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Abstract Cadmium (Cd) is a carcinogen with several well-
described toxicological effects in humans, but its molecular
mechanisms are still not fully understood. Overexpression of
heat shock protein 27 (HSP27/HSPB1)—a multifunctional
protein chaperone—has been shown to protect cells from ox-
idative damage and apoptosis triggered by Cd exposure. The
aims of this work were to investigate the potential use of
extracellular recombinant HSP27 to prevent/counteract Cd-
induced cellular toxicity and to evaluate if peroxynitrite was
involved in the development of Cd-induced toxicity. Here, we
report that the harmful effects of Cd correlated with changes in
oxidative stress markers: upregulation of reactive oxygen spe-
cies, reduction in nitric oxide (NO) bioavailability, increment
in lipid peroxidation, peroxynitrite (PN), and protein nitration;
intracellular HSP27 was reduced. Treatments with Cd

(100 μM) for 24 h or with the peroxynitrite donor, SIN-1,
decreased HSP27 levels (~50%), suggesting that PN forma-
tion is responsible for the reduction of HSP27. Pre-treatments
of the cells either with Nω-nitro-L-arginine methyl ester hy-
drochloride (L-NAME) (a pharmacological inhibitor of NO
synthase) or with recombinant HSP27 (rHSP27) attenuated
the disruption of the cellular metabolism induced by Cd, in-
creasing in a 55 and 52%, respectively, the cell viability mea-
sured by CCK-8. Cd induced necrotic cell death pathways,
although apoptosis was also activated; pre-treatment with L-
NAME or rHSP27mitigated cell death. Our findings show for
the first time a direct relationship between Cd-induced toxicity
and PN production and a role for rHSP27 as a potential ther-
apeutic agent that may counteract Cd toxicity.

Keywords Heat shock protein 27 (HSP27) . Cytoprotection .
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Introduction

Cadmium (Cd) is a non-essential, carcinogenic metal that can
harm human health. In humans, exposure to this dangerous
chemical typically occurs through the occupational environ-
ment, diet, smoking, and environmental pollution, causing
various health problems, ranging from kidney and liver dam-
age to cancer. Nowadays, Cd is still widely used in industrial
processes, for example, as an anti-corrosive agent, a stabilizer
in PVC products, a color pigment, a neutron absorber in nu-
clear power plants, and as a component of Ni–Cd batteries,
television screens, lasers, and in some cosmetics; before the
1960s, it was also used with zinc to weld seals in lead water
pipes (Bernhoft 2013; Salazar and McNutt 2012). Phosphate
fertilizers also contain a large Cd load (Al-Shawi 1999;
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Lambert et al. 2007). Although some Cd-containing products
can be recycled, a large portion of Cd waste makes its way
back into the environment through landfill disposal and incin-
eration of Cd-containing waste (Järup 2003; Järup and
Åkesson 2009). Therefore, Cd pollution has awakened an in-
creasing worldwide concern. Currently, the treatments avail-
able for individuals exposed to sub-lethal doses of Cd rely on
the use of chelators (Bernhoft 2013), supplemented with vita-
min D in the presence of bone disease symptoms (Andersen
and Nielsen 1988; Cantilena 1982; Gil et al. 2011; Jones and
Cherian 1990; Medicine ICoI 2010; Tandon et al. 2003).
Nevertheless, some authorities do not recommend the use of
chelators such as calcium–EDTA because symptoms of pul-
monary and renal injuries may typically worsen (even with
cessation of Cd exposure) and, subsequently, lessen survival
(Nordberg et al. 2014). Additionally, this therapy may in-
crease kidney tubules damage (Gilman et al. 1946).

Heavy metal-induced toxicity produces deleterious conse-
quences in the ecosystem (de Vries et al. 2007) as well as in
human health (OrganizationWH and Joint 2007). Exposure to
Cd, either from the environment (e.g., smoking habits, diet) or
occupational hazards produces a variety of toxicological and
carcinogenic effects depending on the doses and period of
exposure (Joint et al. 2011; Organization WH and Humans
IWGotEoCRt 1993). The toxicological effects include the fol-
lowing: damage in kidney (Nordberg et al. 2002; Nordberg
et al. 2012; Nordberg et al. 2009), liver (Kang et al. 2013;
Koyu et al. 2006), and stomach and induction of several dis-
orders involving the respiratory system (Cancer IAfRo et al.
1993; Kirschvink et al. 2006), bone (Satarug andMoore 2004;
Takebayashi et al. 2000), and the nervous system (Sinha et al.
2008; Viaene et al. 2000). The carcinogenic effects of Cd has
been described in vitro and in vivo for several cancers
(Nordberg et al. 2014; Organization WH and Humans
IWGotEoCRt, 1993); in humans, Cd plays a role in hormone
dependent cancer (prostate, breast, and endometrial cancer)
(Cho et al. 2013). An increased Cd concentration has been
found in tissue and biological media of patients with breast
cancer (Ionescu et al. 2006; Strumylaite et al. 2011;
Strumylaite et al. 2014). Additionally, in post-menopausal
women, dietary chronic exposures to low Cd doses have been
linked to increased risk of endometrial and breast cancer in
several studies (Åkesson and Julin 2008; Gallagher and Chen
2010; Itoh et al. 2014).

Currently, several indirect mechanisms have been implicat-
ed in Cd toxicity and carcinogenicity. Cd ion can inactivate a
series of enzymes and proteins containing metals through di-
rect binding in their active sites and/or perturbation in the
enzyme topography, damaging cellular membranes. Other
mechanisms implicate reactive oxygen species (ROS) produc-
tion, even though Cd cannot catalyze typical Fenton-type re-
actions (because it does not accept or donate electrons under
physiological conditions) (Casalino et al. 2002; Szuster-

Ciesielska et al. 2000). Additionally, depletion of glutathione,
a key intracellular antioxidant, has been described due to Cd
binding to sulfhydryl groups (Valko et al. 2005). A single oral
dose exposure to soluble Cd salts, in ranges of 30–40 mg, is
lethal in humans (Dressler et al. 2002; Taylor et al. 1999).
Nevertheless, most of the cases of intoxication are due to a
long-term accumulation because only about 0.001% of Cd in
the body is excreted per day, and therefore, Cd can persist for a
period of >30 years in different organs and tissues (Friberg
et al. 1992; Järup and Åkesson 2009).

The ability of cells to adapt to metabolic, proteotoxic, ox-
idative, and DNA-damaging stresses is crucial in maintaining
the organism’s health. However, when the normal stress re-
sponsive clearance pathways are overloaded, toxic effects
leading to disease such as cancer or chronic degenerative dis-
orders may be inevitable. One major, evolutionarily conserved
adaptive mechanism is the heat shock response, which in-
volves the upregulation of a family of stress-inducible pro-
teins, known as heat shock proteins (HSPs). This class of
proteins helps to preserve cellular homeostasis by preventing
protein aggregation and apoptosis. In particular, there is evi-
dence showing that one member of the group of small heat
shock proteins, heat shock protein-27 (HSP27 also known as
HSPB1), if overexpressed (using transfection technology),
can enhance resistance to the toxic effects of cadmium chlo-
ride (CdCl2) as well as to other metals in vitro (Wu andWelsh
1996). Although transfection of HSP27 is effective in vitro, it
is not feasible to use this approach for treating humans ex-
posed to Cd. To overcome this problem, in this work, we
suggest using recombinant HSP27 (rHSP27), a protein that
can be internalized in cells and possibly be further regulated
at the cellular level by the organism. In the cell, HSP27 forms
large oligomers capable of protecting cells from oxidative
stress and heat shock (Arrigo 2001; Rogalla et al. 1999). It
also interacts with key components involved in caspase acti-
vation and with the apoptotic signaling pathway promoting
cell survival (Bruey et al. 2000; Concannon et al. 2001; Paul
et al. 2002). Based on its cytoprotective effects, we hypothe-
size that rHSP27 may be a good alternative to the current
treatments for Cd toxicity.

Although the potential application of rHSP27 as a
cytoprotective molecule was very exciting, several studies
have showed an overexpression of HSP27 in various cancers,
including cancer of the breast, ovary, and endometrium. The
precise role of HSP27 in these cancers is unclear; however, it
is argued that the anti-apoptotic effect of HSP27 may enhance
tumorigenic properties and the resistance to anti-cancer ther-
apies. High levels of this protein have been observed in met-
astatic tissues compared to non-metastatic tissues in prostate
cancer (HSP26 MAPKAPK2). In those cases, HSP27 expres-
sion was found to be dysregulated in tumor tissues. HSP27
(HSPB1) is overexpressed in breast cancers and may affect the
disease outcome as well as the sensitivity of tumors to
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chemotherapy and radiotherapy (Ciocca et al. 2010b; Fanelli
et al. 2008). In prostate cancer, HSPB1 expression was also
seen in a high percentage of hormone-refractory patients and
correlated with poor clinical outcome and shorter survival
(Ciocca et al. 2010a). In our study, the administration, doses,
and time of exposure to rHSP27 were regulated. Therefore, to
explore the use of rHSP27 to prevent Cd toxicity, we explore
not only the cytoprotective effect of rHSP27 but also its capa-
bility to enhance cell migration, a necessary step for cancer
invasion and metastasis. According to our results, treatment
with rHSP27 did not enhance the migration capabilities of the
cells and protected the cells against Cd toxicity.

Our results, similar to previous findings (Oh and Lim 2006;
Szuster-Ciesielska et al. 2000), indicated that Cd induced pro-
duction of ROS. More specifically, we found for the first time
evidence that Cd induced a strong oxidant species:
peroxynitrite (ONOO−; BPN^), which is formed from the re-
action of nitric oxide (NO) with superoxide (O2

−) (Pryor and
Squadrito 1995). PN as well as Cd, subsequently modulated
HSP27 levels. On the other hand, when NO formation (and,
consequently, PN formation) was blocked with Nω-nitro-L-
arginine methyl ester hydrochloride (L-NAME), the reduction
in HSP27 levels was delayed and the cellular viability was
preserved. Summarizing this work showed a correlation be-
tween Cd and PN production, the reduction of HSP27 due to
PN production confirming the role of HSP27 in Cd resistance.
We used, in this case, a recombinant extracellular protein,
rHSP27, to abrogate Cd toxic effects. The use of the extracel-
lular proteins will allow, in the future, further evaluation
in vivo and in vitro, making rHSP27 a promising candidate
for future therapies.

Material and methods

Cell lines and treatment

HeLa cells obtained from ATCC were cultured in RPMI or
DMEM media with the addition of 10% fetal bovine serum
(FBS) (Gibco). When they reached 85% of confluence, the
cells were subjected to serum-free media containing the fol-
lowing treatments: 0, 5, 50, and 100 μM Cd during different
times, the selected doses were previously described by our
working group (Cuello-Carrión et al. 2015) and coincided
with the doses used in other recent publications (Odewumi
et al. 2015; Panjehpour et al. 2010; Rusanov et al. 2015). Cd
was added to the culture media from a stock solution of 1 mM
CdCl2. Treatment with L-NAME (Sigma) was performed
since 24 h before and during Cd treatment at a final concen-
tration of 500 μM in DMEM 10% BFS. Treatment with 3-
morpholinosydnonimine hydrochloride (SIN-1; Sigma) was
performed for 3 h in serum-free media at a final concentration

ranging from 1 to 5 mM; after calibration, we use 1 mMSIN-1
as positive control.

Establishment of permanently transfected HeLa cells

HeLa wild type was plate in six-well plate at 60% confluence
and transfected with 2 μl of X-treme Gene HP transfection
reagent (Roche) and 1 μg of a plasmid pRNAi-H1-hyg
(Biosettia) containing the following sequences: Scramble:
AAAAGCTACACTATCGAGCAATTTTGGATCCA
AAATTGCTCGATAGTGTAGC for HeLa pScr and 762:
AAAAGCCGCCAAGTAAAGCCTTATTGGATCCA
ATAAGGCTTTACTTGGCGGC for HeLa p762. The cells
were incubated ON and selected with 200 μg/ml hygromycin.
After selection, HeLa p762 reaches a 50% of downregulation
for HPS27 and the resistant phenotype was maintained with
50 μg/ml of the antibiotic.

Generation of recombinant proteins

N-terminal His-tagged HSP27 DNA was constructed into a
pET-21a vector, and the plasmid was transformed into an
Escherichia coli expression strain as previously described
(Salari et al. 2013). For the negative control, we used the C-
terminal fragment (rC1); this truncated inactive form of HSP-
27, which spans the C-terminal amino acids 90–205, was
cloned using the aforementioned strategy. Recombinant pro-
teins were purified by with Ni–NTA resin. The purity of the
final recombinant proteins were determined to be more than
95% by SDS–PAGE with a concentration lower than 5 endo-
toxin units/mg protein. For the treatments, the rHSP27 or rC1
was diluted to 100 μg/ml in DMEMwith or without 10% FBS
(when used combined with Cd the solution was prepared in
serum-free media, when administrated alone the recombinant
proteins were diluted in DMEM with 10% FBS). The dose of
rHSP27 used in this work was chosen from previous in vitro
and in vivo analysis performed by our group (Chen et al.
2009; Salari et al. 2013).

ROS determination

The ROS indicator assay was performed using a cell-
permeable 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) agent (Life Technologies) following the manu-
facturer’s protocol. Briefly, 2 × 105 cells were seeded in a 96-
well plate for 24 h. Then, they were incubated with the reagent
for 40 min, washed with PBS, and treated with Cd or 50 μM
H2O2 (positive control) for the indicated times. Upon cleavage
of the acetate groups by intracellular esterases and oxidation,
the non-fluorescent H2DCFDA is converted to the highly
fluorescent 2′,7′-dichlorofluorescein (DCF) and the fluores-
cence measurements were recorded at excitation/emission
λ = 495/525 nm using BioTek Synergy Mx microplate reader
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Peroxynitrite determination

Peroxynitrite was assayed with the fluorescent probe 1 that was
kindly provided by Dr. Youngmi Kim (Department of
Chemistry, Institute of Nanosensor and Biotechnology,
Dankook University, Korea). It was designed for selective de-
tection of cellular peroxynitrite as was previously described by
Kim et al. (2014). Briefly, the probe was diluted in phosphate
buffer (10 mM, pH = 7.4) at 37 °C and used at a final concen-
tration of 10 μM. HeLa cells (105) were seeded in a 96-well
plate, allowed to attach for 24 h, pre-loaded with probe 1 for
20 min, washed with PBS, and then treated according to the
following groups: untreated (cells with culture medium), treated
(with 5–100μMCd or Cd +L-NAME as previously described),
and positive control with 1 mM SIN-1. The reactions were
monitored at 37 °C, and fluorescence signals for each well were
measured at emission λ = 540 nm (excitation signals for each
well were measured λ = 430 nm) at every minute for 30 min.

TBARS determination

The samples from HeLa cells, treated with different Cd con-
centrations, were used for the thiobarbituric acid–reactive sub-
stance (TBARS) assay, and the levels of lipid peroxidation
products, mainly malondialdehyde (MDA), were determined
spectrophotometrically as described by Buege et al. (Buege
and Aust 1978). Briefly, HeLa cells were grown in six-well
plates and then treated with different Cd concentrations. The
samples were homogenized at pH 7.4, and the proteins were
precipitated with 20% trichloroacetic acid (TCA, Sigma-
Aldrich Co.). The supernatant containingMDA, the end prod-
uct of the lipid peroxidation, was incubated with a 0.7% thio-
barbituric acid solution (TBA, Sigma-Aldrich Co.) to measure
the TBARS content. An acid hydrolysis product of 1,1,3,3-
tetramethoxy propane (TMP) was used as standard.

Measurement of NO2

Nitric oxide (NO) formation was measured indirectly by
assaying nitrite, a stable product of NO oxidation as was de-
scribed by Schulz et al. (1999). Briefly, nitrites were deter-
mined alone, using the Griess reagent and then measuring
the optical density (OD) at 540 nm. The level of NO was
expressed in micromoles of NO2 per milliliters after being
equilibrated with a solution of NaNO2 (10 mM).

Cytotoxicity assay

Cells (105) were grown in 96-well plates for 24 h; the media
were replaced with serum-free media and exposed to Cd alone
or Cd + L-NAME treatment as described. To analyze the
effects of the recombinant proteins, the following protocol
was performed: (a) For the co-treatment experiment, a

combination of rHSP27 or rC1 (100 μg/ml) plus Cd (5, 50,
or 100 μM) diluted in DMEM was used. (b) To analyze the
preventive effect of the recombinant proteins, a 24-h pre-treat-
ment with rHSP27 or rC1 (100 μg/ml prepared in DMEM
plus 10% FBS) was performed followed by Cd solution pre-
pared in DMEM and (c) exposure to Cd solution diluted in
DMEM for 3 h followed by treatment with rHSP27 or rC1
(100 μg/ml prepared in DMEM plus 10% FBS) for 24 h. The
CCK-8 assay was carried out according to the provided pro-
tocol (Promega Corporation, Madison, USA).

Immunofluorescence

Cells (3 × 105) were seeded on glass coverslips in 24-well
plates and exposed to the different Cd concentrations, Cd +
L-NAME or with SIN-1 as indicated in each study. After
washing, the cells were fixed in 4% paraformaldehyde in 1×
phosphate buffered saline (PBS buffer; VWR). Fixed cells
were permeabilized with 0.5% (v/v) Triton X-100 for 5 min,
washed carefully, blocked in 10% goat serum, and incubated
overnight with mouse monoclonal antibody nitrotyrosine
(Abcam 1:500) and Alexa fluor 488-conjugated goat anti-
mouse (Invitrogen, 1:500) as secondary antibody.

Western blotting

After the treatments, cells were washed once with PBS and
collected by scraping in 200 μl of lysis buffer [50 mM
HEPES, 0.5M sodium chloride, 1.5mMmagnesium chloride,
1 mM EDTA, 10% (v/v) glycerol, 1% Triton X-100, and
Protease Inhibitor Cocktail (Roche)]. The lysates were incu-
bated on ice followed by centrifugation at 1000 rpm for
10 min at 4 °C. Proteins were quantified using Bradford
(Sigma) micromethod according to the manufacturer’s proto-
col. Equal amounts (10 μg) of protein from each treatment
group were diluted with loading buffer and boiled. Proteins
were separated in 10% SDS–PAGE and transferred to a nitro-
cellulose membrane using IBlot’s (Life Technologies) 7-min
program according to the manufacturer’s protocol. Blots were
then probed with primary mouse monoclonal anti-HSP27 an-
tibody (Millipore, 1:8000) or mouse monoclonal anti-beta-
actin antibody (NOVUS Biologicals, 1:10,000), followed by
incubation with the secondary antibody anti-mouse conjugat-
ed with peroxidase (1:10,000). Finally, they were incubated
with ECLAmersham detection reagent according to manufac-
turer’s recommendations and visualized with BImageQuant
LAS 4000^ (GE Healthcare Life Sciences).

Flow cytometry cell death assessment

Annexin V-FITC apoptosis detection kit (BD Biosciences)
was used according to the manufacturer’s protocol. Briefly,
HeLa cells were grown in a six-well plate, treated with Cd,
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L-NAME, rHSP27, or rC1 as indicated. The media and the
cells harvested with trypsin were centrifuged and then resus-
pended in binding buffer ×1 and counted. An aliquot contain-
ing 105 cells was incubated with 5 μl of Annexin V-FITC and
5 μl of propidium iodide (PI) for 15 min in the dark, and
400 μl binding buffer (1×) was added to each sample. The
stained cells were analyzed with flow cytometry using BD
LSRII (BD Biosciences, San Jose, CA).

Cell migration assay

The transwell insert for 24-well plate (8 μm-pore size,
Corning, NY, USA) was used to measure the migratory abil-
ity of cells. For transwell migration assays, HeLa cells
(20,000) were seeded and lead to attach for 6 h into the
transwell insert (upper chamber) with culture medium with
10% FCS, and serum-free media was added into the lower
chamber (the space between the well bottom and the insert).
Then, the upper chamber media were replaced with rHSP27
or rC1 (100 μg/ml) in culture media for 12 h. Next, both
upper and lower chamber media were removed and washed
once with PBS, then Cd-containing media or serum-free
media was added to the upper chamber; culture medium
with 10% FCS was added in the lower chamber as chemo-
attractant. After 24 h incubation, the cells were fixed with
4% paraformaldehyde for 2 h at room temperature and
stained with Hoechst 10 min. The non-migratory cells were
carefully removed from the upper surface of the insert mem-
brane with cotton wool. The number of cells migrated to the
lower surface of the membrane, 5–10 randomly selected
fields of view, was pictured under the microscope, and the
migratory cells were determined by counting with ImageJ
software. Data were expressed as the percentage of invasion
of treated cells as compared to the control cells.

Statistical and data analysis

Analysis of WB and photographs were performed using
ImageJ software (Ounis et al. 2005). Statistical analyses were
completed using the Prism computer program (GraphPad
Software, San Diego, CA). The comparison between groups
was carried out by one-way and two-way ANOVA with
Dunnett and Bonferroni post-tests, respectively.

Results

Cd treatment upregulates ROS and lipid peroxidation,
reduces NO bioavailability, and induces peroxynitrite
production and protein nitration

One of the mechanisms of heavy metal cytotoxicity is partly
related to the generation of oxidative stress, through a

heterogeneous mechanism that includes both the reduction
of anti-oxidative defense and the production of ROS by mi-
tochondrial damage (Sandbichler and Höckner 2016).
Numerous findings have shown that Cd exposure produces
O2

− and NO. Under stress, the cells can produce large
amounts of both species which quickly react with each other
to generate a series of nitrosating agents, the most potently
toxic one being PN (Beckman 1996). Thus, to establish times
and doses in which Cd induced an oxidative status on the
cells, first we used the fluorescent probe H2-DC-FDAwhich
detects several ROS species, including peroxynitrite (Glebska
and Koppenol 2003; Possel et al. 1997) and superoxide
(LeBel et al. 1992). Cd treatment resulted in significant in-
crease in ROS production, after 80 min with 100 μM Cd
treatment (*p < 0.05, **p < 0.01, ***p < 0.001) and after
160 min with 50 μM Cd (*p < 0.05), while 5 μM Cd did not
show significant differences at least for the first 3 h of treat-
ment (Fig. 1a). A biological indicator of cellular damage from
free radical generation and propagation is lipid peroxidation;
we measured the formation of TBARS, a lipid peroxidation
product. Significant increases in TBARS were found 1 h after
5 or 100 μM Cd exposure (***p < 0.001; Fig. 1b).
Additionally, NO formation was measured using a nitrite as-
say (Schulz et al. 1999); after 1 h, 50 and 100 μM Cd treat-
ment showed significant reductions (***p < 0.001; Fig. 1c);
however, 5 μM Cd did not modify NO production. Taken
together, all these findings suggest that Cd could be inducing
PN production, a highly reactive oxidant species capable to
induce cellular toxicity.

To test whether PN was involved in the toxic effects of Cd,
we used a fluorescent boronate-based probe which specifical-
ly detects PN in cells (known as Bprobe 1^) (Kim et al. 2014);
we confirmed that PN production was detected only when
cells were treated with the PN donor, SIN-1, but not with
H2O2 (Supplemental Fig. 1a). Treatments with 50 or
100 μM Cd clearly tended to increase PN levels after 20–
30 min of exposures, although due to the limitation of the
probe (max. 30 min), this tendency could not be further ex-
amined in longer times (Fig. 1d). Therefore, we tested the cells
for indirect evidence of PN by evaluating nitration as a foot-
print of its production in vivo. Once in cells, PN interacts with
Cu–Zn and Mn–superoxide dismutase which catalyze the ni-
tration of the proteins in tyrosine residues forming 3-
nitrotyrosine (NT) (Beckman et al. 1992) (Beckman 1996).
This modification can induce inhibition of the enzymes
(Alvarez et al. 2004; Beckman 1996; Beckman et al. 1992;
Ischiropoulos et al. 1992; MacMillan-Crow et al. 1998) and
changing its normal protein function/activities (Greenacre and
Ischiropoulos 2001; Ischiropoulos 2003). Despite that all can-
cer cells have a basal level of protein nitration, after 6 h treat-
ment with Cd, HeLa cells showed a notable accumulation of
NT evaluated by immunofluorescence labeling with anti-NT
antibodies (Fig. 1e).
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Cd-induced peroxynitrite/nitrotyrosine formation
and reduction in HSP27 was prevented by L-NAME,
a NOS inhibitor

In order to confirm if Cd was producing PN, cells were
treated with L-NAME (a pharmacological inhibitor of nitric
oxide synthase (NOS), which is required for the generation
of NO) and PN/NT formation was assessed after Cd expo-
sure. Initially, we performed a time course experiment,
measuring PN generation in cells pre-treated with L-

NAME followed by 10, 20, or 30 min of Cd exposure
(Supplemental Fig. 1b, c). Next, we evaluated NT forma-
tion after Cd + L-NAME treatment, using the PN donor,
SIN-1, as a positive control (Fig. 2a). Pre-treatment of cells
with L-NAME lowered NT formation after 3 h of Cd treat-
ment (5 and 100 μM); however, this effect was less pro-
nounced after 6 h, suggesting that L-NAME pre-treatment
delays PN and NT formation. As expected, while L-NAME
treatment alone yielded similar NT immunofluorescent la-
beling as with the control, incubation of cells with

Fig. 1 Cd treatment induces oxidative stress. a ROS assay measured in
HeLa cells pre-loaded with H2DCFDA reagent for 40 min, washed, and
then treated with Cd or H2O2 for the indicated time and concentrations
and recorded at Ex/Em 495/525 nM. The results were expressed as rela-
tive fluorescence units (RFU). Values represent the means of three inde-
pendent experiments ±SD (*p < 0.05; **p < 0.01; ***p < 0.001). b Lipid
peroxidation as measured by TBARS formation after 1 h Cd treatment. c
NO production in HeLa cells exposed to the indicated concentrations of
Cd for 1 h (***p < 0.001). The results represent mean ± SD of three

independent experiments (***p < 0.001). d Peroxynitrite production
assayed in HeLa cells pre-loaded with probe 1 exposed to Cd. The spectra
were obtained each minute during a period of 30 min, and fluorescence
intensity at 540 nm was measured with excitation at 430 nm. Positive
control was performed with SIN-1 and negative control with H2O2

(10 μM) as shown in Supp. Fig. 1a. Values represent the means of three
independent experiments ± SD. e Confocal images of nitrotyrosine label-
ing in HeLa cells after treatment with 0, 5, and 100 μM Cd after 6 h.
Green: nitrotyrosine; blue: DAPI; bar: 8 nm (color figure online)
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increasing concentrations of SIN-1 correlated with more
NT fluorescence labeling (Fig. 2a).

Since different stresses modulate HSP27, and its overex-
pression correlates with resistance to Cd’s toxic effects (Wu
and Welsh 1996), which include oxidative stress (Arata et al.
1995), as well as protection against Cd-induced morphologi-
cal changes (Lee et al. 2005), we next analyzed if acute Cd
exposure alters HSP27 expression. Although treatment with
5 μM Cd did not alter HSP27 expression (data not shown),
100 μM Cd reduced HSP27 levels after 6–9 h of exposure
(Fig. 2c). Similar to its effects in attenuating PN and NT for-
mation, pre-treatment with L-NAME partially prevented the
reduction in HSP27 (Fig. 2b). Based on these results, we hy-
pothesized that the generation of PN after Cd treatment was
directly involved in reducing HSP27 levels. To support this,
HeLa cells were exposed to the PN donor, SIN-1 (1 mM), for
3 h and then assayed for HSP27 following increasing recovery
times (1–24 h). The treatment progressively reduced the ex-
pression of HSP27 as shown by western blot (Fig. 2c;
*p < 0.05, **p < 0.01, ***p < 0.001); we also compared the
levels of HSP27 after 24 h with the different treatments

(Supplemental Fig. 2). All these findings together suggest that
one mechanism by which Cd lowers HSP27 levels is through
generation of PN (Supplemental Fig. 3).

Viability was protected by L-NAME and pre-treatment
with rHSP27

To support the role of PN in Cd toxicity, first we established
the effect of Cd in the cell viability of wild type HeLa cells,
HeLa pScr (the transfection control), and HeLa p762 (down-
regulated for HSP27 in a 50%) using the CCK-8 assay, which
is an indicator of metabolic activity (Supplemental Fig. 4). Cd
caused a significant time and doses dependent reduction in the
viability with 50–100 μM Cd, but not with 5 μM Cd treat-
ment; therefore, we select 100 μM Cd as representative of
cytotoxic dose for further studies. Next, we blocked NO for-
mation by treating cells with L-NAME and compare the via-
bility after Cd exposure. We found that L-NAME restored cell
viability for all the concentrations tested (Fig. 3a), which fur-
ther suggested that PN is one of the species responsible for Cd
toxicity.

Fig. 2 SIN-1 and Cd lowered the
levels of HSP27 in HeLa cells. a
Nitrotyrosine images were
obtained by confocal microscopy.
Top panel: Representative images
of untreated HeLa cells (basal
control), cells pre-treated with L-
NAME (500 μM; similar to un-
treated), and cells treated with
SIN-1 (1–3 mM) for 3 h plus 24 h
recovery (positive control) are
shown. Bottom panel:
Nitrotyrosine was evaluated in
HeLa cells exposed to Cd (5 or
100 μM) ± L-NAME pre-treat-
ment. Green: nitrotyrosine; blue:
DAPI; bar: 8 nm. bWestern blots
showing HSP27 expression in
HeLa cells exposed to 100 μM
Cd (3–24 h) + pre-treatment with
L-NAME. c Western blots of
HeLa cells exposed to 1 mMSIN-
1 for 3 h and then assayed for
HSP27 expression after 1–24 h of
recovery. c, d Densitometries of
the HSP27/beta-actin bands were
measured and graph values rep-
resent the means of three inde-
pendent experiments ± SD
(*p < 0.05; **p < 0.01;
***p < 0.001) (color figure
online)
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Considering that toxic doses of Cd diminished HSP27
levels (Fig. 2c, d) and keeping in mind the association of
HSP27 with resistance to Cd toxicity (Wu and Welsh
1996), we hypothesized that recombinant HSP27
(rHSP27) could abrogate the toxicity of Cd. We evaluated
the doses of rHSP and rC1 to use on the cells first by CCK-
8 (data not shown) and performed the following: (a) co-
treatment of HeLa cells with rHSP27 or rC1 (a C-terminal
HSP27 fragment with chaperoning activity) and Cd com-
bined (Fig. 3b (1)), (b) pre-treatment with rHSP27 or rC1
followed by Cd (Fig. 3b (2)), and (c) exposure to Cd (5, 50,
or 100 μM) for 3 h followed by rHSP27 or rC1 treatment
for 24 h (Fig. 3b (3)). All treatments with rHSP27 im-
proved cell viability, but only the pre-treatment with
rHSP27/rC1 completely restored the metabolic activity of
the cells to control levels.

Pre-treatment with HSP27 or L-NAME protects
against necrotic cell death due to Cd toxicity

To evaluate if rHSP27 pre-treatment protects cells from death,
we performed an Annexin V assay, using flow cytometry
(Fig. 4e). First, we established that the toxic effects of
100 μM Cd induced cell death mainly by necrosis p < 0.001
after 12 h (Fig. 4a). Next, we treated cells with rHSP27, C1 or
L-NAME. Pre-treatment with rHSP27 but not its truncated
form, C1, attenuated necrosis induced by Cd at 12 h, but this
became similar to Cd at 24 h; in contrast, L-NAME was ef-
fective for a period up to 24 h (Fig. 4b). L-NAME also signif-
icantly diminished apoptosis induced by Cd at 3 h (Fig. 4c).
Pre-treatment with rHSP27, C1, or L-NAME was protected
against total cell death induced by Cd at 12 h, although only L-
NAME was protective at 24 h (Fig. 4d, e).

Fig. 3 Viability was restored by L-NAME and by pre-treatment with
rHSP27. Viability of HeLa cells measured as metabolic activity with
CCK-8. A HeLa cells were grown in 96-well plates and then treated with
or without L-NAME for 24 h, and then the cells were exposed to the
indicated doses of Cd or Cd + L-NAME during different times (3–24 h).
B-1 HeLa cells were co-treated with Cd + rHSP27 or Cd + rC1 for the
indicated times, which improved viability. B-2 HeLa cells were pre-

treated with rHSP27 or rC1 for 24 h and then exposed to Cd for the
indicated time. The pre-treatment restored viability. B-3 HeLa cells were
exposed to different doses of Cd (5, 50, or 100 μM) for 3 h and then
treated with rHSP27 or rC1 for 24 h with post-treatment improving via-
bility. All the values are representative of the means of three independent
experiments ± SD (*p < 0.05; **p < 0.01; ***p < 0.001; n = 9 for each
data point)
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Pre-treatment with rHSP27 does not enhance
the migration capabilities of tumoral HeLa cells

Even though rHSP27/rC1 proteins showed a beneficial effect
increasing cellular metabolism (an indicator of viability;
Fig. 3), only rHSP27 was capable of reducing necrosis
(Fig. 4). This could be related to the known association between
full length-HSP27 and proteins implicated in apoptosis and ne-
crosis regulation (Arriazu et al. 2006; Bruey et al. 2000). In order
to test if these recombinant proteins could be used safely in the
cases of individuals with tumors, we analyzed the migratory
activity of HeLa cells (Fig. 5). First, we established the basal
migration capability of the cells without a chemo-attractant
agent (basal control, line 1), and then we use 10% FBS in the
lower chamber to evaluate the maximum migratory capability
under normal conditions (positive control: line 2). After the

treatments, we found that (1) Cd exposure reduced cell migra-
tion (line 2 vs 3); (2) rHSP27 does not affect cell migration (line
2 vs 4), whichmeans that it does not promote invasive behavior;
(3) rHSP27 did not enhance the migration capabilities after Cd
treatment (line 5 vs line 3); and (4) even though rC1 alone did
not induce changes inmigration (compare line 6with 2 and 4), it
protected the migratory capabilities in HeLa cells after Cd treat-
ment (compare line 7 with 5). Due to the lack of regulatory
amino acids in rC1 suitable to be phosphorylated, rC1 may not
be considered a potential therapeutic agent.

Discussion

Although the pathological toxic effects of Cd in humans have
been exhaustively studied (Taylor et al. 1999), there are not

Fig. 4 Pre-treatment with HSP27 or L-NAME protects against cell death
due to Cd toxicity. Cell death was evaluated by flow cytometry. a Annexin
V/PI was measured in untreated control cells and in HeLa cells exposed to
100 μM Cd during different times. Graphs represent the percentages of
necrotic, apoptotic or early apoptotic cells with regard to the total cells. b
Percentage of necrotic cells in HeLa cells pre-treated with rHSP27, rC1, L-
NAME, or vehicle and then exposed to 100 μM Cd. c Percentage of

apoptotic cells in HeLa cells pre-treated with rHSP27, rC1, L-NAME, or
vehicle and then exposed to 100 μM Cd. d Percentage of total number of
dead cells after pre-treatment with rHSP27, rC1, L-NAME, or vehicle and
then exposed to Cd 100 μM. All the values are representative of the means
of three independent experiments ± SD (*p < 0.05; **p < 0.01;
***p < 0.001). e Schematic graph of flow cytometry: Q1 necrotic cells,
Q2 apoptotic cells, Q3 live cells, Q4 early apoptotic cells

Recombinant (HSP27/HSPB1) protects from cadmium-induced toxicity

Author's personal copy



many treatment options to counteract the unhealthy effects
induced by this metal nor an effective drug available for re-
moving the accumulated Cd from the body. According to the
Third National Report on Human Exposure to Environmental
Chemicals (NHANES), Cd exposure is widespread in the gen-
eral population and the need for specific treatment against this
metal is imperative. Exposure to dietary amounts of Cd is
enough to negatively influence human health and with a nar-
row margin of safety (Thomas et al. 2009; Järup and Åkesson
2009). Recently, an experimental drug indicated reductions in
Cd accumulated after several weeks in mice and rats kidneys
(Tang et al. 2016). However, we still need a drug capable of
counteracting or ameliorating Cd’s toxic effects. The focus of
this work was to understand one of the molecular mechanisms
involved in Cd toxicity in order to provide the basis for pos-
sible future therapeutic approaches. Our results corroborated
that the harmful effects of Cd are related to the induction of
oxidative stress, in particular, we described for the first time a
link between the peroxynitrite production, the Cd exposure,
and the reduction of cellular HSP27 content.

PN is formed spontaneously from the following reaction:
O2

− + NO ➔ ONOO− (Pryor and Squadrito 1995). Under
stress conditions, the concentration of these substrates may
be modulated and PN formation may be increased (Pacher

et al. 2007). The PN produced may be detrimental and cause
damage to biomolecules through nitration and oxidations
(Radi et al. 1991a; Radi et al. 1991b; Speckmann et al.
2016; Yamakura et al. 1998). Protein nitration, hence, is a
good marker used to infer the presence of PN (see
Supplemental Fig. 2) (Radi 2004; Speckmann et al. 2016).
The nitrated proteins, in turn, may lose their activities or be-
come prone to proteolytic degradation, resulting in modula-
tion of the protein turnover and abnormal signaling cascades
(MacMillan-Crow et al. 1998), (Ischiropoulos 2003). For ex-
ample, nitration has been found in several stressed tissues such
as human rejected kidney allografts (MacMillan-Crow et al.
1996), atherosclerotic lesions (Leeuwenburgh et al. 1997),
aging (VINER et al. 1999), diabetes (Turko et al. 2001), and
Parkinson’s disease (Giasson et al. 2000), among others.

As PN is formed quickly without any enzyme involved,
there are no currently direct inhibitors to stop the reaction
and there are no robust methods to measure the formation of
PN; therefore, in order to restrain PN production, it is neces-
sary to modulate the bioavailability of either nitric oxide or
superoxide. In the present work, we used L-NAME as a non-
selective inhibitor of NOS to reduce the availability of NO and
SIN-1 (a peroxynitrite donor) to perform the studies. Our work
showed that after Cd treatment, protein nitration peaked at
approximately 6 h and then the levels returned to control
values at 24 h, while pre-treatment with L-NAME delayed
NT formation and enhanced viability and survival of the cells
exposed to high doses of Cd. Even though the performance of
this inhibitor in vitro is good, it is not suitable for using in vivo
because NO systems are required for normal cellular function
(Cals-Grierson 2004; Massion et al. 2003). Hence, we looked
at possible downstream molecular targets which could inter-
fere with the propagation of PN-mediated toxicity. The addi-
tion of SIN-1 to the culture medium reduced HSP27 levels,
similar to the treatment with 100 μMCd during 24 h, suggest-
ing that PN could be involved in the reduction of HSP27. For
cells exposed to harmful molecules, the modulation of HSP27
could have noxious consequences, because, in such condi-
tions, this chaperone is a key factor to maintain cellular bal-
ance and the cell viability. Whether the protein nitration con-
tributes to the cadmium-mediated HSP27 downregulation re-
mains unknown and it will be a focus of further studies. A
relevant example described in a recent work showed that after
oxidative stress, HSP60 is nitrated and then released from
cells in exosomes (Campanella et al. 2015). At this point, it
remains unclear if the reduction in HSP27 is due to exosome-
mediated release or degradation.

Regarding HSP27 expression after Cd treatment, there is
a range of results that depend on the doses used. Previous
investigations showed increased expression of HSP27 after
sub-toxic Cd exposures (<50 μM) (Bonham et al. 2003;
Croute et al. 2005; Roccheri et al. 2004), while in our study,
using ≥50 μM Cd, HSP27 levels were reduced, suggesting

Fig. 5 Pre-treatment with rHSP27 does not enhance the migration
capabilities of tumor HeLa cells. The migration was assayed using
transwell analysis. Five fields were obtained from each well, and then
the migrating cells were counted using ImageJ software and then
analyzed. HeLa cells were seeded, attached for 12 h, and then treated as
indicated. Line 1: basal control represents cells without any treatment
(upper and lower chamber), Line 2: cells without any treatment (Cd 0)
in the upper chamber and media +10% SFB in the lower chamber. Line 3:
cells treated with Cd (50 μM Cd in DMEM upper chamber) for 24 h and
media +10% SFB in the lower chamber. Lines 4 and 5: cells were pre-
treated with rHSP27 (100 μg/ml) for 12 h (upper chamber) and then
exposed to the indicated Cd concentration for 24 h (upper chamber and
media +10% SFB in the lower chamber). Lines 6 and 7: cells were pre-
treated with rC1 for 12 h (100 μg/ml) in the upper chamber and then
exposed to the indicated Cd concentration for 24 h in the upper chamber
and media +10% SFB in the lower chamber. The data were expressed as
means ± S.D. *p < 0.05; **p < 0.01; ***p < 0.001 vs control
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that the effects on the expression of this protein could be
modulated by the level of stress induced. When high levels
of ROS are formed, the high oxidation of macromolecules
such as proteins, lipids, and DNA induces necrosis (Arrigo
2001). It is known that Cd can modulate ROS state altering
antioxidant molecules such as reduced glutathione (Gaubin
et al. 2000) and that this molecule is the first defense against
Cd toxicity (Singhal et al. 1987). Moreover, HSP27 can
activate (glucose-6-phosphate dehydrogenase (G6PD), up-
regulating the levels of reduced glutathione in the cells
and, thus, the capability of the cells to fight oxidative stress
(Préville et al. 1999). Normally, when the cells are exposed
to moderate levels of ROS, reduced glutathione depletion
occurs and apoptosis is triggered, but if the levels of oxida-
tive stress are too high, necrosis occurs (Arrigo 2001;
Zucker et al. 1997). In our study, Cd-induced cell death
occurred mainly through necrosis, although apoptosis was
minimally observed.

As we proposed that HSP27 was downregulated by PN
(trigger by Cd), we hypothesized that loading the cells with
a recombinant protein able to restore the cellular HSP27 could
have a positive effect in resistance and viability. Consistent
with this, a recent study showed that treatment with pro-
inflammatory cytokines reduced HSP27 levels through a
PN-dependent mechanism and this event was associated with
apoptosis in human capillary endothelial cells (Nahomi et al.
2014). Our results showed that even though both treatments—
either with rHSP27 or with rC1 before Cd exposure—
completely restored cell metabolism to control levels, rC1
was less efficient in protecting against cell death. Also,
rHSP27 did not enhance the migration capabilities of the cells,
suggesting that it will not enhance malignant capabilities in
cancer cells, making rHSP27 an interesting molecule to coun-
teract Cd toxicity. These findings suggest that in order to pro-
tect cells from Cd toxicity, HSP27 needs both its molecular
chaperone’s capabilities (found in rC1) and its capacity to
interact with different client proteins and to become phosphor-
ylated and regulated by cells, which is not possible in the case
of rC1. Although more studies are necessary to confirm the
possibility of using rHSP27 as a form of therapy in living
organisms, due to the current lack of effective treatments for
people at high risk for Cd exposure, the potential impact of a
therapeutic approach using rHSP27 to counteract Cd toxicity
is very high. A future therapeutic strategy could involve
screening high-risk individuals (smokers, industrial workers)
and those with elevated Cd levels could be candidates for
administering pre-treatment with rHSP27 to avoid further
damage.

In conclusion, Cd induced an oxidative and nitrosative
stress that reduced HSP27 levels, affecting cell function and
survival. The use of recombinant HSP27 instead of plasmids
or DNA carrying vector could be a suitable, easily regulable
alternative to overexpress a mis-regulated protein during Cd

toxicity. This work constitutes one step forward to understand
the mechanism of Cd toxicity and a promising alternative.
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