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Abstract:

Haeme oxygenase-1 (HO-1) is often viewed as a cytoprotective gene. Toxic heavy metals induce
HO-1, but it is unclear whether particular metal micronutrients also induce HO-1. Hence, the
ability of exogenously-added copper, iron and zinc to influence HO-1 expression in HCT-116
cells was evaluated. Under the chosen experimental conditions, only zinc noticeably increased
the expression of HO-1 mRNA and protein. Concurrently, zinc decreased non-protein thiol levels
to a certain extent, but zinc did not increase the production of reactive oxygen species (ROS).
Moreover, ascorbate and Trolox did not inhibit zinc-induced HO-1 upregulation. In contrast,
deferoxamine blunted the induction of HO-1 mRNA, protein, and enzymatic activity caused by
zinc. Additionally, N-acetylcysteine and Tiron inhibited zinc-induced HO-1 upregulation and
also nuclear translocation of nuclear factor erythroid 2-related factor 2 (Nrf2). Collectively, these
findings suggest that zinc at above normal levels upregulates HO-1 expression in HCT-116 cells
in a ROS-independent manner.
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Introduction

Cells in the body are exposed to metallic elements that can have either beneficial or adverse
effects depending on the concentrations of the metallic elements. For example, copper, iron and
zinc at proper levels are needed to facilitate many important biochemical reactions and other
cellular processes. Thus, copper, iron and zinc are often recognised as essential trace elements
although they can be toxic at above normal levels [1]. In contrast, other metallic elements such as
arsenic, cadmium and chromium are usually regarded as toxic heavy metals from the
environment, including the plant food chain [2].

Multiple lines of defence enable cells to deal with potentially harmful metallic elements. One
defensive mechanism is the expression of cytoprotective genes that helps safeguard against


https://core.ac.uk/display/345079224?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://libres.uncg.edu/ir/uncg/clist.aspx?id=1195
http://www.dx.doi.org/10.3109/10715762.2012.690872

heavy metal toxicity. An important cytoprotective gene is haeme oxygenase-1 (HO-1). HO-1
codes for a protein that functions as an enzyme in catalysing the degradation of haeme to
biliverdin, ferrous iron and carbon monoxide [3]. Furthermore, HO-1 is a redox-sensitive gene
[4]. Upregulation of HO-1 expression is an adaptive cellular response to oxidative stress [5],
which can be an early consequence of exposure to certain metallic elements. It is known that
HO-1 expression is upregulated by arsenic, cadmium and chromium [6]. Whereas zinc is redox-
inactive, both copper and iron are redox-active and can induce oxidative stress supposedly as the
result of these two transition metals catalysing the Haber — Weiss reaction to generate reactive
oxygen species (ROS) [7]. However, it is unclear whether exposing cells to exogenously-added
copper, iron and zinc affects HO-1 expression. This uncertainty prompted the current study with
a preconceived notion, as delineated below, that at the same concentration zinc would have a
stronger effect than iron and copper in influencing HO-1.

When basically comparing copper, iron and zinc from an overall functional perspective, zinc can
be considered more versatile at the cellular level. Zinc serves as a cofactor for hundreds of
enzymes and allows for the structural formation of zinc fingers in multiple transcription factors
[8]. Moreover, zinc can act indirectly as an antioxidant [9]. In particular, one indirect action of
zinc is that it increases metallothionein gene expression [10].

Metallothionein scavenges ROS [11]. Also, metallothionein can bind zinc to protect cells against
zinc toxicity [12]. Therefore, the upregulation of metallothionein expression caused by zinc can
be viewed as a response to oxidative stress, since it is known that relatively high levels of zinc
can paradoxically stimulate ROS production [13,14] and perturb glutathione redox homeostasis
[15]. Under such stressful conditions, it is possible that other cytoprotective genes besides
metallothionein are upregulated when cells are exposed to added zinc. Thus, the purpose of this
present study was to determine if HO-1 is influenced by three metal micronutrients, namely,
copper, iron and zinc, when added to the cellular environment. We hypothesized that HO-1 can
be affected by zinc but not necessarily via ROS.

Materials and methods
Materials

HCT-116 human colon adenocarcinoma cells were obtained from American Type Culture
Collection (Manassas, VA). All reagents were purchased from Sigma Chemical Co. (St. Louis,
MO), unless otherwise stated. Goat HO-1 polyclonal antibody (C-20), rabbit Nrf2 polyclonal
antibody (H-300), rabbit anti-goat IgG-horse radish peroxidase (HRP), goat anti-rabbit IgG-HRP
and goat antimouse 1gG-HRP were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Mouse  —actin monoclonal antibody (AC-15) was obtained from Sigma Chemical Co. (St.
Louis, MO). Goat anti-rabbit 1gG conjugated to Alexa Fluor 488 was obtained from Molecular
Probes Inc. (Eugene, OR).

Cell culture and treatment
HCT-116 cells were propagated in McCoy’s 5A medium supplemented with 100 ml/L fetal

bovine serum, 0.54 mol/L amphotericin B, 100,000 units/L penicillin and 100 mg/L
streptomycin. Upon reaching 70 — 80% confluency, cell samples (i.e. cells grown in petri dishes,



multi-well microplates or chamber slides) were incubated with copper (cupric sulphate), iron
(ferrous sulphate) and zinc (zinc sulphate), but also with the reference compounds, tert-butyl
hydroperoxide (TBHP) and ethacrynic acid, for comparison. In subsequent experiments, HCT-
116 cells were pre-treated with ascorbate, 6-hydroxy-2,5,7,8-tetramethylchroman- 2-carboxylic
acid (Trolox), N-acetylcysteine (NAC), 4,5-dihydroxy-1,3-benzenedisulfonic acid (Tiron) or
deferoxamine mesylate (DFO) before subsequently exposing the cells to zinc.

Assessment of oxidative stress and determination of non-protein thiol levels

Overall cellular ROS production and mitochondrial superoxide production were both assessed by
fluorescence microscopy using the Image-iT LIVE Green ROS detection reagent and the
MitoSOX Red mitochondrial superoxide indicator reagent (Molecular Probes, Eugene, OR),
respectively. Cellular levels of non-protein thiols were determined spectrophotometrically, using
Ellman’s reagent along with glutathione as the standard [16].

Determination of HO-1 mRNA expression

After isolating total RNA from cells with an RNeasy Mini kit (Qiagen Inc., Valencia, CA), HO-1
MRNA expression was determined by multiplex relative RT-PCR analysis using a Qiagen
OneStep RT-PCR kit. The primer sequences for HO-1 (NIH, NCBI, UniSTS: 92045, RH27826)
were: forward, TGTGGCAGCTGTCTCAAACCTCCA, reverse,
TTGAGGCTGAGCCAGGAACAGAGT. To normalize the data, a B -actin/competimer pair
(Ambion Inc., Austin, TX) was used as the internal standard. The RT — PCR conditions were 30
minutes at 50 ° C followed by 15 minutes at 95 ° C (RT), then 0.5 minutes at 95 ° C, 0.5 minutes
at 60 ° C and 1 minutes at 72 ° C (PCR) for 25 cycles. The PCR product sizes were 175 bp (HO-
1) and 294 bp ( B -actin). A Kodak 440 CF image station was used to attain the images and
densitometric analysis (HO-1/ B -actin).

Determination of HO-1 protein expression

Harvested cells were lysed with ice-cold buffer (PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate and Roche Complete Protease Inhibitor

Cocktail, pH 7.4). Whole lysate aliquots were electrophoresed using 4 — 12% Bis-Tris NUPAGE
mini-gels (Invitrogen, Carlsbad, CA), before electroblotting to nitrocellulose membrane and
blocking with 5% skim milk powder in TBST (20 mM Tris — HCI, 150 mM sodium chloride,
0.05% Tween 20, pH 7.4). The blocked membrane was incubated overnight at 4 ° C with goat
HO-1 polyclonal antibody (1:1000 dilution) and eventually for 2 hours at 25 ° C with anti-goat
IgG-HRP (1:100,000 dilution). Images were obtained after processing the membrane with
SuperSignal WestFemto Maximum Sensitivity Kit reagents (Pierce, Rockford, IL) for
subsequent image capture. After stripping, the membrane was re-probed with mouse f -actin
monoclonal antibody (1:40,000 dilution) along anti-mouse 1gG-HRP (1:200,000 dilution) before
re-imaging.

Assay of haeme oxygenase activity



The haeme oxygenase assay was essentially performed as described [17]. Cells were sonicated in
ice-cold 0.1 M potassium phosphate buff er (pH 7.4) containing 2 mM MgCI 2 and Complete
Protease Inhibitor Cocktail (Roche, Indianapolis, IN), before centrifugation at 18,000 g for 20
minutes (4 ° C). The supernate (700 u g protein) was added to a reaction mixture containing 1
mM NADPH, 2 mM glucose-6-phosphate, 2 units glucose-6-phosphate dehydrogenase,

25 1 M haemin and rat liver cytosol (2 mg protein) in a total volume of 1 ml. After incubation at
37 ° C for 1 hour in the dark, 1 ml chloroform was added to the samples and then rapidly
vortexed. The bottom chloroform phase containing the product, bilirubin, was analysed
spectrophotometrically (difference in absorbance between 464 and 530 nm). Using an extinction
coeffi cient of 40 mM_ 1 cm _ 1, haeme oxygenase activity was calculated and expressed as
pmol/h/mg protein.

Determination of nuclear Nrf2 expression

Nuclear extracts were prepared as described [18]. Determination of Nrf2 protein expression in
nuclear extracts was done by Western-immunoblotting analysis as described above, but using
rabbit Nrf2 polyclonal primary antibody and goat anti-rabbit IgG-HRP secondary antibody.
Additionally, nuclear Nrf2 expression was assessed by immunocytofl uorescence microscopy.
Cells grown and treated in chamber slides were fixed with 4% formaldehyde

Upregulation of haeme oxygenase-1 by zinc 1101 and permeabilised with 0.2% Triton X-100.
The slides were blocked with 1% bovine serum albumin, before adding rabbit Nrf2 polyclonal
antibody (1:500 dilution) for incubation overnight at 4 © C. This step was eventually followed by
incubation with goat anti-rabbit IgG conjugated to Alexa Fluor 488 (1:500 dilution).
Counterstaining was with 4’ ,6-diamidino-2-phenylindole (DAPI) to visualise nuclei. The NIH
ImageJ image processing program was used to capture and quantify the green fluorescence
intensities of cell nuclei, reflecting nuclear Nrf2 expression.

Results
Effect of copper, iron and zinc on HO-1

To determine whether some essential trace elements at a certain concentration infl uence HO-1,
HCT-116 cells were incubated with 200 u M cuprous sulphate (copper), ferrous sulphate (iron)
or zinc sulphate (zinc). For comparison, cells were also incubated with the reference compound,
tert-butyl hydroperoxide (TBHP), which is a well-known inducer of oxidative stress in cells. The
outcome of this experiment is shown in Figure 1A. Of the three trace elements tested, only zinc
distinctly increased the expression of HO-1 mRNA and HO-1 protein. Under the chosen
experimental conditions, TBHP increased the expression of HO-1 mRNA, but not HO-1 protein.

To further assess the upregulatory effect of zinc on HO-1 mRNA and protein expression, HCT-
116 cells were incubated with incremental concentrations of zinc for a fixed time period (Figure
1B) and also for incremental time periods with a fixed concentration of zinc (Figure 1C). Based
on these particular positive data, cells were incubated with 150 p M zinc for 5 — 6 hours in
subsequent experiments examining HO-1 expression.

Effect of copper, iron and zinc on cellular ROS production



To determine if copper, iron or zinc induce oxidative stress that could be either negatively or
positively related to HO-1 expression, ROS production was assessed in HCT-116 cells incubated
with the three individual trace elements. The overall assessment was done by visually detecting
the oxidation of a carboxydichlorodihydrofluorescein diacetate probe to a product emitting green
fluorescence (Figure 2A). For a positive control, HCT-116 cells were incubated with TBHP. As
can be seen, the cellular production of ROS was not increased by 150 u M copper, iron or zinc
after 3 hours of incubation. In the case of zinc-treated cells, further examination revealed no
evidence of greater production of ROS at earlier time points (Figure 2B). Compartmentally, zinc
did not increase mitochondrial superoxide production, as assessed with MitoSOX Red
fluorescent probe and using deoxycholate-treated HCT-116 cells as a positive control (Figure
2C).
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Figure 1. Upregulation of HO-1 expression by zinc but not by copper and iron. HCT-116 cells
were incubated for 5 — 6 hours with 200 u M of cuprous sulphate (Cu), ferrous sulphate (Fe) or
zinc sulphate (Zn), and with the standard oxidant, tert-butylhydroperoxide (TBHP), for
comparison (A). Additionally, cells were incubated for 5 — 6 hours with an increasing
concentration range of zinc (B) or with the same zinc concentration (150 u M) for diff erent time
periods (C). Afterwards, the expression of HO-1 mRNA and HO-1 protein was evaluated by
multiplex relative RT-PCR analysis and Westernimmunoblotting analysis, respectively. The
results are representative of three diff erent experiments ( * p < 0.05 compared to control, for
MRNA images).

Effect of zinc on cellular non-protein thiol levels

To determine if zinc aff ects cellular sulfhydryl compounds, of which glutathione is the primary
one and also the major intracellular antioxidant, levels of non-protein thiols were determined in
HCT-116 cells incubated with 150 u M zinc. A small but evident drop in non-protein thiols was
found after 3 — 4 hours of incubation (Figure 3A). For comparison with zinc, TBHP and
ethacrynic acid were also evaluated (Figure 3B). Under the chosen experimental conditions,
TBHP did not lower non-protein thiol levels. But, ethacrynic acid, which is a known to conjugate
or form a covalent adduct with glutathione [19], did lower the non-protein thiol levels.
Interestingly, zinc and ethacrynic acid did not increase ROS production whereas TBHP did
(Figure 3C).

’ .....

Control TBHP

0 h . TBHP
Zn,150 uM

0.5h 1h 2h 3h | DOC

Zn, 150 uM

(B)

(C)

0h




Figure 2. No stimulatory eff ect of copper, iron and zinc on production of ROS. HCT-116 cells
were incubated for 1 hour with 200 u M of cuprous sulphate (Cu), ferrous sulphate (Fe) or zinc
sulphate (Zn), and also with the standard oxidant, tert-butylhydroperoxide (TBHP), for
comparison (A). Additionally, cells were incubated for different time periods with 150 u M zinc
sulphate (Zn), but also with TBHP and deoxycholate (DOC) as positive controls (B and C).
Afterwards, the general production of ROS (B) and specifi ¢ production of mitochondrial
superoxide (C) were assessed by fluorescence microscopy. The results are representative of 3 — 4
different experiments.

Effect of antioxidants on zinc-induced upregulation of HO-1

To further determine whether ROS are involved in zincinduced HO-1 upregulation in HCT-116
cells, several common antioxidants were evaluated for effectiveness in inhibiting zinc. Unless
otherwise stated, cells were pretreated with the specified antioxidants for 1 hour, and then
without changing the culture media, treated with zinc for 5 — 6 hours. In initial experiments,
neither ascorbate nor Trolox, which is a cell-permeable water-soluble derivative of vitamin E,
inhibited the induction of HO-1 protein caused by zinc (Figure 4A).

The iron chelator known as deferoxamine (DFO) has been reported to have antioxidant
properties but not because of its ability to chelate iron [20]. Thus, the effect of DFO

on the induction of HO-1 caused by zinc was next assessed. Pre-treating cells with DFO for 1
hour did not have any striking effect on zinc-induced upregulation of HO-1

mMRNA and HO-1 protein (Figure 4B). A longer pre-treatment time of 20 hours with DFO before
subsequent zinc treatment led to only slight inhibition of the HO-1 mRNA upregulation caused
by zinc (Figure 4C), but zinc-induced HO-1 protein upregulation was inhibited by the 20-hour
DFO pre-treatment (Figure 4D). In accord with this last finding, zinc increased haeme oxygenase
enzymatic activity in HCT-116 cells (Figure 4E), but this effect was attenuated in cells pre-
treated with DFO for 20 hours before next being exposed to zinc. To determine if the effect of
DFO was due to chelation and depletion of cellular iron, HCT-116 cells that had been pre-treated
with DFO were ‘rescued’ with a dose of iron (ferrous sulphate) and then treated with zinc. Zinc-
induced HO-1 upregulation was partially restored in the iron-rescued cells (Figure 4F).

Two other well-known antioxidants were evaluated similarly. That is, cells were pre-treated with
the test antioxidants (NAC and Tiron) for 1 hour, and then without changing the culture media,
treated with zinc. NAC, which is often regarded as a thiol antioxidant, inhibited the increases in
HO-1 mRNA and HO-1 protein caused by zinc (Figure 5A). Tiron, which is often regarded as a
scavenger of superoxide, inhibited zinc-induced upregulation of HO-1 mRNA and HO-1 protein
as well (Figure 5B). To expand the experiments with NAC and Tiron, cells were pretreated with
either NAC or Tiron for 1 hour, but then, the culture media was removed and replaced with fresh
media (containing no NAC and Tiron) before treating the cells with zinc for 5 — 6 hours. Under
these particular experimental conditions, the outcome (Figure 5C) was somewhat

different than before. At a concentration of 1 mM, neither NAC nor Tiron prevented zinc-
induced HO-1 mRNA upregulation (MRNA gel lanes 4 and 8, compared to lane 2). At 10 mM,
NAC still did not have a noticeable inhibitory effect, but Tiron did (mMRNA gel lanes 5 and 9,
compared to lane 2). On the other hand, zinc-induced HO-1 protein upregulation was inhibited



by 1 mM and 10 mM NAC (protein gel lanes 4 and 5, compared to lane 2). Tiron did not have an
inhibitory eff ect at 1 mM but did at 10 mM (protein gel lanes 8 and 9, compared to lane 2).
Therefore, taken together, the data would suggest that NAC and Tiron work partly by reacting
with some of the zinc in the extracellular compartment (i.e. in the cell culture medium), thereby
reducing the amount of zinc available for entry into the cells.

To compare the eff ect of NAC and Tiron on HO-1 upregulation caused by zinc with that caused
either by the glutathione depleter, ethacrynic acid or the oxidant, TBHP, HCT-116 cells were
pre-treated with either NAC or Tiron for 1 hour and then treated with either zinc, ethacrynic acid
or TBHP. As shown in Figure 5D, NAC and Tiron once again prevented zinc-induced
upregulation of HO-1 mRNA and HO-1 protein (mMRNA and protein gel lanes 3 and 4, compared
to lane 2). NAC prevented ethacrynic acid-induced upregulation of HO-1 mRNA and HO-1
protein expression (MRNA and protein gel lane 6, compared to lane 5), whereas Tiron had no
such inhibitory effect (MRNA and protein gel lane 7, compared to lane 5). Regarding TBHP-
induced upregulation of HO-1 mRNA (mRNA gel lane 8), neither NAC nor Tiron positively
inhibited the upregulation (MRNA gel lanes 9 and 10).
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Figure 3. Lowering of non-protein thiols by zinc in relation to ROS production. HCT-116 cells
were incubated with 150 u M zinc sulphate (Zn) for a time range of 0 — 4 hours (A).
Additionally, cells were incubated for 3 hours with 150 u M Zn, and also with 200 u M tert-
butylhydroperoxide (TBHP) and 50 pu M ethacrynic acid (EA) for comparison (B and C).
Afterwards, the levels of non-protein thiols were determined by spectrophotometry using
glutathione (GSH) as the standard (A and B). The values are the average _ SD obtained from
four different experiments ( * p < 0.05 compared to control). The production of ROS was
assessed by fluorescence microscopy (C). The images are representative of three different
experiments.

Effect of zinc, in the absence and presence of Tiron and NAC, on nuclear Nrf2 expression

Nrf2 is a transcription factor that can activate antioxidant genes [21], such as HO-1. Nrf2 is
normally localised in the cytoplasm, but translocates into the nucleus in activating the HO-1
gene. To determine if zinc stimulates Nrf2 translocation, HCT-116 cells were incubated with
zinc and then examined by immunocytofluorescence microscopy (Figure 6A). As can be seen,
zinc increased Nrf2 in nuclei, as indicated by the more intense green fluorescence in nuclei that
have been counter-stained with DAPI to emit blue fluorescence. Moreover, Tiron and NAC each
inhibited this apparent zinc-induced Nrf2 translocation. Relative differences in fluorescence
intensities among the cell samples are shown in Figure 6B. To confirm these results, Nrf2 was
next examined by Western-immunoblotting analysis. Nrf2 protein expression was found to be
increased in nuclear extracts prepared from zinc-treated cells, and this effect of zinc was largely
negated by either Tiron or NAC (Figure 6C).
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Figure 4. Attenuation by deferoxamine (DFO), but not by ascorbate and trolox, of zinc-induced
HO-1 upregulation. HCT-116 cells were pre-treated with either ascorbate or trolox (A) and also
with DFO (B) for 1 hour, and then, treated with zinc sulphate (Zn) for 5 — 6 hours. Also, cells
were pre-treated with DFO for 20 hours before Zn treatment (C — E), but some of these DFO-
pre-treated cells were ‘rescued’ with ferrous sulphate (FeSO 4 ) for 4 hours before Zn treatment
(F). Afterwards, the expression of HO-1 mRNA and HO-1 protein (A — D and F) was evaluated
by multiplex relative RT-PCR analysis and Western-immunoblotting analysis, respectively. The
results are representative of three diff erent experiments ( * p < 0.05 compared to Zn-treated, for
MRNA images). The enzymatic activity of haeme oxygenase (E) was assayed



spectrophotometrically, and the values are the average _ SD obtained from four diff erent
experiments ( * p < 0.05 compared to Zn-treated).
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Figure 5. Attenuation by N-acetylcysteine (NAC) and Tiron of the induction of HO-1 by zinc
and other stress agents. HCT-116 cells were pre-treated with either NAC (A) or Tiron (B) for 1
hour, and then without changing the culture media, treated for 5 — 6 hours with zinc sulphate
(Zn). Moreover, cells were pre-treated with either NAC or Tiron, but then, the NAC-containing
and Tiron-containing culture media were replaced with new media before the Zn treatment (C).
Additionally, cells were pre-treated with either NAC or Tiron for 1 hour, and then, treated for 5 —
6 hours with Zn, ethacrynic acid (EA) and tert-butylhydroperoxide (TBHP) for comparison (D).
Afterwards, the expression of HO-1 mRNA and HO-1 protein was evaluated by multiplex
relative RT-PCR analysis and Westernimmunoblotting analysis, respectively. The results are
representative of three different experiments ( * p < 0.05 compared to Zn-treated, for mMRNA
images in A - C; * p < 0.05 compared to Zn-treated, * * p < 0.05 compared to EA-treated and *
**p < 0.05 compared to TBHP-treated, for mRNA images in D).
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Figure 6. Zinc increases nuclear Nrf2 expression that is attenuated by NAC and Tiron. HCT-116
cells were pre-treated with either NAC or Tiron for 1 hour, and then treated with zinc sulphate



(Zn) for 4 hours. The cells were then visualised by fl uorescence microscopy (A), with
subsequent imaging analysis of the green fl uorescence intensity in nuclei refl ecting Nrf2 (B).
Additionally, nuclear extracts of cells were prepared for Western-immunoblotting analysis (C).
The results are representative of 3 — 4 diff erent experiments.

Discussion

At the outset, it was found that exogenously-added zinc, but neither copper nor iron, increased
HO-1 expression in HCT-116 cells. As a micronutrient, zinc is a metallic element that all cells
require for their viability. Uptake of exogenously-added zinc by cells occurs within an hour [22]
via ZIP zinc-uptake proteins [23] that permit non-saturable passive electrodiff usion of zinc ions
[24]. It has been approximated that total intracellular concentrations of zinc fall in the range of
0.1 - 0.5 mM, but the actual free zinc levels are unclear [25]. However, beyond certain
concentrations, zinc can become a toxic metal to cells, such as neurons [26] and lung cells [27]
for example. To help protect cells against the adverse eff ects of too much zinc, increased
expression of certain cytoprotective or stress genes including HO-1 could be critical. HO-1 is the
inducible isoform of haeme oxygenase, which contributes to cytoprotection in the body based on
genetic studies [28,29] showing that susceptibility to oxidative stress and inflammation is
increased in human cases of HO-1 deficiency. Apparently, upregulation of HO-1 expression by
zinc occurs sooner than upregulation of another zinc-inducible cytoprotective gene, namely,
metallothionein. Zinc increased metallothionein expression in HCT-116 cells, but only after the
cells were incubated with 250 u M zinc for at least 24 — 72 hours [30]. Yet, in the present study,
HO-1 expression was increased in HCT-116 cells when incubated with 150 p M zinc for 5 -6
hours overall. Hence, HO-1 appears to be an earlier response gene than metallothionein when
HCT-116 cells are confronted with added zinc.

As an inducer of HO-1 expression, zinc elicits a cellular response that has been produced by
other stress agents, which are thought to be either undesirable or desirable. Strong oxidants [31],
UV radiation [32], chemical carcinogens [33] and toxic heavy metals [6] increase HO-1
expression as well. These particular kinds of HO-1 inducers are considered undesirable because
they also damage cellular components and disrupt multiple cellular processes. However, other
kinds of HO-1 inducers, such as certain phytochemicals found in edible plant products [34,35]
are considered desirable because they do not pose a serious threat to the integrity of cells.
Instead, by inducing HO-1 in a non-threatening manner, phytochemicals are thought to help
protect cells against more stressful situations according to the concept of hormesis [36]. Since
phytochemicals and zinc are similar in that both are bioactive food components, zinc might be
seen from a different perspective in the same hormetic limelight as phytochemicals. Similar to
known hormetins, zinc has contrasting effects depending on the circumstances or experimental
conditions. Zinc can stimulate ROS production [13,14] and cause apoptosis [37], but
paradoxically, zinc can also act as an antioxidant [9] and protect against apoptosis [38].

In explaining the upregulation of HO-1 expression caused by zinc, it is possible that ROS could
play a role since ROS can be involved in the molecular pathway leading to HO-1 gene activation
[4]. Zinc at relatively high concentrations has been reported to stimulate ROS production in
neurons and astrocytes [13] and prostate cells [14], but the exact mechanism is unclear. Also, it
has been reported that incubating HCT-116 cells with 250 u M zinc increased ROS production



after 24 hours, although higher production was not noticeable after 12 hours of zinc exposure
[30]. In agreement, greater production of ROS was not found in HCT-116 cells that were
incubated with only 150 u M zinc for time periods up to only 3 hours in the present study. Yet,
increased HO-1 mRNA expression was detected before 3 hours. Moreover, the two standard
antioxidants, ascorbate and trolox, did not prevent the upregulation of HO-1 caused by zinc.
Taken together, these particular current fi ndings would suggest that ROS are not involved in the
zinc-induced HO-1 upregulation ascertained in HCT-116 cells.

Despite no unequivocal evidence of oxidative stress in the zinc-treated HCT-116 cells, it was
somewhat unexpected to find that other well-recognised antioxidative

compounds influence the ability of zinc to upregulate HO-1 expression in HCT-116 cells. NAC
and Tiron each inhibited zinc-induced HO-1 upregulation. However, Tiron and NAC have
another important property in common outside of being capable of scavenging ROS. In
particular, NAC and Tiron are general chelators of metal ions [39,40]. As such, in inhibiting
zinc-induced HO-1 upregulation, NAC and Tiron possibly act by chelating the added zinc.
Regarding the standard high-affi nity iron chelator, DFO, it was found that pre-treating HCT-116
cells with DFO for the same time period (1 hour) as for NAC and Tiron had no inhibitory effect
on the HO-1 upregulation caused by zinc. On the other hand, zinc-induced HO-1 upregulation
was blunted in cells that were pre-treated with DFO for a longer time period (20 hours). This
blunting effect of DFO is probably not the result of DFO chelating the added zinc but more
likely due to DFO chelating intracellular iron. Seemingly, adequate amounts of iron must be
available in HCT-116 cells to somehow enable zinc to upregulate HO-1.

Besides ROS, non-protein thiols can influence the expression of redox-sensitive genes [41].
Because HO-1 is a redox-sensitive gene [31], zinc could conceivably upregulate HO-1 in HCT-
116 cells by affecting the levels of non-protein thiols, such as glutathione, which is known to be
the most abundant thiol antioxidant in cells. In support of this possibility, lowering non-protein
thiol levels in HCT-116 cells with ethacrynic acid was associated with HO-1 upregulation in the
current study. More notable, zinc also lowered non-protein thiol levels in the cells in association
with HO-1 upregulation. Interestingly, in upregulating HO-1 in HCT-116 cells, zinc and
ethacrynic acid seem to act similarly in that each lowered the nonprotein thiol levels while not
increasing ROS production. Hence, stimulation of ROS production may not be an absolute
requirement for HO-1 upregulation.

The molecular pathway leading to HO-1 upregulation may involve the transcription factor, Nrf2,
which is known to upregulate the expression of the HO-1 gene [42] specifically by binding to
characteristic stress response elements [43]. Activation of Nrf2 is thought to be a cytoprotective
response to environmental toxins [44], including potentially toxic metals. Supporting this view,
various metallic elements including zinc stimulated the activity of an Nrf2-specifi c reporter gene
construct containing stress response elements that was stably transfected into cells [45]. For
Nrf2-mediated transcriptional activation of the HO-1 gene to occur [46], Nrf2 is activated by
being dissociated from the cysteine-rich protein, Kelchlike ECH-associated protein 1 (Keapl),
which under nonstressful conditions binds and retains Nrf-2 in the cytoplasm. Evidently, Keapl
is disabled by stressors such as various types of oxidants and electrophilic compounds that react
with cysteine residues on Keapl [47,48], thereby preventing Keapl from binding and targeting
Nrf2 for ubiquitination and consequent proteosomal degradation.



As such, preservation of Nrf2 allows it to translocate into the nucleus. Consistent with this
sequence of events, there was a lower presence in cytoplasm and a higher presence in the nucleus
of Nrf2 after HCT-116 cells had been treated with zinc, which was largely negated by either
NAC or Tiron.

How added zinc is able to stimulate nuclear translocation of Nrf2 in HCT-116 cells is unclear.
The zinc lowered cellular levels of non-protein thiols, likely reflecting to a large extent the
chemical reactivity of zinc ions with the free sulfhydryl group of glutathione molecules. On the
other hand, it is highly conceivable that the added zinc also reacts with free sulfhydryl groups of
protein thiols. As such, one plausible explanation for the stimulatory effect of added zinc on
nuclear translocation of Nrf2 concerns the electrophilic behaviour of the added zinc ions towards
the cysteine residues of Keapl. Since ROS production was not increased in zinc-treated HCT-
116 cells, it can be inferred that the cysteine residues of Keapl were not subjected to possible
oxidative attack. Instead, displaying electrophilic behaviour and thiol-reactivity, the added zinc
ions possibly reacted with particular cysteine sulfhydryl groups of Keapl, resulting in disabling
of Keapl and subsequent liberation of Nrf2. It has been discovered that Keapl has zinc-binding
capacity [49]. Moreover, it has been shown that zinc can inhibit sulfhydryl proteins involved in
the activation of redox-sensitive transcription factors [50]. Nevertheless, it cannot be ruled out
that other redox-sensitive transcription factors play a role in zinc-induced HO-1 upregulation.
The promoter region of the HO-1 gene contains sites for binding of NF-kappa B, AP-1 and AP-2
[51].

In conclusion, the collective findings suggest that zinc is a metal micronutrient that at
concentrations above normal in HCT-116 cells can upregulate HO-1 expression.
Moreover, ROS do not appear to be involved in the zincinduced HO-1 upregulation.
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