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Abstract There are considerable gaps in our knowledge

on cell biological effects induced by the heavy metals

mercury (Hg) and lead (Pb). In the present study we aimed

to explore the effects of these toxicants on proliferation and

cell size of primary human amniotic fluid stem (AFS) cells.

Monoclonal human AFS cells were incubated with three

dosages of Hg and Pb (single and combined treatment;

ranging from physiological to cytotoxic concentrations)

and the intracellular Hg and Pb concentrations were ana-

lyzed, respectively. At different days of incubation the

effects of Hg and Pb on proliferation, cell size, apoptosis,

and expression of cyclins and the cyclin-dependent kinase

inhibitor p27 were investigated. Whereas we found Hg to

trigger pronounced effects on proliferation of human AFS

cells already at low concentrations, anti-proliferative

effects of Pb could only be detected at high concentrations.

Exposure to high dose of Hg induced pronounced down-

regulation of cyclin A confirming the anti-proliferative

effects observed for Hg. Co-exposure to Hg and Pb did not

cause additive effects on proliferation and size of AFS

cells, and on cyclin A expression. Our here presented data

provide evidence that the different toxicological effects of

Pb and Hg on primary human stem cells are due to different

intracellular accumulation levels of these two toxicants.

These findings allow new insights into the functional

consequences of Pb and Hg for mammalian stem cells and

into the cell biological behavior of AFS cells in response to

toxicants.

Keywords Amniotic fluid stem cells � Cell size � Lead

acetate � Methyl mercury � Proliferation � Cyclin A

Introduction

The heavy metals mercury (Hg) and lead (Pb) are ubiquitous

environmental pollutants. The general population is pri-

marily exposed through ingestion of contaminated food and

inhalation of contaminated air (Clarkson 2002; EFSA 2010).

Pb and Hg (particularly methyl mercury—MeHg—an

organic mercury compound) are well-known toxicants tar-

geting the central nervous system. Both metals adversely

affect kidney function, the immune system, and reproduc-

tion. Pb also affects hem synthesis. The underlying cytotoxic

mechanisms include metal-induced oxidative stress, deple-

tion of glutathione, disturbance of intracellular calcium,

interference with cell signaling, necrotic and apoptotic cell

death, and inhibition of cell cycle progression (Quig 1998;

ATSDR 1999; Miura 2000; Rice and Barone 2000; Faustman

et al. 2002; Clarkson et al. 2003; Papanikolaou et al. 2005;

ATSDR 2007; Li et al. 2007).

The toxicity of Hg and Pb clearly manifests at high

concentration levels. This is known from studies on occu-

pationally exposed individuals and from mass intoxica-

tions. Additionally, in in vitro experiments usually very

high amounts of Hg and Pb in micromolar (lM) range are

applied to ensure that toxic mechanisms can be detected

and investigated. Thus dose–response relationships are

much better known for the high concentration ranges.

However, Hg and Pb blood contents of non-occupationally

and non-accidentally exposed humans are considerably

lower—below 5 lg/L (0.025 lM) and below 200 lg/L

(1 lM), respectively. Humans are frequently co-exposed to

Hg and Pb via consumption of contaminated food and tap
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water and by inhalation of contaminated air. The same is

true for fetuses. Both metals trespass the placenta as well as

the blood brain barrier (Goyer 1990; Stern and Smith

2003). It has been shown that neurological development

can be impaired, when exposure to Hg and Pb is occurring

during prenatal period and childhood (Wigle and Lanphear

2005; Grandjean and Landrigan 2006).

Human amniotic fluid stem (AFS) cells are of fetal origin.

These pluripotent cells can form embryoid bodies and dif-

ferentiate into cells of all three embryonic germ layers. AFS

cells are regarded as an intermediate stage between embry-

onic stem cells and lineage-restricted adult progenitor cells

and have many advantages over embryonic stem cells (e.g.,

tumor development and ethics) and adult stem cells (e.g., low

proliferation rate and lineage-restricted potential). Due to

their potential to differentiate into many different cell types,

including neuronal cells (Rosner et al. 2011), monoclonal

primary human AFS cells are an excellent model to study the

cell biological effects of mercury and lead toxicity.

Despite the remarkable shortcomings in our knowledge

on low-dose and co-exposure effects induced by Hg and

Pb, these issues are seldom addressed. In the present study

we thus aimed to explore the effects of Hg and Pb on

proliferation and cell size of human AFS cells. For this

purpose we treated the stem cells with three dosages (single

and combined treatment) ranging from physiological to

cytotoxic concentrations (0.03–3 lM of MeHg, 1–50 lM

of lead acetate (PbAc)). In the here presented study we

show that MeHg and PbAc treatment affects proliferation

and cell size of human AFS cells in a dose-dependent

manner and in relation to the amount of Hg and Pb accu-

mulated in cells. We further show that MeHg interferes

with cell cycle progression accompanied by downregula-

tion of cyclin A. Combined exposure to these metals does

not have additive effects on cell proliferation and cyclin A

expression. These findings are of relevance for a better

understanding of both, the toxic effects of Hg and Pb and

the cell biological behavior of human AFS cells.

Materials and methods

Cell culture and reagents

Monoclonal human AFS cells (Q1; kindly provided by A.

Atala, Wake Forest University School of Medicine) were

cultivated at 37�C and 5% CO2 in Chang C/MEMa med-

ium 1:5 (Chang Medium C, Irvine Scientific, cat. no. T101-

019; Minimal Essential Medium (MEM) a, Invitrogen, cat.

no. 41061-029) supplemented with 15% fetal bovine serum

(Hyclone, cat. no. HY-ME-SH30070.03), 2 mM L-Gluta-

mine (PAA, M11-004), Penicillin (30 mg/L), and Strepto-

mycin (50 mg/L).

Mercury and lead treatments

We examined the effects of MeHg and PbAc treatment on

AFS cell proliferation and cell size, as well as the intra-

cellular Hg and Pb accumulation on day 0 to day 4. Cells

were seeded in six-well-plates and exposed on day 0 (i.e.,

about 20 h after seeding) to the metal compounds in dif-

ferent dosages (MeHg: 0.03, 0.3 and 3 lM; PbAc: 1, 10

and 50 lM; MeHg ? PbAc: 0.03 lM MeHg ? 1 lM

PbAc, 0.3 lM MeHg ? 10 lM PbAc, 3 lM MeHg ?

50 lM PbAc). Stock solutions were prepared with MeHg

chloride (Sigma-Aldrich) and Pb(II) acetate trihydrate

(Merck). The salts were accurately dissolved and properly

diluted in DMSO to achieve solutions with 30, 300, and

3,000 lM MeHg and with 1, 10, and 50 mM Pb. Two

microlitre of stock solution were directly added to 2 mL

cell growth media thereby diluted to a thousandth. We

checked full solubilization of the salts by measuring Hg

and Pb contents in medium two times and found values of

0.028 ± 0.008 (0.03 lM MeHg), 0.30 ± 0.07(0.3 lM

MeHg), 3.00 ± 0.08 (3 lM MeHg), 1.1 ± 0.1 (1 lM Pb),

10.2 ± 0.2 (10 lM Pb), and 56 ± 5 (50 lM Pb). For

control Q1 cells were treated with DMSO (double dose in

co-exposure experiments). The proliferation experiment

was made in triplicates. Q1 cells were harvested on day 0,

2, 3, and 4. Aliquots of each cell suspension were taken for

analyses of cell number and cell size. For subsequent Hg

and Pb analyses in Q1 cells, cells were pooled from trip-

licates. The cell suspension was divided into halves, cen-

trifuged, and pellets were stored at -20�C until further

analysis. Several further proliferation experiments were

conducted to exactly determine effects of MeHg and PbAc

treatment (single and combined exposure) on cell number

and cell size of Q1 cells, and furthermore to examine

effects on day 6. The experiments were conducted as

described above and made in duplicates or triplicates.

Analysis of cell number and cell size

Cell number (number of vital cells after live/dead dis-

crimination) and cell size (mean diameter of vital cells)

were measured on a CASY cell counter and analyzer

(Schärfe Systems, Innovatis, Reutlingen, Germany) on day

0 (prior to mercury and lead treatment) and after harvesting

on days 2, 3, 4, and 6.

Cytofluorometric determination of fragmented DNA

(subG1 content)

Q1 cells were cultivated as described above. They were

seeded in 60 mm plates in triplicate and harvested on day 2,

day 4, and day 6. Cells were fixed by rapid submersion in

ice-cold 85% ethanol. DNA was stained with 0.25 mg/mL
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propidium iodide, 0.05 mg/mL RNase, 0.1% Triton X-100

in citrate buffer, pH 7.8, and analyzed on a Beckton Dick-

inson FACSCALIBUR (Becton–Dickinson, San Jose, CA,

USA) (Valli et al. 2010).

Protein extraction and immunoblotting

Q1 cells were cultivated as described above. The cells grew

in 60 mm plates and were exposed on day 0 to MeHg (0.3,

3 lM), Pb Ac (10, 50 lM), and MeHg ? PbAc (0.3 ? 10,

3 ? 50 lM) and harvested on day 4. Extracts of cellular

total protein were prepared by physical disruption of cell

membranes by repeated freeze&thaw cycles. Briefly, cells

were washed with PBS and harvested by trypsinization.

Pellets were washed twice with ice-cold PBS and lysed

in buffer A containing 20 mM Hepes, pH 7.9, 0.4 M

NaCl, 25% glycerol, 1 mM EDTA, 0.5 mM DTT, 1 mM

PMSF, 0.5 mM NaF, 0.5 mM Na3VO4 supplemented with

2 lg/mL aprotinin, 2 lg/mL leupeptin, 0.3 lg/mL benz-

amidinchlorid, 10 lg/mL trypsininhibitor by freezing and

thawing. Supernatants were collected by centrifugation at

20,0009g for 20 min at 4�C and stored at -80�C. Proteins

were resolved by 11% SDS-PAGE and transferred to

nitrocellulose. Blots were stained with Ponceau-S to visu-

alize the amount of loaded protein. For immunodetection

antibodies specific for the following proteins were used:

cyclin D1 M-20 (Santa Cruz, #sc-718), cyclin A H-432

(Santa Cruz, #sc-751), p27Kip1 clone 57 (Becton–Dickin-

son/Transduction Laboratories, #610241), and GAPDH,

glyceraldehyde-3-phosphate dehydrogenase (Trevigen,

#2275-PC-100). Rabbit polyclonal antibodies and mouse

monoclonal antibodies were detected using anti-rabbit IgG,

a HRP-linked heavy and light chain antibody from goat

(A120-101P, Bethyl Laboratories) and anti-mouse IgG, a

HRP-linked heavy and light chain antibody from goat

(A90-116P, Bethyl Laboratories), respectively. Signals

were visualized using the enhanced chemiluminescence

method (Pierce).

Mercury and lead analyses

Thawed cell pellets were digested with a mixture of 2 mL

65 vol% HNO3 (Merck, Suprapur) and 0.75 mL 30% H2O2

(Merck, p.a.) in pressurized Teflon vessels in a microwave

digestion unit (MLS, mls 1200 mega). Sample solutions

were volumetrically filled up with Millipore water to

10 mL. Hg concentrations were determined by cold vapor-

AAS (CV-AAS), using a Hitachi Z 8200 Polarized Zeeman

Atomic Absorption Spectrophotometer in combination with

an amalgamation unit (Uwe Binninger Analytik, Germany)

and a hydride generation system (Hitachi; HFS-3). Pb

concentrations were analyzed with ET-AAS (graphite fur-

nace). Quality assurance was achieved by measuring blank

test solutions and reference materials (Seronorm Trace

Elements Human Whole Blood L-2, 210205, LOT

1003192). Hg and Pb levels in reference material

(14.8 ± 2.6 and 346 ± 45 lg/L; N = 5, respectively)

remained well within the certified levels ranging between

13.6 and 16.8 lg/L for Hg and between 300 and 372 lg/L

for Pb. The limit of detection was determined by the con-

centration equivalent to the threefold standard deviation of

the signal of the blank solution and was 0.24 lg/L (Hg) and

0.30 lg/L (Pb). All metal contents were measured in

duplicate by the working curve method.

Statistics

All results on cell number, cell size, and subG1 DNA

content represent means ± SD for three or two data points

except the Hg-induced effects on cell number on day 6

(Fig. 3a), which result from one single experiment. Hg and

Pb concentrations represent means ± SD for two data

points. Two group comparisons were made with t test using

the SPSS 18.0 program (SPSS Inc, Chicago, IL). The tests

were performed two-sided at P \ 0.05.

Results and discussion

Effects of MeHg on cell number and cell size

of AFS cells

For the exploration of low-dose and co-exposure effects in

human AFS cells we chose concentrations ranging from

physiological up to cytotoxic levels, i.e., 0.03, 0.3, and

3 lM MeHg and 1, 10, and 50 lM PbAc. The doses and

compounds were selected on the basis of previous reports.

Support for low-dose effects comes from studies reporting

diminished proliferation/viability of rodent cells at con-

centrations as low as 0.03 lM (6 lg/L) MeHg and

0.5–1 lM (100–200 lg/L) Pb, which was primarily

applied as PbAc (Chen et al. 2003; Sakaue et al. 2005;

Tamm et al. 2006; Li et al. 2007). Numerous other studies

demonstrated that cell proliferation and/or cell viability

becomes increasingly reduced at about fivefold to tenfold

higher concentration and beyond (e.g., Gribble et al. 2005;

Corbit et al. 2006; Glahn et al. 2008; Agarwal et al. 2009).

Exposure of human AFS cells to 3 lM MeHg leads to

markedly and progressively reduced proliferation. The

mean cell number is reduced to 45 ± 8% on day 2, to

27 ± 5% on day 4, and to 12 ± 2% on day 6 (Figs. 1, 2, 3).

The highly significant effects (P \ 0.001) are also clearly

visible in microscope pictures (Fig. 1a). To investigate

whether apoptosis is involved in MeHg-induced reduction

of AFS cell proliferation, we evaluated amount of cells

with fragmented DNA (subG1 DNA content), which is

Proliferation potential of human amniotic fluid stem cells 939

123



representative for the level of apoptosis. The subG1 DNA

content of cells exposed to 0.03 and 0.3 lM MeHg does not

differ from controls, whereas cells exposed to 3 lM show

significantly higher subG1 DNA content compared with

controls on days 2, 4, and 6 (P \ 0.05, respectively)

(Fig. 4). This finding indeed speaks for apoptotic effects

induced by 3 lM MeHg regarding the significant decrease

in cell number during this time (Fig. 2a). However, it is

obvious that the dramatic anti-proliferative effects of 3 lM

MeHg on AFS cells can clearly not be exclusively

A

B

C

Fig. 1 Microscope pictures (49) of human AFS cells Q1 on day 2

and day 4 (scale bar, 250 lM). Cells were treated on day 0 with

(a) methyl mercury (MeHg), (b) lead acetate (PbAc), and (c) both

MeHg and PbAc at different concentrations as indicated. Each set of

presented data is derived from one single experiment
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Fig. 2 Left panel: proliferation analyses of Q1 cells on day 0 to day

4. Cells were treated on day 0 with (a) MeHg, (b) PbAc, and (c) both

MeHg and PbAc at different concentrations as indicated. Values are

means ± SD of three data points. Right panel: Intracellular Hg and

Pb contents in Q1 AFS cells on day 2, day 3, and day 4. Values are

means ± SD of two data points. Hg and Pb concentrations in cells

treated with 0.03 lM MeHg and 1 lM Pb (single and combined

exposure) were \LOD and are not displayed. Each set of presented

data is derived from one single experiment
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explained by the slight increase in apoptotic events at this

time point (compare day 2 in Fig. 2a and in Fig. 4).

One of the major mechanisms of MeHg-induced apoptotic

cell death is the metal-induced oxidative stress producing

reactive oxygen species (ROS), which induces mitochon-

dria-dependent apoptotic effects including increased DNA

fragmentation, mitochondrial dysfunctions, activation of

PARP and caspase cascades, enhanced pro-apoptotic pro-

teins (Bax, Bad) and decreased Bcl-xL/Bcl-xS ratio, and

activation of ERK1/2 and p38. In further studies, it was

shown that besides caspases other cysteine proteases, the

calpains, are concomitantly activated in MeHg-induced

apoptosis. Calpain activation is preceded by perturbation of

Ca2? homeostasis (Sakaue et al. 2005; Tamm et al. 2006;

Cuello et al. 2010; Lu et al. 2011; Pal et al. 2011). In MeHg-

exposed cells apoptosis has also been reported to coexist with

necrosis (necrosis might even predominate over apoptosis in

dependence of exposure time; Cuello et al. 2010).

The fact, described above, that the observed stop of

proliferation on day 2 upon treatment with 3 lM MeHg

(Fig. 2a) cannot fully be explained by increased apoptosis

(Fig. 4), argues that this toxicant also effects cell cycle

regulation. In order to confirm this hypothesis we measured

protein expression of cyclin D1, cyclin A, and the cyclin-

dependent kinase inhibitor p27 via conventional SDS-Page,

and Immunoblotting. We observed pronounced downreg-

ulation of cyclin A expression, whereas cyclin D1 is

slightly upregulated in AFS cells exposed to 3 lM MeHg

(single and combined exposure). Moreover, p27 expression

appears to be unaffected by MeHg and PbAc exposures

(Fig. 5). Neuronal precursor cells show unchanged p27 as

well as unchanged or decreased cyclin D1 levels upon

MeHg exposure (Burke et al. 2006; Falluel-Morel et al.

2007; Xu et al. 2010). The here observed pronounced effect

of MeHg on cyclin A expression could be explained by

MeHg-induced cell cycle arrest and stop of proliferation

(further confirming effects described in proliferation

experiments above) or by functional interaction between

MeHg and cyclin A. In experiments with conditional

knockout mice lacking both A-type cyclins it was found

that cyclin A is essential for proliferation and colony for-

mation of embryonic stem cells and hematopoietic stem
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Fig. 3 Long-term effects of

(a) MeHg, (b) PbAc, and

(c) both MeHg and PbAc on

human AFS cell number

including day 6 analyses.

Values are means ± SD of two

or more independent

experiments except the MeHg

experiment on day 6. Asterisks
mark significant differences

between controls and metal-

treated cells (*P \ 0.05)
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cells but not fibroblast cells. It has been suggested that

wiring of cell cycle pathways in stem cells may operate in a

more rigid fashion than in other cell types. Furthermore,

this mechanism may allow stem cells to selectively respond

to environmental cues by specifically upregulating a par-

ticular component of the cell cycle engine and to undergo

self-renewal, asymmetric division, or cell differentiation

(Kalaszczynska et al. 2009).

Experiments on mouse neuroblastoma cells, rat PC12

cells, and mouse glioma cells have already earlier sug-

gested that MeHg harbors the potential to disrupt the

mitotic apparatus (through specific inhibition of microtu-

bule formation). This is accompanied by a G2/M arrest and

induced apoptotic cell death in both neuronal and non-

neuronal cells (Miura 2000). Other studies demonstrated a

crucial role of p53 in this G2/M arrest. p53?/? (mouse

fibroblast) cells are more sensitive to MeHg-induced

cytotoxicity, cell cycle inhibition, and induction of apop-

tosis, while p53-/- cells undergo less necrosis and less

apoptosis following MeHg treatment. 2.5 lM MeHg

completely stops proliferation in p53?/? cells, while over

40% of p53-/- cells are still able to reach a next round of

cell cycle. 1 and 2.5 lM MeHg cause time- and dose-

dependent accumulation of cells in G2/M phase indepen-

dent of p53 genotype; however, the magnitude of change is

p53-dependent (Gribble et al. 2005).

In addition, p21 was also reported to play a role in

MeHg-induced inhibition of cell cycle progression,

wherein a higher fraction of metal-treated p21-/- cells still

completes one cell cycle round compared with p21 ?/?

and p21?/- cells. However, cells of all p21 genotypes

accumulate in G2/M phase, which indicates more complex

relationship between p21 and other proteins involved in

MeHg-induced cell cycle regulation (Faustman et al. 2002).

Interestingly, MeHg also reduces the levels of cyclin E,

which is a critical promoter of G1/S progression regulated

by p21. The decrease of a cell cycle promoter suggests that

MeHg is able to target cell machinery also by controlling

the G1/S transition (Burke et al. 2006; Xu et al. 2010).

Because cyclin E has been linked to both G1/S regulation

and apoptosis, it has been assumed that early cell cycle

arrest and subsequent apoptosis are linked by a common

molecular mechanism (Burke et al. 2006). Cell cycle inhi-

bition is regarded to protect the cell from toxic insult

(Gribble et al. 2005).

In our proliferation experiments we also recorded cell

diameter (as a function of cell volume actually measured

by the electronic cell counter) and found that mean size of

vital AFS cells exposed to 3 lM MeHg increases signifi-

cantly up to 112 ± 7% (day 2), 111 ± 4% (day 4), and

106 ± 3% (day 6) of controls. This is also the case in cells

co-exposed to 3 lM MeHg and 50 lM PbAc. Also their

size increases to 114 ± 7% (day 2), 112 ± 5% (day 4),

and 113 ± 3% (day 6) in relation to controls (P \ 0.05,

respectively; data not shown). In mammalian cells cell size

is deregulated when cell cycle progression is stopped

(Fingar et al. 2002). The observed increase in cell size thus

might indicate that 3 lM MeHg-treated AFS cells might

exhibit a deregulated cell cycle control in our here pre-

sented experiments.

Fig. 5 Effects of MeHg and PbAc on expression of cyclin D1, cyclin

A, and p27. Total protein lysates were prepared from human AFS

cells exposed to MeHg and PbAc (single and combined exposure)

until day 4, and analyzed via immunoblotting using indicated

antibodies. GAPDH was used as protein loading control
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Fig. 4 Apoptosis analysis in Hg-treated human AFS cells. The

relative amounts of cells with subG1 DNA content were cytofluoro-

metrically analyzed at the indicated concentrations and time points.

Values are means ± SD of triplicates. Asterisks mark significant

differences between controls and MeHg-treated cells (*P \ 0.05)

Proliferation potential of human amniotic fluid stem cells 943

123



Exposure of AFS cells to 0.03 and 0.30 lM MeHg

exerts slight effects on cell number as visible in the pro-

liferation curves (Fig. 2a). In order to properly quantify the

low-dose effects we repeated the proliferation experiment

several times. In fact, exposure to 0.03 and 0.30 lM MeHg

significantly reduces cell number on day 2 to 92 ± 7 and

88 ± 8% of controls, respectively (P \ 0.05, respectively).

The increasing cell numbers on day 4 and day 6, however,

suggest that AFS cells can recover particularly from

exposure to 0.03 lM MeHg (Fig. 3a). This raises the

question on the involved mechanisms of cytotoxicity and

on those able to reverse the effects.

In neuronal cells impressively low MeHg doses

(0.0025–0.025 lM) are known to already induce apoptotic

cell death via Bax activation, cytochrome C translocation,

and caspase and calpain activation and to inhibit cell cycle

in G1/S phase (Tamm et al. 2006; Xu et al. 2010). Inter-

estingly, apoptotic-related signals caused by MeHg-

induced oxidative stress can be reversed by antioxidants

such as N-acetylcysteine (NAC), glutathione (GSH), and

glycine (Cuello et al. 2010; Lu et al. 2011; Pal et al. 2011).

Also the activation of the enzyme Fyn kinase through

MeHg-induced oxidative stress (0.02 lM), which finally

affects diverse processes among them cell proliferation,

survival, and differentiation, is effectively prevented by

NAC (Li et al. 2007).

In principle, the protective effect of thiol-containing

proteins such as GSH, cysteine, and metallothionein (MT)

towards Hg cytotoxicity stems from their high affinity to

bind Hg via covalent binding to free sulfhydryl-groups.

This binding affinity enables transport into cells in the

form of MeHg-cysteine, conjugation to GSH in the cell,

and finally its efflux as GSH complex (reviewed in

Gundacker et al. 2010). Transporters of the ATP-binding

cassette superfamily such as the MRPs (i.e., multidrug

resistance-associated proteins 1 and 2) are involved in Hg

efflux. Intracellular Hg2? is also retained, first of all by

MTs, which are small proteins with unusual high cysteine

content confering high metal binding capacity. GSH and

MT have a double function in Hg detoxification. As

prominent antioxidants they are not only involved in

oxidative stress response. Moreover, they confer that

MeHg is stably bound (preventing that MeHg binds to

critical cellular constituents) and efficiently effluxed from

the cell. Because a single mercury atom can bind to and

cause the irreversible excretion of up to two GSH trip-

eptides, MeHg exposure leads to GSH depletion, which

must be compensated by regeneration or principally by de

novo synthesis (Quig 1998). Accordingly, reversibility of

MeHg-induced pro-oxidative effects through GSH or

cysteine is limited by endogenous availability of the

compounds. In the presence of very high MeHg concen-

trations and/or long exposure time GSH is depleted and

membranes are damaged resulting in necrotic cell death

(Cuello et al. 2010). It is known that both reduced Hg

accumulation in cells (as the result of slow uptake and

rapid efflux) and endogenous GSH levels are major fac-

tors mediating resistance towards MeHg (Miura 2000).

Support for the assumption that AFS cells can resist low

MeHg exposure by increasing Hg efflux comes from our

data on Hg accumulation in AFS cells (which is discussed

in more detail below). While the cells exposed to 3 lM

MeHg continuously accumulate Hg, the Hg levels in AFS

cells exposed to 0.3 lM MeHg are decreasing from day 2

down to undetectable levels on day 4 (Fig. 2a). The latter

finding can be interpreted in two ways. Either it is a

simple dilution effect because AFS cells proliferate fur-

ther and/or MeHg initiates increased expression of trans-

porter proteins such as the MRPs in order to accelerate

Hg efflux.

Taken together, our data indicate that part of AFS cells

do not survive 3 lM MeHg treatment, which is very likely

caused by apoptotic cell death. It has to be explored

whether also G1/S or G2/M cell cycle arrest is involved in

the effects of this metal on stem cells. Obviously AFS cell

proliferation is less sensitive to MeHg compared with

neuronal stem cells and neuronal precursor cells derived

from mouse and rat brain tissues (Table 1). A possible

explanation for this discrepancy is that neuronal cells are

less protected than non-neuronal cell lines because of their

lower endogenous GSH levels (Miura 2000). Thus, further

experiments are necessary to characterize AFS cells with

regard to their antioxidative properties.

The subtle reduction in cell number by low-dose treat-

ment (0.03 lM MeHg) does not necessarily mean that this

effect on AFS cell proliferation is biologically irrelevant.

Stem cells in amniotic fluid are of fetal origin but the in

vivo function of AFS cells in amniotic fluid is still unclear

(Rosner et al. 2011). Importantly, it remains to be explored

whether pluripotent AFS cells are limited in their differ-

entiation potential in a way that has been already described

for murine neural stem cells exposed to a very low MeHg

concentration (0.0025 lM). It was clearly indicated in this

study that neuronal stem cells are more sensitive to MeHg-

induced cytotoxicity than differentiated neurons (Tamm

et al. 2006). Similar findings were reported for human

embryonic stem cells (hESC), i.e., MeHg seems to inhibit

hESC neuronal precursor differentiation by mechanisms

different from general cytotoxicity and the differentiation

of neuronal precursor-like cells is more sensitive to MeHg

exposure than their maturation into neuron-like cells

(Stummann et al. 2009). This might be highly relevant also

for AFS cells that harbor the potential to differentiate into

neurogenic, osteogenic, chondrogenic, adipogenic, hepatic,

myogenic, renal, and hematopoietic lineages (Rosner et al.

2011).
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Effects of PbAc on cell number of AFS cells

As shown in Figs. 2b and 3b, exposure to 1 lM Pb has no

significant effects on the number of AFS cells, neither on

days 2, 4 or 6 (P [ 0.05, respectively), whereas exposure to

10 lM reduces cell number to 92 ± 2% on day 4

(P \ 0.05). Treatment with 50 lM Pb significantly reduces

cell number to 89 ± 6% on day 2 down to 81 ± 5% on day 6

(P \ 0.05, respectively). As for MeHg it is known that

exposure to PbAc influences cell cycle and induces apop-

tosis. In adult hepatic stem cells exposure to 40 lM PbAc for

6 h reduces cell number to 75%. In this experiment stimu-

lation of caspase cascade and simultaneous ERK dephos-

phorylation were the most significant pathways associated

with Pb-induced apoptotic signals (Agarwal et al. 2009). In

PC12 cells it was shown that PbAc can induce DNA damage

and apoptosis going along with upregulation of Bax and

downregulation of Bcl-2. Additionally, the expression of

p53 is increased, and caspase-3 is activated. It was con-

cluded that PbAc can induce activation of p53 by DNA

damage, which may lead to imbalance of Bax/Bcl-2 and

mitochondrial dysfunction. Subsequently, after activation of

caspase-3, Pb-induced cell death occurs (Xu et al. 2006). In

normal rat fibroblasts dose-dependent accumulation of cells

in the G0/G1 phase was observed, with a compensatory

reduction of cells in the S phase. Moreover, Pb exposure

from 2.5 to 10 lM was associated with apoptotic cell death

up to 20%. Apoptosis decreased at higher Pb concentrations

suggesting that at high doses, Pb completely inhibits enzy-

matic activities, including the ones needed for the induction

of apoptotic cell death (Iavicoli et al. 2001).

With regard to cell number reduction, breast cancer

cells, adult rat hepatic stem cells, and HepG2 cells appear

to respond more sensitive to PbAc exposure than AFS cells

(Table 2). Interestingly, PbAc also has a proliferative

effect on a variety of cells (rat and mouse kidney, rat liver,

vascular smooth muscle, vascular endothelial and spleen

cells) (Lu et al. 2002; Zeller et al. 2010). Therefore, it has

been assumed that Pb may act as a tumor promoter. The

Pb-induced proliferative effect was found to be caused by

enhanced DNA synthesis via activation of the MEK1/2 and

ERK1/2 signal transduction pathway via a protein kinase C

(PKC)-alpha-dependent manner in human astrocytoma

cells (Lu et al. 2002).

Our experiments clearly demonstrate antiproliferative

effects of PbAc, which, however, occur at concentration

greater than 1 lM (200 lg/L). We conclude that Pb con-

centrations in the physiological range have no adverse

effect on the proliferation potential of AFS cells. However,

Pb-induced effects on AFS cell differentiation cannot be

excluded because other data suggest that even low Pb

levels (0.01–10 lM) can affect differentiation of embry-

onic neural stem cells (Huang and Schneider 2004).

Effects of MeHg and PbAc on cell proliferation are

related to Hg and Pb accumulation in cells

We expected that cellular Hg and Pb accumulation is a

major factor, which determines the observed dose-depen-

dent changes in cell number and the metal-specific effects

on AFS cell proliferation. As has been described earlier for

other cell lineages (Bannon et al. 2003; Lewandowski et al.

2003; Aleo et al. 2005), also AFS cells accumulate Hg and

Pb in accordance to the dose. We found undetectable Hg

and Pb concentrations in cells exposed to 0.03 lM MeHg

and 1 lM Pb.

Table 1 Selected data on MeHg-induced effects on cell number

Hg species Dosage (lM) Time of effect Cell lineage Cell number

reduction (%)

References

MeHg 0.025 Day 1 Rat embryonic cNSCs (E 15) 80–85 Tamm et al. (2006)

MeHgCl 0.03 Day 2 Rat cerebellar granule neurons (Wistar rat pups) 76 Sakaue et al. (2005)

MeHgCl 0.03 Day 2 Human AFS cells 92 This study

MeHgCl 0.05 Day 4 Rat cerebellar granule cells (Wistar rat pups) 55 Hogberg et al. (2010)

MeHg 0.25 Day 1 Murine neural stem cells (C17.2) 80–85 Tamm et al. (2006)

MeHgCl 0.3 Day 1 Rat cerebellar granule cell precursors (P7 pups) 86 Burke et al. (2006)

MeHgCl 0.3 Day 2 Human AFS cells 88 This study

MeHgCl 0.5 Day 2 Rat cortical progenitor cells (SD embryos E13) 65 Xu et al. (2010)

MeHg 3 Day 1 Murine neuroblastoma cells (Neuro-2a) 40 Lu et al. (2011)

MeHgCl 3 Day 1 Rat cerebellar granule cell precursors (P7 pups) 10 Burke et al. (2006)

MeHgCl 3 Day 1 Rat cortical precursor cells (E14.5 embryos) 25 Burke et al. (2006)

MeHgCl 3 Day 2 Human AFS cells 45 This study

MeHg 4 Day 2 Mouse embryonal fibroblasts (GD 14) 35 Gribble et al. (2005)
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However, there are three remarkable differences regard-

ing the intracellular accumulation of these two metals:

First, cellular Hg and Pb contents differ substantially in

relation to the respective dosages. PbAc was used in much

higher (17- to 33-fold higher) concentrations compared

with MeHg. However, interestingly the cells accumulate

both metals to comparable concentrations. Lower Pb

accumulation in AFS cells does well explain the much

slighter effects of PbAc on cell proliferation (Figs. 2, 3).

One explanation would be that MeHg is more efficiently

taken up in cells compared with PbAc. This would some-

how be surprising, because both compounds have been

described to be highly bio-available in vivo (e.g., Dieter

et al. 1993; Clarkson 2002). However, there is evidence

that the toxicant’s compound and the culture medium

together determine the metal speciation and the availability

of potential ligands. It is known that MeHg is more effi-

ciently transported into cells, thus more toxic, when com-

plexed with cysteine or homocysteine (Kajiwara et al.

1996; Bridges and Zalups 2005; Yin et al. 2008) and that

Pb is cytotoxic when left free in the exposure medium and

when complexed with carbonate, cysteine or citrate, but not

when complexed with albumin or phosphate (Milgram

et al. 2008). In another experiment, the toxic actions of Pb

appeared to be inactivated to certain extent by the presence

of fetal calf serum (FCS). Progressive reduction in cell

number seems to be more evident in cultures with low fetal

calf serum (FCS) concentration. The conclusion was that

FCS could be capable of fortifying cells against lead-

induced cellular damage (Domı́nguez et al. 2002). Com-

parable findings were reported for vascular endothelial

cells. Under serum-reduced condition Pb is inducing cell

death and impairing proliferation, while medium contain-

ing serum is stimulating proliferation (Zeller et al. 2010).

Other authors stated that FCS is an effective agent for

preventing precipitation of Pb from complex media. The

increased solubility of Pb in the presence of FCS is likely

due to nonspecific binding of Pb to serum proteins such as

albumin. Some part of this Pb is available to interact with

cellular targets (Mayer and Godwin 2006). In conclusion,

the ability of the resulting complexes to serve as substrates

for a variety of transporters do greatly influence cellular

uptake of the metals, which in turn determines cellular

contents and thus the cytotoxicity of the metals. We cul-

tivated AFS cells in Chang C/MEM. So far it remains

unknown in which chemical form the here applied Hg and

Pb compounds are actually present in this culture medium

and thus available to AFS cells. Theoretically, two further

mechanisms might play a role in lower Pb accumulation in

AFS cells compared with Hg. MT synthesis is known to be

induced by both metals. Still, Pb appears to activate MT

synthesis with a significant delay compared with Hg

(Stacchiotti et al. 2009). Interestingly, in ducks co-exposed

to MeHg and PbAc, renal and hepatic MT increased to the

same amount as when exposed to each compound alone

(Jordan et al. 1990). It remains to be explored whether MT

synthesis in human AFS cells respond differently to MeHg

and PbAc exposures. A second possibility is that Pb is

more rapidly effluxed from AFS cells than Hg. Hitherto it

is not known how Pb is effluxed from cells and which

proteins are involved. Therefore, it remains to be investi-

gated whether Hg and Pb are differently effluxed from AFS

cells, whether PbAc indeed is less efficiently transported

into AFS cells than MeHg, and which components in cul-

ture medium modulate transport of the metal compounds

into AFS cells.

Second, cells exposed to 0.3 lM MeHg and 10 lM

PbAc, respectively, showed decreasing cellular Hg content

from day 2 to day 4, whereas Pb content increases from day

2 to day 4 (Fig. 2a, b). This accumulation pattern, which

we are assuming to be present also in 0.03 lM MeHg and

1 lM PbAc treatments, can explain why proliferation of

human AFS cells can recover from low-dose MeHg treat-

ment but not from Pb treatment (Fig. 3a, b). These accu-

mulation patterns do not change when cells are co-exposed

to 0.03 lM MeHg and 10 lM Pbac (Fig. 2c).

Table 2 Selected data on Pb-induced effects on cell number

Pb species Dosage

(lM)

Time of

effect

Cell lineage Cell number

reduction (%)

References

Pb acetate 0.5 Day 2 Rat pheochromocytoma PC12 85 Chen et al. (2003)

Pb 5 Day 2 Human SH-SY5Y neuroblastoma cells 50 Suresh et al. (2006)

Pb acetate 10 Day 4 Human AFS cells 92 This study

Pb chloride 10 Day 4 Rat cerebellar granule cells (Wistar rat pups) 85 Hogberg et al. (2010)

Pb nitrate 15 Day 3 HepG2 50 Tchounwou et al. (2004)

Pb acetate 40 6 h Adult rat hepatic stem cells 75 Agarwal et al. (2009)

Pb acetate 50 Day 6 Breast cancer MCF-7 cells 53 Corbit et al. (2006)

Pb acetate 50 Day 6 Human AFS cells 81 This study
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And last but not least, the high doses (3 lM MeHg,

50 lM Pb) lead to continuous Hg and Pb accumulation

with peak contents on day 3 and to comparable or lower

contents on day 4, respectively (Fig. 2a, b). In contrast,

co-exposed cells accumulate Hg and Pb until day 4, but

especially on day 3 Pb content in co-exposed cells is

clearly lower compared with cells exposed to Pb alone

(Fig. 2c). One potential underlying mechanism for lowered

Pb levels in the presence of MeHg might be that MeHg

inhibits Pb transporting proteins. There is evidence that

divalent metal transporter 1 (DMT1) and Ca-ATPase are

involved in cellular Pb uptake (Lidsky and Schneider 2003;

Bressler et al. 2004) and that both transporters are mark-

edly inhibited in the presence of Hg (Yallapragada et al.

1996; Marciani et al. 2004). Hg also decreases cadmium

(Cd) accumulation by both inhibiting its uptake and

enhancing its efflux in rat hepatocytes (Blazka and Shaikh

1992). Cd is also transported by DMT1 (Bressler et al.

2004).

Effects of combined exposure to MeHg and PbAc

The obtained data on proliferation (Figs. 2, 3) and cyclin

expression (Fig. 5) indicate that the effects resulting from

co-exposure to MeHg and PbAc are the same as for single

MeHg treatment. This is confirmed by statistical analysis of

cell number and cell size comparing single exposure and

co-exposure experiments (P [ 0.05, respectively). The

disappearance of Pb-induced effects on cell proliferation

can be explained by the above-discussed cellular contents

of Hg and Pb, i.e., the altered accumulation of Pb in AFS

cells in the presence of MeHg. However, cells co-exposed

to 0.30 lM MeHg and 10 lM PbAc, which also do not

show additive effects on cell number, do not display altered

Pb accumulation compared with cells treated with Pb

alone. To our best knowledge the potential co-exposure

effects of MeHg and Pb on cell proliferation and cell size

have not been investigated so far in vitro. The available

results on animal experiments with mice, rats, and ducks

co-exposed to MeHg and PbAc or Pb nitrate brought

inconsistent results. According to outcome co-exposure

leads to additive, less than additive as well as to synergistic

effects (ATSDR 2006).

Conclusions

Human AFS cells exposed to MeHg and PbAc accumulate

significantly more Hg than Pb. Accordingly, MeHg-

induced effects on cell proliferation are stronger compared

with PbAc. Co-exposure to MeHg and PbAc does not have

additive effect on proliferation of AFS cells independent of

the applied dose. We hypothesize that MeHg is transiently

inhibiting cellular Pb intake and/or MeHg induces accel-

eration of Pb efflux. However, this Pb accumulation pattern

does only occur when cells are co-exposed to 3 lM MeHg

and 50 lM Pb but not at lower concentrations. Further

experiments are necessary to clarify these relationships.

Last, under the present experimental conditions, AFS cells

appear to be protected against PbAc exposure independent

of treatment, i.e., single exposure or combined exposure

with MeHg.
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