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Abstract
Metallothioneins (MTs) protect cells from oxidative damage by scavenging reactive oxygen
species (ROS). Concurrent with protecting cells from ROS-mediated damage, MT transcription is
induced by ROS. ROS activate transcription by affecting several signal transduction pathways,
many of which have been implicated in regulating MT transcription. ROS-activated intracellular
signaling is mediated by the stable lipid peroxide 4-hydroxynonenal (HNE). After determining the
level of sensitivity of Hepa1-6 cells to HNE, MT-1 mRNA expression was shown to be induced in
a concentration and time dependent manner after HNE exposure. Finally, using MT-based
reporters, HNE was found to induce MT transcription via both antioxidant response and metal
response elements. Thus, ROS may activate MT transcription by generating HNE which in turn
affects signaling pathways that regulate MT transcription via the transcription factors AP-1 and
MTF-1.
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Introduction
Metallothioneins (MTs) are an evolutionarily conserved family of cysteine-rich proteins that
function in maintaining homeostatic levels of essential metals (copper, zinc) and
detoxification of non-essential metals (cadmium, mercury) (1). The ability of MTs to bind
metals is due to its high cysteine content, which also makes them efficient scavengers of
reactive oxygen species (ROS) (2,3). The role of MT in ameliorating ROS toxicity is
supported by the observations that increased MT expression can protect cells from ROS-
mediated damage (4,5). Likewise, MT-null cells are hypersensitive to ROS generating
toxicants (6).

Concurrent with protecting cells from ROS-mediated damage, MT transcription can be
induced by ROS-generating compounds. Treatment with hydrogen peroxide, antimycin,
ionizing radiation, paraquat, or redox cycling metals (e.g., copper) induces MT transcription
(3,7–11). Transcriptional induction by ROS is mediated by both metal-response elements
(MREs) and antioxidant response elements (AREs), which are located in the promoters of
many MT genes, including the mouse metallothionein -1 gene (MT-1) (7,11).
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While ROS can be cytotoxic, they can also serve as signaling molecules. Nitric oxide,
superoxide, and hydrogen peroxide have been shown to modify signaling proteins and can
activate transcription by affecting several signal transduction pathways including mitogen-
activated protein kinase (MAPK) and NF-κB (12,13). Both of these signaling pathways are
involved in MT transcriptional regulation (14,15). 4-Hydroxynonenal is one of the major
end-products of lipid peroxidation that is produced when polyunsaturated fatty acids are
oxidized. It has the ability to covalently bind proteins and form stable adducts that serve as
signaling molecules (16,17). The ability of ROS to activate MAPK signaling is affected by
HNE (12). Here we report on the ability of HNE to affect the steady state levels of MT-1
mRNA in a dose-and time-dependent manner, and activate MT transcription. This process
appears to be transcriptionally regulated by AP-1 and MTF-1.

Materials and Methods
Cell Culture

COS-7 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml
streptomycin, and 100 μM nonessential amino acids (GIBCO® Invitrogen, Carlsbad, CA).
Hepa 1–6 mouse hepatoma cells were grown in DMEM supplemented with 10% fetal
bovine serum. Both cell lines were maintained in a humidified incubator at 37°C in 5% CO2.

Neutral Red Viability Assay
Hepa 1–6 cells were added to 6-well plates at an initial density of 1 × 105 cells/well. The
next day, cells were treated with increasing concentrations of HNE (Cayman Chemical, Ann
Arbor, MI) for 24 h. Control cells were treated with 0.16 % ethanol. After a 24 h incubation,
cell viability was determined by Neutral Red assay, as previously described (11). Triplicate
experiments were performed for each concentration and the results were expressed as
percent viability, relative to ethanol-treated cells. A one-way ANOVA was performed
followed by a Dunnett’s Test to compare each HNE treatment to ethanol-treated control
cells.

Quantitative Real-Time RT-PCR
Hepa 1–6 cells were plated at a density of 1 × 105 cells/well in 6 well plates and exposed to
several concentrations of HNE for 24 h or to 40 μM HNE for increasing periods of time. As
a control, cells were exposed to ethanol (vehicle control) and process identically to the
HNE-treated cells. After incubation, cells were washed twice with Hanks buffered saline
and total RNA was isolated using RNeasy Mini kits, according to manufacturer’s
instructions (Qiagen, Inc., Valencia, CA). cDNAs were generated from total RNA using the
SuperScript First-Strand Synthesis System, according to manufacturer’s instructions
(Invitrogen/Life Technologies, Carlsbad, CA). The resulting cDNAs were used in qRT-PCR
reactions using Power SYBR Green RT-PCR kits, according to manufacturer’s instructions
(Applied Biosystems, Foster City, CA). Quantitative PCR was performed in an ABI 7900
HT Fast Real-Time System and fold changes in mRNA levels were calculated using the
ΔΔCt method with GAPDH as reference mRNA (18). Prior to statistical analysis the fold-
change in MT-1 mRNA was natural log transformed. The effect different concentrations of
HNE had on MT-1 expression; relative to untreated samples; was analyzed using one-way
ANOVA followed by a Dunnett’s test. For time course experiments, changes in MT-1
expression were evaluated between treatments by a two-way ANOVA using untreated
control samples at the 0 h time point as a reference. A Bonferroni post-hoc test was used to
determine differences between each time point. These analyses were performed using
GraphPad Prism (GraphPad Software, Inc., La Jolla, CA).

Braithwaite et al. Page 2

J Biochem Mol Toxicol. Author manuscript; available in PMC 2012 November 27.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Transient Transfection and Reporter Gene Assays
COS-7 cells were plated at a density of 8.0 × 104 cells/well in 24-well culture plates and
allowed to grow for 18–24 h before transfection. Cells were transfected with
chloramphenicol acetyltransferase (CAT)-containing reporter genes containing regions of
the mouse MT-1 promoter (−42/+63-CAT, −153/+62-CAT, MREd5-CAT, and ARE4-CAT)
as previously described (7,11). Following transfection, the cells were allowed to recover
overnight. Cells were subsequently treated with 10 μM HNE for 24 h. The levels of reporter
gene activity were then measured as previously described (11).Statistical analysis was
performed using StatView software (JMP Software, Cary, NC). Results are presented as the
mean ± standard error. The significance of mean differences for the reporter gene assays was
determined by Student’s t-test.

Results and Discussion
Cell viability was first performed to determine the level of sensitivity of exogenously added
HNE on Hepa 1–6 cells. Hepa 1–6 cells showed a concentration dependent sensitivity to
HNE. Maximum toxicity was observed at the highest concentration of 100 μM with an
estimated EC50 of ~30 μM (Fig. 1). The steady state level of MT mRNA increased
following exposure to increasing concentrations of HNE. MT mRNA levels increased in a
dose-dependent manner after treatment with HNE for 24 h, with the maximal level of
induction reached after a 40 μM exposure (Fig 2A). The kinetics for MT mRNA induction
after exposure to 40 μM HNE was also determined. A steady increase in MT mRNA levels
over the 24 h duration of the study was observed (Fig. 2B).

To identify specific transcription factors that may contribute to the regulation of MT gene
expression, three different reporter genes were utilized that contain sequences derived from
the mouse MT-1 promoter. These sequences included the fully functional 153 bp MT-1
promoter fragment, concatenated copies of MREs, or concatenated copies of AREs (7).
After treatment with 10 μM HNE for 24 h, the levels of reporter gene expression
significantly increased (Fig. 3). This increase was observed for both ARE- and MRE-
regulated transcription, as well as intact the MT-1 promoter. These results suggest that HNE
is capable of activating signal transduction pathways that ultimately affect MT transcription.
Furthermore, these pathways converge on two independent transcription factors, the MRE
binding transcription factor MTF-1 (19) and AP-1 (20,21).

There are several mechanisms by which ROS can affect signal transduction pathways. It has
been proposed that HNE acts as a second messenger to activate signaling transduction
pathways (22). Correlated with HNE production is an increase in AP-1 activity and the
expression of several genes including collagen type I, TGFβ1, γ-glutamylcysteine
synthetase, and c-myc (23–27). In addition, HNE is capable of increasing c-Jun expression,
and activating protein kinase C (PKC), p38, and c-Jun N-terminal kinase (JNK)
(17,22,28,29).

The ability of HNE to affect the activity of MTF-1 has not been reported. Several studies
have shown that ROS can activate the MTF-1/MRE-regulated transcription of MT (8,11). It
has been proposed that MTF-1 is activated by post-translation modifications (i.e.,
phosphorylation) via one of several signal transduction pathways, including PKC and JNK
(14,30). It is possible that HNE increases MT transcription by affecting these pathways
which converge on MTF-1. An alternative model proposes that MTF-1 is activated by the
binding of zinc in an unoccupied zinc finger (31). HNE-induced oxidative stress could cause
a release of intracellular zinc by oxidizing metal-binding thiols or by glutathione mediated
release of the metal from MT (8). Thus, it could facilitate the release of zinc from MT to
activate MT transcription (12).
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In summary, a mechanistic model is proposed in which exposure to ROS-generating
chemicals causes an increase in the levels of HNE which subsequently activates MAPK
signaling pathways. The downstream effect is an increase in PKC and JNK activities. The
activation of these kinases leads to increased phosphorylation of AP-1 and MTF-1, which
increases MT expression via both oxidative-stress and metal-responsive pathways (Fig. 4).
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Figure 1. Effect of HNE on Hepa 1–6 cell viability
Hepa 1–6 cells were exposed to increasing concentrations of HNE for 24 h and then cell
survival was assessed using the Neutral Red viability assay. Percent viability was plotted at
each concentration and represents the mean values of triplicate experiments ± standard error.
* indicate significant difference from non-treated cells at p < 0.001.
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Figure 2. Effect of HNE on steady state MT-1 mRNA levels
panel A, concentration dependent induction of MT-1 mRNA in HNE-treated Hepa1–6 cells
(Et, ethanol control). panel B, time dependent induction of MT-1 mRNA after exposure to
40 μM HNE. Steady state MT-1 mRNA levels were determined by qRT-PCR and presented
as mean ratios ± standard error (gray bars), relative to non-treated cells (n = 4). Ethanol-
treated cells (white bars) are shown as a control, as ethanol was used as a solvent for the
HNE. a, b, and c indicate significant differences at p < 0.05, p < 0.01 and p < 0.001,
respectively.
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Figure 3. Effect of HNE on metallothionein transcription
COS-7 cells were transfected with metallothionein reporter genes: −153/+62-CAT, MREd5-
CAT, and ARE4-CAT. Following transfection and recovery, cells were exposed to 10 μM
HNE for 24 h (solid bars). The level of CAT was then measured by ELISA and normalized
to the amount of β-galactosidase enzyme activity (11). Reporter gene expression in cells not
exposed to HNE (open bars) in each treatment, n = 3 observations. * indicate significant
difference at p < 0.01.
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Figure 4. Model for the activation of MT transcription by ROS
ROS reacts with lipids to produce HNE. HNE then activates protein kinases which
ultimately affect MT expression. Once produced, MT can then scavenge ROS; decreasing
HNE and kinase activation ultimately reducing MT expression.
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