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Abstract

Senescence, a hallmark of mammalian aging, is associated with the onset and progression of cardiovascular disease.
Angiotensin II (Ang II) signaling and zinc homeostasis dysfunction are increased with age and are linked to cardiovascular
disease, but the relationship among these processes has not been investigated. We used a model of cellular senescence
induced by Ang II in vascular smooth muscle cells (VSMCs) to explore the role of zinc in vascular dysfunction. We found that
Ang II-induced senescence is a zinc-dependent pathway mediated by the downregulation of the zinc transporters ZnT3 and
ZnT10, which work to reduce cytosolic zinc. Zinc mimics Ang II by increasing reactive oxygen species (ROS), activating
NADPH oxidase activity and Akt, and by downregulating ZnT3 and ZnT10 and inducing senescence. Zinc increases Ang II-
induced senescence, while the zinc chelator TPEN, as well as overexpression of ZnT3 or ZnT10, decreases ROS and prevents
senescence. Using HEK293 cells, we found that ZnT10 localizes in recycling endosomes and transports zinc into vesicles to
prevent zinc toxicity. Zinc and ZnT3/ZnT10 downregulation induces senescence by decreasing the expression of catalase.
Consistently, ZnT3 and ZnT10 downregulation by siRNA increases ROS while downregulation of catalase by siRNA induces
senescence. Zinc, siZnT3 and siZnT10 downregulate catalase by a post-transcriptional mechanism mediated by decreased
phosphorylation of ERK1/2. These data demonstrate that zinc homeostasis dysfunction by decreased expression of ZnT3 or
ZnT10 promotes senescence and that Ang II-induced senescence is a zinc and ROS-dependent process. Our studies suggest
that zinc might also affect other ROS-dependent processes induced by Ang II, such as hypertrophy and migration of smooth
muscle cells.

Citation: Patrushev N, Seidel-Rogol B, Salazar G (2012) Angiotensin II Requires Zinc and Downregulation of the Zinc Transporters ZnT3 and ZnT10 to Induce
Senescence of Vascular Smooth Muscle Cells. PLoS ONE 7(3): e33211. doi:10.1371/journal.pone.0033211

Editor: Gangjian Qin, Northwestern University, United States of America

Received July 5, 2011; Accepted February 11, 2012; Published March 12, 2012

Copyright: � 2012 Patrushev et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by National Institute of Health grants UO1 HL80711 and HL60728. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: gsalaza@emory.edu

Introduction

Aging is associated with physiological changes that increase

predisposition to cardiovascular diseases [1]. For example,

increases in inflammatory responses with age promote atheroscle-

rosis [2], which is thought to result from age-related dysfunction of

the vascular endothelium and smooth muscle cells [3]. Cellular

senescence, a hallmark of mammalian aging, is a process of

permanent cell cycle arrest involving changes in gene expression

and cell morphology [4], such as increase in the expression of

senescence-associated b-galactosidase (SA-b-gal) and increase in

cell size [5]. Senescent vascular cells in culture present similar

changes to the ones observed in aged arteries, such as an increase

in ROS levels in vascular smooth muscle cells (VSMCs) [6].

Senescent VSMCs positive for SA-b-gal have been found in

arteries of old animals [7] and in atherosclerotic plaques [8],

indicating that cellular senescence could contribute to in vivo

vascular aging [9] and atherosclerosis [10]. Thus, the study of

molecular mechanisms regulating cellular senescence in vitro is

important to our understanding of age related pathologies like

atherosclerosis.

Angiotensin II (Ang II) is a potent mediator of vascular disease

including atherosclerosis and the metabolic syndrome [11]. Ang II

signaling pathways become activated with age and contribute to

the development of atherosclerosis [12] as well as vascular

senescence in vivo [13,14] and in vitro in VSMCs [14]. Moreover,

disruption of the Ang II type 1 receptor promotes longevity [15],

suggesting that prevention of Ang II signaling is not only beneficial

to prevent cardiovascular disease but also to delay the aging

process. Ang II induced-senescence involves a p53/p21-dependent

pathway in VSMCs [14]. However, the molecular mechanism is

not fully understood and whether other processes that are also

disrupted by age could modulate this pathway has not been

investigated.

Among the changes induced by age, zinc deficiency is common

in the elderly [16]. Zinc is an important nutritional factor

contributing to the function of the immune system, metabolic

function and antioxidant capacities. Zinc supplementation protects

from oxidative stress in cells in culture [17] and in animal models

[18]. On the other hand, zinc deprivation increases oxidative

stress, induces apoptotic cell death [19] and influences renal and

cardiovascular disease [20]. Importantly, zinc deficiency has been

postulated as a risk factor in the development of atherosclerosis

[21] yet the cellular and molecular basis of this association remains

largely unexplored. Since vascular senescence is increased by age

and Ang II, and zinc homeostasis dysfunction is also increased by
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age, we hypothesize that zinc homeostasis regulatory mechanisms

and Ang II signaling pathways converge to promote vascular

senescence.

Zinc homeostasis is tightly regulated by the expression of

metallothioneins (MTs) and membrane proteins that buffer and

transport zinc, respectively. Zinc transport and distribution are

carried out by two families of zinc transporters [22]. Fourteen

members of the Zips (Zrt/Irt-like proteins)/SLC39 (solute carrier

39) family of zinc importers work to increase cytosolic zinc by

importing zinc from extracellular or from intracellular compart-

ments. In contrast, ten members of the ZnT (zinc transporter)/

SLC30A family of zinc exporters work in the opposite direction to

reduce cytosolic zinc concentration by moving zinc out of the cell

or into various intracellular compartments. Expression of

members of the ZnT family is decreased by age [23] suggesting

that ZnT family members could be relevant in age-related

dysfunction of zinc homeostasis and cardiovascular diseases, but

virtually nothing is known about the expression profile of ZnTs or

about the regulation of zinc homeostasis in the vasculature.

Here we show the expression profile of members of the ZnT

family in VSMCs and mouse aorta and identify ZnT3 and ZnT10

as important regulators of VSMC senescence. We show that Ang

II, as well as zinc, downregulates ZnT3 and ZnT10 expression.

This event decreases catalase expression, which leads to

accumulation in ROS levels and the induction of senescence.

Zinc regulates catalase protein stability by an ERK1/2-dependent

mechanism. Zinc-induced senescence is prevented by the

antioxidant N-acetyl-cysteine (NAC), suggesting that ZnT3 and

ZnT10 work to prevent increases in ROS levels by modulating the

expression of catalase.

Materials and Methods

Antibodies and DNA constructs
The following antibodies were used for western blots: Akt1/2

(H-136) was from Santa Cruz Biotechnology. p21 and P53 were

from GeneTex. Rabbit polyclonal anti-catalase was from Calbio-

chem. Glutathione peroxidase 1 (GPx-1) was from Abcam. SOD1

was from Fisher Scientific. SOD2 was from Stressgen. Monoclonal

antibodies against tubulin and b-actin and rabbit anti-PMP70

were from Sigma. Rabbit polyclonal antibodies against phospho-

Akt (Ser 473), phospho-p38MAPK (Thr 180/Tyr 182) phospho-

p44/42 MAPK (Thr 202/Tyr 204), p38MAPK and p44/42

MAPK were from Cell Signaling. Rabbit antibody against myc

was from Bethyl Laboratories, Inc. Monoclonal antibodies against

Tfr-R (H68.4) were from Invitrogen. Polyclonal antibodies against

green fluorescent protein (GFP) were from Synaptic System

(Göttingen, Germany). Monoclonal anti-GFP 3E6 and H2-

dichlorofluorescin diacetate (H2DCFDA) were from Molecular

Probes. Ang II and Dulbecco’s modified Eagle’s medium (DMEM)

with 25 mM Hepes and 4.5 g/liter glucose were from Sigma.

Human ZnT10 (NM_018713) myc-tagged plasmid was obtained

from GeneCopoeiaTM (Rockville MD). The human zinc trans-

porters ZnT3-myc, ZnT3-GFP and ZnT4-myc were previously

described [24]. ZnT5-GFP plasmids were obtained from Dr. Juan

M. Falcon-Perez (CIC bioGUNE, Spain) [25]. FoxO1 wt and the

constitutive active mutant FoxO1-CA were obtained from Dr. R.

W. Alexander at Emory University.

Cell culture and transfection
VSMCs from male Sprague-Dawley rat thoracic aortas,

prepared using enzymatic digestion as described [26], were

obtained from Dr. Kathy K. Griendling at Emory University.

Cells were cultured until passage 12 in DMEM (Sigma)

supplemented with 10% bovine serum (Invitrogen), 2 mM

glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin.

HEK293T cells (ATCC Nu CRL-1573) were cultured in DMEM

medium (Cellgro, Herndon, VA; 4.5 g/l glucose) containing 10%

FBS (Hyclone, Lolgan, UT), 100 U/ml penicillin and 100 mg/ml

streptomycin. HEK293 cells transfected with ZnT10-myc plas-

mids were maintained in media containing 0.2 mg/ml G418 as

described previously [27]. For Ang II treatment, cells were growth-

arrested for 24 hrs in DMEM containing 0.5% bovine serum prior

to the addition of 100 nM Ang II or zinc. VSMCs were incubated

with 50 mM H2O2 (Sigma) for five days and media changed every

24 hrs. The ROS scavenger N-acetyl cysteine (NAC, Sigma,

1 mM), the Akt inhibitor V Tribicirine (TCN) and ERK1/2

inhibitor PD98059 were added to cells 30 min prior to the

addition of 50 mM ZnSO4 and maintained during the zinc

incubation.

For Transfection experiments, VSMCs at 70–90% confluency

were transfected using the basic NucleofectorH (Lonza Walkers-

ville, Inc.)) kit for primary smooth muscle cells (Lonza, p13

program). Cells were allowed to recover for 48 hrs before further

treatments. HEK293 cells were transfected using 4 ml of

Lipofectamine 2000 for 16 hrs. After 48 hrs, transfected cells

were selected with 0.8 mg/ml G418 for one week. Colonies were

isolated with cloning rings and expression of target proteins tested

by immunofluorescence.

Reverse transcription PCR (RT-PCR) and RNA interference
RNA was isolated from VSMCs grown in 60 mm petri dishes

and from mouse aorta using the RNeasy kit (Qiagen), according to

manufacturer’s instructions. The SuperScriptTM One Stept RT-

PCR system (Invitrogen) was used with 0.5 mg of total RNA to

amplify target genes. Primers used to determine the expression of

SLC30A/ZnTs zinc transporters are described in Table S1.

GAPDH control primers were designed to recognize both rat and

mouse targets. Downregulation by siRNA of target genes was

performed using the basic NucleofectorH kit for primary smooth

muscle cells. Oligonucleotides used for siRNA are described in

Table S2. Downregulation efficiency was determined by RT-PCR

or by western blot as appropriate.

Zinpyr-1 staining and immunofluorescence
Cells cultured in MatTek dishes (Mat Tek Corp) were treated

with and without ZnSO4, TPEN or Ang II in DMEM, washed

and incubated with 10 mM Zinpyr-1 (Ex/Em = 515/525) in DPBS

for 30 min at 37uC. Cells were then washed in DPBS and imaged

with a confocal microscope (Zeiss LSM 510 META) using the

488 nm argon laser line and filter set HQ480/406;HQ535/50m

(Chroma). Images were acquired using a Plan Apochromat 636
oil immersion objective NA = 1.4. Fluorescence intensity was

determined using MetaMorph software 3.0 (Molecular Devices,

Sunnyvale, CA).

Immunofluorescence was performed as described previously

[28]. Briefly, cells grown on coverslips were fixed with 4%

paraformaldehyde (PFA), washed with PBS and permeabilized in

blocking buffer containing 0.02% saponin. Alexa FluorH 488 and

Alexa FluorH 568 were used as secondary antibodies. Samples

were examined using the 488- and 543-nm lines of the argon ion

and green HeNe lasers with 515/30-nm band pass and 585-nm-

long pass filters, respectively, in a confocal imaging system (Zeiss

LSM 510 META).

ROS measurements
VSMCs seeded in 24-well plates were growth-arrested for

24 hrs in DMEM and treated with or without 100 nM Ang II,

Zinc Regulates Senescence of VSMCs
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ZnSO4 or TPEN for 30 min. After two washes with DPBS, cells

were incubated with 10 mM 29,79-dichlorodihydrofluorescein

diacetate (H2DCFDA) for 30 min, washed twice and fluorescence

intensity determined using a CytoFluor multi-well plate reader

(Applied Biosystems (ABI) PerSeptive Biosystems).

NADPH oxidase activity
NADPH oxidase activity was measured in membrane fractions

using lucigenin as described [29]. Briefly, VSMCs were incubated

with or without 50 mM zinc for 4 hrs, washed and lysed in 20 mM

KH2PO4 buffer, pH 7.4. Samples were sonicated and centrifuged

for 15 min at 28,0006g. Pellets containing total membranes were

resuspended in 50 mM KH2PO4 assay buffer and incubated with

0.1 mM lucigenin and 1 mM NADPH. NADPH oxidase activity

was determined by subtracting the luminescence before and after

the addition of the superoxide scavenger Tiron (100 mM).

Senescence associated b-galactosidase staining
SA-b-gal activity was determined as described [5]. Cells plated

at low density in 12-well plates were growth-arrested in DMEM

containing 0.5% bovine serum for 24 hrs and incubated with Ang

II, zinc, TPEN or H2O2 in the same media for 3 to 10 days. Cells

were then washed twice with PBS, fixed with 0.2% glutaraldehyde

in PBS for 10 min and incubated in 40 mM phosphate buffer

containing 1 mg/ml X-Gal, 150 mM NaCl, 2 mM MgCl2, 5 mM

K3Fe(CN)6 and 5 mM K4Fe(CN)6 overnight at 37uC. Cells were

washed twice with PBS and kept in 70% glycerol. Images were

acquired using an Olympus IX71 microscope using a 106
objective. SA-b-gal positive cells were counted in 10 different

fields/well (3 to 6 individual wells per condition) and expressed as

a percentage of total cell number. Detection of SA-b-gal with the

Galacto-Light PlusTM System (Applied Biosystems) was performed

according to manufacturer’s instructions. After treatment, samples

were lysed and luminescence determined after 20 min incubation

using a TD-20/20 luminometer (Turner Designs, Sunnyvale CA).

Western blots
VSMCs were lysed in lysis buffer (50 mM Hepes, pH 7.4,

50 mM NaCl, 1% Triton X-100, 5 mM EDTA, 10 mM sodium

pyrophosphate, 50 mM sodium fluoride, and 1 mM sodium

orthovanadate) plus anti-protease cocktail (Sigma) and total

homogenates separated on 4–20% PAGE-SDS Criterion pre-cast

gels (Bio Rad). Protein expression was determined by enhanced

chemiluminescence using specific antibodies.

Cell viability
Cells grown to 80% confluency in 24-well plates were incubated

with ZnSO4 or TPEN in DMEM containing 0.5% bovine serum

for one to ten days. Cell viability was determined by trypan-blue

exclusion using a Neubauer chamber. 100% viability was

determined in the absence of zinc or TPEN.

Statistics
All data are depicted as average 6 standard deviation of the

mean. Statistical significance was determined by Student’s t test

and accepted at p,0.05(*). ** denotes p,0.01.

Results

Zinc increases ROS and induces senescence of VSMCs
To investigate if zinc homeostasis regulatory mechanisms and

Ang II signaling pathways interact to promote vascular senes-

cence, we first determined whether addition of exogenous zinc

could increase intracellular zinc levels and enhance Ang II

signaling in VSMCs. We incubated VSMCs with zinc and

monitored the level of intracellular zinc using the specific zinc

fluoroprobe Zinpyr-1 [30] (Fig. 1A). VSMCs show a basal

vesicular and perinuclear staining that was increased by zinc

and was reduced by the zinc chelator TPEN (Fig. 1A and Fig.

S1A). We next tested if increases in intracellular zinc levels could

affect Ang II signaling by monitoring Akt, p38MAPK and ERK1/

2 phosphorylation (Fig. 1B). These three kinases mediate Ang II

effects in VSMCs [31]. Pre-incubation with zinc increases Akt and

p38MAPK and decreases ERK1/2 phosphorylation in basal

conditions (Fig. 1B, lane 7) and after Ang II treatment (Fig. 1B,

compare lanes 2–6 and 8–12). Since Akt and p38MAPK, but not

ERK1/2, are activated by Ang II in a ROS-dependent manner in

VSMCs [31] and senescence is induced by ROS [32], we tested

whether zinc could increase ROS levels and induce senescence.

Zinc increased ROS levels 1.460.28, 1.9760.28 and 2.1260.4-

fold after incubations with 25, 50 and 100 mM zinc, respectively

(n = 7, p,0.01) (Fig. 1C). Increases in ROS levels by 50 mM zinc

(1.9960.4-fold n = 8, p,0.01 vs control) were similar to the ones

observed after Ang II treatment (1.9460.28-fold n = 4, p,0.01 vs

control) (Fig. 1D). Furthermore, zinc increased NADPH oxidase

activity 1.8260.18-fold (n = 3, p,0.01) (Fig. 1E).

To determine senescence, we incubated VSMCs with increasing

concentrations of zinc for five days and measured SA-b-gal

activity, a senescence marker. 50 mM zinc is the optimal

concentration for long-term incubations based on cell viability

assays (Fig. S1B) and ROS production (Fig. 1C). Senescence was

increased from 10.861.1% to 1860.34%, 24.463.36% and

34.3362.42% after treatment with 12.5, 25 and 50 mM zinc,

respectively (Fig. 1F). Similar to Ang II, zinc increased SA-b-gal

staining over time (Fig. 1G and 1H). Zinc also increased the

expression of the senescence markers p21 and p53 (Fig. 1I) as

previously reported for Ang II in VSMCs [14]. Thus, zinc mimics

Ang II by activating NADPH oxidase activity, increasing ROS

levels, activating the ROS sensitive p38MAPK/Akt pathway and

inducing senescence.

Zinc is required for Ang II-induced senescence
The fact that zinc mimics Ang II effects led us to hypothesize

that zinc could be required for Ang II-induced senescence. This

hypothesis predicts that Ang II-induced increases in ROS levels

and senescence should be increased by zinc and prevented by

TPEN (Fig. 2). ROS levels induced by Ang II were significantly

increased by zinc (1.4360.04-fold vs 1.360.06-fold, n = 6,

p,0.01) and were reduced by TPEN (0.96860.24-fold, n = 6,

p,0.01). Further, basal as well as zinc-induced increases in ROS

were also reduced by TPEN (Fig. 2A). Next, we incubated VSMCs

with Ang II in the presence of zinc or TPEN for three days to

determine senescence. Cell viability assays show that 100 nM

TPEN is a non-toxic concentration for long-term incubations (Fig.

S1C). This concentration is 100 times lower than the concentra-

tion (10 mM TPEN) described to remove zinc from zinc containing

proteins such as transcriptional factors [33]. Zinc increases and

TPEN reduces Ang II-induced senescence (Fig. 2B–D). Ang II

treatment leads to 27.962.8% SA-b-gal positive cells compared to

6.162.4% in control cells (p,0.01). The effect of Ang II was

increased to 34.961.6% (p,0.05 vs Ang II) when cells were co-

incubated with 50 mM zinc, and was reduced to 11.361.65%

(p,0.01 vs Ang II) when cells were co-incubated with 100 nM

TPEN (Fig. 2C). Similar results were observed when SA-b-gal

activity was determined by quantitative chemiluminescence using

the Galacto-Light PlusTM System (Applied Biosystems) (Fig. 2D).

We detected an increase of 1.3560.14-fold (n = 6, p,0.01) in Ang

Zinc Regulates Senescence of VSMCs
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II-induced senescence compared to control cells (1.0360.16-fold).

Incubation with 50 and 100 mM zinc increased Ang II-induced

senescence 1.7560.05-fold (n = 6, p,0.01) and 2.3460.57-fold

(n = 3, p,0.05), respectively, compared to Ang II alone. In

contrast, TPEN prevents Ang II effects (0.8860.03-folds, n = 3,

p = 0.24 vs control). Thus, zinc increases ROS levels and

senescence while TPEN prevents them. To further evaluate the

dependence of ROS in zinc-induced senescence, we incubated

VSMCs with zinc in the presence or absence of the antioxidant

NAC (Fig. 2E and F). The increase in senescence induced by zinc

(50.664.4%) was similar to incubation with H2O2 alone

(66.9610.44%, p,0.05 vs zinc). NAC significantly reduced zinc-

induced senescence to 2561.2% (p,0.01 vs zinc). All together,

these data indicate that zinc is required for Ang II-induced

senescence via a ROS-dependent mechanism.

Ang II downregulates zinc transporters ZnT3 and ZnT10
to induce senescence

The observation that zinc is required for Ang II-induced

senescence suggests that Ang II may affect the availability and/or

distribution of free zinc and, therefore, zinc homeostasis to

mediate senescence. To test this idea, we monitored changes in

intracellular zinc using Zinpyr-1 staining in VSMCs treated for

three days with Ang II alone or together with TPEN (Fig. 3A). Ang

II induced changes in zinc distribution from a vesicular to a

perinuclear Golgi-like staining in 64.3% of cells (14 different fields)

Figure 1. Zinc increases ROS levels, activates the ROS-dependent Ang II signaling pathway and induces senescence in VSMC. A)
VSMCs incubated with 25, 50 or 100 mM zinc in the presence or absence of 25 mM TPEN for 1 hr were incubated with Zinpyr-1 and imaged by
confocal microscopy (Bar = 20 mm). B) Cells pre-incubated with 100 mM zinc for 1 hr were incubated with 100 nM Ang II for 5 to 30 min, lysed and
analyzed by immunoblot with the indicated antibodies. Cells treated with 25, 50 or 100 mM zinc (C) or with 50 mM zinc or 100 nM Ang II for 30 min
(D) were incubated with H2DCFDA to determine ROS levels. E) NADPH oxidase activity was determined by lucigenin assay after 4 hrs with 50 mM zinc.
F) SA-b-gal activity was determined after treatment with and without 12.5, 25 or 50 mM zinc for five days. G and H) Cells were treated with and
without 100 nM Ang II or 50 mM zinc for three, five or ten days and senescence determined by counting SA-b-gal positive cells (Bar = 200 mm). I)
Expression of p21 and p53 was determined after five days incubation with 50 mM zinc. * and ** denote p,0.05 and p,0.01, respectively. ns = non-
significant differences.
doi:10.1371/journal.pone.0033211.g001
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compared to 21% (12 different fields) in control cells. This staining

was reduced by TPEN. The change in zinc distribution suggests

that Ang II may affect the expression of SLC30A/ZnT family

members of zinc transporters, which work to reduce cytosolic zinc

concentration by moving zinc out of the cells or inside vesicular

compartments, such as endosomes and Golgi. We determined

mRNA expression levels of SLC30A/ZnT family members by

RT-PCR and found that VSMCs, as well as mouse aorta, express

eight out of ten members of the ZnT family (Fig. 3B). We found

ZnT1, that localizes at the plasma membrane [34], ZnT3 and

ZnT4 that localize at endosomes [27,35], and ZnT5, ZnT6 and

ZnT7 found at the Golgi complex [36]. We also found ZnT9/

HUEL, which was shown to translocate to the nucleus in a cell-

cycle dependent manner [37], and ZnT10, whose subcellular

localization and zinc transporter capacities have not been

investigated. Next, we determined ZnTs mRNA expression levels

in response to Ang II treatment. Ang II downregulated the

expression of ZnT3 and ZnT10, but not other ZnTs (Fig. 3C and

3J).

To determine the functional consequences of ZnT3 and

ZnT10 downregulation by Ang II, we knocked down their

expression levels by siRNA (Fig. S2A and S2B) and determined

senescence by SA-b-gal staining (Fig. 3F and 3G). ZnT3 and

ZnT10 downregulation decreased the levels of vesicular zinc

(Fig. 3D and 3E) and increased basal senescence to 24.7263.6%

and 25.9762.65%, respectively. These levels are similar to those

observed in cells treated with Ang II in control conditions

(23.4165.19%). Similar to Ang II and zinc treatments,

downregulation of both ZnTs also increased the expression of

the senescence marker p21 and p53 (Fig. 3H). Further, ZnT3 and

ZnT10 downregulation increased Ang II-induced senescence

(Fig. 3G). These data suggest that downregulation of ZnT3 and

ZnT10 might lead to increases of zinc in the cytosol before the

addition of Ang II, which could accelerate senescence (more SA-

b-gal positive cells). This idea is supported by the fact that zinc

alone increases, while TPEN prevents, senescence. This hypoth-

esis predicts that increases of cytosolic zinc by downregulation of

any other zinc transporter should also induce senescence. To test

this idea, we knocked down the Ang II-insensitive ZnT5 by

siRNA (Fig. S2C) and found that this treatment also induces

senescence (Fig. 3F and 3G). siZnT5 increased basal (15.48%6

3.05%, p,0.01 vs control cells) as well as Ang II-induced

senescence (36.8867.9%, p,0.01, vs Ang II in control cells),

suggesting that zinc homeostasis dysfunction mediates senescence

of VSMCs. Further, no changes in cellular distribution of Ang II-

insensitive ZnTs, such as ZnT5 and ZnT4 was observed by Ang

II (Fig. S3).

Since expression of zinc transporters such as ZnT1 are

transcriptionally regulated by zinc [38] and zinc induces

senescence (Fig. 1F–I), we asked whether ZnT3 and ZnT10 could

be downregulated by zinc. Both ZnTs mRNA were downregulated

by zinc similar to Ang II (Fig. 3I and 3J), suggesting that increase

in zinc levels could be mediated by Ang II in an early event

upstream of ZnTs downregulation. All together, these data show

that Ang II downregulates the zinc transporters ZnT3 and ZnT10

to induce senescence.

Figure 2. Zinc is required for Ang II-induced senescence by a ROS-dependent pathway. A) Cells incubated with and without Ang II in the
presence or absence of 50 mM zinc or 100 nM TPEN for 30 min were incubated with H2DCFDA to determine ROS levels. SA-b-gal activity was
determined after three (B–D) or five (E and F) days by counting SA-b-gal positive cells (C and F) or by quantitative luminescence (D). E and F) Cells
were incubated with zinc, zinc plus 1 mM NAC or 50 mM H2O2 and senescence determined by SA-b-gal staining. Bar = 200 mm.
doi:10.1371/journal.pone.0033211.g002

Zinc Regulates Senescence of VSMCs
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Overexpression of ZnT3 and ZnT10 prevents Ang II-
induced senescence

To further test the role of ZnT3 and ZnT10 in Ang II-induced

senescence, we asked whether overexpression of these transporters

could prevent Ang II effects. Western blots with anti-myc

antibodies confirmed ZnT10 and ZnT3 overexpression and show

that VSMCs express lower levels of these transporters compared

with HEK293 cells after transfection (Fig. 4A). A discrete

overexpression of ZnT3 or ZnT10 decreased ROS levels

0.3761.6 and 0.6260.14-fold, respectively (Fig. 4B) and prevent-

ed Ang II-induced senescence (Fig. 4C and D). VSMCs

overexpressing ZnT10-myc were 23.361.35% positive for SA-b-

gal compared to 41.664%, p,0.05 in mock-transfected cells

treated with Ang II. Non-significant (ns) differences were observed

between transfected and mock-transfected cells in basal conditions

or between transfected cells with and without Ang II (23.361.4

and 2164%, respectively, p = 0.4). Similarly, ZnT3 overexpres-

sion reduced Ang II-induced senescence from 49.2363.08% in

mock-transfected cells to 23.9161.68% (p,0.01). Thus, overex-

pression of ZnT3 and ZnT10 mimics the effects of TPEN by

decreasing ROS levels and preventing senescence, suggesting that

senescence is mediated by zinc. Thus, these data show that Ang II-

induced senescence is a zinc-dependent process mediated by the

downregulation of ZnT3 and ZnT10.

Figure 3. Ang II downregulates the zinc transporters ZnT3 and ZnT10 to induce senescence. A) VSMCs incubated with 100 nM Ang II for
three days in the presence or absence of 100 nM TPEN were incubated with Zinpyr-1 and imaged by confocal microscopy. B) Total mRNA was used to
determine ZnT1 to ZnT10 expression levels by RT-PCR in VSMCs and mouse aorta using GAPDH as control. All primers were designed to recognize
mouse and rat ZnTs, except for ZnT1 and ZnT3 (see Table S1). C) mRNA prepared from VSMCs treated for one to three days with 100 nM Ang II was
used to determine expression of the indicated ZnTs by RT-PCR. Cells treated with siRNA to downregulate ZnT3 and ZnT10 were imaged with Zinpyr-1
(D and E) or processed for SA-b-gal staining (F and G) or western blot to determine p21 and p53 expression (H). siZnT5-treated cells were analyzed for
SA-b-gal staining (F and G). I and J) Cells were treated with Ang II, zinc or both for three days and samples analyzed by RT-PCR and quantified respect
to GAPDH control. Bar = 10 mm in A and D and 200 mm in F. * and ** represent p,0.05 and p,0.01, respectively.
doi:10.1371/journal.pone.0033211.g003
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Characterization of ZnT10 localization and zinc transport
capacity

We hypothesize that overexpression of ZnT3 or ZnT10 should

prevent increases in cytosolic zinc to prevent senescence.

However, ZnT10 zinc transport capacities have not been

explored. The transport capacity of ZnT3 is well-documented

[24,27]. To investigate the mechanism by which ZnT10

downregulation induces senescence, we first determined ZnT10

subcellular localization and zinc transport capacities. We analyzed

ZnT10 subcellular localization in HEK293 cells transfected with

the human ZnT10 myc tagged (Fig. 5A). We choose HEK293 cells

because they are easily transfected (Fig. 4A) and suitable for

morphological studies. In this cell line, ZnT10 strongly colocalizes

with markers of recycling endosomes, such as the transferrin

receptor (Tfr-R) (69.39611.21%, n = 14 cells) and rab11 (data not

shown) and with the early endosome marker EEA1

(16.2164.38%, n = 13 cells), but not with syntaxin 8 (data not

shown) or CD63 (1.8360.93%, n = 10 cells), markers of late

endosome and lysosomes, respectively. Moreover, ZnT10 co-

localizes (63.7612%, n = 12 cell, Fig. 5B) and interacts (Fig. 5C)

with ZnT3 which also resides in Tfr-R-positive endosomes [27].

Immunoprecipitation with anti-GFP antibodies brings down

ZnT10-myc in cells co-expressing ZnT10-myc and ZnT3-GFP

in the presence or absence of the cross-linker DSP (Fig. 5C, lanes 6

and 7). We previously used DSP to detect labile interactions and to

demonstrate the formation of ZnT3 dimers [24]. ZnT10 and

ZnT3 form stable dimers (D) and oligomers (O) that may mediate

zinc accumulation/transport into recycling endosomes.

We next determined ZnT10 zinc transport capacities in colonies

of HEK293 cells permanently transfected with ZnT10-myc (Fig.

S4, colony Nu 18, 100% expression), using Zinpyr-1 to visualize

vesicular zinc accumulation (Fig. 5D and 5E). Fluorescence

intensity (zinc accumulation) was higher in ZnT10-transfected

compared with mock-transfected cells in both basal (751.43656.4

vs 190.46623.12, n = 39 cells) and zinc-treated conditions

(1,121661 vs 650654.7, n = 37 cells). Zinpyr-1 fluorescence

staining resembles the vesicular and perinuclear ZnT10-positive

signal detected with anti myc antibodies by immunofluorescence

(Fig. S4). To further assess ZnT10 transport capacities, we

determined whether ZnT10 overexpression could confer resis-

tance to zinc toxicity (Fig. 5F). Cells overexpressing ZnT10-myc

showed a significant increase in cell viability (71615%, n = 6,

p,0.01) compared with mock-transfected cells (27.564.6%) after

a challenge with toxic levels of zinc. Thus, ZnT10 functions to

transport zinc into early/recycling endosomes.

Zinc and ZnT3/ZnT10 downregulation decrease catalase
expression to induce senescence

We next explored the mechanism by which zinc and ZnT3/

ZnT10 downregulation promotes senescence. We focused on

catalase because transient activation of the ROS-dependent Akt,

but not the ERK1/2 pathway, mediates catalase downregulation

by Ang II in VSMCs [39]. We show that zinc increases ROS levels

(Fig. 1C and 1D) and activates Akt, but not ERK1/2 (Fig. 1B).

Zinc reduced catalase protein expression (Fig. 6A and Fig. S5A),

similar to Ang II alone (Fig. 6A, 4764.94%, n = 5, p,0.01 vs

Figure 4. Overexpression of ZnT3 and ZnT10 decreases ROS and prevents Ang II-induced senescence. A) ZnT3 and ZnT10 expression
was determined by immunoblot with anti-myc antibodies in control and transfected VSMCs and HEK293 cells, using b-actin and transferrin receptor
(Tfr-R) as loading controls. B) ROS levels were measured with H2DCFDA in mock or ZnT3 and ZnT10 transfected VSMCs cells. C and D) Senescence was
determined by counting SA-b-gal positive cells in control and ZnT3-myc and ZnT10-myc transfected cells treated with 100 nM Ang II for five days.
Bar = 200 mm in C. ** represents p,0.01.
doi:10.1371/journal.pone.0033211.g004
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control). In contrast, chelation of zinc with TPEN increases basal

levels of catalase and prevents its downregulation by Ang II

(Fig. 6A and Fig. S5A). These data support the idea that TPEN

prevents Ang II-induced senescence by preventing increases in

ROS levels (Fig. 2A) and catalase downregulation. Time course

experiments show that catalase, but not the peroxisomal

membrane protein PMP70, was significantly downregulated after

two days of zinc incubation (Fig. 6B and 6C), indicating that

peroxisome biogenesis was not affected. No significant changes

were observed in other antioxidant enzymes, such as SOD1,

SOD2 or glutathione peroxidase-1 (GPx-1) after three days of

zinc incubation (Fig. 6B and 6C). Akt and ERK1/2 phosphor-

ylation was increased and decreased by zinc, respectively (Fig. 6B).

Since zinc also downregulates ZnT3 and ZnT10, we asked

whether downregulation of zinc transporters is upstream of

catalase reduction. Knock down of ZnT3 and ZnT10 by siRNA

decreased catalase (Fig. 6D and 6E) and increased ROS levels

2.1160.43-fold and 2.0760.33-fold (n = 12, p,0.01) compared

to siControl-treated cells (0.9860.14), respectively (Fig. 6F).

Downregulation of catalase increased ROS levels 3.7561.51-fold

(n = 9, p,0.01).

To determine the role of catalase in the senescence mechanism

induced by zinc and ZnT3/ZnT10 downregulation, we knocked

down catalase by siRNA and determined senescence (Fig. 6G).

p21 expression (Fig. S5B) as well as SA-b-gal staining was

increased by siCatalase (45.8164.79%) compared to siControl

cells (16.6462.03%, p,0.01). Ang II (38.3662.46%) and zinc-

induced (36.2461.9%) senescence was increased to 58.462.39%

and 51.8164.65%, respectively by catalase siRNA (Fig. 6G).

Consistently, overexpression of catalase (Fig. S5C) significantly

Figure 5. ZnT10 localizes and transports zinc into early/recycling endosomes in HEK293 cells. HEK293 cells transfected with ZnT10-myc
alone (A) or together with ZnT3-GFP (B) were fixed in 4% PFA and analyzed by immunofluorescence with monoclonal antibodies against Tfr-R, EEA1
and CD63 (A) and polyclonal antibodies against myc (A and B). Images were acquired with a confocal microscope using a 636/oil objective. C)
HEK293 cells transiently transfected with ZnT10-myc and ZnT3-GFP were cross-linked with 1 mM DSP, lysed and Triton X-100 soluble extracts
immunoprecipitated with monoclonal antibodies against myc. ZnT3 and ZnT10 interaction (lanes 6 and 7) was determined by western blots using
polyclonal antibodies against myc and GFP. 10 mg of Triton X-100 soluble extracts were used as inputs (lanes 8–10). D and E) Control and HEK293
stable cells lines expressing ZnT10-myc were incubated with and without zinc and stained with Zinpyr-1. Fluorescence intensity was determined by
confocal microscopy and quantified using MetaMorph software. F) Cell viability was determined by trypan-blue exclusion in HEK293 control and
ZnT10-myc expressing cells after incubations with 100 mM zinc for 24 hrs. Bar = 10 mm in A, B and D.
doi:10.1371/journal.pone.0033211.g005
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reduced both Ang II (37.1868.6%) and zinc-induced (45.168.7%)

senescence to 11.863.8% and 1565.1%, respectively (Fig. 6H).

Zinc downregulates catalase by a post-transcriptional
ERK1/2-dependent mechanism

Ang II downregulates catalase by an Akt/FoxO1-dependent

and ERK1/2-independent transcriptional mechanism [39]. Zinc

increases Akt phosphorylation, suggesting that zinc may act by a

similar mechanism. In fact, NAC that prevented zinc-induced

senescence (Fig. 2F) also prevented Akt phosphorylation and

catalase downregulation by zinc (Fig. 7A and 7C). However,

inhibition of Akt with the inhibitor V tricibirine (TCN) increased

basal levels of catalase similar to NAC, but failed to prevent

catalase downregulation by zinc (Fig. 7A, lanes 5 and 6 and 7C).

No changes in Akt expression were observed by NAC or TCN. To

further test the role of the Akt/FoxO1 pathway on zinc effects, we

overexpressed FoxO1 wild type and the constitutive active mutant

FoxO1-CA (T24A/S319A) that is not phosphorylated and

inactivated by Akt [40]. Overexpression of FoxO1 constructs

increased basal levels of catalase (Fig. 7B, lanes 3 and 5). Zinc

downregulated catalase expression similarly in control conditions

and after FoxO1 wt and CA overexpression (Fig. 7B and 7C),

suggesting that zinc might regulate catalase by a post-transcrip-

tional mechanism. Consistent with this idea, catalase mRNA levels

were not affected by zinc (Fig. S6A and B).

We next tested whether inhibition of ERK1/2 by zinc could

mediate zinc effects. Similar to zinc, the ERK1/2 inhibitor

PD98059 (PD) decreased catalase and increased p21 expression

(Fig. 7D and 7E) and SA-b-gal staining (Fig. 7F and 7G). ZnT3

and ZnT10 siRNA also decreased ERK1/2 phosphorylation

(Fig. 7H and 7I) while ZnT3 and ZnT10 overexpression increased

ERK1/2 phosphorylation and catalase expression (Fig. 7J and

7K). Thus, zinc and ZnT3/ZnT10 regulate catalase expression by

an Akt-independent ERK1/2-dependent post-transcriptional

mechanism.

All together, these data demonstrate that zinc and downregu-

lation of ZnT3 and ZnT10 decrease catalase expression leading to

increases of ROS levels senescence of VSMCs.

Discussion

Our findings, summarized in Fig. 8, demonstrate that Ang II-

induced senescence requires a zinc-dependent pathway mediated

by the downregulation of the zinc transporters ZnT3 and ZnT10.

This event would disrupt zinc homeostasis leading to downregu-

lation of catalase and increases in ROS levels that promotes

senescence. Zinc shows similar effects to Ang II. Zinc increases

ROS levels, activates NADPH oxidase activity (Fig. 1C–E),

decreases ZnT3, ZnT10 (Figs. 3I an J) and catalase expression

(Fig. 6A–C) and increases senescence (Fig. 1G–I). In contrast, the

Figure 6. Downregulation of catalase by zinc, Ang II, siZnT3 and siZnT10 mediates senescence in VSMCs. A) Cells incubated with and
without 100 nM Ang II, zinc (25 or 50 mM) or 100 nM TPEN for five days were lysed and catalase expression determined by western blots. B and C)
VSMCs incubated with and without 50 mM zinc for one, two or three days were lysed and protein expression of the indicated antioxidant enzymes
determined by western blots and quantified after 3 days (C). D and E) Catalase expression was determined by western blot after ZnT3 and ZnT10
knock down by siRNA. F) Cells treated with siRNA to downregulate ZnT3, ZnT10 or catalase (Cat) were incubated with H2DCFDA to determine ROS
levels. SA-b-gal positive cells were counted in siControl and siCatalase-treated cells (G) and in catalase-transfected cells (H) after five days treatment
with and without Ang II or zinc 50 mM. ** and ns denote p,0.01 and non-statistic differences, respectively.
doi:10.1371/journal.pone.0033211.g006
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zinc chelator TPEN, as well as overexpression of ZnT3 or ZnT10,

decrease ROS levels (Fig. 2A and 4B), increase catalase expression

(Figs. 6A, 7J and 7K) and prevent Ang II-induced senescence

(Figs. 2B–D, 4C and 4D). Consistently, downregulation of ZnT3,

ZnT10 or catalase by siRNA increases ROS (Fig. 6F) and

senescence (Figs. 3F, 3G and 6G). Further, zinc-induced

downregulation of catalase and senescence is prevented by NAC

(Figs. 7A, 2E and 2F). To our knowledge, this is the first evidence

linking Ang II signaling and zinc homeostasis regulatory

mechanisms, such as zinc transporters, in a senescence pathway.

The observations that zinc increases ROS levels and

activates Akt, similar to Ang II, lead us to speculate that zinc

levels could increase after Ang II stimulation. Increases in zinc

levels could be caused by release of zinc from zinc containing

proteins and/or from membrane compartments. In VSMCs, we

identified eight out of the ten members of the SLC30A/ZnT

family of zinc transporters, which are responsible for zinc

accumulation in membrane compartments. ZnT3, ZnT4 and

ZnT10 localize in endosomes and ZnT5, ZnT6 and ZnT7 in

the Golgi complex. Thus, endosomes and/or Golgi could serve

as reservoirs of free zinc for signal transduction in VSMCs.

Alternatively, zinc could be ejected from zinc-binding proteins,

such as MTs. MT is a family of cysteine-rich metal-binding

proteins that bind labile zinc, which could be released by

cysteine oxidation [41]. Zinc is redox inert but it binds to

proteins through sulfurs of cysteines, allowing its rapid

exchange by the redox environment. An interesting possibility

is that Ang II-induced increases of ROS levels could lead to

zinc release from proteins/compartments leading to increases

in free zinc. This free zinc could further activate NADPH

oxidase activity and increase ROS leading to the induction of

senescence. The source of zinc that activates Ang II signaling

and increases ROS remains to be elucidated.

Our data are in agreement with the reported effects of zinc in

signaling pathways in other cellular systems. In HepG2 human

hepatoma cells, zinc activates the PI3K/Akt pathway, inducing

the phosphorylation, inactivation and nuclear exclusion of FoxO1

[42]. Zinc shows insulin-mimetic effects by activating the insulin-

dependent signaling cascade [43]. The effects of zinc in the insulin

pathway are ROS-dependent. In rat adipocytes, zinc increases the

generation of H2O2 and superoxide to stimulate glucose

metabolism [44]. Moreover, zinc activates NADPH oxidase

activity and increases ROS in cortical neurons [45,46] and in

the renal epithelial cell line, LLC-PK1 [47]. Here we show that

zinc also activates a NADPH oxidase in VSMCs (Fig. 1E). Aortic

VSMCs express Nox1 and Nox4 [48], which has been associated

with cellular senescence [49]. The nature of the zinc-induced

Nox(es) remains to be elucidated.

Figure 7. Catalase is downregulated by zinc by an Akt-independent ERK1/2-dependent post-transcriptional pathway. VSMCs treated
with and without 1 mM NAC, 1 mM of the Akt inhibitor V tricibirine (TCN) (A and C) or transfected with FoxO1 wt or FoxO1-CA (B and C) were
incubated with or without 50 mM zinc for three days and protein expression determined by western blots with the indicated antibodies. C) The effect
of zinc was quantified for each condition independently, considering basal levels of catalase with or without NAC, TCN or FoxO1 overexpression as 1.
Cells incubated for three days with 50 mM zinc or 2 mM of the ERK1/2 inhibitor PD98059 (PD) were processed for western blot to determine catalase
expression (D and E) or for SA-b-gal staining (F and G). Bar = 100 mm in F. VSMCs treated with siZnT3 and siZnT10 (H and I) or transfected with ZnT3-
myc or ZnT10-myc plasmids (J and K) were lysed and protein levels of p-ERK1/2 (I and K) and catalase (K) quantified by western blots. ** and ns
denote p,0.01 and non-statistic differences, respectively.
doi:10.1371/journal.pone.0033211.g007
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Zinc and Ang II regulate catalase expression by different

mechanisms. Ang II downregulates catalase by an Akt-dependent

(ERK1/2-independent) acetylation/inactivation of the transcrip-

tional coactivator PGC-1a (peroxisome proliferator-activated

receptor gamma co-activator-1a), leading to reduced binding of

FoxO1 to the catalase promoter [39]. Akt and its upstream kinase

p38MAPK, but not ERK1/2, are activated by Ang II in a ROS-

dependent manner in VSMCs [31]. Although zinc activates Akt

phosphorylation, Akt inhibition, as well as overexpression of

FoxO1 wt or a constitutive active mutant (FoxO1-CA), failed to

prevent zinc-induced downregulation of catalase. Instead, zinc

decreases catalase by decreasing ERK1/2 phosphorylation

without affecting catalase mRNA levels (Fig. S6A and B).

Inhibition of ERK1/2 phosphorylation with PD98059 decreases

catalase expression and induces senescence (Fig. 7D–G). siZnT3/

ZnT10 and ZnT3/ZnT10 overexpression decreases and increases

ERK1/2 phosphorylation and catalase, respectively (Fig. 7H–K),

suggesting that ZnT3/ZnT10 are upstream of ERK1/2. These

data are in agreement with recent observations that ZnT3

regulates presynaptic ERK1/2 signaling, which is required for

hippocampus-dependent memory [50]. The data presented here

have important implications in the possible role of ZnT3

regulating ROS levels in the brain. Future studies will determine

whether regulation of ROS levels by ZnT3/ZnT10 is also

observed in other tissues.

The differential mechanism of catalase downregulation by Ang

II and zinc may explain why zinc and siZnT3/siZnT10 show

additive effects on Ang II-induced senescence. At least two

pathways are involved in catalase downregulation. One involves a

transcriptional mechanism mediated by Ang II-dependent activa-

tion of a ROS/Akt/FoxO1 pathway [39]. The anti-oxidant NAC,

which inhibits Akt phosphorylation as well as the Akt inhibitor

TCN, increase basal levels of catalase (Fig. 7A). Consistently,

overexpression of FoxO1 wt and the Akt-insensitive mutant

FoxO1-CA also increase catalase expression (Fig. 7B), suggesting

that catalase is in fact regulated by a ROS/Akt/FoxO1

transcriptional mechanism. The second is a zinc-dependent post-

transcriptional mechanism involving ROS/ZnT3/ZnT10/

ERK1/2 that regulates catalase protein stability. Ang II also

downregulates ZnT3 and ZnT10, but activates ERK1/2 signaling.

Addition of zinc to Ang II-treated cells will decrease ERK1/2

signaling leading to a decrease in catalase mRNA levels and

protein stability, which will further increase senescence. Zinc may

affect catalase protein stability by preventing synthesis and/or

increasing degradation. For example, zinc was shown to increase

the ubiquitination of the phosphatase PTEN leading to its

proteasome-dependent degradation with the subsequent activation

of the PI3K/Akt pathway [51]. Catalase is also regulated by

ubiquitination and proteosome degradation in mouse embryo

fibroblasts and HEK293 cells [52].

Here, we reported the subcellular localization and zinc

transport capacities of the zinc transporter ZnT10. ZnT10

localizes in rab11 and Tfr-R positive recycling endosomes,

similarly to the localization of ZnT3 in PC12 cells [27]. Using

Zinpyr-1 staining and zinc toxicity assays, we show that ZnT10

indeed transports zinc likely into early/recycling endosomes. We

hypothesize that downregulation of ZnT3 or ZnT10 would disrupt

zinc homeostasis by increasing its concentration in the cytosol.

This hypothesis predicts that downregulation of any other ZnT

would induce similar phenotypes. In fact, we found that ZnT5

siRNA, a zinc transporter localized in the Golgi complex [36] and

that is insensitive to downregulation by Ang II, induces basal

senescence. siZnT5 also increases Ang II-induced senescence to

similar levels compared with siZnT3 and siZnT10 (Fig. 3F and G).

These data suggest that ZnT3, ZnT10 and ZnT5 regulate zinc

homeostasis to prevent increases of zinc in the cytosol and to

prevent senescence.

In conclusion, we demonstrated that Ang II-induced senescence

is a zinc-dependent process regulated by the downregulation of

ZnT3 and ZnT10 leading to the decreased expression of catalase.

Zinc mimics Ang II by increasing ROS levels, activating NADPH

oxidase activity and Akt, decreasing ZnT3 and ZnT10, reducing

catalase and inducing senescence. Our studies suggest that zinc

may also affect other Ang II-induced and/or ROS-dependent

processes, such as hypertrophy and migration of smooth muscle

cells. These findings inform a cellular and molecular mechanism to

understand the putative role of zinc homeostasis dysfunction in the

development of atherosclerosis. We propose that manipulation of

metal pools may modify the outcome of cardiovascular diseases.

Future experiments will determine if zinc homeostasis dysfunction,

such as zinc deficiencies in vivo, may exacerbate Ang II

maladaptive effects. This information will provide important

insight into possible nutritional interventions to lessen Ang II-

induced age-dependent diseases.

Supporting Information

Figure S1 Intracellular zinc measurements and cell
viability in response to long-term incubations with zinc
or TPEN. VSMCs were incubated with and without zinc (25 to

100 mM) or TPEN (100 or 250 nM) for 1 hr (A) or for one to ten

days (B and C). A) Quantification of Zinpyr-1 fluorescence

intensity shown in Fig. 1A was determined using MetaMorph

software and expressed as mean 6 SE. B and C) Cell viability was

determined by trypan-blue exclusion. **: p,0.01, ns = non-

significant differences.

(TIF)

Figure S2 Expression of ZnT3, ZnT5 and ZnT10 de-
crease after siRNA treatment. Cells were incubated with

Figure 8. Model representing Ang II and zinc-dependent
senescence mechanisms. Similar to Ang II, zinc activates NADPH
oxidase activity, increases ROS levels and Akt phosphorylation and
downregulates ZnT3, ZnT10 and catalase. However, Ang II-induced
downregulation of catalase is mediated by an Akt-dependent
transcriptional mechanism, while zinc-induced downregulation of
catalase is mediated by an ERK1/2-dependent post-transcriptional
mechanism. Downregulation of catalase further increases ROS that
mediates senescence. Perpendicular red arrows indicate increased or
reduced expression.
doi:10.1371/journal.pone.0033211.g008

Zinc Regulates Senescence of VSMCs

PLoS ONE | www.plosone.org 11 March 2012 | Volume 7 | Issue 3 | e33211



siRNAs to downregulate ZnT3 (A), ZnT10 (B) or ZnT5 (C).

Samples were separated in agarore gels and images inverted using

Photoshop software. Relative mRNA levels were calculated with

respect to GAPDH expression. **: p,0.01.

(TIF)

Figure S3 Subcellular localization of ZnT4 and ZnT5 is
not affected by Ang II in VSMCs. Cells transfected with

ZnT4-myc or ZnT5-GFP plasmids were incubated with or

without Ang II for three days. Cells were fixed and incubated

with anti-myc or anti-GFP antibodies. Images were acquired using

a confocal microscope. Bar = 10 mm.

(TIF)

Figure S4 Expression of ZnT10-myc in transfected
HEK293 cells. Permanently transfected HEK293 cells (colony

Nu18) were fixed with 4% PFA and incubated with polyclonal

anti-myc antibodies. Alexa FluorH 568 was used as a secondary

antibody. Samples were imaged using a confocal microscope.

Bar = 10 mm.

(TIF)

Figure S5 Catalase expression is downregulated by zinc
and siCatalase. VSMCs were incubated with 50 mM zinc or

100 nM TPEN for five days (A), siCatalase (B) or transfected with

plasmids containing catalase (C). Data on A represent quantifica-

tion of catalase expression shown in Fig. 6A, expressed as percent

versus control. **: p,0.01.

(TIF)

Figure S6 Zinc downregulates catalase by a post-
transcriptional mechanism. A) Catalase mRNA levels were

determined by RT-PCR after treatment with or without 50 mM

zinc for three days. B) Catalase relative mRNA was calculated

respect to GAPDH expression.

(TIF)

Table S1 Primers used to determine mRNA levels of
mouse (m) and rat (r) ZnTs by RT-PCR. Primers were

design to recognize mouse and rat ZnTs, except for ZnT1 and

ZnT3.

(TIF)

Table S2 Oligonucleotide sequence for siRNA downreg-
ulation.

(TIF)

Acknowledgments

We thank Dr. Kathy K. Griendling, Dr. Victor Faundez and Dr. Lula

Hilenski for helpful comments and suggestions. We also thank Dr. R.

Wayne Alexander for his continuous support.

Author Contributions

Conceived and designed the experiments: GS. Performed the experiments:

GS NP BSR. Analyzed the data: GS NP BSR. Contributed reagents/

materials/analysis tools: GS NP BSR. Wrote the paper: GS.

References

1. Lakatta EG, Levy D (2003) Arterial and cardiac aging: major shareholders in

cardiovascular disease enterprises: Part I: aging arteries: a ‘‘set up’’ for vascular
disease. Circulation 107: 139–146.

2. Marin J (1995) Age-related changes in vascular responses: a review. Mech

Ageing Dev 79: 71–114.

3. Brandes RP, Fleming I, Busse R (2005) Endothelial aging. Cardiovasc Res 66:
286–294.

4. Hayflick L, Moorhead PS (1961) The serial cultivation of human diploid cell

strains. Exp Cell Res 25: 585–621.

5. Dimri GP, Lee X, Basile G, Acosta M, Scott G, et al. (1995) A biomarker that
identifies senescent human cells in culture and in aging skin in vivo. Proc Natl

Acad Sci U S A 92: 9363–9367.

6. Li M, Fukagawa NK (2009) Age-related changes in redox signaling and VSMC

function. Antioxid Redox Signal.

7. Yang D, McCrann DJ, Nguyen H, St Hilaire C, DePinho RA, et al. (2007)
Increased polyploidy in aortic vascular smooth muscle cells during aging is

marked by cellular senescence. Aging Cell 6: 257–260.

8. Minamino T, Miyauchi H, Yoshida T, Ishida Y, Yoshida H, et al. (2002)
Endothelial cell senescence in human atherosclerosis: role of telomere in

endothelial dysfunction. Circulation 105: 1541–1544.

9. Faragher RG, Kipling D (1998) How might replicative senescence contribute to
human ageing? Bioessays 20: 985–991.

10. Erusalimsky JD, Kurz DJ (2005) Cellular senescence in vivo: its relevance in

ageing and cardiovascular disease. Exp Gerontol 40: 634–642.

11. Ferrario CM (2002) Use of angiotensin II receptor blockers in animal models of

atherosclerosis. Am J Hypertens 15: 9S–13S.

12. Hirata Y, Fukuda D, Sata M (2009) [The role of renin-angiotensin system in the
pathogenesis of atherosclerosis]. Nippon Rinsho 67: 707–713.

13. Najjar SS, Scuteri A, Lakatta EG (2005) Arterial aging: is it an immutable

cardiovascular risk factor? Hypertension 46: 454–462.

14. Kunieda T, Minamino T, Nishi J, Tateno K, Oyama T, et al. (2006)
Angiotensin II induces premature senescence of vascular smooth muscle cells

and accelerates the development of atherosclerosis via a p21-dependent
pathway. Circulation 114: 953–960.

15. Benigni A, Corna D, Zoja C, Sonzogni A, Latini R, et al. (2009) Disruption of the

Ang II type 1 receptor promotes longevity in mice. J Clin Invest 119: 524–530.

16. Sandstead HH, Henriksen LK, Greger JL, Prasad AS, Good RA (1982) Zinc

nutriture in the elderly in relation to taste acuity, immune response, and wound
healing. Am J Clin Nutr 36: 1046–1059.

17. Chung MJ, Walker PA, Brown RW, Hogstrand C (2005) ZINC-mediated gene

expression offers protection against H2O2-induced cytotoxicity. Toxicol Appl
Pharmacol 205: 225–236.

18. Bediz CS, Baltaci AK, Mogulkoc R, Oztekin E (2006) Zinc supplementation

ameliorates electromagnetic field-induced lipid peroxidation in the rat brain.
Tohoku J Exp Med 208: 133–140.

19. Oteiza PI, Olin KL, Fraga CG, Keen CL (1995) Zinc deficiency causes oxidative

damage to proteins, lipids and DNA in rat testes. J Nutr 125: 823–829.

20. Tomat AL, Costa Mde L, Arranz CT (2011) Zinc restriction during different

periods of life: influence in renal and cardiovascular diseases. Nutrition 27:

392–398.

21. Beattie JH, Kwun IS (2004) Is zinc deficiency a risk factor for atherosclerosis?

Br J Nutr 91: 177–181.

22. Lichten LA, Cousins RJ (2009) Mammalian Zinc Transporters: Nutritional and

Physiologic Regulation. Annu Rev Nutr 29: 153–176.

23. Saito T, Takahashi K, Nakagawa N, Hosokawa T, Kurasaki M, et al. (2000)

Deficiencies of hippocampal Zn and ZnT3 accelerate brain aging of Rat.

Biochem Biophys Res Commun 279: 505–511.

24. Salazar G, Falcon-Perez JM, Harrison R, Faundez V (2009) SLC30A3 (ZnT3)

oligomerization by dityrosine bonds regulates its subcellular localization and

metal transport capacity. PLoS One 4: e5896.

25. Falcon-Perez JM, Dell’Angelica EC (2007) Zinc transporter 2 (SLC30A2) can

suppress the vesicular zinc defect of adaptor protein 3-depleted fibroblasts by

promoting zinc accumulation in lysosomes. Exp Cell Res 313: 1473–1483.

26. Griendling KK, Taubman MB, Akers M, Mendlowitz M, Alexander RW (1991)

Characterization of phosphatidylinositol-specific phospholipase C from cultured

vascular smooth muscle cells. J Biol Chem 266: 15498–15504.

27. Salazar G, Love R, Styers ML, Werner E, Peden A, et al. (2004) AP-3-

dependent mechanisms control the targeting of a chloride channel (ClC-3) in

neuronal and non-neuronal cells. J Biol Chem 279: 25430–25439.

28. Salazar G, Love R, Werner E, Doucette MM, Cheng S, et al. (2004) The zinc

transporter ZnT3 interacts with AP-3 and it is preferentially targeted to a distinct

synaptic vesicle subpopulation. Mol Biol Cell 15: 575–587.

29. Sorescu D, Somers MJ, Lassegue B, Grant S, Harrison DG, et al. (2001)

Electron spin resonance characterization of the NAD(P)H oxidase in vascular

smooth muscle cells. Free Radic Biol Med 30: 603–612.

30. Burdette SC, Walkup GK, Spingler B, Tsien RY, Lippard SJ (2001) Fluorescent

sensors for Zn(2+) based on a fluorescein platform: synthesis, properties and

intracellular distribution. J Am Chem Soc 123: 7831–7841.

31. Ushio-Fukai M, Alexander RW, Akers M, Yin Q, Fujio Y, et al. (1999) Reactive

oxygen species mediate the activation of Akt/protein kinase B by angiotensin II

in vascular smooth muscle cells. J Biol Chem 274: 22699–22704.

32. Herbert KE, Mistry Y, Hastings R, Poolman T, Niklason L, et al. (2008)

Angiotensin II-mediated oxidative DNA damage accelerates cellular senescence

in cultured human vascular smooth muscle cells via telomere-dependent and

independent pathways. Circ Res 102: 201–208.

33. Seve M, Favier A, Osman M, Hernandez D, Vaitaitis G, et al. (1999) The

human immunodeficiency virus-1 Tat protein increases cell proliferation, alters

sensitivity to zinc chelator-induced apoptosis, and changes Sp1 DNA binding in

HeLa cells. Arch Biochem Biophys 361: 165–172.

Zinc Regulates Senescence of VSMCs

PLoS ONE | www.plosone.org 12 March 2012 | Volume 7 | Issue 3 | e33211



34. Palmiter RD, Findley SD (1995) Cloning and functional characterization of a

mammalian zinc transporter that confers resistance to zinc. EMBO J 14:
639–649.

35. Murgia C, Vespignani I, Cerase J, Nobili F, Perozzi G (1999) Cloning,

expression, and vesicular localization of zinc transporter Dri 27/ZnT4 in
intestinal tissue and cells. Am J Physiol 277: G1231–1239.

36. Suzuki T, Ishihara K, Migaki H, Nagao M, Yamaguchi-Iwai Y, et al. (2005)
Two different zinc transport complexes of cation diffusion facilitator proteins

localized in the secretory pathway operate to activate alkaline phosphatases in

vertebrate cells. J Biol Chem 280: 30956–30962.
37. Sim DL, Yeo WM, Chow VT (2002) The novel human HUEL (C4orf1) protein

shares homology with the DNA-binding domain of the XPA DNA repair protein
and displays nuclear translocation in a cell cycle-dependent manner.

Int J Biochem Cell Biol 34: 487–504.
38. Vallee BL, Falchuk KH (1993) The biochemical basis of zinc physiology. Physiol

Rev 73: 79–118.

39. Xiong S, Salazar G, San Martin A, Ahmad M, Patrushev N, et al. (2010) PGC-1
alpha serine 570 phosphorylation and GCN5-mediated acetylation by

angiotensin II drive catalase down-regulation and vascular hypertrophy. J Biol
Chem 285: 2474–2487.

40. Ni YG, Berenji K, Wang N, Oh M, Sachan N, et al. (2006) Foxo transcription

factors blunt cardiac hypertrophy by inhibiting calcineurin signaling. Circulation
114: 1159–1168.

41. Maret W (2006) Zinc coordination environments in proteins as redox sensors
and signal transducers. Antioxid Redox Signal 8: 1419–1441.

42. Walter PL, Kampkotter A, Eckers A, Barthel A, Schmoll D, et al. (2006)
Modulation of FoxO signaling in human hepatoma cells by exposure to copper

or zinc ions. Arch Biochem Biophys 454: 107–113.

43. Ilouz R, Kaidanovich O, Gurwitz D, Eldar-Finkelman H (2002) Inhibition of

glycogen synthase kinase-3beta by bivalent zinc ions: insight into the insulin-
mimetic action of zinc. Biochem Biophys Res Commun 295: 102–106.

44. May JM, Contoreggi CS (1982) The mechanism of the insulin-like effects of

ionic zinc. J Biol Chem 257: 4362–4368.
45. Noh KM, Koh JY (2000) Induction and activation by zinc of NADPH oxidase in

cultured cortical neurons and astrocytes. J Neurosci 20: RC111.
46. Kim YH, Koh JY (2002) The role of NADPH oxidase and neuronal nitric oxide

synthase in zinc-induced poly(ADP-ribose) polymerase activation and cell death

in cortical culture. Exp Neurol 177: 407–418.
47. Matsunaga Y, Kawai Y, Kohda Y, Gemba M (2005) Involvement of activation

of NADPH oxidase and extracellular signal-regulated kinase (ERK) in renal cell
injury induced by zinc. J Toxicol Sci 30: 135–144.

48. Hilenski LL, Clempus RE, Quinn MT, Lambeth JD, Griendling KK (2004)
Distinct subcellular localizations of Nox1 and Nox4 in vascular smooth muscle

cells. Arterioscler Thromb Vasc Biol 24: 677–683.

49. Schilder YD, Heiss EH, Schachner D, Ziegler J, Reznicek G, et al. (2009)
NADPH oxidases 1 and 4 mediate cellular senescence induced by resveratrol in

human endothelial cells. Free Radic Biol Med 46: 1598–1606.
50. Sindreu C, Palmiter RD, Storm DR (2011) Zinc transporter ZnT-3 regulates

presynaptic Erk1/2 signaling and hippocampus-dependent memory. Proc Natl

Acad Sci U S A 108: 3366–3370.
51. Wu W, Wang X, Zhang W, Reed W, Samet JM, et al. (2003) Zinc-induced

PTEN protein degradation through the proteasome pathway in human airway
epithelial cells. J Biol Chem 278: 28258–28263.

52. Cao C, Leng Y, Liu X, Yi Y, Li P, et al. (2003) Catalase is regulated by
ubiquitination and proteosomal degradation. Role of the c-Abl and Arg tyrosine

kinases. Biochemistry 42: 10348–10353.

Zinc Regulates Senescence of VSMCs

PLoS ONE | www.plosone.org 13 March 2012 | Volume 7 | Issue 3 | e33211


