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Abstract Human diploid fibroblasts (HDFs) ex-
posed to subcytotoxic concentrations of oxidative
or stressful agents, such as hydrogen peroxide, fert-
butylhydroperoxide, or ethanol, undergo stress-
induced premature senescence (SIPS). This condition is
characterized by the appearance of replicative senes-
cence biomarkers such as irreversible growth arrest,
increase in senescence-associated (3-galactosidase (SA
[3-gal) activity, altered cell morphology, and overexpres-
sion of several senescence-associated genes. Copper is
an essential trace element known to accumulate with
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ageing and to be involved in the pathogenesis of some
age-related disorders. Past studies using either yeast
or human cellular models of ageing provided
evidence in favor of the role of intracellular copper
as a longevity modulator. In the present study,
copper ability to cause the appearance of senescent
features in HDFs was assessed. WI-38 fibroblasts
exposed to a subcytotoxic concentration of copper
sulfate presented inhibition of cell proliferation, cell
enlargement, increased SA [-gal activity, and
mRNA overexpression of several senescence-
associated genes such as p2l, apolipoprotein J
(ApolJ), fibronectin, transforming growth factor
[3-1 (TGF {31), insulin growth factor binding protein 3,
and heme oxygenase 1. Western blotting results con-
firmed enhanced intracellular p21, ApoJ, and TGF (31 in
copper-treated cells. Thus, similar to other SIPS-
inducing agents, HDF exposure to subcytotoxic con-
centration of copper results in premature senescence.
Further studies will unravel molecular mechanisms and
the biological meaning of copper-associated senescence
and lead to a better understanding of copper-related
disorder establishment and progression.

Keywords Cellular senescence - Copper - Metals -
Oxidative stress - Human fibroblasts - Ageing
Introduction

Cellular senescence was described more than four
decades ago when it was demonstrated that normal
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cells in culture had a limited ability to proliferate
(Hayflick 1965). It was shown that serially cultivated
human diploid fibroblasts (HDFs) initially exhibit
active cell division, but, after a number of population
doublings, dividing cell number decreases. Eventual-
ly, they cease dividing, become unresponsive to
mitogenic stimuli and enter in a condition termed
replicative senescence (RS). In addition, cells in the
senescent state exhibit dramatic alterations in struc-
ture, mass, and functioning of their subcellular
organelles, when compared with proliferating cells.
They include an enlarged, flat morphology, increased
reactive oxygen species production, lipofuscin accu-
mulation, altered mass and functionality of mitochon-
dria and lysosomes, and enhanced activity of
senescence-associated 3-galactosidase (SA [3-gal;
Hwang et al. 2009). Moreover, RS cells present
altered expression of several senescence-associated
genes (Debacq-Chainiaux et al. 2008).

A senescent phenotype may be achieved earlier,
when HDFs in vitro are submitted to subcytotoxic doses
of oxidants or other stressful agents such as hydrogen
peroxide (Frippiat et al. 2001), zert-butylhydroperoxide
(t-BHP), ethanol (Dumont et al. 2002), or ultraviolet B
(UVB) radiation (Debacq-Chainiaux et al. 2005).
Experimentally, when such agents are used, immediate
adaptative responses are expected to occur. In order to
circumvent them, the senescent features are assessed
only 2 or 3 days after exposure to the last stress. Cells
in this condition, termed stress-induced premature
senescence (SIPS), remain alive for months and
display many features of RS, including the typical
senescent phenotype, cell cycle arrest, increased
activity of SA [3-gal, and gene expression profile
alteration (Toussaint et al. 2000). Since SIPS cells are
able to mimic many of the processes that occur during
RS, they are frequently used to study the mechanisms
of cellular ageing.

In biological systems, copper is an essential trace
element since it acts as a co-factor of different
enzymes such as cytochrome c oxidase, Cu/Zn
superoxide dismutase, and others (Gupta and
Lutsenko 2009). Apart from this essential role, ionic
copper in excess becomes toxic and mediates the
generation of the highly reactive hydroxyl radical,
able to damage different kinds of biomolecules
(Valko et al. 2005).

This dual role implies that copper uptake and
utilization is under narrow regulation in order to allow

@ Springer

for cell needs and prevent harmful effects. In many
cells, most of the copper is taken up through
evolutionary conserved copper transporters (CTRs)
which include efficient orthologs in humans, ZCTR
(Zhou and Gitschier 1997), yeasts, yCtrl, and the
filamentous fungi Podospora anserina, PaCtr3
(Borghouts et al. 2002). After copper is taken inside
liver cells, a Cu-ATPase (ATP7B) transports it across
intracellular membranes. These may be vesicles to
fuse with the cell membrane and excrete the copper
into the bile, or vesicles that may enter the secretory
compartment and supply copper as co-factor to the
synthesis of the cuproenzymes (Gupta and Lutsenko
2009). Additional copper ions bind metallothionein,
but, when in excess, they accumulate in the cytoplasm
and cause oxidative damage (Gaetke and Chow
2003). These deleterious effects of copper are not
evident early in life but may accumulate as we age.
Actually, it is clear that copper is involved in the
pathogenesis of age-associated disorders as Alz-
heimer’s and Parkinson’s disease (Barnham and Bush
2008; Brewer 2010).

The P. anserina ageing model provides interesting
information into putative mechanisms on cellular
ageing. In contrast to most filamentous fungi, the
mycelia of P. anserina wild-type strains attain senes-
cence and may die, after some time of active growth.
However, a mutation in the grisea gene results in
strains with life extension and delay in senescence.
This gene induces the expression of the PaCTR3
permease but, when mutated, leads to its loss of
function and decrease in the uptake of copper into the
cell (Borghouts et al. 2002). Interestingly, senescence
delay observed in the mutant strains may be lost when
they are transformed with a constitutively active
construct containing PaCtr3-cDNA, and senescence
may be postponed when wild-type strains are grown
in media added with a copper chelator (Borghouts et
al. 2001, 2002). Senescent P. anserina wild-type
strains exhibit a PaCTR3 downregulation. However,
they evidence an enhanced metallothionein 1 expres-
sion, confirming an increase in cytosolic copper,
thought to derive from mitochondria (Borghouts et
al. 2002), and further adding to copper intervention in
senescence.

In senescent HDFs, copper-regulated genes such as
heat-shock protein-70 (hspala) and metallothionein 2A
(mt2a) were found upregulated, indicating that cyto-
solic copper levels also increase during senescence of
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HDFs. Thus, the evidence favoring enhanced intracel-
lular copper as longevity modulator, possibly through
the generation of ROS, is strong but is much limited
regarding cellular senescence (Scheckhuber et al.
2009).

Departing from the hypothesis that the oxidative
effect of copper is able to cause cellular senescence,
we aimed to verify whether copper exposure of HDFs
was able to cause the morphological and molecular
alterations typically associated with it. Here, we
provide data showing that copper induces biomarkers
of senescence similarly to other SIPS agents.

Methods
Cell culture procedures

WI-38 HDFs were purchased from The European
Collection of Cell Cultures and were routinely
cultivated in 75 cm? culture flasks containing 15 mL
of basal medium Eagle (BME) supplemented with
10% fetal bovine serum (FBS) at 37°C in an
atmosphere containing 5% CO,. When confluent,
cells were subcultivated as previously described
(Hayflick and Moorhead 1961). In slowly growing
cultures, the medium was changed every 4 days. To
analyze the effect of copper, subconfluent WI-38
cultures at early cumulative population doublings
(CPDs<30) were submitted to 250, 500, 750, or
1,000 uM copper sulfate (CuSO,4) in BME containing
10% FBS for 24 h. At the end of the exposure, cells
were washed twice with pre-warmed phosphate buffer
saline (PBS) and complete medium (BME with 10%
FBS) was added. Control cultures at the same early
CPDs were incubated with equivalent doses of
sodium sulfate (Na,SO,4). BME condition represents
cells treated with complete medium without sodium
or copper sulfate.

Copper cytotoxicity

To assess copper cytotoxicity, cell survival was
measured by neutral red assay immediately after cell
exposure to several concentrations of copper sulfate
(250, 500, 750, and 1,000 uM), as described by
Repetto et al. (2008), and compared with controls.
Briefly, after copper treatment, the medium was
removed, and the cells were incubated with neutral

red solution (40 pg/mL) in BME for 3 h at 37°C. The
cells were subsequently washed with PBS, and the
dye was extracted from the viable cells by their lysis
with acetic acid (1% v/v) in 50% (v/v) ethanol. Optical
density was then measured at 540 nm (AbSssonm)
using a microplate reader (Infinite®200-TECAN).
Control cells, treated with sodium sulfate, represented
100% viability.

Cell proliferation assay

To assess the effect of copper treatment on cell
proliferation, the sulforhodamine B (SRB) assay was
employed (Vichai and Kirtikara 2006). SRB assay
was used for cell density determination, based on the
measurement of cellular protein content (arbitrary
units). For the assay, 10,000 cells per well were plated
onto 96-well plates, submitted to the different treat-
ments, and then fixed at different time-points after
stress (1, 2, 3, and 4 days after exposure) with 10%
trichloroacetic acid (TCA) during 1 h at 4°C. The
TCA-fixed cells were stained for 30 min with 0.057%
(w/v) SRB in 1% acetic acid solution and then were
washed four times with 1% acetic acid. Bound dye
was solubilized with 10 mM Tris base solution
(pH 10), and the absorbance at 510 nm of each well
was recorded using a microplate reader (Infinite®200-
TECAN). Cell growth was estimated considering that,
for each condition, the respective Abss;onm (day 1)=1
arbitrary unit of proliferation index.

Senescence-associated [3-galactosidase

At 24 h after copper treatment, cells were trypsi-
nized and seeded in six-well culture plates at a
density of 20,000 cells per well. Forty-eight hours
after plating, the activity of senescence-associated
[3-galactosidase (SA [3-gal) was determined as
described by Dimri et al. (1995). The proportion
of SA [-gal-positive cells was determined by
counting 400 cells per dish under a microscope,
using duplicates. The proportions of cells positive
for SA {3-gal activity are given as percentages of the
total number of cells counted.

Real-time PCR analysis

Total RNA was extracted (RNeasy Plus Mini Kit,
Qiagen™) from cells 3 days after treatments, in at
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least three independent cultures. Total RNA (2 pg)
was converted in ¢cDNA by reverse transcription
reaction. Amplification reaction assays contained
I1x SYBR Green Mastermix (Bio-Rad™) and
primers (STAB VIDA, Lda.) at optimal concentra-
tion. The sequences of gene-specific primers are
shown in Table 1. A hot start at 94°C for 3 min
was followed by 40 cycles at 94°C for 1 min, 60/
65°C during 1 min, and 72°C for 1 min using the
iCycler i1Q5 real-time polymerase chain reaction
(PCR; Bio-Rad™) thermal cycler. The specificity
of amplification was checked by performing
melting curves and electrophoresis of the amplifi-
cation products.

Western blot analysis

After treatments, WI-38 cells were washed once
with ice-cold PBS and scrapped on ice in a lysis
buffer (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM
EDTA, 0.1% Triton X-100). Cells were homoge-
nized and sonicated for 5 min. The protein content
of these cell extracts was quantified using Bradford
assay (Bradford 1976). An equal amount of protein
(20 pg/lane) from each cell extract was resolved on
SDS-PAGE gels with appropriate polyacrylamide
concentrations. Proteins were blotted to a nitrocellu-
lose membrane and, after blocking with 5% non-fat
dry milk diluted in Tris buffer saline 0.1 M/0.1%
Tween 20 (TBST), were subsequently probed with

the specific primary antibodies overnight at 4°C
(mouse monoclonal antibody anti-p21, Cell Signal-
ing Technology; rabbit polyclonal antibody anti-
fibronectin or anti-TGF 31, Santa Cruz Biotechnol-
ogy, Inc.; and mouse monoclonal antibody anti-
apolipoprotein J, Millipore). After extensive washing
with TBST, immunoblots were then incubated with an
appropriate peroxidase-conjugated secondary antibody
for 1 h at room temperature. After three washes in
TBST, immunoblots were detected using the ECL
Western Blotting Substrate (Pierce™-Thermo Sci-
entific) and recorded by exposure to an X-ray film.
Tubulin was also detected and used as control of
protein loading.

Statistical analysis

Student # test was used to compare the means between
two different conditions. A p value lower than 0.05
was considered statistically significant.

Results

Copper sulfate effect on cellular viability

For the determination of the highest dose of copper
that could be used without being toxic to WI-38

fibroblasts, several concentrations of copper sulfate
were tested. Cells were submitted to 250, 500, 750,

Table 1 Primers used for

real-time PCR Gene Sequences (5'—3") Amplicon size (bp)
Apolipoprotein J-F GGA TGA AGG ACC AGT GTG ACA AG 114
Apolipoprotein J-R CAG CGA CCT GGA GGG ATT C
TGF-B1-F AGG GCT ACC ATG CCA ACT TCT 102
TGF-f1-R CCG GGT TAT GCT GGT TGT ACA
p21-F CTG GAG ACT CTC AGG GTC GAA 123
p21-R CCA GGA CTG CAG GCTTCC T
IGFBP3-F CAG AGC ACA GAT ACC CAG AAC TTC 111
IGFBP3-R CAC ATT GAG GAA CTT CAG GTG ATT
Fibronectin—F TGT GGT TGC CTT GCA CGAT 109
Fibronectin—R GCT TGT GGG TGT GAC CTG AGT
HO1-F CCA GCA ACA AGG TGC AAG ATT C 148
HOI-R CAC ATG GCA TAA AGC CCT ACA G
TBP-F TCA AAC CCA GAATTG TTC TCC TTA T 122
TBP-R CCT GAA TCC CTT TAG AAT AGG GTA GA
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and 1,000 uM CuSO4 for 24 h, and the mean
viability from three independent experiments was
determined for each concentration, assuming that
control cells presented 100% viability. Copper
cytotoxicity was determined by neutral red assay
performed immediately after exposure. As can be
seen in Fig. 1, control cells (incubated with the
highest dose of sodium sulfate) did not show
significant differences in cell viability when com-
pared with BME cells (101.3%). However, cell
viability decreased with increasing concentrations
of copper sulfate. Cells exposed to 250 uM copper
sulfate presented 96.4% of cell viability when
compared with controls. This lowest copper sulfate
concentration was considered as a subcytotoxic
dose, on account that cell exposure to 500, 750,
and 1,000 uM resulted in a substantial decrease in
cellular viability to 41.0%, 21.8%, and 17.8%,
respectively, when compared with controls. The
three highest doses of copper sulfate were consid-
ered cytotoxic since they yielded cell viabilities
lower than 50%. Thus, we decided to emphasize on
250 uM CuSOy for all the experiments throughout
this study. However, in order to evaluate if a higher
copper concentration was able to provoke more

120

Cell viability
(% of the control)
3
1

pronounced senescent effects on cells, the concen-
tration of 500 uM CuSO4 was also tested.

Effect of copper on cell morphology and senescence-
associated [3-galactosidase activity

The most evident morphological changes occurring in
cellular senescence of fibroblasts are the increase in cell
surface area/volume and the alteration of their morphol-
ogy from small spindle—fusiform to large flat spread
(Greenberg et al. 1977; Bayreuther et al. 1988). On the
present investigation, cells exposed to 250 or 500 uM
copper sulfate presented altered morphological features
(Fig. 2a), such as enlarged cell surface as well as
stellate outline with thin extensions resembling the
typical senescent-like cell morphology. In agreement
with the results obtained for cellular viability, cell
incubation with 500 uM copper sulfate resulted in a
much lower cell density when compared with the other
conditions (BME, control, and 250 uM copper), as can
be seen in Fig. 2a.

The increased activity of SA 3-gal was shown to
be a reliable marker of senescence in non-confluent
fibroblasts (Dimri et al. 1995) and is commonly used
to evidence that. To verify the effects of copper sulfate

1004
80
40
K I .
0 l

Control

Fig. 1 Cell viability after exposure to copper sulfate at different
concentrations for 24 h. Cell viability decreases with increasing
doses of copper sulfate. Control cells, submitted to 1,000 pM
sodium sulfate for 24 h, represent 100% viability and did not
present significant alteration in viability when compared with cells
treated with complete medium (BME). Cell viability was copper

250 pM

500 uM

CusO,

750 pM 1000 pM

sulfate dose-dependent from 250 to 1,000 pM. However, in
contrast to 250 pM, a subcytotoxic dose that led to 94.6% of cell
viability, cell exposure to the higher doses of copper sulfate, 500,
750, and 1,000 uM, resulted in a decrease in cell viability to
41.0%, 21.8%, and 17.8%, respectively. Data are expressed as
mean+SEM from three independent experiments
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Fig. 2 Cell morphology (a)
and senescence-associated
[3-galactosidase activity

detection on fibroblasts

exposed to 250 or 500 uM

of copper sulfate. a Wi-38

HDFs exposed to 250 or

500 uM CuSOy presented

enlarged cellular volume

and altered shape, resem-

bling the typical senescent

phenotype that normally

appears on replicatively

senescent fibroblasts. b SA
[3-gal-positive cells in-

creased to 19% and 27% in (b)

CuSO, (uM)

cells exposed to 250 and
500 uM copper sulfate,
respectively, when com- |
pared with control cells )
2 80
(6%). Data are expressed as =
mean=SEM from three s
independent experiments. 5'9 i
*p<0.05; **p<0.01 and ns 8
non-significant, when com- < 60 - "
pared with control (7]
i .
]
_g 40 - s _ *
=
o 4
(=%
0
T 20
]
0
BME Control 250 uM 500 uM
CusO,

on SA (3-gal activity, 500 uM sodium sulfate (control)
and BME (complete medium) were compared, but no
significant differences were detected between both
groups (p=0.23). However, as shown in Fig. 2b, the
percentage of cells positive for the SA (3-gal increased
significantly to 19% (p<0.05) and 27% (p<0.01) in
cells exposed to 250 and 500 puM copper sulfate,
respectively, when compared with the 6% of the
control. These phenotypic changes are usually taken
as indicating cellular senescence (Hwang et al. 2009).

Effect of copper sulfate on cell proliferation
Either replicatively or stress-induced, senescent cells
cease proliferating and exhibit cell cycle arrest in G1.

To assess the effect of copper in cell proliferation, the
total mass of cell proteins was determined in arbitrary
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units, at different time-points (1, 2, 3, and 4 days)
after stress. For each condition, it was assumed that,
at day 1, the proliferation index was 1. Fig. 3 shows
cell proliferation curves for the different conditions
during 4 days. Both BME and control cells prolifer-
ated approximately at the same rate, showing an
increase in protein content from 1-(day 1) to 3.16-
and 2.91-fold (day 4), respectively. Cells treated
with 250 or 500 puM copper sulfate presented
smaller increases in protein content from 1 (day
1) to 1.81 and 1.40 on day 4, respectively. This
lesser increase in protein content observed for cells
treated with 250 pM represent a decrease in cell
proliferation of about 58% while, for cells exposed
to 500 uM, the proliferation was reduced by 79%,
when compared with the proliferation rate of
control cells.
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Fig. 3 Cell proliferation 3,5 1
curves of human diploid
fibroblasts exposed to 250 or
500 uM of copper sulfate.
Both BME and control cells
presented approximately the
same proliferation rate during
the 4 days after stress. At the
fourth day after treatment,
cells exposed to 250 or

500 uM CuSO, showed a
decrease in cell proliferation
of about 58% and 79%,
respectively, when compared
with control cells. Data are
expressed as mean+SEM

3,0

2,5 1

2,0

1,5 1

Cell proliferation index (day1 =1)

from three independent 1,0

experiments. *p<0.05 when

BME
Control
250 pM CusSO,

v 500 M CuSO, 3

> e

e

compared with the same
time-point of the control 1

Gene expression in fibroblasts exposed to copper sulfate

Senescent cells display several typical features which
include an alteration in the expression level of several
senescence-associated genes (Dumont et al. 2000;
Debacg-Chainiaux et al. 2008). The genes encoding
cyclin-dependent kinase inhibitor 1A (p21), apolipopro-
tein J (Apol), transforming growth factor beta 1 (TGF
[31), fibronectin, insulin growth factor binding protein 3
(IGFBP3), and heme oxygenase-1 (HO-1) are known to
be overexpressed both in replicatively, and in prema-
turely stress-induced, senescent cells. Transcript levels of
these genes were quantified by real-time PCR in human
fibroblasts 72 h after exposure to copper sulfate, in at
least three independent experiments. Results obtained
from real-time PCR are depicted in Fig. 4. Cells
submitted to 250 pM CuSO, presented statistically
significant increase in mRNA levels of p21, ApoJ, TGF
1, fibronectin, IGFBP3, and HO-1 (respectively 2.3-,
2.5-,2.3-,3.1-, 3.0-, and 3.4-fold) when compared with
control cells. Cells exposed to 500 pM copper sulfate
did not present consistent variations regarding mRNA
expression of the selected genes (online resource 1).
Such results were interpreted as a consequence of the
toxic effects obtained for this concentration.

Western blot analysis in fibroblasts exposed to copper
sulfate

The protein levels of some of the senescence-
associated genes (fibronectin, p21, TGF (1, and

T T T

2 3 4
Time after exposure (days)

ApolJ) were assessed by Western blotting. Fig. 5a
shows representative blots of the variations obtained
in the content of each protein, and, in Fig. 5b, the
relative densitometric means from three independent
experiments are plotted. Intracellular levels of fibro-
nectin did not change in WI-38 fibroblasts exposed to
250 uM CuSO4 when compared with control cells.
However, the same copper-treated cells presented
increased protein levels of p21, TGF 31, and Apol
(3.7-, 2.0-, and 1.4-fold, respectively) when compared
with controls. There were several attempts in order to
evaluate the protein levels of IGFBP3. However, the
antibody utilized with that purpose was not specific,
and, for that reason, we could not conclude about the
effect of copper on IGFBP3 protein levels. Once
again, incubation of fibroblasts with 500 uM copper
sulfate resulted in inconsistent protein variations
(online resource 2), most probably due to the
cytotoxic effects of such copper concentration.

Discussion and conclusions

Some agents causing oxidation may be toxic to cells
and impose a dramatic limit to their viability.
However, their use in subcytotoxic amount induces a
change in cell structure and gene expression pattern
that directs cells to the condition of senescence. The
present study provides evidence that copper has those
properties and acts in a way similar to other oxidative
agents such as hydrogen peroxide and t-BHP that
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Fig. 4 Evaluation of mRNA 6 B Control
relative levels of several
5 ] 1250 uM CuSO,
senescence-associated genes
by real-time PCR. Cells ex- 5
posed to 250 uM CuSOy,
presented a statistically sig- 0
nificant overexpression of @ 4 N *x
p21, Apol, TGF B1, ﬁ = T
IGFBP3, and HO-1 (respec- 25 . =
tively 2.3, 2.5-, 2.3-, 3.0-, S5 3 .
and 3.4-fold increase com- .E § = &
pared with control cells). 5 |
mRNA levels of fibronectin £ 2
were also increased in cells
treated with copper, although 1
this variation was not statis- 14
tically significant when
compared with control cells. 1
Data are presented as mean+ o4
SEM from at least three p21 ApoJ  TGFp1 Fibronectin IGFBP3  HO-1
independent experiments.
*p<0.05; **p<0.01 when
compared with control mRNA relative levels (Control=1)
UL 250 uM CusO,
Mean £ SEM [p}
p21 2.3+ 0.4(0.013)
Apolipeprotein ) 25+ 06(0.037)
T6FA1 2.3404(0.015)
Fibranectin 3.1+ 1.3(0.166)
IGFBP3 3.0£0.7 (0.044)
HO-1 3.4 0.4 (0.004)
a Control Z304M b
(a) e ®) . - . Conirol
Fibronectin - ~ 1250 uM CusO,
Tubulin B 4
E
3
e
APD ) — — g - 3
ET
- S5
TGF betal B 2 .
. 88 ,] I
Tubulin s — o
E s
@
x
14
P21 w— -
TUDLIN s s 0-
Fibronectin p21 TGFbetal ApoJ

Fig. 5 Western blot analysis of fibronectin, p21, ApoJ, and
TGF (1 protein levels. a Representative blots for the detection
of the different proteins. Tubulin was used as loading control. b
The resulting bands were quantified using densitometric
analysis of the different signals. Fibronectin intracellular
content remained unaltered after exposure to 250 uM CuSOy,

@ Springer

comparing with controls. Protein levels of p21, TGF (31, and
Apo J were 3.9-, 2-, and 1.4-fold increased, after exposure to
250 uM CuSO,, respectively, when compared with control
levels. Data are expressed as mean+SEM from at least three
independent experiments. *p<0.05; **p<0.01 when compared
with control



AGE (2012) 34:783-794

791

cause SIPS. In fact, when WI-38 fibroblasts were
submitted to copper sulfate for a limited time, they
evidenced elevated viability at 250 puM that was
strongly reduced at 500 uM and more. The cytotoxic
effects of 500 puM copper sulfate were further
evidenced in the study of mRNA and protein
expression. For this reason, 250 uM was considered
subcytotoxic and employed thereafter to verify copper
ability to cause SIPS.

Sound data obtained along decades led to the concept
that the progressive decline in the proliferative potential
followed by growth arrest is the defining feature of the
in vitro replicative senescence of fibroblasts (Goldstein
1990; Smith and Pereira Smith 1996) and SIPS
(Toussaint et al. 2000). In the present investigation,
cell proliferation was found substantially reduced
during the 4 days after treatment with 250 uM of
CuSO,, when compared with the control cells. These
findings are in agreement with previous SIPS studies.
In fact, F65 fibroblasts exposed for 2 h to 200 uM
H,0, exhibited a sluggish or absent mitogenic
response to several growth stimuli (Chen and Ames
1994). In addition, WI-38 fibroblasts cultivated under
mild hyperoxia (von Zglinicki et al. 1995) or submitted
to successive stresses under t-BHP treatment (Dumont
et al. 2000) showed a drastic decrease in their
proliferative capacity, too.

Cell morphology is an important criterion to
evaluate the senescence of human fibroblasts in vitro,
which usually enlarge, flatten, and loosen spindle
morphology and exhibit reduced density. These
features were observed in WI-38 fibroblasts 3 days
after treatment with copper sulfate, similar to what is
seen in other SIPS cellular models (Chen and Ames
1994; Wang et al. 2004). The same stands for SA f3-
gal activity which was shown to be a reliable marker
of senescence in non-confluent cultures of fibroblasts
(Dimri et al. 1995) and is used regularly with that
purpose. In the present study, WI-38 fibroblast
cultures submitted to 250 puM copper sulfate for
24 h showed a higher proportion of cells positive for
SA (-gal. This finding parallels other SIPS-inducing
conditions such as exposure of cells to successive
stresses with t-BHP or ethanol (Debacq-Chainiaux et
al. 2008), subcytotoxic levels of hydrogen peroxide
(Zdanov et al. 2006), or UVB radiation (Debacq-
Chainiaux et al. 2005).

There are several genes whose mRNA levels
increase both in replicative and premature senescent

HDFs indicating a change in gene expression.
Debacqg-Chainiaux and colleagues evaluated three
different HDF models of senescence and showed that
the mRNA levels of senescence-associated genes such
as fibronectin, p21, ApolJ, IGFBP3, and TGF (31 were
similarly increased in the three cellular models
(Debacq-Chainiaux et al. 2008). Those findings
prompted us to study their relative transcript levels
by real-time PCR, in WI-38 HDFs, 72 h after
exposure to copper sulfate.

As already mentioned, the hallmark of cellular
senescence is the irreversible arrest of cell division.
Senescent cells have been shown to arrest in the G1
phase of cell cycle (Chen et al. 1998) and do not
resume proliferation when challenged by physiologi-
cal mitogens. In mammals, the main regulators of cell
cycle progression through G1 phase are heterodimers
composed of a cyclin-dependent kinase (CDK4 or
CDKG6 in this phase) and one member of the D class
of cyclins. However, the progression is stalled when
the CDK inhibitor p21 exhibits sustained overexpres-
sion as occurs in replicative senescence (Stein et al.
1990) and in premature senescence induced by H,O,
(Chen et al. 1998), t-BHP (Dumont et al. 2000), or
UVB (Debacq-Chainiaux et al. 2005). The present
study, in accordance with the reduced proliferation,
provides evidence that p21 transcript levels and
protein content are also increased in CuSO4-exposed
WI-38 cells.

Fibronectin is an essential extracellular matrix
component involved in cell adhesion, cytoskeletal
organization, mediation of external mitogenic signals,
and wound repair. Fibronectin gene has been found to be
overexpressed in senescent pig skin fibroblasts (Martin
et al. 1990), in fibroblasts derived from patients with
Werner ageing syndrome (LeckaCzernik et al. 1996),
and also in several ageing models of human fibro-
blasts, such as replicative senescence, premature
senescence induced by t-BHP or ethanol (Debacq-
Chainiaux et al. 2008), and premature senescence
induced by UVB radiation (Debacq-Chainiaux et al.
2005). Increased expression of fibronectin was found
to positively correlate with cell surface increase
observed during senescence of HDFs, suggesting that
it may underlie or contribute to replicative senescence
morphological changes (Kumazaki et al. 1993). Here,
copper-treated WI-38 human fibroblasts presented
about threefold increased fibronectin mRNA expres-
sion when compared with control cells, although its
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intracellular protein content, assessed by Western
blotting, did not increase after exposure to 250 uM
copper sulfate. One possible explanation to this
discrepancy is that fibronectin secretion rate might
increase with increasing concentrations of copper
sulfate, resulting in a faster secretion of fibronectin to
the extracellular space, where it usually localizes. This
specific point could be elucidated by the quantification
of secreted fibronectin in the culture media where cells
were grown, but regrettably, it was not evaluated.

Apolipoprotein J, also known as clusterin, is an 80-
kDa glycoprotein consisting of two disulfide-linked
subunits, alpha and beta, and is constitutively synthe-
sized and secreted by many cell types. ApoJ is mostly
recognized as an extracellular chaperone which
interacts with many different proteins and inhibits
their stress-induced precipitation (Poon et al. 2002)
and is involved in numerous physiological processes
(Trougakos and Gonos 2006). ApoJ gene is also very
sensitive to cellular stressful conditions, especially
oxidative stress. ApoJ overexpression was observed
in replicatively senescent human fibroblasts and
also in prematurely senescent fibroblasts induced by
t-BHP, ethanol (Debacq-Chainiaux et al. 2008), or
UVB (Debacq-Chainiaux et al. 2005) and is thus
considered a faithful biomarker of cellular senescence
(Trougakos and Gonos 2006). Its expression was
enhanced in the current study too. Due to the varied
functional involvement of ApolJ, there is uncertainty
regarding its specific intracellular effects. As a wide-
range chaperone, a likely explanation is to endow
cells with protective survival tools when protein
structure may become deranged due to stresses. Yet,
another role is to direct damaged proteins for
destruction, employing a different mechanism for the
same survival purpose. In fact, it was recently
reported that ApoJ expression was enhanced in cells
grown in excess of copper. Under such conditions,
there was evidence for the enhancement of interaction
ApolJ/ATP7B copper transporter and its degradation,
particularly when mutated (Materia et al. 2011).

TGF 1 is a pleiotropic cytokine involved in many
cell functions like cell growth, differentiation, and
biosynthesis of extracellular connective tissue. TGF
31 was shown to be overexpressed in replicative,
t-BHP-, and ethanol-induced senescence of WI-38
HDFs (Pascal et al. 2005). More specifically, it has
already been demonstrated that TGF 31 overexpres-
sion is required for the appearance of several
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biomarkers of cellular senescence, such as the
induction of senescent morphogenesis, increased
mRNA level of senescence-associated genes, such as
ApoJ and fibronectin, and increased senescence-
associated {3-galactosidase activity, after exposure of
HDFs to subcytotoxic stress with H>O, (Frippiat et al.
2001; Frippiat et al. 2002) or UVB (Debacq-Chai-
niaux et al. 2005). Similar to other stress-induced
premature senescence cellular models, WI-38 HDFs
exposed to 250 uM copper sulfate was followed by
increased mRNA and protein levels of TGF {31.

TGF A1 is known to induce HO-1 expression in
pulmonary epithelial cells (Ning et al. 2002), human
renal proximal tubule cells (Hill-Kapturczak et al.
2000), and also in WI-38 HDFs (Pascal et al. 2007).
HO-1 expression is transcriptionally activated by
agents that generate reactive oxygen species (Soares
and Bach 2009), and it has been already shown to be
overexpressed in prematurely senescent WI-38 HDFs
after exposure to t-BHP and ethanol (Pascal et al.
2007). The present study reports a similar effect in
WI-38 fibroblasts with 250 uM copper sulfate.

In addition, TGF 1 is also known to control
synthesis and secretion of IGFBP3 by HDFs (Martin
and Baxter 1991). IGFBP3 expression is associated
with inhibition of cell proliferation and cellular
senescence, and, again, its overexpression in RS and
SIPS fibroblasts induced by t-BHP, ethanol (Debacq-
Chainiaux et al. 2008), or UVB (Debacq-Chainiaux et
al. 2005) was described. It has been suggested that
growth arrest in premature senescence partly depends
on TGF (1 via the overexpression of IGFBP3
(Debacq-Chainiaux et al. 2008). In accordance,
fibroblasts exposed to copper sulfate presented in-
creased transcript levels of IGFBP3 in a fashion
similar to TGF 1.

The results presented herein show that subcyto-
toxic concentration of copper sulfate is able to induce
senescence features on WI-38 human fibroblasts.
Similar to the effects of other well-known SIPS
agents, they are observed past adaptative conditions
related to immediate gene response and are varied:
they include changes in proliferation, in SA [3-gal
activity, and in gene expression. The coherent pattern
of their change gives credit to the inclusion of copper
as a SIPS-inducing agent.

It is hoped that further studies addressing the
mechanism and biological meaning of copper-
associated cell senescence will improve the under-
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standing of the establishment and progression of brain
and liver disorders as Alzheimer’s and Wilson’s
diseases. In the first, copper not only interacts with
amyloid precursor protein through a binding domain
but also promotes amyloid 3 peptide crosslinks and
aggregation through metal-mediated oxidative stress
(Barnham and Bush 2008). In Wilson’s disease, a
deficient intracellular transport of copper results from
a structural abnormality of the ATP7B translocator,
whose level is regulated by the senescence biomarker
Apol/clusterin (Materia et al. 2011).
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