, Barregard L, Sallsten G, Lundh T, Karlsson MK, Lorentzon M, et al. Low-Level Cadmium
Exposure Is Associated With Decreased Bone Mineral Density and Increased Risk of Incident Fractures

PLOS ONE | https://doi.org/10.1371/journal.pone.0225341 November 22, 2019 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225341.s002
https://doi.org/10.1093/bmb/ldg019
https://doi.org/10.1093/bmb/ldg019
http://www.ncbi.nlm.nih.gov/pubmed/14757707
https://doi.org/10.1093/bmb/ldg032
https://doi.org/10.1093/bmb/ldg032
http://www.ncbi.nlm.nih.gov/pubmed/14757716
https://doi.org/10.1016/0892-0362(90)90093-r
http://www.ncbi.nlm.nih.gov/pubmed/2196421
https://doi.org/10.1016/s0165-0173(98)00011-3
https://doi.org/10.1016/s0165-0173(98)00011-3
http://www.ncbi.nlm.nih.gov/pubmed/9622620
https://doi.org/10.1007/978-3-319-60189-2_1
https://doi.org/10.1007/978-3-319-60189-2_1
http://www.ncbi.nlm.nih.gov/pubmed/28889260
https://doi.org/10.1289/ehp.6555
https://doi.org/10.1289/ehp.6555
http://www.ncbi.nlm.nih.gov/pubmed/15289167
https://doi.org/10.1289/ehp.9716
http://www.ncbi.nlm.nih.gov/pubmed/17637916
http://www.ncbi.nlm.nih.gov/pubmed/7005844
https://doi.org/10.1016/s0140-6736(98)09356-8
http://www.ncbi.nlm.nih.gov/pubmed/10209978
https://doi.org/10.1359/jbmr.2000.15.8.1579
https://doi.org/10.1359/jbmr.2000.15.8.1579
http://www.ncbi.nlm.nih.gov/pubmed/10934657
https://doi.org/10.1016/s0013-9351(02)00035-x
http://www.ncbi.nlm.nih.gov/pubmed/12584006
https://doi.org/10.1002/jbmr.22
https://doi.org/10.1002/jbmr.22
http://www.ncbi.nlm.nih.gov/pubmed/20200937
https://doi.org/10.1371/journal.pone.0225341

@ PLOS|ONE

Osteoblasts and lead and cadmium

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

in Elderly Men: The MrOS Sweden Study. J Bone Miner Res. 2016; 31(4):732—41. https://doi.org/10.
1002/jbmr.2743 PMID: 26572678

Tsuritani |, Honda R, Ishizaki M, Yamada Y, Kido T, Nogawa K. Impairment of vitamin D metabolism
due to environmental cadmium exposure, and possible relevance to sex-related differences in vulnera-
bility to the bone damage. J Toxicol Environ Health. 1992; 37(4):519-33. https://doi.org/10.1080/
15287399209531690 PMID: 1464907.

Chalkley SR, Richmond J, Barltrop D. Measurement of vitamin D3 metabolites in smelter workers
exposed to lead and cadmium. Occup Environ Med. 1998; 55(7):446-52. https://doi.org/10.1136/0em.
55.7.446 PMID: 9816377

Rani A, Kumar A, Lal A, Pant M. Cellular mechanisms of cadmium-induced toxicity: a review. Int J Envi-
ron Health Res. 2014; 24(4):378-99. https://doi.org/10.1080/09603123.2013.835032 PMID: 24117228.

Mitra P, Sharma S, Purohit P, Sharma P. Clinical and molecular aspects of lead toxicity: An update. Crit
Rev Clin Lab Sci. 2017; 54(7-8):506—28. https://doi.org/10.1080/10408363.2017.1408562 PMID:
29214886.

Florencio-Silva R, Sasso GR, Sasso-Cerri E, Simoes MJ, Cerri PS. Biology of Bone Tissue: Structure,
Function, and Factors That Influence Bone Cells. Biomed Res Int. 2015; 2015:421746. https://doi.org/
10.1155/2015/421746 PMID: 26247020

Jilka RL. Biology of the basic multicellular unit and the pathophysiology of osteoporosis. Med Pediatr
Oncol. 2003; 41(3):182-5. https://doi.org/10.1002/mpo.10334 PMID: 12868116.

Matsuo K, Irie N. Osteoclast-osteoblast communication. Arch Biochem Biophys. 2008; 473(2):201-9.
https://doi.org/10.1016/j.abb.2008.03.027 PMID: 18406338.

Viguet-Carrin S, Garnero P, Delmas PD. The role of collagen in bone strength. Osteoporos Int. 2006;
17(3):319-36. https://doi.org/10.1007/s00198-005-2035-9 PMID: 16341622.

Feng X, McDonald JM. Disorders of bone remodeling. Annu Rev Pathol. 2011; 6:121-45. https://doi.
org/10.1146/annurev-pathol-011110-130203 PMID: 20936937

World Health Organization (WHO, 2018) Lead poisoning and health: https://www.who.int/news-room/
fact-sheets/detail/lead-poisoning-and-health (accessed 17th October 2019).

Wani AL, Ara A, Usmani JA. Lead toxicity: a review. Interdiscip Toxicol. 2015; 8(2):55-64. https://doi.
org/10.1515/intox-2015-0009 PMID: 27486361

World Health Organization (WHO, 2010) https://www.who.int/ipcs/assessment/public_health/cadmium/
en/ Exposure to cadmium: a major health concern https://www.who.int/ipcs/features/cadmium.pdf
(accessed 17th October 2019).

World Health Organization (WHO, 2011) https://www.who.int/ipcs/assessment/public_health/
cadmium_recent/en/ International chemical safety cards; cadmium: http://www.inchem.org/documents/
icsc/icsc/eics0020.htm (accessed 17th October 2019).

Manca D, Ricard AC, Trottier B, Chevalier G. Studies on lipid peroxidation in rat tissues following admin-
istration of low and moderate doses of cadmium chloride. Toxicology. 1991; 67(3):303-23. https://doi.
org/10.1016/0300-483x(91)90030-5 PMID: 1828634.

Hart BA, Lee CH, Shukla GS, Shukla A, Osier M, Eneman JD, et al. Characterization of cadmium-
induced apoptosis in rat lung epithelial cells: evidence for the participation of oxidant stress. Toxicology.
1999; 133(1):43-58. https://doi.org/10.1016/s0300-483x(99)00013-x PMID: 10413193.

Dorta DJ, Leite S, DeMarco KC, Prado IM, Rodrigues T, Mingatto FE, et al. A proposed sequence of
events for cadmium-induced mitochondrial impairment. J Inorg Biochem. 2003; 97(3):251-7. https://
doi.org/10.1016/s0162-0134(03)00314-3 PMID: 14511887.

Sandhir R, Gill KD. Effect of lead on lipid peroxidation in liver of rats. Biol Trace Elem Res. 1995; 48
(1):91=7. https://doi.org/10.1007/bf02789081 PMID: 7626375.

Liu J, Qu W, Kadiiska MB. Role of oxidative stress in cadmium toxicity and carcinogenesis. Toxicol Appl
Pharmacol. 2009; 238(3):209-14. https://doi.org/10.1016/j.taap.2009.01.029 PMID: 19236887

Patra RC, Rautray AK, Swarup D. Oxidative stress in lead and cadmium toxicity and its amelioration.
Vet Med Int. 2011; 2011:457327. https://doi.org/10.4061/2011/457327 PMID: 21547215

Matovic V, Buha A, Ethukic-Cosic D, Bulat Z. Insight into the oxidative stress induced by lead and/or
cadmium in blood, liver and kidneys. Food Chem Toxicol. 2015; 78:130—40. https://doi.org/10.1016/j.
fct.2015.02.011 PMID: 25681546.

Daunt M, Dale O, Smith PA. Somatostatin inhibits oxidative respiration in pancreatic beta-cells. Endocri-
nology. 2006; 147(3):1527-35. https://doi.org/10.1210/en.2005-0873 PMID: 16357046.

Spinazzi M, Casarin A, Pertegato V, Salviati L, Angelini C. Assessment of mitochondrial respiratory
chain enzymatic activities on tissues and cultured cells. Nat Protoc. 2012; 7(6):1235—-46. https://doi.org/
10.1038/nprot.2012.058 PMID: 22653162.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225341 November 22, 2019 16/18


https://doi.org/10.1002/jbmr.2743
https://doi.org/10.1002/jbmr.2743
http://www.ncbi.nlm.nih.gov/pubmed/26572678
https://doi.org/10.1080/15287399209531690
https://doi.org/10.1080/15287399209531690
http://www.ncbi.nlm.nih.gov/pubmed/1464907
https://doi.org/10.1136/oem.55.7.446
https://doi.org/10.1136/oem.55.7.446
http://www.ncbi.nlm.nih.gov/pubmed/9816377
https://doi.org/10.1080/09603123.2013.835032
http://www.ncbi.nlm.nih.gov/pubmed/24117228
https://doi.org/10.1080/10408363.2017.1408562
http://www.ncbi.nlm.nih.gov/pubmed/29214886
https://doi.org/10.1155/2015/421746
https://doi.org/10.1155/2015/421746
http://www.ncbi.nlm.nih.gov/pubmed/26247020
https://doi.org/10.1002/mpo.10334
http://www.ncbi.nlm.nih.gov/pubmed/12868116
https://doi.org/10.1016/j.abb.2008.03.027
http://www.ncbi.nlm.nih.gov/pubmed/18406338
https://doi.org/10.1007/s00198-005-2035-9
http://www.ncbi.nlm.nih.gov/pubmed/16341622
https://doi.org/10.1146/annurev-pathol-011110-130203
https://doi.org/10.1146/annurev-pathol-011110-130203
http://www.ncbi.nlm.nih.gov/pubmed/20936937
https://www.who.int/news-room/fact-sheets/detail/lead-poisoning-and-health
https://www.who.int/news-room/fact-sheets/detail/lead-poisoning-and-health
https://doi.org/10.1515/intox-2015-0009
https://doi.org/10.1515/intox-2015-0009
http://www.ncbi.nlm.nih.gov/pubmed/27486361
https://www.who.int/ipcs/assessment/public_health/cadmium/en/
https://www.who.int/ipcs/assessment/public_health/cadmium/en/
https://www.who.int/ipcs/features/cadmium.pdf
https://www.who.int/ipcs/assessment/public_health/cadmium_recent/en/
https://www.who.int/ipcs/assessment/public_health/cadmium_recent/en/
http://www.inchem.org/documents/icsc/icsc/eics0020.htm
http://www.inchem.org/documents/icsc/icsc/eics0020.htm
https://doi.org/10.1016/0300-483x(91)90030-5
https://doi.org/10.1016/0300-483x(91)90030-5
http://www.ncbi.nlm.nih.gov/pubmed/1828634
https://doi.org/10.1016/s0300-483x(99)00013-x
http://www.ncbi.nlm.nih.gov/pubmed/10413193
https://doi.org/10.1016/s0162-0134(03)00314-3
https://doi.org/10.1016/s0162-0134(03)00314-3
http://www.ncbi.nlm.nih.gov/pubmed/14511887
https://doi.org/10.1007/bf02789081
http://www.ncbi.nlm.nih.gov/pubmed/7626375
https://doi.org/10.1016/j.taap.2009.01.029
http://www.ncbi.nlm.nih.gov/pubmed/19236887
https://doi.org/10.4061/2011/457327
http://www.ncbi.nlm.nih.gov/pubmed/21547215
https://doi.org/10.1016/j.fct.2015.02.011
https://doi.org/10.1016/j.fct.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25681546
https://doi.org/10.1210/en.2005-0873
http://www.ncbi.nlm.nih.gov/pubmed/16357046
https://doi.org/10.1038/nprot.2012.058
https://doi.org/10.1038/nprot.2012.058
http://www.ncbi.nlm.nih.gov/pubmed/22653162
https://doi.org/10.1371/journal.pone.0225341

@ PLOS|ONE

Osteoblasts and lead and cadmium

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Janssen AJ, Trijbels FJ, Sengers RC, Smeitink JA, van den Heuvel LP, Wintjes LT, et al. Spectrophoto-
metric assay for complex | of the respiratory chain in tissue samples and cultured fibroblasts. Clin
Chem. 2007; 53(4):729-34. https://doi.org/10.1373/clinchem.2006.078873 PMID: 17332151.

Elmorsy E, Smith PA. Bioenergetic disruption of human micro-vascular endothelial cells by antipsychot-
ics. Biochem Biophys Res Commun. 2015; 460(3):857-62. https://doi.org/10.1016/j.bbrc.2015.03.122
PMID: 25824037.

Elmorsy E, Elzalabany LM, Elsheikha HM, Smith PA. Adverse effects of antipsychotics on micro-vascu-
lar endothelial cells of the human blood-brain barrier. Brain Res. 2014; 1583:255-68. https://doi.org/10.
1016/j.brainres.2014.08.011 PMID: 25139421.

Singh R, Wiseman B, Deemagarn T, Jha V, Switala J, Loewen PC. Comparative study of catalase-per-
oxidases (KatGs). Arch Biochem Biophys. 2008; 471(2):207—14. https://doi.org/10.1016/j.abb.2007.12.
008 PMID: 18178148.

Beauchamp C, Fridovich I. Superoxide dismutase: improved assays and an assay applicable to acryl-
amide gels. Anal Biochem. 1971; 44(1):276-87. https://doi.org/10.1016/0003-2697(71)90370-8 PMID:
4943714.

Ullah H, Khan MF, Hashmat F. Determination of glutathione concentration after its interaction with cad-
mium nitrate tetrahydrate by using Ellman’s modified method. Gomal University Journal of Research.
2011;27:2.

Armstrong D, Browne R. The analysis of free radicals, lipid peroxides, antioxidant enzymes and com-
pounds related to oxidative stress as applied to the clinical chemistry laboratory. In Free radicals in diag-
nostic medicine 1994 (pp. 43-58). Springer, Boston, MA.

Alam MN, Bristi NJ, Rafiquzzaman M. Review on in vivo and in vitro methods evaluation of antioxidant
activity. Saudi Pharm J. 2013; 21(2):143-52. https://doi.org/10.1016/}.jsps.2012.05.002 PMID: 24936134

Czekanska EM, Stoddart MJ, Ralphs JR, Richards RG, Hayes JS. A phenotypic comparison of osteo-
blast cell lines versus human primary osteoblasts for biomaterials testing. J Biomed Mater Res A. 2014;
102(8):2636—43. https://doi.org/10.1002/jbm.a.34937 PMID: 23983015.

Sachdeva C, Thakur K, Sharma A, Sharma KK. Lead: Tiny but Mighty Poison. Indian J Clin Biochem.
2018; 33(2):132—46. https://doi.org/10.1007/s12291-017-0680-3 PMID: 29651203

Barry V, Todd AC, Steenland K. Bone lead associations with blood lead, kidney function and blood pres-
sure among US, lead-exposed workers in a surveillance programme. Occup Environ Med. 2019; 76
(5):349-54. https://doi.org/10.1136/0oemed-2018-105505 PMID: 30661026.

Coonse KG, Coonts AJ, Morrison EV, Heggland SJ. Cadmium induces apoptosis in the human osteo-
blast-like cell line Saos-2. J Toxicol Environ Health A. 2007; 70(7):575-81. https://doi.org/10.1080/
15287390600882663 PMID: 17365611.

Brama M, Politi L, Santini P, Migliaccio S, Scandurra R. Cadmium-induced apoptosis and necrosis in
human osteoblasts: role of caspases and mitogen-activated protein kinases pathways. J Endocrinol
Invest. 2012; 35(2):198—-208. https://doi.org/10.3275/7801 PMID: 21697648.

Zhao H, LiuW, Wang Y, Dai N, Gu J, Yuan Y, et al. Cadmium induces apoptosis in primary rat osteo-
blasts through caspase and mitogen-activated protein kinase pathways. J Vet Sci. 2015; 16(3):297—
306. https://doi.org/10.4142/jvs.2015.16.3.297 PMID: 26425111

He L, Poblenz AT, Medrano CJ, Fox DA. Lead and calcium produce rod photoreceptor cell apoptosis by
opening the mitochondrial permeability transition pore. J Biol Chem. 2000; 275(16):12175-84. https://
doi.org/10.1074/jbc.275.16.12175 PMID: 10766853.

Liu Z, Li D, Zhao W, Zheng X, Wang J, Wang E. A potent lead induces apoptosis in pancreatic cancer
cells. PLoS One. 2012; 7(6):€37841. https://doi.org/10.1371/journal.pone.0037841 PMID: 22745658

Meyer JN, Leung MC, Rooney JP, Sendoel A, Hengartner MO, Kisby GE, et al. Mitochondria as a target
of environmental toxicants. Toxicol Sci. 2013; 134(1):1-17. https://doi.org/10.1093/toxsci/kft102 PMID:
23629515

Nemmiche S. Oxidative Signaling Response to Cadmium Exposure. Toxicol Sci. 2017; 156(1):4—10.
https://doi.org/10.1093/toxsci/kfw222 PMID: 27803385.

Elmorsy E, Al-Ghafari A, Aggour AM, Mosad SM, Khan R, Amer S. Effect of antipsychotics on mito-
chondrial bioenergetics of rat ovarian theca cells. Toxicol Lett. 2017; 272:94-100. https://doi.org/10.
1016/j.toxlet.2017.03.018 PMID: 28322891.

Elmorsy E, Attalla SM, Fikry E, Kocon A, Turner R, Christie D, et al. Adverse effects of anti-tuberculosis
drugs on HepG2 cell bioenergetics. Hum Exp Toxicol. 2017; 36(6):616-25. https://doi.org/10.1177/
0960327116660751 PMID: 27461009.

Ramachandran A, Visschers RGJ, Duan L, Akakpo JY, Jaeschke H. Mitochondrial dysfunction as a
mechanism of drug-induced hepatotoxicity: current understanding and future perspectives. J Clin Transl
Res. 2018; 4(1):75-100. https://doi.org/10.180583/jctres.04.201801.005 PMID: 30873497

PLOS ONE | https://doi.org/10.1371/journal.pone.0225341 November 22, 2019 17/18


https://doi.org/10.1373/clinchem.2006.078873
http://www.ncbi.nlm.nih.gov/pubmed/17332151
https://doi.org/10.1016/j.bbrc.2015.03.122
http://www.ncbi.nlm.nih.gov/pubmed/25824037
https://doi.org/10.1016/j.brainres.2014.08.011
https://doi.org/10.1016/j.brainres.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25139421
https://doi.org/10.1016/j.abb.2007.12.008
https://doi.org/10.1016/j.abb.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18178143
https://doi.org/10.1016/0003-2697(71)90370-8
http://www.ncbi.nlm.nih.gov/pubmed/4943714
https://doi.org/10.1016/j.jsps.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24936134
https://doi.org/10.1002/jbm.a.34937
http://www.ncbi.nlm.nih.gov/pubmed/23983015
https://doi.org/10.1007/s12291-017-0680-3
http://www.ncbi.nlm.nih.gov/pubmed/29651203
https://doi.org/10.1136/oemed-2018-105505
http://www.ncbi.nlm.nih.gov/pubmed/30661026
https://doi.org/10.1080/15287390600882663
https://doi.org/10.1080/15287390600882663
http://www.ncbi.nlm.nih.gov/pubmed/17365611
https://doi.org/10.3275/7801
http://www.ncbi.nlm.nih.gov/pubmed/21697648
https://doi.org/10.4142/jvs.2015.16.3.297
http://www.ncbi.nlm.nih.gov/pubmed/26425111
https://doi.org/10.1074/jbc.275.16.12175
https://doi.org/10.1074/jbc.275.16.12175
http://www.ncbi.nlm.nih.gov/pubmed/10766853
https://doi.org/10.1371/journal.pone.0037841
http://www.ncbi.nlm.nih.gov/pubmed/22745658
https://doi.org/10.1093/toxsci/kft102
http://www.ncbi.nlm.nih.gov/pubmed/23629515
https://doi.org/10.1093/toxsci/kfw222
http://www.ncbi.nlm.nih.gov/pubmed/27803385
https://doi.org/10.1016/j.toxlet.2017.03.018
https://doi.org/10.1016/j.toxlet.2017.03.018
http://www.ncbi.nlm.nih.gov/pubmed/28322891
https://doi.org/10.1177/0960327116660751
https://doi.org/10.1177/0960327116660751
http://www.ncbi.nlm.nih.gov/pubmed/27461009
https://doi.org/10.18053/jctres.04.201801.005
http://www.ncbi.nlm.nih.gov/pubmed/30873497
https://doi.org/10.1371/journal.pone.0225341

@ PLOS|ONE

Osteoblasts and lead and cadmium

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Jezek P, Hlavata L. Mitochondria in homeostasis of reactive oxygen species in cell, tissues, and organ-
ism. Int J Biochem Cell Biol. 2005; 37(12):2478-5083. https://doi.org/10.1016/j.biocel.2005.05.013
PMID: 16103002.

Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas SS, et al. Mitochondrial
membrane potential. Anal Biochem. 2018; 552:50-9. https://doi.org/10.1016/j.ab.2017.07.009 PMID:
28711444

Garcon G, Leleu B, Zerimech F, Marez T, Haguenoer JM, Furon D, et al. Biologic markers of oxidative
stress and nephrotoxicity as studied in biomonitoring of adverse effects of occupational exposure to
lead and cadmium. J Occup Environ Med. 2004; 46(11):1180-6. https://doi.org/10.1097/01.jom.
0000141665.22881.69 PMID: 15534506.

Gurer-Orhan H, Sabir HU, Ozgunes H. Correlation between clinical indicators of lead poisoning and oxi-
dative stress parameters in controls and lead-exposed workers. Toxicology. 2004; 195(2—-3):147-54.
https://doi.org/10.1016/j.tox.2003.09.009 PMID: 14751670.

Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol. 2013; 53:401-26.
https://doi.org/10.1146/annurev-pharmtox-011112-140320 PMID: 23294312

Tonelli C, Chio lIC, Tuveson DA. Transcriptional Regulation by Nrf2. Antioxid Redox Signal. 2018; 29
(17):1727-45. https://doi.org/10.1089/ars.2017.7342 PMID: 28899199

He X, Chen MG, Ma Q. Activation of Nrf2 in defense against cadmium-induced oxidative stress. Chem
Res Toxicol. 2008; 21(7):1375-83. https://doi.org/10.1021/tx800019a PMID: 18512965.

Wu KC, Liu JJ, Klaassen CD. Nrf2 activation prevents cadmium-induced acute liver injury. Toxicol Appl
Pharmacol. 2012; 263(1):14-20. https://doi.org/10.1016/j.taap.2012.05.017 PMID: 22677785.

Moser SC, van der Eerden BCJ. Osteocalcin-A Versatile Bone-Derived Hormone. Front Endocrinol
(Lausanne). 2018; 9:794. https://doi.org/10.3389/fendo.2018.00794 PMID: 30687236

Flora SJ, Pachauri V. Chelation in metal intoxication. Int J Environ Res Public Health. 2010; 7(7):2745—
88. https:/doi.org/10.3390/ijerph7072745 PMID: 20717537

Kianoush S, Sadeghi M, Balali-Mood M. Recent Advances in the Clinical Management of Lead Poison-
ing. Acta Med Iran. 2015; 53(6):327-36. PMID: 26069169.

McKay CA Jr. Role of chelation in the treatment of lead poisoning: discussion of the Treatment of Lead-
Exposed Children Trial (TLC). J Med Toxicol. 2013; 9(4):339—43. https://doi.org/10.1007/s13181-013-
0341-8 PMID: 24178899

Kasperczyk S, Dobrakowski M, Kasperczyk A, Romuk E, Rykaczewska-Czerwinska M, Pawlas N, et al.
Effect of N-acetylcysteine administration on homocysteine level, oxidative damage to proteins, and lev-
els of iron (Fe) and Fe-related proteins in lead-exposed workers. Toxicol Ind Health. 2016; 32(9):1607—
18. https://doi.org/10.1177/0748233715571152 PMID: 25731901.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225341 November 22, 2019 18/18


https://doi.org/10.1016/j.biocel.2005.05.013
http://www.ncbi.nlm.nih.gov/pubmed/16103002
https://doi.org/10.1016/j.ab.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28711444
https://doi.org/10.1097/01.jom.0000141665.22881.69
https://doi.org/10.1097/01.jom.0000141665.22881.69
http://www.ncbi.nlm.nih.gov/pubmed/15534506
https://doi.org/10.1016/j.tox.2003.09.009
http://www.ncbi.nlm.nih.gov/pubmed/14751670
https://doi.org/10.1146/annurev-pharmtox-011112-140320
http://www.ncbi.nlm.nih.gov/pubmed/23294312
https://doi.org/10.1089/ars.2017.7342
http://www.ncbi.nlm.nih.gov/pubmed/28899199
https://doi.org/10.1021/tx800019a
http://www.ncbi.nlm.nih.gov/pubmed/18512965
https://doi.org/10.1016/j.taap.2012.05.017
http://www.ncbi.nlm.nih.gov/pubmed/22677785
https://doi.org/10.3389/fendo.2018.00794
http://www.ncbi.nlm.nih.gov/pubmed/30687236
https://doi.org/10.3390/ijerph7072745
http://www.ncbi.nlm.nih.gov/pubmed/20717537
http://www.ncbi.nlm.nih.gov/pubmed/26069169
https://doi.org/10.1007/s13181-013-0341-8
https://doi.org/10.1007/s13181-013-0341-8
http://www.ncbi.nlm.nih.gov/pubmed/24178899
https://doi.org/10.1177/0748233715571152
http://www.ncbi.nlm.nih.gov/pubmed/25731901
https://doi.org/10.1371/journal.pone.0225341

