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ROLE OF INTRACELLULAR LABILE ZINC (ZN2+I) IN LPS-INDUCED
APOPTOSIS IN SHEEP PULMONARY ARTERIAL ENDOTHELIAL CELLS
(SPAECS)
Kalidasan Thambiayya, PhD
University of Pittsburgh, 2012

We recently noted that exogenous zinc was capable of counteracting LPS-induced decreases in
labile [Zn]i (i.e., TPEN chelatable, FluoZin-3 detectable) and simultaneously abrogated LPSinduced apoptosis in SPAECs. In an abbreviated survey of the effect of LPS on potential zinc
transporters, we noted that LPS increased mRNA of zinc importer, SLC39A14 or ZIP14 (and
this effect was mimicked by zinc chelator, TPEN) suggesting that increased expression of
SLC39A14 may be an homeostatic mechanism to maintain [Zn]i and reduce cellular toxicity to
LPS. In the current study, we noted that knockdown of SLC39A14 with siRNA rendered
SPAECs more sensitive to LPS-induced apoptosis and also impaired the ability of exogenous
zinc to rescue this effect. We also previously noted that iNOS or chemically derived (S-nitrosoN-acetylpenicillamine (SNAP)) nitric oxide (NO) is associated with resistant phenotype to LPSinduced apoptosis in a zinc dependent fashion. Since ZIP14 expression has been reported to be
indirectly upregulated by NO, we pursued this connection in SPAECs by silencing ZIP14 using
siRNA technology. We noted that NO-mediated resistance to LPS-induced apoptosis was
independent of ZIP14 but was critically dependent upon the presence of sheep metallothionein
(MT). In particular, genetic silencing of these collective forms of sheep MT isoforms abrogated
the NO-dependent resistant phenotype to LPS-induced apoptosis as well as abolishing NOmediated increases in [Zn]i. Collectively, these data confirm that increases in labile [Zn]i are an
important component of ZIP14- or NO-mediated resistance to LPS-induced apoptosis.
iv

Cytoprotection via ZIP14 appears to be secondary to transcellular movement of extracellular zinc
whereas NO mediated protection is secondary to S-nitrosation of MT and redistribution of
intracellular zinc.
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1.0

INTRODUCTION

Functional role of intracellular labile zinc in pulmonary endothelium
Kalidasan Thambiayya1, Murat Kaynar2, Claudette M. St. Croix3 and Bruce R. Pitt1,3
1

Departments of Bioengineering, 2Critical Care Medicine and 3Environmental and

Occupational Health. University of Pittsburgh and University of Pittsburgh School of Medicine
and Graduate School Public Health, Pittsburgh, Pennsylvania 15219

Invited Review, Pulmonary Circulation (in submission process)

1.1

ABSTRACT

After iron, zinc is the most abundant essential trace metal. Intracellular zinc ([Zn]i) is maintained
across a wide range of cells and species within a tight range (100 to 500 µM) by a dynamic
process of transport, intracellular vesicular storage and binding to a large number of proteins
(estimated at 3-10% of human proteome). As such, zinc is an integral component of numerous
metalloenzymes, structural proteins, and transcription factors. It is generally assumed that a
vanishingly small component of [Zn]i, referred to as free or labile zinc, and operationally defined
as the pool sensitive to chelation (by agents such as N,N,N‟,N‟‐tetrakis(2‐pyridylmethyl)
ethylenediamine (TPEN)) and capable of detection by a variety of chemical and genetic sensors,
1

participates in signal transduction pathways. Zinc deficiencies, per se, can arise from acquired
(e.g., malnutrition, alcoholism) or genetic (e.g., mutations in molecules affecting zinc
homeostasis, the informative and first example being acrodermatitis enteropathica) factors or as a
component of various diseases (e.g. sickle cell disease, cystic fibrosis, sepsis). Hypozincanemia
has profound effects on developing humans and all facets of physiological function (neuronal,
endocrine, and immunological) are affected; although considerable less is known regarding
cardiovascular pathophysiology. In this review, we provide an update on current knowledge of
molecular and cellular aspects of zinc homeostasis and then focus on implications of zinc
signaling in pulmonary endothelium as it relates to programmed cell death, altered contractility
and septic and aspectic injury to this segment of the lung.

1.2

SIGNIFICANCE

Labile (or free) [Zn]i is an important effector molecule in signal transduction in many tissues
including neurons, immunocytes and epithelium. The molecular determinants of zinc
homeostasis and the impact of perturbations in zinc import, transport and binding on cell
physiology have recently been described in various extrapulmonary tissues. Relatively, little is
known regarding zinc biology in the pulmonary vasculature. Pulmonary endothelium is an
important component of pulmonary vasoregulation and also the locus of earliest structural and
functional changes in acute lung injury (ALI), insight into zinc homeostasis in this segment of
the lung may be important in understanding the etiology of acute and chronic pulmonary
2

vascular disease. Accordingly, in this report we review the current status of zinc homeostasis in
general and summarize recent findings by our laboratory and others regarding perturbations in
pulmonary endothelial zinc in health and disease.

1.3

ZINC OVERVIEW

The role of zinc was first reported in 1869 when it was discovered to be important for the growth
of Aspergillus niger (130). Zinc was not recognized to be important for human life until 1963
when zinc deficiency was discovered as a major contributing factor in nutritional dwarfism
syndrome and hypogonadism (129). It is now well established that zinc is important for
numerous cellular functions including cell differentiation (128) and division (128, 156), DNA
synthesis (127, 156), RNA transcription (127, 156), and maintaining plasma membrane integrity
(162). Recent approaches using bioinformatics methods to mine existing protein databases
indicate that approximately 10% of the human proteome is zinc dependent (1). Zinc has three
major biological roles as a i) structural component of at least 3000 proteins (108), including
transcription factors (108), cytokines and receptors (108); ii) catalytic component of more than
300 enzymes (54) that regulate many cellular activities including DNA synthesis and
maintaining membrane stability (8, 19, 112); and iii) regulator of enzyme and receptor activity
by acting as an activator or inhibitor ion (112). Total intracellular zinc is maintained in a
concentration range from 100μM to 500μM (118) across numerous cell types. Zinc is considered
a trace metal, however, because more than 99% of intracellular zinc is protein bound. The
concentration of labile [Zn]i is vanishingly small with estimates between 10-9 M (31, 95) to 10-12
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M (16) and it is this fraction that may act as a second messenger in cell signaling (168, 172) in a
fashion well supported for other divalent cations such as calcium.
Zinc has been referred to as a „double edged sword‟(64) as both zinc deficiency and zinc
excess are associated with adverse effects on cell physiology (8, 18, 25, 80, 83, 103, 132). Zinc
deficiency stimulates inter-nucleosomal DNA fragmentation and apoptosis in intestinal (47),
neural (62), respiratory epithelium (175) and in systemic endothelium (63), and high levels of
zinc (>250 M) are associated with concentration dependent increases in cell death in cultured
pulmonary (146, 170) and cerebral (78) endothelia. In contrast, lower

zinc concentrations

(10µM) (111, 143, 154) have been shown to inhibit cadmium (143)-, linoleic acid (111)-, and
tumor necrosis factor-α (TNF-α)- (111) induced apoptosis in systemic endothelial cells. At the
systemic level, i) labile [Zn]i levels were demonstrated to be affected by changes in fluid shear
stress levels in mouse aorta and in human umbilical vein endothelial cells indicating that zinc
dyshomeostasis in the systemic endothelium may contribute to the development and progression
of cardiovascular diseases and ii) zinc supplementation was shown to reverse systemic
inflammation and organ damage, with a positive effect on overall mortality in mouse model of
sepsis (7). Little is known about the signaling role of labile [Zn]i in the pulmonary endothelium
in the context of lung diseases. In this review, we discuss the impact of zinc homeostasis and
signaling, as well as its efficacy as a cyto-protectant in pathophysiological processes of
pulmonary endothelial cell injury and death.

4

1.3.1

Zinc homeostasis in the cell

Intracellular zinc concentration is maintained by the coordinated activity of a large family of zinc
transporters (ZnT & ZIP) (161) and zinc binding proteins such as metallothionein (MT) (161)
(Figure 1). Zinc transporters are encoded by one of two of the solute-linked carrier (SLC) gene
families: SLC 30 (also known as zinc exporters or ZnT1-10) (13) and SLC39 (also known as
zinc importers or ZIP1-14) (13). ZnT transporters reduce cytoplasmic zinc by promoting zinc
efflux from cells or into intracellular vesicles, while ZIP transporters increase cytoplasmic zinc
by promoting zinc influx from extracellular and, perhaps, from vesicular stores into
cytoplasm(100).

1.3.2

Metallothionein

MT: Metallothioneins are major zinc binding proteins that dynamically coordinate up to 7 mol
Zn2+/mol MT via cysteine residues (approximately mol 30%) (9). MT is involved in: (i)
detoxification of heavy metals like mercury, cadmium, and alkylating cancer drugs (65, 91); (ii)
scavenging free radicals (65); and (iii) protection against DNA damage (65), oxidative stress
(65), and apoptosis (45). Mammals express at least four isoforms - MT-1, MT-2, MT-3 and MT-4.
In humans, there are at least 16 MT genes located in chromosome 16 and most of them are associated
with the MT-1 isoform (36). MT-1 and MT-2 are expressed in many tissues and are particularly
abundant in the liver, pancreas, intestine and kidney (116). MT-3 and MT-4 are minor isoforms with
specific expression patterns in brain (MT-3) and stratified squamous epithelial cells (MT-4) (24). At
the subcellular level, MT can be localized to a number of cellular compartments (i.e., mitochondria,

5

cytosol and nucleus) (173) as well as in the extracellular space (61). The reduction potential of MT

(less than -366mV (9)), makes it highly sensitive to physiological oxidants. We (121) and others
(85, 86, 104, 107) have shown that MT is sensitive to changes in cellular redox state and
demonstrated that increases in reactive oxygen (109) or nitrogen (99, 178) intermediates can
oxidize or transnitrosate cysteines in its zinc sulfur clusters leading to liberation of zinc. As such,
MT can be viewed as acting as a sensor and switch and connecting changes in cellular redox
status with alterations in labile zinc (figure 1).

1.3.3

Solute-linked carrier (SLC) gene families: SLC 39 (or ZIP)

ZIPs: Fourteen ZIP family members have been reported in mammals (46, 75, 96). The majority
of ZIP family members are located on the plasma membrane (41, 43, 52, 151, 152, 155, 166)
with the exception of ZIP7-8 and ZIP13 (figure 1), which are present in intracellular organelles.
Gene knock-out technologies have provided valuable information regarding biological
significance of the ZIP family members. Knockout (KO) mice lacking ZIP1, ZIP2, and ZIP3 are
reported to have abnormal embryogenesis under zinc-limiting conditions (41, 42, 123). ZIP4 KO
mice embryos die during early development, whereas heterozygous mice exhibit a phenotype
similar to acrodermatitits enteropathica (AE) secondary to impairment of intestinal absorption of
zinc (44, 89, 165). ZIP13 KO mice suffer from disorganization in hard connective tissue,
including bone, teeth, skin and eyes (49). In humans, lack of ZIP13 is associated with
spondylocheiro dysplasia, a form of Ehlers-Danlos syndrome (49, 56). Mice lacking ZIP14 have
impaired G-protein coupled receptor (GPCR) signaling (51) and exhibit retarded growth and
impaired gluconeogenesis (see table 1).
6

1.3.4

Solute-linked carrier (SLC) gene families: SLC 30 (or ZnT)

ZnTs: Ten ZnT family members have been reported in mammals (96). Most ZnTs are located on
intracellular organelles (i.e., golgi, endosomes and endoplasmic reticulum) (33) (figure 1). ZnT 1
is the only ZnT exporter located at the plasma membrane, compatible with its role as the primary
regulator of cellular zinc efflux (120). ZnT1 knockout mice are embryonic lethal (22). Disruption
of the ZnT genes yields diverse phenotypes providing insight into the biologic function and
specificity of the various family members. Mutations in ZnT2 (27) and ZnT4 (71) result in the
production of zinc deficient milk in women and mice, respectively. ZnT3 knockout mice are
prone to seizures (22). Mice lacking in ZnT5 show growth retardation and osteogenic problems
(73) and exhibit impaired cytokine production in mast cells (117). Single–nucleotide
polymorphism (SNPs) in ZnT8 are associated with type 2 diabetes in humans (134), and deletion
of the ZnT8 gene results in impaired insulin secretion in mice (126)(see table 1).

7

Table 1. Phenotypical profile (in mouse, *human, ** drosophila, *** sheep) of
mutants of zinc transporters
Gene name
SLC39A1

Protein name
ZIP1

Type Phenotypes
-/- Abnormal embryogenesis (41, 42)

SLC39A2

ZIP2

-/-

Abnormal embryogenesis (123)

SLC39A3

ZIP3

-/-

Abnormal embryogenesis (41, 42)

SLC39A4

ZIP4

-/-

Death of embryos during
development (44)

SLC39A4

ZIP4*

+/-

Inherited disorder acrodermatitits
enteropathica (AE), in which the
intestines ability to absorb
zinc is impaired (89, 165)

SLC39A6

ZIP6

+/-

** Abnormal gonad formation (110) and
E-cadherin expression (163)

SLC39A7

ZIP7

+/-

Impaired melanin synthesis (139)

SLC39A8

ZIP8

+/-

Resistance to cadmium-induced
testicular damage (35)

SLC39A13

ZIP13

-/-

a) Disorganization in hard connective
issue, including bone, teeth, skin and eyes (49)
b) * Spondylocheiro dysplatic, a form of
Ehlers- Danlos syndrome (14, 35)

SLC39A14

ZIP14

-/-

Impaired GPCR signaling. Growth retardation and
impaired gluconeogensis (67)

SLC39A14

ZIP14

KD

SLC30A1

ZnT1

-/-

Embryonic lethal (3)

SLC30A2

ZnT2

+/-

* Zinc deficiency in milk (27)

SLC30A3

ZnT3

-/-

Seize (22, 30)

SLC30A4

ZnT4

-/-

Zinc deficiency in milk (71)

a)***Blocked extracellular zinc-mediated
protection against apoptosis in SPAECs (154)
b)*** Lowered base level zinc in SPAECs (154)
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Table 1 (continued)
SLC30A5

ZnT5

-/-

(a) Growth retardation and osteogenic
problem (73)
(b) Impaired cytokine production
in mast cells (117)

SLC30A7

ZnT7

-/-

Growth retardation, low body zinc status
and low fat accumulation (72)

SLC30A8

ZnT8

-/SNPs

Impaired insulin secretion (126)
* Type 2 diabetes (134)

9

Figure 1. Subcellular localization of zinc transporters and metallothionein

Figure 1. The labile pool of intracellular zinc is tightly controlled by zinc importers (ZIPs), zinc
exporters (ZnTs), zinc storing vesicles and zinc binding proteins such as metallothionein (MT).
MT plays a critical role in zinc homeostasis acting as a buffer in the steady state while
controlling the cellular distribution of transiently elevated zinc in response to perturbations
and/or agonists such as nitric oxide (NO)(106). Modified figure from references (50, 51, 114).

Manipulation of intracellular zinc levels have been shown to influence the expression and
localization of zinc transporters (96) with reports of increased expression of members of ZIP

10

family and decreased expression of ZnT family members in response to decreases in intracellular
zinc (17, 37, 90, 119, 158). Most of these studies have been performed in intestinal and
respiratory epithelial or immune cells. While reported increases in ZIP1 and ZIP14 (90)(90)
mRNA were shown to be normalized by dietary zinc supplementation in a mouse model of acute
lung inflammation (90), the mechanisms underlying the association between zinc homeostasis
and lung disease remain largely unknown. ZIP6 was shown to play a role in blocking LPSinduced decreases in intracellular labile zinc and consecutive maturation in mouse dendritic cells
(81). Zinc mediated cytoprotection against TNF-α-induced damage in human lung epithelial
cells was shown to be dependent upon expression ZIP8 (13). We recently reported (154) in
cultured sheep pulmonary artery endothelial cells (SPAECs) that i) ZIP14 is sensitive to changes
in intracellular labile zinc and ii) exogenous zinc mediated protection against LPS-induced
apoptosis is dependent upon ZIP14.

1.4

ZINC HOMEOSTASIS IN THE PULMONARY ENDOTHELIUM

The Zalewski laboratory in Adelaide, Australia were the first to image labile zinc in the airway
(19, 159) and provide evidence that zinc chelation ( via TPEN) enhanced hydrogen peroxideinduced caspase activation (159). As reviewed by Troung Tran et al (156), intracellular zinc has
also shown to be important for ciliary function, wound healing (via re-epithelialization) and
suppression of oxidative stress and apoptosis in the airway epithelium. Further evidence suggests
that zinc deficiency sensitizes the lung to acute lung injury following i) alcohol induced
epithelial dysfunction (74); ii) hyperoxia (148); and iii) polymicrobial sepsis (7, 82). We have
11

shown that zinc chelation (via TPEN) exacerbates LPS-induced apoptosis in pulmonary
endothelium (SPAECs) (146). TPEN also reversed the protective effect of nitric oxide (NO)
donors on LPS-induced apoptosis (147). More recently, we reported that LPS induced timedependent decreases in intracellular labile zinc (figure 2) in SPAECs using both live cell
imaging and fluorescence-activated cell sorting (FACS) with the zinc-sensitive fluorophore,
FluoZin-3 (Life Technologies, Grand Island, NY) (153). We further verified the observed
decrease in FluoZin-3 detectable zinc using a chimeric reporter encoding a zinc-sensitive metalresponse element (MRE) fused to a luciferase gene (153). The LPS-induced changes in labile
zinc were accompanied by increases in ZIP14 mRNA. These effects were blocked by addition of
exogenous zinc, as was LPS-induced apoptosis (increased caspase 3/7 activity and PS
externalization) (153). In separate studies in SPAEC, siRNA knockdown of ZIP14 decreased
basal levels of intracellular labile zinc and blocked zinc uptake ( as determined by FluoZin-3),
and abrogated zinc mediated protection against LPS-induced apoptosis (observed in WT and
scrambled control) (154). Collectively, these data suggest that endogenous levels of labile zinc
can modulate the sensitivity of pulmonary endothelium to the proapoptotic effects of LPS (figure
2) and implicate ZIP14 in affecting the ability of extracellular zinc to inhibit LPS-induced
apoptosis in SPAEC (figure 3).

The results we obtained in pulmonary arterial endothelial cells isolated from mature
sheep are distinct from those obtained in SPAEC from fetal sheep. We initially noted that
addition of large concentrations of zinc to the medium of SPAEC was associated with necrosis
(146). In contrast elevations in intracellular labile zinc (via addition of exogenous zinc (170) or
after exposure to large doses of H2O2 (169) or NO (170) ) were reported to induce apoptosis in
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fetal SPAEC. Alternatively, we have consistently noted that chelation of intracellular zinc with
TPEN led to dose-dependent apoptosis in mature SPACE whereas a similar maneuver inhibited
apoptosis in fetal SPAEC (169, 170).

Figure 2. Functional role of labile zinc in LPS-induced apoptosis

Figure 2. LPS caused a decrease in labile zinc in SPAECs (as determined by zinc indicator,
FluoZin-3, activity of zinc-sensitive MRE, and changes in steady-state mRNA of zinc importer,
ZIP14). The contributory role of decreases in labile zinc in LPS-induced apoptosis (as
determined by caspase-3/7 activation, cytochrome c release, and PS externalization) was verified
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by mimicking the effects of LPS with zinc chelator, TPEN. Blocking LPS- or TPEN- induced
decreases in labile zinc inhibited consecutive increase in apoptosis and ZIP14 mRNA providing
support for a signaling role of labile zinc in pulmonary endothelium.

Figure 3. Cytoprotective effect of exogenous zinc is ZIP14 dependent

Figure 3. LPS induced decreases in labile zinc are associated with increases in capsase-3 activity
and upregulation of zinc importer, ZIP14 to restore the loss of labile zinc mediated by LPS.
Elevation in labile zinc via ZIP14 inhibits apoptosis by inhibiting caspase-3 activity. siRNA to
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ZIP14 blocked zinc uptake and abrogated zinc mediated protection against LPS-induced
apoptosis.

1.4.1

NO-(MT)-Zn2+ signaling in pulmonary endothelium

NO can S-nitrosate metallothionein (88) and cause the release of Zinquin detectable changes in
labile zinc in intact cells (10). We (121, 138) have confirmed these observations and
demonstrated that: i) S-nitrosation caused conformational changes of MT (via fluorescence
resonance energy transfer techniques) in intact pulmonary endothelium consistent with zinc
release (121, 137); ii) NO caused an increase in labile zinc in pulmonary artery endothelial cells
(138); and iii) MT was the requisite target for NO resulting in such changes in labile zinc (138).
Subsequent investigations supported the potential for MT to participate in intracellular signal
transduction pathways in pulmonary endothelium.

1. Exposure of mouse lung endothelial cells (MLEC) to the NO donor, S-nitroso-Nacetylpenicillamine (SNAP, 200 µM), caused nuclear translocation of the zinc
dependent transcription factor, MTF-1 and such activation was not apparent in MT
null cells. Translocation of MTF-1 was associated with NO mediated increase in MT
gene expression itself (140) suggested that S-nitrosation of zinc-thiolate clusters in MT
and subsequent alterations in zinc homeostasis are participants in intracellular NO
signaling pathways affecting gene expression.
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2.

We observed that zinc chelation (TPEN) abrogated hypoxic vasoconstriction in
isolated perfused mouse lungs (IPL), and that IPL from MT null mice showed
significantly less constriction than wild-type controls. Data obtained using NOsensitive FRET reporters supported both enhanced NO production and S-nitrosation of
MT during hypoxic exposure. These events were accompanied by NO-dependent
increases in labile zinc (Fluo-Zin-3) in subpleural vessels of MT +/+, but not MT -/mice. These data supported a role for zinc thiolate signaling in pulmonary
vasoregulation. Subsequent studies in cell-based models revealed a link between
hypoxia induced elevations in labile zinc and changes in myosin light chain
phosphatase (MLCP) activity, ultimately leading to stress fiber formation and
endothelial cell contraction (11) (figure 5).

3. Most recently, we showed that zinc chelation abrogates NO-mediated protection
against LPS-induced apoptosis (154). Relative changes in labile zinc after exposure to
cytoprotective doses of the NO donor SNAP (250µM) or exogenous zinc (10µM) were
assessed by Fluozin-3, and a comparable increase in intracellular labile zinc was noted
in both conditions (154). We further showed that both NO-mediated increases in labile
zinc, and NO-mediated protection against LPS-induced apoptosis are dependent on
MT via siRNA to sheep MT isoforms (154), thus implicating NO-MT-Zn2+ signaling
in apoptotic pathways in the pulmonary endothelium (figure 4).
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Figure 4. NO elevated zinc from MT inhibits apoptosis in pulmonary endothelial cells

Figure 4. Illustrates the link between apoptosis and elevation in labile zinc (via NO-MT
signaling), which in turn inhibits capsase-3 activity in pulmonary endothelial cells. Modified
figure from references (9, 154).
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Figure 5. NO elevated zinc from MT causes pulmonary endothelial contraction in hypoxia

Figure 5. Illustrates the link between hypoxia, elevation in labile zinc (via NO-MT signaling),
and activation of PKC, which in turns acts via CPI-17 to prevent MLCP activation and promote
MLC phosphorylation, ultimately inducing stress fiber formation and pulmonary endothelial cell
contraction. Modified figure from references (9, 11).
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1.4.2

Zinc as an effector molecule in pulmonary endothelium

Decreases in labile zinc have been reported to precede the earliest detectable alterations in cell
function (40), morphology (40), and apoptosis (40, 153). We and others have reported that
chelation of zinc causes spontaneous apoptosis in pulmonary endothelia (146) and epithelia (156)
and elevations in labile zinc via ZIP14 (154) or iNOS induced NO or NO donors (20, 32, 135,
136, 153, 160) inhibits apoptosis in cultured pulmonary endothelial cells. An anti-apoptotic role
of zinc has been reported in relation to a variety of stimuli including TNF-α (131), cadmium
(142), cholesterol (102) and linoleic acid (111) induced apoptosis. Although the molecular
mechanism by which zinc inhibits apoptosis is not clear several reports suggest that zinc inhibits:
i) Ca2+/Mg2+-dependent endonucleases that are responsible for DNA fragmentation (15); ii) the
activity of caspase-3, a critical protease in apoptosis (122); iii) the processing of caspase-3 (21,
113); and iv) bax activation, cytochrome c release, and apoptosome function (167). Zinc also
increases the ratio of Bcl-2 to Bax resulting in the inhibition of caspase activity (176). We
reported in SPAECs that: i) decreases in labile zinc mediated by LPS causes casapse-3 activation
(153); ii) LPS-induced caspase-3 activity is sensitive to pan caspase inhibitor (153); and iii)
extracellular zinc inhibits LPS-induced caspase-3 activity (153, 154). We posed a question
whether zinc directly binds capsase-3 and modulates its activity. Our results in-vitro confirmed
that zinc directly inhibits caspase-3 activity (154). Although NO can S-nitrosate caspase-3 and
inhibit its activity (94), our results suggest that s-nitrosation of MT by NO leads to a release of
zinc that is associated with a TPEN dependent cytoprotective caspase-3 inhibition, leading us to
suggest that direct S-nitrosation of caspase-3 alone is not likely to account for these results.
Collectively, our observation adds to the elegant studies in airway epithelium (19, 159) that
revealed: i) labile zinc proximity with procaspase-3 prevents the activation of procaspase-3 and
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ii) zinc depletion activates procaspase-3 (159). These studies provide support for the
antiapoptotic role of labile zinc in the lung.

1.4.3

Zinc homeostasis and acute lung injury: complexities of integrated response

Several studies have demonstrated that zinc deficiency sensitizes the lung to acute injury. In
particular, dietary restriction led to enhanced sensitivity to polymicrobial sepsis (7, 82).
Hyperoxic (149, 150) lung injury in mice and macrophage and epithelial cell dysfunction in
alcohol fed rats was ascribed to zinc deficiency (74). Zinc repletion reversed phenotype in all
three conditions. Although pulmonary endothelial cell dysfunction may have been a component
of all these models, any supportive insight into the cellular contributions of zinc dyshomeostasis
to these observations largely relates to background information on zinc in respiratory epithelium.

Nonetheless, hyopzincanemia in septic or aseptic (33, 96) conditions is a somewhat
underappreciated phenomenon. Transmigration of zinc from tissues, including lung, to liver has
been noted in hyperoxia (92), bacterial sepsis (124) and turpentine injury (101) and has been
presumed to subserve: i) gluconeogenesis in liver; ii) new protein synthesis in acute phase
response; or iii) host defense in an analogous fashion to hypoferronemia in bacterial pneumonia
(101). Hepatic expression of ZIP14 appears critical in this pheonenom (97). We recently
(unpublished observations) noted that hepatic expression of metallothionein was important in
transmigration of zinc from lung to liver during hyperoxic lung injury apparently contributing to
the unexpected observation that MT null mice were resistant to hyperoxia. Collectively, these
observations suggest that additional insight into the mechanisms underlying such transmigration
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may provide new therapeutic targets and strategies and potentially support exogenous zinc as a
rational therapeutic agent in acute lung injury.

In summary, compelling evidence is emerging in pulmonary endothelium to complement
a larger and growing body of experience in extrapulmonary tissue that labile zinc is a key
effector molecule. Critical aspects of the magnitude of labile pool of intracellular zinc accounting
for these signaling pathways awaits more refined ratiometric or quantitative fluorescent
indicators. Genetic and acquired aspects of zinc dyshomeostasis and deficiencies await further
insight into the function and cellular distribution of large family of zinc transporters and metal
binding proteins. Nonetheless, it is apparent that the facile and common nature of zinc and nitric
oxide chemistry support a role for NO-MT-Zn2+ pathway and the uqibuitous nature of these
molecules in sepsis and acute lung injury make them a rational novel therapeutic target.
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1.5

HYPOSTHESIS AND SPECIFIC AIMS

The functional role of labile zinc has been characterized in neurons, systemic endothelia and
immune cells in health and diseases. However, little is known about the functional role of labile
zinc in the pulmonary endothelium. These hypotheses will determine the functional role of
labile [Zni] in pulmonary endothelium in the context of LPS-induced apoptosis.

Specific Aim IA: To determine the functional role of changes in [Zni] in SPAEC by LPS
stimulation. We hypothesize that LPS results in a decrease in intracellular labile zinc and this
decrease is a critical intracellular signaling component transducing the apoptotic effects of LPS.

Specific Aim IB: To determine the functional role of zinc importer, ZIP14, in LPS signaling
in SPAECs. We hypothesize that LPS upregulates zinc importer, ZIP14 and elevates labile zinc,
and elevation in labile zinc is an important contributing factor that inhibits LPS-induced apoptosis.

Specific Aim II: To determine whether nitric oxide (NO) induced elevation of zinc from
metallothionein (MT) protects cells from the LPS. We hypothesize that the release of zinc from
MT by NO is an important contributing factor that inhibits LPS-induced apoptosis.

The publications herein (chapters 3 & 4) will discuss our recent findings that delineate labile zinc
as a signaling molecule and cytoprotectant in LPS-induced pulmonary endothelial apoptosis.
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2.0

2.1

MATERIALS AND METHODS

ISOLATION AND CULTURE OF SPAECS

SPAECs were cultured from sheep pulmonary arteries obtained from a nearby slaughterhouse as
previously described (137). Early passage cells were sorted to homogeneity based on uptake of
fluorescent labeled di-LDL and subcultures routinely monitored for PECAM (CD31) expression
to assure endothelial phenotype and purity. The SPAECs were grown in OptiMEM (GIBCO)
supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin at
37°C in an atmosphere with 5% CO2.

2.2

REAGENTS

N,N,N’,N’‐tetrakis(2‐pyridylmethyl)ethylenediamine

(TPEN),

LPS

(0111:B4),

active

recombinant caspase-3 enzyme, and zinc chloride were purchased from Sigma-Aldrich ( St.
Louis, MO) and S-nitroso-N-acetylpenicillamine (SNAP) was purchased from Molecular Probes
(Eugene, OR). Caspase-3 substrate Ac-DEVD-AMC (AMC = 7-Amino-4-methylcoumarin) was
purchased from Enzo Life Science (Plymouth Meeting, PA).
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2.3

FLUORESCENCE MICROSCOPY

SPAECs were cultured on Lab-Tek™ chambered 1.0 borosilicate coverglass slides (Naperville,
IL). Cells were washed (2X) with HBSS (Ca2+/Mg2+) and incubated (37 °C; 20 minutes) with 5
µM FluoZin-3 AM (Molecular Probes, Eugene, OR) and equal volume of Pluronic F-127
(Invitrogen, Carlsbad, CA) in HBSS (Ca2+/Mg2+). Subsequently, cells were washed (2X) with
HBSS (Ca2+/Mg2+) and immediately imaged in the presence of HBSS (Ca2+/Mg2+) before and
after SNAP (2mM) exposure (10 minutes). All recordings were performed at room temperature
(20-25 °C). Cells were imaged using a Nikon TE2000E equipped with a 40X 1.3NA
oil‐immersion objective, Lambda DG4 wavelength switcher, and xenon light source (Sutter
Instrument, Novato, CA), charge‐couple device camera (Cool-SNAP HQ, Photometrics, Tucson,
AZ), and NIS-Elements software (Nikon, Melville, N.Y). FluoZin-3 was excited at 488 nm and
emission was detected using a 505 nm to 550 nm bandpass filter. Cells were randomly selected
and the mean fluorescence intensity was quantified from the region of interest (ROI) of all
randomly selected cells. Background subtraction was performed on all images prior to
quantitation.
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2.4

FLOW CYTOMETRY

Quantification of relative changes in [Zni] was also performed via flow cytometry

(115).

SPAECs were incubated (37 0C; 20 min) with 2-5 μM FluoZin-3 AM ester (Molecular Probes)
with Pluronic F-127 (equal volume) (Invitrogen) in HBSS (Ca2+/Mg2+) (Invitrogen). LPS treated
cells were rinsed in PBS, trypsinized, and centrifuged at 1500 rpm for 5 min. The cell pellet was
resuspended with PBS containing 100 µg/ml propidium iodide and incubated (37°C; 15 minutes)
in the dark. In a separate series of experiments, phosphatidylserine (PS) externalization was
determined with an annexin V–FITC apoptosis detection kit (Biovision, Mountain View, CA).
LPS treated cells were rinsed in PBS, trypsinized, and centrifuged at 1500 rpm for 5 min. The
cell pellet was resuspended in 300µl binding buffer and supplemented with 3µl of FITCAnnexin-V and 3µl of PI, and incubated (RT; 15 minutes) in the dark. In some experiments, cells
were treated with pan-caspase inhibitor Z-VAD-FMK (Calbiochem®, Gibbstown, NJ) at 30µM
for 1 h and then treated with LPS (100 ng/ml) or buffer (control). Flow cytometric analysis was
performed using a FACSCanto (BD Biosciences, San Jose, CA). For each sample 10,000 events
were recorded and analyzed.
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2.5

TRANSIENT TRANSFECTIONS AND LUCIFERASE ASSAYS

SPAECs (80-90% confluence) were transfected with 0.6 µg of a luciferase reporter construct
driven by 4 metal response element (MRE) tandem repeats (pLuc-MCS/MRE) and 0.15 ug of
pSVβ-galactosidase containing E. coli lac Z gene reporter construct (Promega, Madison, WI)
using Lipofectamine and PLUS reagents (Invitrogen) (115). Cells were lysed and luciferase
assay was performed using the Luciferase Assay System (Promega). Relative light units (RLU)
were determined in a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). β-galactosidase
assay was performed using β-galactosidase Enzymes Assay System (Promega). Absorbance was
read at 420 nm with a plate reader (Perkin–Elmer, Waltham, MA). Results were expressed as a
ratio of firefly luciferase activity to β-galactosidase activity.

2.6

ACCUMULATION OF CYTOCHROME C (CYT C) IN CYTOSOL

Translocation of cyt c was examined by Western blot. After LPS (100 ng/ml) treatment, SPAECs
were harvested and resuspended in lysis buffer containing 250 mM sucrose, 20 mM HEPESpotassium hydroxide(pH 7.5), 10 mMpotassium chloride, 1.5 mM magnesium chloride, 1 mM
EDTA , 1 mM EGTA, 1 mM dithiothrestol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1
mg/mlaprotinin, 1 mg/mlleupeptin, and 0.05% digitonin for 3 min on ice, then centrifuged at
8,500 × g for 5 min. The resulting cytosolic supernatants were subjected to 12% SDS-PAGEand
transferred to a nitrocellulose membrane thatwas probed with mouse antibodies against cyt c
(BD Pharmingen™,San Diego,CA) or β-actin (Sigma-Aldrich), followed by horseradish
peroxidase–coupled detection.
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2.7

CASPASE 3/7 ASSAY

SPAECs were seeded on a 96 well (BD FalconTM white/clear bottom) plate. After treatment,
cells were incubated (RT; 1 h) with luminescence Caspase-GloR 3/7 substrate (Promega).
Luminescence was measured using a Fusion-α plate reader (Perkin–Elmer).

2.8

VIABILITY ASSAY

In addition to FACS analysis of PI, viability of SPAECs was determined by quantifying
reduction of a fluorogenic indicator Alamar Blue (Biosource, Camarillo, CA). Oxidized Alamar
Blue is taken up by cells andreduced by intracellular dehydrogenases.and Thewater-soluble
changes in fluorescence emission (590 nm) are utilized as an index of viability (44).

2.9

RNA ISOLATION AND REAL-TIME RT-PCR

Total RNA was isolated using RNAqueous®-4PCR Kit (Ambion, Austin, TX) from untreated
and treated SPAECs. The RNA extract was treated with DNase I (Ambion) to remove genomic
DNA contamination and quantified by measuring absorbance (260 nm). Total RNA was reverse
transcribed using iScriptTM, (Biorad, Hercules, CA) according to manufacturer‟s instructions.
The cDNA was amplified by real-time PCR using TaqMan® Gene Expression Assays (Applied
Biosystems, Foster City, CA).
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2.10

PRIMER DESIGN

Primer Design and PCR amplification efficiency. For most zinc importers and transporters
gene, ovine sequences are not available but these genes are conserved across bovine and human
species (34). Bovine zinc importers and transporters gene sequences were blasted against the
ovine genome using ovine genome browser version 1.0 (livestockgenomics.csiro.au) and primers
were designed from bovine sequence (based on conserved regions) using PrimeTime qPCR (IDT
DNA technologies, Coralville, IA). Housekeeping primers glucose-6-phosphate dehydrogenase
(G6PD) and target primers MT-I,a, -Ib, -Ic and -II were designed from ovine sequence (NCBI
database) using PrimeTime qPCR (Integrated DNA Technologies). Amplification efficiency (E)
was calculated for each gene from the slope of the dependence of amplification cycle vs. RNA
concentration after running serial dilutions of RNA using the formula E = [10(-1/slope)-1]100.

2.11

siRNA TRANSFECTION

Silencer® select scramble siRNA and Silencer® select siRNA constructs for targeted genes
(MT-Ia,-Ib,-Ic, -II, and ZIP14) were purchased from Ambion. The MT-Ia,-Ib and -Ic genes are
highly conserved. We designed one siRNA construct to target against these three genes based on
their conserved regions. Separate siRNA constructs were used for other targeted genes.
LipofectamineTM RNAiMAX transfection reagent (Invitrogen) was used to transfect siRNA into
SPAECs according to manufacturer‟s instructions. Briefly, LipofectamineTM RNAiMAX plus
siRNA were added into each well containing OptiMEM. After incubation (20 minutes; RT),
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medium containing cells was added to each well. Cells were transfected with siRNA for 72 h. To
confirm knockdown, mRNA levels were determined by qPCR.

2.12

RECOMBINANT CASPASE-3 ASSAY

The buffer containing caspase-3 enzyme was replaced with Chelex 100 treated 10mM sodium
phosphate buffer (pH 7.4) containing DTT (100 M). 18 nM (final concentration) of caspase-3
enzyme and 50 µM (final concentration) of substrate (DEVD-AMC) was added to the reaction
buffer containing 20 mM HEPES in the presence or absence of indicated amount of zinc.
Fluorescence (excitation wavelength, 380 nm; emission wavelength, 440 nm) of liberated AMC
was measured with spectrophotofluorimeter following incubation for the indicated duration at
RT.

2.13

STATISTICAL ANALYSIS

Data are expressed as mean ± SE. Statistical analysis was performed using one-way or two-way
analysis of variance (ANOVA) with post hoc comparisons to determine whether the mean of
each treatment is different from the untreated cells (control).

p < 0.05 was considered

statistically significant. All statistics were performed using GraphPad Prism version 5 (GraphPad
software, San Diego, CA).
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3.0

LPS-INDUCED DECREASE IN INTRACELLULAR LABILE ZINC [ZNI]

CONTRIBUTES TO APOPTOSIS IN CULTURED SHEEP PULMONARY ARTERY
ENDOTHELIAL CELLS (SPAECS)
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3.1

ABSTRACT

A role in signal transduction for a vanishingly small labile pool of intracellular zinc ([Zni]) has
been inferred by the sensitivity of various physiological pathways to zinc chelators such as
N,N,N‟,N‟‐tetrakis(2‐pyridylmethyl)ethylenediamine (TPEN) and/or associations with changes
in non-protein bound zinc sensitive fluorophores. Although we (146) reported that LPS induced
apoptosis in cultured sheep pulmonary artery endothelial cells (SPAEC) was exacerbated by
TPEN, (a) we did not detect acute (30 min) changes in [Zni]; and (b) it is unclear from other
reports whether LPS increases or decreases [Zni] and whether elevations or decreases in [Zni] are
associated with cell death and/or apoptosis. In the current study, we used both chemical
(FluoZin-3 via live cell EPI fluorescence microscopy and FACS) and genetic (luciferase activity
of a chimeric reporter encoding zinc sensitive metal response element and changes in steady state
mRNA of zinc importer (SLC39A14 or ZIP14)) techniques to show that LPS caused a delayed
time dependent (2-4 h) decrease in [Zni] in SPAEC. A contributory role of decreases in [Zni] in
LPS-induced apoptosis (as determined by caspase 3/7 activation, annexin-V binding and
cytochrome c release) in SPAECs was revealed by mimicking the effect of LPS with the zinc
chelator, TPEN and inhibiting LPS- (or TPEN)-induced apoptosis with exogenous zinc.
Collectively, these are the first data demonstrating a signaling role for decrease in [Zni] in
pulmonary endothelial cells and suggest that endogenous levels of labile zinc may affect
sensitivity of pulmonary endothelium to the important and complex pro-apoptotic stimulus of
LPS.
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3.2

INTRODUCTION

Intracellular zinc ([Zni]) is maintained within a narrow range (100 to 500 M) across numerous
cell types and species by the coordinate activity of a large family of Zn importers (SLC39A1-14
or ZIP1-14) and transporters (SLC30A1-10 or ZnT1-10), intracellular storage vesicles and Znbinding proteins (33, 46). Like iron (and other divalent cationic metals), it is considered a trace
element because its labile concentration is vanishingly small with estimates between10-9 M (31,
95) to 10-12 M (16). Depending upon the species, zinc is associated with 3-10% of the genome
(2) and in humans is an essential component of more than 300 enzymes, 2000 transcription
factors and a large number of receptors, cytoskeletal proteins and other potential regulatory
targets (114). As such, the labile pool of [Zni] has been considered in the context of intracellular
signal transduction including pathways of cell growth, death and differentiation and
inflammation, contraction and secretion. Although difficult to quantify, this labile pool is
operationally defined as the intracellular zinc compartment chelated by molecules such as
N,N,N‟,N‟‐tetrakis(2‐pyridylmethyl)ethylenediamine (TPEN) and/or detected by non-protein
bound zinc sensitive fluorophores (including FluoZin-3).

In contrast to the role of zinc in the central nervous, immune, reproductive,
gastrointestinal and/or endocrine systems, considerably less is known about zinc in the lung. It is
noteworthy that zinc deficiency (via dietary manipulations) in experimental animals exacerbates
lung injury secondary to hyperoxia (148), cecal ligation and puncture (82) and alcohol (74). In
an analogous fashion to calcium, however, most studies assessing a role for [Zni] in pulmonary
endothelium (and other organs and cell types) have focused on transient elevations in [Zni] and
associations with peroxide induced cell death (146, 170) and contraction (12). A recent report
32

(81), however, noted for the first time that a decrease in [Zni] may be a critical signaling
component in the context of LPS-induced maturation of cultured mouse dendritic cells. We (146)
noted that TPEN caused a dose-dependent increase in spontaneous apoptosis in pulmonary
endothelium and TPEN exacerbated LPS-induced apoptosis in cultured sheep pulmonary artery
endothelial cells (SPAEC); a phenomenon noted by others (111) in cytokine and lipid induced
apoptosis in cultured systemic endothelium. Nonetheless, in our original study (146), we were
not able to detect LPS-induced acute (30 min) changes in [Zni]. Others (58) have reported that
LPS actually acutely increases [Zni] in human leukocytes and that hydrogen peroxide induced
increases in [Zni] are associated with apoptosis in fetal sheep pulmonary artery endothelial cells
(169). Accordingly, we sought to determine if LPS-induced changes in [Zni] occurred somewhat
later (2-4 h) after exposure of SPAEC to a proapoptotic stimulus of LPS (68-70) and whether
changes in [Zni] were necessary and sufficient to mediate LPS-induced apoptosis in SPAEC. As
decreases in trace metals can be subtle and subject to artifact, we utilized multiple chemical (live
cell fluorescence; FACS) and genetic (chimeric reporter encoding zinc sensitive region of metal
responsive element fused to luciferase; steady state mRNA levels of ZIP14) detection systems.
The ability of TPEN to mimic the effect of LPS-induced apoptosis and rescue of LPS phenotype
with exogenous zinc are consistent with a central role for decreases in [Zni] and LPS induced
apoptosis in SPAEC.
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3.3

RESULTS

3.3.1 LPS causes a decrease in labile [Zni] as measured by microspectrofluorimetry in live
SPAECs.
SPAECs were exposed to LPS or TPEN for 4 h and monitored for changes in FluoZin-3
fluorescence intensity as an index of labile zinc using live cell epifluorescence microscopy. A
typical example of such images at 4 h post treatment is shown in Fig1. Compared to control (Fig
6A), LPS decreased overall fluorescence as shown in Fig 6B. As previously noted (12), FluoZin3 reports labile or TPEN sensitive zinc (Fig 6C). SPAECs were exposed to LPS for up to 4 h
and relative changes in mean fluorescence intensity of FluoZin-3 revealed a time-dependent
decrease in [Zni] as shown in Fig 6D. There was no significant change in overall relative
fluorescence at either 0.5 or 1.0 h post LPS and then a significant decrease in [Zni] was observed
at 2 and 4 h of LPS treatment (Fig. 6D, 330-400 cells per time point from 5 independent
experiments).
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Figure 6. Effect of LPS on labile [Zni] in live SPAEC as determined by microspectrofluorimetry

Figure 6. SPAECs were treated with (B) LPS (100ng/ml) or (C) TPEN (2µM) for 4 h. Cells
were loaded with 5 µM FluoZin-3 AM and equal volume of Pluronic F-127 and imaged by
epifluorescence microscope. The images represent fluorescence intensity of FluoZin-3-Zn
complex in SPAECs. All images were captured with identical gain, 100% light intensity, 1
millisecond light exposure and 4x4 binning. (D) Time dependent LPS-induced changes in
FluoZin-3 fluorescence in live SPAEC. SPAECs were treated with HBSS (Ca2+/Mg2+) in the
presence of LPS (100ng/ml) for 30 minutes, 1 h, 2 h and 4 h respectively. Control cells received
HBSS (Ca2+/Mg2+) in the absence of LPS for 4 h. The data represents mean ± SEM of mean
fluorescence intensity (MFI) of 330-400 randomly selected cells from 5 experiments for each
time point. Images were captured using identical gain and camera settings. For analysis of
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images, background illumination was subtracted from the readings. ** and *** designates p <
0.01 and p< 0.001 respectively, compared to control; one-way ANOVA-Tukey).

3.3.2

LPS causes a decrease in labile [Zni] as determined by flow cytometry

To confirm LPS induced changes in [Zni] in larger sample size, we used FACS to determine
relative changes in FluoZin-3 fluorescence for 10,000 cells at each time point (0.5 to 4 h) on
three different occasions. Representative histograms of cell number vs relative fluorescence are
shown for one such subculture of SPAEC treated with LPS (Fig 7A). The mean relative
fluorescent intensity (MFI) is calculated for the three experiments at each time point, and
reported in Fig 7B. In agreement with the imaging data shown in Fig1, the FACS data (Fig 7A)
showed a time-dependent leftward shift in MFI indicative of an LPS-induced decrease in [Zni].
During the 4 h period of this experiment, cell viability was > 93% (data not shown) as
ascertained by propidium iodide in either control or LPS treated SPAEC. Although it appears
that a somewhat earlier decrease in [Zni] was apparent by FACS (Fig 7B) vs live cell imaging
(Fig 6D), an additional time delay in FACS (e.g. trypsinizing, centrifugation, injection on FACS)
makes direct temporal comparison between the two methods challenging.
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Figure 7A

Figure 7B

Figure 7. LPS causes a decrease in labile [Zni] as determined by flow cytometry
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Figure 7. (A) Typical histograms of subcultures of SPAEC treated with LPS for up to 4 hrs.
SPAECs were treated with HBSS (Ca2+/Mg2+) in the presence of LPS (100ng/ml) for 30 min, 1
h, 2 h and 4 h respectively. Control cells received HBSS (Ca2+/Mg2+) in the absence of LPS for 4
h. Data demonstrates the histogram of mean relative fluorescence intensity (MFI) of 10000 cells
for each time point. The histograms are representative of one subculture of SPAEC treated with
LPS. Numbers in each histogram indicates MFI. (B) The bar graph represents mean ± SEM of
MFI (% of control) of samples measured in triplicates for 3 independent experiments. *
designates p < 0.01 compared to control; one-way ANOVA-Tukey).

3.3.3 LPS decreased labile [Zni], as revealed by activity of a zinc-sensitive genetically
encoded chimeric reporter.
As an alternative to fluorescence detection of changes in [Zni], we used a genetic approach and
monitored the activity of a highly selective zinc sensitive chimera (23).

SPAECs were

transiently cotransfected with pLuc-MCS/MRE and pSVβ-galactosidase. The former plasmid
expresses the reporter gene luciferase under the control of tandem repeats of the exclusively zinc
sensitive metal responsive elements (MRE).

Beta-galactosidase activity was measured to

account for any differences in transfection efficiency.

As shown in Fig 8A, there was a

significant decrease in relative luciferase activity in SPAEC exposed to LPS for 4 h. As was
noted above in fluorescence based experiments, cell viability (as determined by Alamar Blue)
was > 92% in cells transfected with above plasmids with or without addition of LPS (Fig 8B).

38

Figure 8. LPS decreases expression of a chimeric zinc sensitive reporter.

Figure 8. (A) SPAECs were transiently cotransfected with pLuc-MCS/4MREa (0.6ug) and
pSVβ-galactosidase (0.15ug). 24 h after transfection, cells were treated with or without LPS
(100ng/ml) for 4 h in the presence of serum (10%) and subsequently assayed for luciferase and
β-galactosidase activity 4 h post treatment. A significant decrease in luciferase activity was
observed in LPS stimulated cells with viability greater than 92%. Luciferase activity is expressed
as a ratio of firefly luciferase (pLucMRE) activity to β-galactosidase activity. Data represents
mean ± SEM of luciferase activity of samples measured in triplicates for 9 independent
experiments (* designates p< 0.05; independent, two-tailed t-test). (B) Cell viability was
assessed by Alamar Blue. Alamar Blue fluorescence was measured as an index of viability 4 h
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post LPS treatment. Data represents Alamar Blue fluorescence (% of control) of 9 samples
measured in triplicates.

3.3.4 LPS (and decreases in labile [Zni]) upregulates SLC39A14 (ZIP14) mRNA
expression
We surveyed the effect of LPS on steady state mRNA of several representative zinc transporters
(ZnT 1,4 and 6) and importers (ZIP 6,8,10,14). Using real time PCR, in two subcultures of
SPAEC (one of which is shown in Fig 4A), we noted detectable levels of all of three transporters
and four importers. Only ZIP14 appeared to be affected by 4 h of LPS (Fig 9A), and accordingly
we expanded our studies on ZIP14 or SLC39A14. We noted that ZIP14 expression (normalized
to the house keeping gene, glucose-6-phosphate dehydrogenase) was not affected by exogenous
zinc (in the presence of the zinc ionophore, pyrithione), but was increased approximately 5 fold
by LPS (Fig 9B). The effect of LPS was abolished by the addition of exogenous zinc (Fig 9B)
suggesting that LPS induced increases in ZIP14 mRNA may be secondary to the decreases in
[Zni] as shown above (Figures 6-8). This was supported by the sensitivity of ZIP14 mRNA to
TPEN; an effect, in itself, that was reversible with exogenous zinc (Fig 9C). Indeed TPEN could
augment the effect of LPS on increases in ZIP14 mRNA when administered simultaneously (data
not shown).
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Figure 9. The effect of LPS and decreased labile [Zni] on representative zinc exporters and importers

Figure 9. (A) SPAECs were exposed to LPS (100 ng/ml) or HBSS (Ca2+/Mg2+) for 4 h. otal
RNA was isolated and ZnT1,4 and 6 and ZIP 6,8,10 and 14 mRNA levels were measured by
real-time PCR using specific primers and normalized to the house keeping gene G6PD. Figure
9A is representative of one of two subcultures analyzed in triplicate. (B) Effect of LPS (and its
reversibility with exogenous zinc) on ZIP14 mRNA. Values are mean + SEM of mRNA
expression of samples measured in triplicate for 4 separate subcultures. (C) Effect of TPEN (and
its reversibility with exogenous zinc) on ZIP14 mRNA. Values are mean + SEM of mRNA
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expression of samples measured in triplicate for 4 separate subcultures (a designates p< 0.001
compared to control; b designates p< 0.001 compared to LPS and TPEN treatment respectively;
one-way ANOVA-Tukey).

3.3.5

LPS initiates apoptosis via intrinsic mitochondria-dependent pathway

We previously (70) reported that 100 ng/ml LPS caused DNA damage at 4 h in SPAEC as
revealed by nuclear morphology, in situ labeling by break extension and internucleosomal DNA
fragmentation. To confirm that LPS caused apoptosis in SPAEC, we used FACS analysis of
annexin-V binding and showed (Fig 10A) that there was a time dependent increase in annexin-V
positive (and propridium iodide negative) SPAEC over 24 h. LPS-induced annexin-V binding
was sensitive to Z-VAD, a pan-caspase inhibitor, from 4-24 h, consistent with a process of
apoptosis (Fig 10A). This process appeared to be intrinsic mitochondria-dependent as cytosolic
cytochrome increased in a time dependent fashion after LPS (Fig 10B). Accordingly, we studied
the effects of [Zni] on early (4 h) aspects (e.g. caspase 3/7 activation, see below) of LPS-induced
apoptosis in SPAEC.
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Figure 10. LPS causes intrinsic mitochondria-dependent apoptosis in SPAEC. Panel A. LPS causes a time
dependent Z-VAD sensitive increase in annexin-V binding in SPAEC

Figure 10. SPAECs were treated LPS (100ng/ml) in HBSS (Ca2+/Mg2+) for 4, 8, 12 and 24 h.
Control cells received HBSS (Ca2+/Mg2+) for 24 h. Apoptosis was determined by measuring PS
externalization (by Annexin-V labeling) and reported as PS positive, PI negative percentage of
total cell population (via FACS). Four experiments were performed on two subcultures and
values are mean + SEM. * and ** designates p < 0.01 and p <0.001 compared to control
respectively; # designates p <0.05 compared to control. a designates p < 0.05 and b designates p<
43

0.001 compared to without Z-VAD pretreatment (24h). Comparisons were made with two-way
ANOVA-Bonferroni). Panel B. LPS mediates cyt c release in cytosol of SPAEC. One subculture
of SPACE wasexposed to LPS (100ng/ml) for 4, 8 and 24 h in HBSS (Ca2+/Mg2+). Control cells
received HBSS (Ca2+/Mg2+) for 24 h. Total protein was isolated and cyt c and β-actin level were
determined by western blot analysis.

3.3.6

LPS-induced decreases in labile [Zni] contribute to apoptosis in SPAEC

As previously reported (68-70), acute treatment (4 h) with LPS did not affect cell viability as
determined by Alamar Blue (Fig 11A or propidium iodide, data not shown). In figure 11B, we
note that LPS caused a significant increase in caspase 3/7 activity at 4 h. Although zinc (in the
presence of pyrithione), by itself, did not affect caspase 3/7 activity, it did rescue the effect of
LPS on caspase 3/7 activity, consistent with our hypothesis that decreases in [Zni] contributed to
LPS mediated apoptosis. This was further confirmed by noting that a concentration of TPEN (2
uM) sufficient to greatly reduce [Zni] as ascertained by FluoZin-3 (Fig 6C) was sufficient to
cause comparable increases to LPS in caspase 3/7 activity; and the effect of TPEN was sensitive
to exogenous zinc (Fig 11C). We (146) previously ascribed such a TPEN sensitive effect to a
process of apoptosis in SPAEC.
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Figure 11. LPS activates Caspase3/7 in a zinc dependent fashion

Figure 11. (A) Lack of effect of LPS (or exogenous zinc) on cell viability in SPAEC. Cell
viability was assessed by Alamar Blue. Data represents mean ± SEM of Alamar Blue
fluorescence (% of control) of samples measured in triplicate for 4 independent experiments. (B).
LPS activates caspase 3/7 in SPAEC. SPAECs were treated with LPS (100ng/ml) or HBSS
(Ca2+/Mg2+) for 4 h and caspase 3/7 activity was measured as described. Data represents mean +
SEM of caspase-3/7activity (fold over control) of samples measured in triplicate for 4
independent experiments. (C). Zinc chelation activates caspase 3/7 activity in SPAEC. SPAEC
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were treated with TPEN (2 M) with and without 5 M zinc added to medium for 4 h and
caspase 3/7 activity was measured as described. Data represents mean + SEM of caspase3/7activity (fold over control) of samples measured in triplicate for 4 independent experiments (a
designates p< 0.001 compared to control; b designates p< 0.01 compared to LPS treatment (panel
B) or TPEN (panel C) by one-way ANOVA-Tukey.

3.4

DISCUSSION

To examine the function of zinc homeostasis in pulmonary endothelial cell apoptosis, we
exposed SPAECs to LPS (100 ng/ml) for 4 h and then monitored changes in [Zni] by chemical
(labile zinc fluorophore, FluoZin-3) and genetic approaches (zinc-sensitive chimeric reporter and
ZIP14 mRNA) assays. Epifluorescence microscopy (Fig. 6) revealed that LPS causes a decrease
in [Zni] in live cells that was significant at 2 h. This was confirmed in larger number of cells by
complementary methodology of flow cytometry (Fig. 7). Additional confirmation of LPSinduced decreases in [Zni] was achieved by non-chemical genetic approaches (Figs 8 and 9). The
functional significance of LPS induced decreases in [Zni] was revealed by the ability of
exogenous zinc to rescue LPS-induced activation of caspase 3/7 (Fig 11B).

3.4.1

Labile [Zni] and signal transduction

The role of labile [Zni] in signal transduction is an emerging area in cell biology (59, 60, 114)
and is fostered in part by: a) intricacies of zinc homeostasis including large family of importers,
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transporters and binding proteins (96); b) extraordinary large number of potential regulatory
targets (approximately 3-10% of genome; (2); c) association of chronic (and rare) disorders with
altered zinc homeostasis secondary to mutations/variants in zinc importers and transporters
and/or interactions with altered zinc nutritional status (39); and d) facileness of inorganic
chemistry and coordination dynamics of zinc in affecting protein function (108). Major
limitations in the field are the lack of: a) readily available fluorophores that are quantitative as
well as specific for putative labile [Zni] (77, 79) and b) zinc-specific chemical chelators. While
progress has been made in both these areas (171) many studies define labile [Zni] as that
compartment that can alter relative fluorescence of a variety of zinc sensitive fluorophores
(including FluoZin-3) and is sensitive to chelation by membrane permeant compounds such as
TPEN. In this regard, advantageous features of FluoZin-3 include its selectivity (Kd=15nM) for
zinc (e.g., magnesium, calcium, iron do not bind to the dye at concentrations well above what
these cations may reach inside mammalian cells) (38, 179). Binding of FluoZin-3 to labile zinc is
unaffected by low intracellular pH or oxidants (38, 76). Nonetheless, it is a non ratiometric dye
and thus issues of loading, bleaching and lack of quantitative calibration persist. Furthermore as
with all detectors of this nature, one has to introduce a potential new buffer (of zinc). As such,
we took extra steps to confirm relative changes using microscopy (Fig 6) and FACS (Fig 7; to
recruit large number of cells) as well as genetic (Fig 8: pLucMSC/MRE; Fig 9: mRNA ZIP14) to
increase our confidence that LPS caused a decrease in [Zni].

3.4.2

LPS and [Zni]

Most studies examining a signal transduction role for labile [Zni] followed the paradigm of
calcium homeostasis, the other major intracellular non-redox active divalent cation, and looked
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for rapid and large increases secondary to extracellular flux or more often due to release from
intracellular stores (172). In the case of LPS treated pulmonary endothelial cells, we initially
(146) did not detect changes in labile [Zni] 30 min post-LPS treatment. In the current study,
there were no changes up to 2 h (Fig 6). Haase et al (58) did detect increases in labile [Zni] 30
min post-LPS in human monocytes and granulocytes, but not lymphocytes. In this same report,
they noted even earlier increases (within two minutes) in murine macrophage cell line.
Nonetheless, like the original report of Kitamura et al (81) who detected decreases in labile [Zni]
6 hrs after treating mouse dendritic cells with LPS, we noted relative delayed decreases in labile
[Zni] at 2-4 h in SPAEC. This delayed effect was not likely due to artifacts of FluoZin-3 as it was
reproducible with MRE-Luc chimera (Fig 8) and we suggest it may be important for the
signaling events associated with cell death and apoptosis. The mechanism underlying this
delayed LPS-mediated decrease in labile [Zni] remains unclear. It is possible that an imbalance
due to changes in members of ZnT or ZIP families might underlie our observations but we did
not detect LPS-induced increases in mRNA in the former or decreases in the latter group,
respectively. Indeed, it appears that ZIP14 mRNA increased (Fig 9A and 9B), presumably
secondary to a decrease in labile zinc (as it was mimicked by TPEN, Fig 9C), suggesting a
possible important feedback loop in which ZIP14 expression (perhaps via zinc sensitive
promoter regions) is modulated to maintain [Zni] homeostasis. Current available information on
regulation of ZIP14 expression (55) is limited to the role of IL-6 (96) and IL-1 (97) in
hepatocytes with an obligatory contribution of NO signaling (via AP-1) affecting ZIP14
expression. We did not examine the potential of such autocrine effects to LPS in our system. It
is possible that LPS affected ZnT or ZIP family members at a posttranslational level but the
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limited availability of antibodies and the lack of electrophysiological assessment of zinc
transport make such studies challenging.

3.4.3

Zinc and cell death

Zinc has been a primary anti-apoptotic molecule since the process of apoptosis was described
(29). Subsequently earlier and more subtle zinc sensitive targets including caspase-3 (122) and
poly(ADP-ribose)polymerase (144) emerged as candidates for such antiapoptotic activity of zinc.
A detailed examination in HL-60 cells by Duffy et al (40) provided convincing evidence that
decreases in intracellular zinc preceded early indicators of apoptosis in transformed human
promyelocytic cell (HL60). We (146) and Virag et al (164) both concluded that high levels of
intracellular zinc contributed to necrosis and low levels were pro-apoptotic. Nonetheless, in
dendritic cells, modest (<100 uM) levels of exogenous zinc activated acid sphingomyelinase
leading to production of ceramide and apoptotic cell death (133). In fetal SPAEC, hydrogen
peroxide induced increases in zinc were associated with apoptosis and this effect was blunted by
zinc chelators including TPEN or overexpression of metallothionein (169). This suggests that
some effects of zinc and apoptosis are cell specific and/or dependent upon developmental stage.
As has been shown in systemic endothelium using different pro-apoptotic stimuli (111), in LPS
treated SPAEC, TPEN exacerbates apoptosis (146) and exogenous zinc can rescue this
phenotype (Figure 11B). In the more complex scenario in which nitric oxide is introduced into
the milieu of LPS treated SPAEC, we (147) noted that NO mediated resistance to LPS was Zn
dependent suggesting that elevations in labile [Zni] secondary to either influx from extracellular
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sources or chemically mediated release of zinc perhaps from metallothionein (138) can produce
LPS resistant phenotype.

3.4.4

Zinc and acute lung injury

Zinc deficiencies increase the susceptibility of experimental animals to hyperoxic (148), alcohol
(74) and sepsis (82) -induced lung injury. We (93) and others (177) have reviewed the role of
zinc in acute lung injury and the majority of our insight is related to airway epithelium (156,
157). The proximity of a labile pool of zinc and pro-caspase-3 in ciliary basal bodies of airway
epithelium and the ability of TPEN to cause apoptosis or exacerbate other pro-apoptotic stimuli
provided support for an anti-apoptotic role of labile zinc (19, 48, 159) in airway epithelium.
Further details of an anti-apoptotic role for zinc in human airway epithelium were provided by
Bao and Knoell (5, 6) who reported zinc depletion exacerbated apoptosis and decreased barrier
function secondary to Fas antibody, TNF and IFNγ. These authors extended these studies to
show that zinc depletion augmented acute lung injury (including apoptosis, enhanced
inflammation, altered innate immunity) in polymicrobrial sepsis in mice (7, 82). Collectively,
these reports underscore the importance of zinc metabolism in the airway and lung and suggest
that zinc supplementation may be of therapeutic utility and further insights into zinc homeostasis
may reveal critical aspects of pathogenesis in acute and chronic lung disorders (174).
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3.5

CONCLUSION

Our findings show for the first time that a decrease in labile zinc in pulmonary endothelium is an
important signaling event in LPS-induced apoptosis. Along with the report of Kitamura et al
(81), it suggests that such a change in labile [Zni] may be an important mechanism by which
cells respond to exogenous stimuli such as LPS. Critical future efforts should be directed towards
understanding the mechanism by which [Zni] decreases, the cellular targets affected by such a
decrease and the overall physiological processes (in addition to apoptosis) that occur in the
setting of LPS and pulmonary endothelium.
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4.1

ABSTRACT

We previously noted an important signaling role for decreased labile intracellular zinc ([Zn]i) in
LPS-induced apoptosis in cultured sheep pulmonary artery endothelial cells (SPAEC; (147,
153)). In the current study, we used siRNA to important contributors of zinc homeostasis
(SLC39A14 or ZIP14, a zinc importer; metallothionein (MT), a zinc binding protein) to identify
molecular pathways by which extracellular zinc or nitric oxide (NO) increase labile [Zn]i (e.g.
zinc-sensitive fluorophore (FluoZin-3) detectable and/or chelatable by N,N.N‟,N‟-tetrakis(2pyridylmethyl)ethylenediamine (TPEN)) and reduce the sensitivity of SPAEC to LPS. Addition
of 10 µM zinc to serum free medium of SPAEC increased [Zn]i and abolished LPS-induced
apoptosis (e.g., increased annexin-V binding). The increase in [Zn]i and the protective effect of
extracellular zinc were sensitive to reduction in ZIP14 expression (by siRNA) but not affected by
collectively knocking down major isoforms of sheep MT (sMT-Ia,-Ib,-Ic,and -II). Pretreatment
of wildtype SPAEC with 250 µM of the NO donor S-nitroso-N-acetylpenicillamine (SNAP)
increased labile zinc in a relatively similar fashion to addition of extracellular zinc and reduced
sensitivity of SPAEC to LPS-induced apoptosis (e.g. caspase-3/7 activation) in a TPEN sensitive
fashion. The antiapoptotic effects of SNAP were insensitive to siRNA knockdown of ZIP14 but
were abolished (along with SNAP-induced increase in [Zn]i) when SPAEC were pretreated with
siRNA to sheep MT. Zinc was able to directly inhibit recombinant caspase-3 activity in an invitro assay. Collectively, these data show that increases in labile [Zn]i are an important
component of ZIP14- or NO-mediated resistance to LPS-induced apoptosis. Cytoprotection via
ZIP14 appeared to be secondary to transcellular movement of extracellular zinc whereas NOmediated protection was secondary to S-nitrosation of MT and redistribution of intracellular
zinc.
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4.2

INTRODUCTION

Zinc is an essential micronutrient whose total intracellular levels are maintained in a tight quota
from 100 to 500 µM (118). Although zinc-binding proteins have been reported to be part of 10%
of the entire proteome (2), the major determinants (51) of the critical, dynamic and vanishingly
small (and hence the descriptor, “trace”) labile pool of intracellular zinc ([Zn]i) appear to be a
family of zinc importers (SLC39A1-14; Zrt/Irt-like protein or ZIP), transporters (SLC30A1-10;
ZnT) and metal binding protein, metallothionein (MT). The labile or transient pool (operationally
defined as the compartment chelated by molecules such as N,N.N‟,N‟-tetrakis (2-pyridylmethyl)
ethylenediamine (TPEN) and/or detected by nonprotein-bound zinc-sensitive fluorophores such
as FluoZin-3 (153)) is thought to function as a signaling molecule (in an analogous fashion to
better studied metals such as calcium (66)) and contributes to diverse processes including
neurotransmission, insulin secretion, fertilization and immune function (51). We have reviewed
the role of zinc homeostasis in acute lung injury (93, 136) and have particularly focused on the
role of [Zn]i in pulmonary endothelial cell function including contraction (12) and cell death
(146, 147, 153).

We have used a simple model of primary cultures of sheep pulmonary artery endothelial
cells (SPAEC) to show that: a) extraordinarily high levels of [Zn]i (after addition of zinc to
medium) cause cell death by necrosis (146); b) very low levels of [Zn]i (after TPEN) cause
apoptosis (146); and c) LPS-induced apoptosis (68-70) is associated with a critical time
dependent decrease in intracellular [Zn]i (153). We have been able to inhibit LPS-mediated
apoptosis by exposing SPAEC to supplemental zinc (along with zinc ionophore, pyrithione) in
the medium (153), exposing SPAEC to nitric oxide donors (147) or after gene transfer of
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inducible nitric oxide synthase (20, 160). Collectively the protective effects of addition of
extracellular zinc or conditioning with NO have in common potential increases in [Zn]i (138,
146) but the mechanism by which [Zn]i increased in a manner sufficient to inhibit LPS-induced
apoptosis remained unclear.

In the current study, we reveal singularly important and discrete contributions of
SLC39A14 (ZIP14) and MT, in affecting the ability of extracellular zinc or nitric oxide,
respectively, to inhibit LPS-induced apoptosis in SPAEC. By silencing ZIP14 or sheep MT
isoforms, we revealed not only the manner, respectively, by which extracellular zinc or nitric
oxide produce an elevation in [Zn]i but also the central role of zinc dyshomeostasis in LPSinduced apoptosis in SPAEC.

4.3

RESULTS

4.3.1 Extracellular zinc inhibits LPS-induced apoptosis in SPAEC in a ZIP14 (but MT
independent) dependent fashion.
We (153) previously reported that addition of 10 µM zinc (with 10 nM pyrithione) to the
medium of SPAEC was sufficient to prevent apoptosis at 4 h after exposure to LPS. We now
show that 10 µM zinc (in serum free medium without pyrithione) increases labile [Zn]i (Figure
12) and protects SPAEC for 24 h from the progressive (153) increase in LPS-induced apoptosis
as reflected in annexin-V positive cells (Figure 13). Of note is that exogenous zinc significantly
inhibited spontaneous apoptosis due to experimental conditions (i.e. prolonged culture of SPAEC
in serum free medium).
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Figure 12. Fluorescence of FluoZin-3 in response to 10 μM zinc in a time dependent fashion

Figure 12. SPAEC was treated in the presence or absence of zinc (10 µM) for 6 h, 12 h and 24 h
respectively. Following treatment, cells were incubated with FluoZin-3 AM and equal volume of
Pluronic F-127 (20 minutes; 37 °C). Cells were trypsinized, centrifuged and injected into FACS.
Extracellular zinc (10 µM) increased fluorescence of FluoZin-3 by 29.6% (6 h), 24.1% (12 h)
and 23.6% (24 h). Data represents mean fluorescence intensity (MFI) of FluoZin-3 in up to
20,000 cells from 6-7 independent experiments for each time point. **p< 0.001 and *p< 0.01
compared to time point controls; one-way ANOVA-Tukey.
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Figure 13 . LPS- (100 ng/ml; 24 h) induced apoptosis as determined by Annexin-V assay

Figure 13. SPAEC was treated with LPS (100 ng/ml; 24 h) in the presence or absence of zinc
(10μM; 24h) or zinc alone (10 μM; 24 h). Following treatments, cells were trypsinized,
centrifuged and resuspended with buffer containing Annexin-V-FITC and propidium iodide (PI)
and analyzed by FACS. Data represent Annexin-V positive cells (mean+SE) from 8 independent
experiments. **p< 0.001 and ***p< 0.0001 compared to control; a p< 0.0001 compared to LPS
treatment; one-way ANOVA-Tukey.
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In our previous report (153), we noted that ZIP14 increased at mRNA level in response to
LPS induced decrease in labile [Zn]i suggesting a possible homeostatic role for ZIP14.
Accordingly, we designed siRNA against ZIP14 (using bovine genomic information) that
significantly decreased ZIP14 mRNA to 40% of baseline levels (Figure 14) in SPAEC. siRNA to
ZIP 14 significantly decreased basal levels of labile [Zn]i and blocked zinc uptake (relative to
scramble siRNA group) in SPAEC treated with 10 μM zinc (Figure 15). In figure 16, we show
that zinc dependent inhibition of spontaneous and LPS-induced apoptosis (at 24 h) was abolished
after SPAEC were treated with siRNA to ZIP14. In contrast, SPAEC treated with scrambled
siRNA were still responsive to zinc inhibition of spontaneous and LPS-induced apoptosis (Figure
16) in a manner similar to wildtype SPAEC (Figure 13).

Figure 14. ZIP14 mRNA levels in ZIP14 siRNA treated SPAECs

Figure 14. SPAECs were transfected with lipofectamine RNAimax plus scramble or ZIP14
siRNA (40nM). 72 h after transfection total RNA was isolated and ZIP14 mRNA levels were
measured by qPCR using specific primers and normalized to the house keeping gene G6PD.
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Data represents mRNA expression (mean + SEM) of samples measured in triplicates from 5
independent experiments.

Figure 15. Fluorescence of FluoZin-3 in response to zinc (10 μM; 6 h) in cells treated with siRNA to ZIP14

Figure 15. SPAEC was treated with or without zinc (10 µM) for 6 h. Following treatment, cells
were incubated with FluoZin-3 AM and equal volume of Pluronic F-127 (20 minutes; 37 °C).
Cells were trypsinized, centrifuged and injected into FACS. Extracellular zinc (10 μM) increased
fluorescence of FluoZin-3 by 21% (6 h) in scramble siRNA treated cells. Data represents mean
fluorescence intensity (MFI) of FluoZin-3 in up to 20,000 cells from 6 independent experiments.
*p< 0.05 compared to scramble siRNA control; ^^p<0.001 compared to scramble siRNA
control; ###p<0.0001 compared to scramble siRNA zinc treatment; two-way ANOVABonferroni.
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Figure 16. LPS- (100 ng/ml; 24 h) induced apoptosis in cells treated with siRNA to ZIP14 as determined by
Annexin-V assay

Figure 16. SPAEC was transfected with scramble siRNA (40 nM) or ZIP14 siRNA (40 nM) and
then treated with LPS (100 ng/ml; 24 h) in the presence or absence of zinc (10 μM; 24 h) or zinc
alone (10 μM; 24 h). Following treatments, cells were trypsinized, centrifuged and resuspended
with buffer containing Annexin-V-FITC and propidium iodide (PI) and analyzed by FACS. Data
represent Annexin-V positive cells (mean+SE) from 7 independent experiments. ***p < 0.0001
compared to control; a p <0.0001 compared to LPS treatment; two-way ANOVA-Bonferroni.

Metallothionein is thought to play a critical role in zinc homeostasis acting as a dynamic
intracellular zinc buffer (85-87, 105). Accordingly, we designed siRNA to sheep MT-Ia, -Ib, -Ic
and II and were able to reduce expression of mRNA of MT-Ia,c and II to less than 10% of
baseline levels (Figure 17), respectively (there was no detectable sheep MT-Ib at baseline and
the fifth ovine MT gene is a pseudo gene). Under conditions of these experiments, LPS-induced
apoptosis was significantly greater in MT knockdown vs scrambled siRNA treated SPAEC
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(Figure 18). Nonetheless, addition of extracellular zinc was still able to rescue MT knockdown
and scramble siRNA treated SPAEC (Figure 18) suggesting MT was not critical for the
protective effects of altered [Zn]i after exposure to 10 µM zinc in medium.

Figure 17. MT mRNA levels in MT-Ia, -Ib, -Ic and II siRNA treated SPAECs

Figure 17. SPAECs were transfected with MT- Ia,-Ib,-Ic (10nM) & MT II siRNA (10nM) or
scramble siRNA (20nM). 72 h after transfection, total RNA was isolated and MT Ia,Ib,Ic & II
mRNA levels were measured by real-time PCR using specific primers for each isoforms and
normalized to the house keeping gene G6PD. Data represents relative mRNA expression
(mean+SEM) of MT- Ia,-Ic & II in samples measured in triplicates from 3 independent
experiments.
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Figure 18. LPS- (100 ng/ml; 24 h) induced apoptosis in cells treated with siRNA to MT I/II as determined by
Annexin-V assay

Figure 18. SPAEC was transfected with scramble siRNA (20 nM) or MT I/II (20 nM) siRNA
and then treated with LPS (100 ng/ml; 24 h) in the presence or absence of zinc (10 μM; 24 h) or
zinc alone (10 μM; 24 h). Following treatments, cells were trypsinized, centrifuged and
resuspended with buffer containing Annexin-V-FITC and propidium iodide (PI) and analyzed by
FACS. Data represent Annexin-V positive cells (mean+SE) from 3 independent experiments.
***p < 0.0001 compared to control; a p <0.0001 compared to LPS treatment; two-way ANOVABonferroni.

4.3.2 Nitric oxide inhibits LPS-induced apoptosis in SPAEC in an MT- and Zn2+dependent (but ZIP14 independent) fashion
We (147) previously noted that treatment with SNAP (500 µM), a slow NO releaser (t1/2 ~ 6 h),
reduced sensitivity of wildtype SPAEC to LPS-induced apoptosis (as determined by nuclear
morphology). Reversal with large (10 µM) doses of TPEN were consistent with a potential role
of zinc in mediating such resistance. In the current study, we extend these observations and
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show that lower (250 µM) doses of SNAP pretreatment were protective against relatively high (1
µg/ml) doses of LPS-induced apoptosis at 4h (Figure 19) as well as lower (100 ng/ml) doses of
LPS at 24h (Figures 20a-b). In this latter instance, SNAP was equally effective whether SPAEC
were incubated in serum (Figure 20a) containing approximately 3-11 µM zinc (26, 53) or in zinc
free HBSS (Figure 20b). Furthermore, considerably lower and non-toxic doses (1 µM) of TPEN
abrogated SNAP-induced resistance (Figure 19) in a fashion equally effective to potentially toxic
(146) dose (10 µM) of TPEN. Similar results were obtained if annexin-V binding (via FACS)
instead of caspase 3/7 activation was used to quantify apoptosis (data not shown).

Figure 19. NO (250 μM; 6 h) -mediated protection against LPS (1 ug/ml; 4 h) as determined by caspase 3/7
assay

Figure 19. SPAEC was treated with LPS (1 μg/ml; 4 h). The protective effect of NO on LPSinduced apoptosis was assessed by pretreatment with NO donor, SNAP (250 μM; 6 h). The NO
mediated protection was reversed by nontoxic dose of zinc chelator, TPEN (1 μM; 4 h).
Apoptosis was determined by measuring caspase-3/7 activity. Data represents caspase-3/7
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activity (mean+SE) of samples for 5 independent experiments. ***p < 0.0001 compared to
control; ** p< 0.001 compared to LPS treatment; one-way ANOVA-Tukey.
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Figure 20A

Figure 20B

Figure 20. NO (250 μM;6 h) -mediated protection against LPS (100 ng/ml; 24 h) as determined by caspase 3/7
assay

Figure 20. SPAEC was pretreated with NO donor, SNAP (250 μM; 6 h) in serum (A) or in
HBSS (B) prior to LPS (100 ng/ml; 24 h). Apoptosis was determined by measuring caspase-3/7
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activity. Data represents caspase-3/7 activity normalized to control (mean+SE) of samples for 3
independent experiments. ***p < 0.0001 compared to control; ** p< 0.001 compared to LPS
treatment; one-way ANOVA-Tukey

In figure 21, we note that NO-mediated protection against LPS at 4 h (as determined by
annexin-V binding) was not significantly affected by silencing of ZIP14. Although NO has been
reported by others (97) to increase expression of ZIP14 in hepatocytes, there were no significant
changes in ZIP14 mRNA at 6 h (as measured by RT-PCR and normalized to G6PD) after 250 to
1000 µM SNAP (Figure 22).

Figure 21. NO-(250 μM;6 h)mediated protection against LPS (1 ug/ml; 4 h) is independent of ZIP14 as
determined by Annexin-V assay

Figure 21. SPAEC was transfected with scramble siRNA (40 nM) or ZIP14 siRNA (40 nM) and
then exposed to LPS (1 ug/ml) with or without NO donor, SNAP (250 μM; 6 h) pretreatment.
Following LPS exposure, cells were trypsinized, centrifuged and resuspended with buffer
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containing Annexin-V-FITC and propidium iodide (PI) and analyzed by FACS. Data represent
Annexin-V positive cells (mean+SE) from 11-13 independent experiments. ***p < 0.0001
compared to control;

a

p <0.001 and

b

p< 0.0001 compared to LPS; two-way ANOVA-

Bonferroni.

Figure 22. ZIP14mRNA in response to NO (250 μM; 6 h)

Figure 22. SPAEC was exposed to NO donor, SNAP (250 μM - 1 mM; 6 h). Total RNA was
isolated and ZIP14 mRNA levels were measured by qPCR using specific primers and normalized
to the house keeping gene G6PD. Data represents mean + SEM of mRNA expression of samples
measured in triplicates for 5 independent experiments.

Accordingly, we focused on a potential role for MT in affecting NO-mediated resistance
to LPS-induced apoptosis since we previously reported that MT was obligatory for NO-mediated
increases in [Zn]i in cultured lung fibroblasts (138) and mouse lung endothelial cells (147)
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isolated from MT null mice. In figure 23, we show typical fluorescent microscopic images of
SPAEC that were incubated with the zinc sensitive fluorophore, FluoZin-3, and exposed to large
(2 mM) doses of SNAP for brief (10 min) periods of time. Significant increases (4-6X) in
fluorescence were noted in wildtype or scramble siRNA treated SPAEC whereas notably less
(<2X) change in fluorescence was noted in MT knockdown SPAEC. Relative changes in labile
zinc were assessed by FACS (using Fluozin-3) after SPAEC were exposed to cytoprotective
doses of SNAP (250 µM; 6 h) and a 24 +/- 5% increase (P<0.05), comparable to that noted after
10 µM zinc was added to the medium (Figures 12 and 14), was observed.

Figure 23. NO liberates zinc from MT

Figure 23. SPAEC was transfected with scramble siRNA (20 nM) or MT I/II (20 nM) siRNA.
Following siRNA treatment, cells (untransfected or transfected) were incubated with FluoZin-3
AM and equal volume of Pluronic F-127 (20 minutes; 37 °C). Cells were imaged by
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epifluorescence microscope before and after exposure to NO donor, SNAP (2 mM; 10 minutes).
The images represent fluorescence intensity of FluoZin-3-Zn2+complex in SPAECs. All images
were captured with identical gain, 100% light intensity, 1 millisecond light exposure and 4x4
binning. For statistical significance increase in FluoZin-3 fluorescence were quantified in a
larger number of cells (800-1000 cells) from 5 independent experiments.

LPS, by itself, was more toxic (as determined by increased caspase-3/7 activity responses;
Figure 24a) in MT knockdown cells than SPAEC treated with scrambled siRNA (Figure 24b).
This was in accord with observations at 24 h and using annexin-V as the determinant of
apoptosis (Figure 18). SNAP was able to significantly inhibit LPS-induced apoptosis in scramble
siRNA treated SPAEC (Figure 24b) but not in MT knockdown SPAEC (Figure 24a).

69

Figure 24. NO-(250 μM;6 h)mediated protection against LPS (1 ug/ml; 4 h) is dependent on MT I/II as
determined by caspase 3/7 assay

Figure 24. SPAEC was transfected with (A) MT I/II siRNA (20 nM) or (B) scramble siRNA (20
nM). 72 h after transfection, cells were treated with LPS (1 μg/ml; 4 h) with or without NO
donor, SNAP pre-treatment (250 μM; 6 h). The anti-apoptotic effect SNAP was abrogated in MT
I/II knockdown SPAECs (Figure 24a). The NO-mediated protection was preserved in the
scramble siRNA treated SPAECs (Figure 24b). Apoptosis was determined by measuring
caspase-3/7 activity. Data represents caspase 3/7 activity (mean+SE) of samples from 9
independent experiments. *** designates p < 0.0001 compared to control; a p< 0.0001 compared
to LPS; one-way ANOVA-Tukey).
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4.3.3

Zinc inhibits caspase 3

To determine whether zinc had a direct inhibitory effect on caspase 3, we studied the effect of
zinc on purified recombinant caspase-3. Caspase-3 was incubated with the peptide substrate
DEVD.AFC, in the presence or absence of zinc. After incubation (30 minutes; RT), fluorescence
of cleaved AFC was measured. As shown in figure 25, zinc inhibits the enzymatic activity of
caspase-3 in a dose dependent manner such that 50% inhibition in casapse-3 activity was
achieved with 200 nM zinc and such inhibition was sensitive to zinc chelator, TPEN (200 μM;
30 minutes).

Figure 25. Zinc directly modulates caspase 3/7 activity
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Figure 25. Inhibition of caspase-3 activity by zinc was studied in an in-vitro system. Purified
caspase-3 enzyme was added to a reaction buffer containing DEVD.AFC in the presence or
absence of the indicated concentrations of zinc. The fluorescence of the liberated AMC was
monitored to determine the effect of zinc on the enzymatic activity of purified capsase-3. Data
represents mean+SE of enzymatic activity of capsase-3 (expressed as % of control). (*p< 0.05
and ***p<0.0001 compared to without zinc;

a

p<0.001 compared to zinc (200nM); one-way

ANOVA-Tukey)

4.4

DISCUSSION

We (153) recently reported that a decrease in labile [Zn]i was a critical signaling event in LPSmediated apoptosis in SPAEC. An important observation within that study was the ability of
exogenous zinc to inhibit LPS-induced apoptosis over 4h and we now extend this to a 24h period
after LPS (Figure 13). Previously we (20, 160) had shown that NO can inhibit LPS-mediated
apoptosis in SPAEC and such inhibition was itself reversed with TPEN (147) lending further
support to an important role of labile zinc in this simple model of intrinsic apoptosis (68-70,
153). In the current study, we show for the first time that genetic reduction of MT and its
resultant inhibition of NO-mediated zinc release (Figure 23) is coupled to abrogation of the
ability of NO to prevent LPS- mediated apoptosis in SPAEC (Figure 24a). In combination with
the requirement for full expression of ZIP14, a plasma membrane bound zinc importer, to
mediate the protective effects of extracellular zinc (Figure 16), it is apparent that elevations in
[Zn]i, whether secondary to zinc release from intracellular stores (e.g. MT) or after translocation
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of zinc across plasma membrane (via ZIP14), are important components of signaling pathways
accounting for inhibition of LPS-induced apoptosis. Reduction of MT (<10% of basal levels) by
siRNA in SPAEC completely inhibited the ability of NO to protect SPAEC against LPS-induced
apoptosis. NO-mediated resistance was independent of ZIP14 (Figure 21) suggesting that the
increase in labile zinc occurred by redistribution of cellular sources of zinc and specifically MT
as outlined above. The mechanism by which elevations in labile [Zn]i are antiapoptotic remain
unclear although we confirmed (122, 167) that zinc is capable of inhibiting caspase-3 in an in
vitro assay (Figure 25). A schema summarizing our findings including speculative details
regarding chemistry of S-nitrosation of MT and caspase-3 inhibition is provided in figure 26.

4.4.1

Extracellular zinc, ZIP14, MT and zinc homeostasis in SPAEC

[Zn]i is tightly controlled by a large family of zinc importers (SLC39A1–14 or ZIP1–14) and
exporters (SLC30A1–10 or ZnT1–10) and an extraordinary large number of proteins that bind
zinc. In the current study we focused on ZIP14 and metallothionein because: a) ZIP14, itself, is
regulated by LPS (and attendant cytokines) in pulmonary endothelium (153) and hepatocytes
(101); and b) metallothionein is considered to be a major intracellular zinc buffer by binding 7
mol of Zn2+/mol of MT in a dynamic fashion (57, 105, 107). In particular, we recently reported
that LPS- (100ng/ml; 4h) induced decreases in labile [Zn]i and upregulation in ZIP14 mRNA
were potentially linked in SPAECs (153). LPS-induced increases in ZIP14 mRNA and apoptosis
were normalized when labile [Zn]i was elevated by addition of zinc (in the presence of the zinc
ionophore, pyrithione) suggesting that LPS-induced increases in ZIP14 mRNA may be
secondary to the decreases in [Zn]i (as it was mimicked by TPEN). Accordingly, we expanded
our study on ZIP14 in the current work and elucidated its role in LPS-induced apoptosis. Cells
73

exposed to LPS (100 ng/ml; 24 h) in the presence of exogenous zinc (10 μM; sufficient to
increase FluoZin-3 detectable labile zinc by 20-30% over 24 h (Figure 12)) had a significant
decrease in apoptosis as determined by Annexin-V labeling (Figure 13) in a ZIP14 dependent
fashion (Figure 16). siRNA to ZIP14 decreased labile [Zn]i at control levels and blocked
increases in labile [Zn]i in SPAEC treated with extracellular zinc (Figure 15). Indeed, under
conditions of current experiments (prolonged exposure in serum-free zinc free medium after
treatment with lipid mediated vectors with siRNA), spontaneous apoptosis was relatively high in
the scrambled siRNA group (Figure 16) and was inhibited by exogenous zinc, itself, in a ZIP14
dependent fashion. In contrast, genetic reduction of MT expression did not affect the ability of
exogenous zinc to prevent LPS-mediated apoptosis in SPAEC (Figure 18) suggesting that
delivery of zinc via ZIP14 elevates cytosolic zinc in a fashion unaffected by Zn2+-MT
interactions (Figure 26). siRNA mediated reduction of MT expression did sensitize SPAEC to
the apoptotic effects of LPS, per se (Figures 18 and 24). This latter observation is similar to the
protective role of MT in acute lung injury induced by bacterial endotoxin (145). We did not
study the role of other zinc importers noted to be important in inflammation including ZIP6 in
human dendritic cells (81) and ZIP8 in human airway epithelial cells (13) in part because their
expression at mRNA was unaffected by LPS in SPAEC (153). In addition to importing zinc,
ZIP14 is a functional divalent metal ion transporter affecting non-transferrin bound iron (101,
125, 180). Our treatment medium did not contain iron as well as zinc (according to
manufacturer‟s specification) and thus it is most likely that ZIP14 is cytoprotective by virtue of
translocating the only metal, zinc that was experimentally elevated in the extracellular space. The
exogenous zinc-mediated protection against LPS was absent in ZIP14 knockdown SPAECs
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(Figure 16). Indeed, it appears that in the endothelium ZIP14 is a survival component in LPS
signaling.

Figure 26. Schematic diagram of potential pathways by which elevation in [Zn]i inhibits LPS -induced
apoptosis

Figure 26. ZIP14, a plasma membrane zinc importer, facilitates translocation of zinc from
extracellular space to cytosol. Alternatively, NO can S-nitrosate MT leading to an increase in
[Zn]i. Elevation in labile zinc is hypothesized to potentially inhibit caspase-3 and block LPSinduced apoptosis. Of note, as previously shown (126), thioredoxin (along with thioredoxin
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reductase and NADPH) can denitrosate MT and facilitate its reduction and reincorporation of
zinc allowing for recycling and persistence of NO-mediated zinc inhibition of caspase-3.

4.4.2

NO, MT, [Zn]i, and LPS mediated apoptosis in SPAEC

After original reports (10, 88) that NO was capable of causing an increase in detectable labile
zinc (including cultured aortic endothelial cells), we were able to identify a critical role for MT
in mediating this effect by demonstrating: a) conformational changes in MT via fluorescence
resonance energy transfer techniques in live cultured endothelial cells (121) and within the intact
pulmonary endothelium of isolated perfused mouse lungs (12); and b) an obligatory and unique
role of MT in lung fibroblasts (138) and pulmonary endothelium (137, 147) cultured from MT
null mice. In the current study, we extend these observations to another species (sheep) using
alternative genetic technology (siRNA) and show that MT is uniquely necessary amongst all zinc
bound proteins in accounting for NO-mediated increases in labile zinc (Figure 23). Previously
we had coupled NO-MT-Zn2+ signaling pathway to aspects of pulmonary endothelial
contractility including its contribution to hypoxic pulmonary vasoconstriction (12) via activation
of protein kinases and alterations in myosin light chain kinase and phosphatases (11). In the
current study, we show for the first time, a definitive link between this pathway (NO-MT-Zn2+)
and apoptosis. Our previous report (147) suggested such a link by showing that NO-mediated
protection against LPS-induced apoptosis was TPEN sensitive.

By selectively genetically

reducing expression of MT, the sensor and switch for NO and zinc signaling, and hence
removing the NO-mediated increase of labile zinc allowing LPS-induced apoptosis to proceed, a
clear linear pathway is established. NO-mediated zinc release is likely to occur either via: a) S76

nitrosation of MT as we have shown in vitro (98); or b) NO activation of protein kinase C and
phosphorylation of MT (4).

Denitrosation of MT can be facilitated by thioredoxin as we

previously reported (141) and lead to reversibility and cycling of these events as shown in figure
26.

In the current study, siRNA suppression of ZIP14 did not affect NO-mediated inhibition
of LPS- induced apoptosis (Figure 21). NO, by itself (either via NO donor, SNAP or iNOS
derived NO) has been reported to upregulate expression of ZIP14 mRNA (via AP-1) in cultured
murine hepatocytes (97). The effect of IL-1β was NO dependent (and MT independent) and
resulted in an increase in FluoZin-3 detectable zinc that in turn was sensitive to neutralizing
antibodies to ZIP14 (97). We did not detect an increase in mRNA for ZIP14 (Figure 22) in
SPAECs exposed to SNAP (up to 1 mM; 6 h), a time interval similar (8 h) to the peak increase in
NO-mediated increase in mRNA of ZIP14 in murine hepatocytes (97), suggesting a potential cell
specific regulation of ZIP14 expression in response to NO. Changes in mRNA of ZIP14 were
dynamic in this latter study (97) and included an early decrease at 0.5 h and a return to baseline
by 16 h suggesting that time dependent kinetics could also possible have contributed to
differences in the two cell types. We did not assess posttranslational changes in ZIP14 in NO
treated SPAEC at either protein level, subcellular location or specific activity and these studies
are ultimately critical for a more complete functional determination.

4.4.3

Central Role of [Zn]i in LPS-mediated apoptosis

A major conclusion from the current study is that elevations in [Zn]i , whether secondary to ZIP14 mediated translocation of extracellular zinc or NO mediated intracellular release of zinc from
77

MT, effectively inhibit LPS-mediated apoptosis in SPAEC (Figure 26).

In this regard: a)

exposure of SPAEC to either 10 µM zinc in extracellular medium (Figures 12 and 15) or 250 µM
SNAP (Figure 27) increased FluoZin-3 fluorescence by comparable 25-30% at 6 h; b) in
wildtype SPAEC, either 10 µM zinc (Figure 13) or 250 µM SNAP (Figure 20), reduced
sensitivity to LPS-induced apoptosis by approximately equivalent 50%; and c) the effect of
SNAP was apparent whether zinc was present (Figure 20a) or absent (Figure 20b) in the
extracellular space. It was difficult to reproduce precisely equivalent conditions (e.g. 24 h and
100 ng/ml LPS) for experiments involving SNAP and siRNA because: a) in contrast to the
SNAP experiments in wildtype cells noted above, the additional 6 h period in SNAP, in
combination with interval of siRNA treatment, was associated with additional baseline toxicity
that precluded more prolonged (e.g. 24 h) exposure to LPS; and b) readily quantifiable apoptosis
was routinely apparent at 4 h after 1 ug/ml of LPS whereas 100 ng/ml LPS had variable effects
on apoptosis between subcultures of SPAEC in these shorter (e.g. 4 h) intervals. Accordingly,
some comparisons were made, for practical reasons, using 1 µg/ml LPS for 4 h after SNAP (6 h)
with a 72 h period of siRNA treatment for either ZIP14 (Figure 21) or MT (Figure 24).
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Figure 27. NO (250µM) increases intracellular labile zinc

Figure 27. SPAEC was exposed to NO donor, SNAP (250μM; 6h). Following NO exposure,
cells were incubated with FluoZin-3 AM and equal volume of Pluronic F-127 (20 minutes; 37
0

C). Cells were trypsinized, centrifuged and injected into FACS. Data represents mean+SEM of

FluoZin-3 fluorescence (% of control) from 5 independent experiments.

Relatively little is known about the contributions of labile zinc and acute lung injury. It is
noteworthy that zinc deficiency, secondary to dietary manipulation or alcohol ingestion in
rodents is associated with hypersensitivity to polymicrobial sepsis (7, 82) or hyperoxia (149,
150) or macrophage and alveolar epithelial cell dysfunction (74) and the respective phenotypes
can be reversed with dietary repletion of zinc. Elevations in labile zinc have also been shown to
be antiapoptotic in airway epithelial cells (156, 159). As pulmonary endothelium is a sensitive
cell type in acute lung injury and contributes to the maintenance and/or genesis of ARDS from
several causes, our results with cytoprotective effects of labile zinc and LPS in SPAEC suggest
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that dietary or NO mediated elevations in intracellular zinc may be rational therapies in acute
lung injury.

4.4.4

Zinc and caspase-3

The mechanism by which elevations in [Zn]i inhibit LPS-induced apoptosis remain unclear, in
part because numerous pathways in this process may contain presumptive zinc dependent
proteins. This becomes even more complex in consideration of the role of elevated [Zn]i in
mediating NO dependent protection as NO, itself, has numerous cellular targets many of which
are anti-apoptotic in their own domain (28). From previous reports (122), we focused on caspase3 and confirmed that zinc was capable of inhibiting its activity directly in vitro (Figure 25) and
indirectly in intact cells (Figures 19-20). Although NO can S-nitrosate caspase-3 and inhibit its
activity (94), it is apparent from our results that a TPEN-sensitive effect (Figure 19) and
requirement of MT (Figure 24a) releasing zinc (Figure 23) in mediating NO protective effect,
suggest that direct S-nitrosation of caspase-3 was not likely to account for these collective results
(Figure 26). Previous study (122) showed zinc inhibited caspase-3 with an IC50 of 100 nM.
Although the binding constant of caspase-3 for zinc is reported to be in the range of 100 nM to
10 μM (84), in an ultra-pure system, 50% inhibition in caspase-3 activity was achieved with 1.7
nM zinc (107). We noted an IC50 of approximately 200 nM zinc (Figure 25) and possible
reasons for a lower inhibitor efficiency in our system include: a) presence of the zinc-binding
components; phosphates (100 μM) and DTT (1 µM) in the reaction buffer; b) at such a low
concentration of zinc (after buffering) the rate of zinc-binding may be too slow to supply
caspase-3 with zinc on a biological time scale or c) zinc may not be the sole modulator of
caspase-3 activity.
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4.5

CONCLUSION

This study adds to accumulating observations underlying the importance of zinc as an
intracellular signaling molecule in numerous cellular systems (66) including pulmonary
endothelium (11, 12, 153). It is intriguing to speculate that aspects of the role of zinc in
regulating LPS-induced apoptosis may provide some insight into the collective experience in
which zinc deficiency sensitizes the lung to acute lung injury secondary to hyperoxia (148) or
polymicrobial sepsis (82) or alcohol induced alveolar epithelial and macrophage dysfunction
(74). Collectively, this study suggests that elevation in labile zinc secondary to zinc release from
MT or after influx of zinc via ZIP14 is an important component of the signaling pathway
accounting for the inhibition of LPS-induced pulmonary endothelial apoptosis, a contributing
factor in LPS-induced lung injury.
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5.0

SUMMARY AND FUTURE DIRECTION

5.1

SUMMARY

a) We have reported that LPS mediates a decrease in intracellular labile zinc and this
decrease is a critical intracellular signaling component transducing the intrinsic apoptotic
effects and transcriptional changes in ZIP14 mRNA in SPAECs.
b) We reported in SPAECs that i) ZIP14 is sensitive to changes in intracellular labile zinc
and ii) exogenous zinc mediated protection against LPS-induced apoptosis is dependent
upon ZIP14.
c) We reported that NO-mediated protection against LPS-induced apoptosis is dependent
upon MT via siRNA to sheep MT isoforms.
d) We further showed that NO-mediated increases in labile zinc are sensitive to MT via
siRNA to sheep MT isoforms.
e) We showed that non-toxic dose of zinc chelator, TPEN abrogates NO-mediated
protection against LPS-induced apoptosis suggesting that NO-mediated protection against
apoptosis is zinc dependent and MT is the source of anti-apoptotic zinc during NO
signaling.
f) Elevation of labile [Zn]i via ZIP14 or NO-MT-Zinc pathway accounts for the decreased
sensitivity of SPAECs to LPS.

5.2

NOVELTY AND SIGNIFICANCE

a)

Zn2+ acts as a second messenger in LPS signaling

b)

ZIP14 is a survival factor in LPS signaling
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c)
Elevation of labile [Zn]i via ZIP14 or NO-MT-Zn2+ signal transduction pathway support a
role for the uqibuitous nature of these molecules in sepsis and acute lung injury and make them a
rational novel therapeutic target

5.3

FUTURE DIRECTION

To determine the molecular mechanism by which LPS causes a decrease in labile [Zn]i in
SPAECs:

i)

Potential changes in activity of zinc exporter, ZnT1 will be measured using Zn65 isotope
in wild type vs ZnT1 knockdown cells to test whether ZnT1 is the molecular pathway by
which LPS decreases labile [Zn]i.

ii)

X-ray fluorescence microscope will be used to monitor the spatiotemporal movements of
labile [Zn]i. in the cell.

iii)

LPS-induced changes in labile [Zn]i and pulmonary endothelial apoptosis will be
investigated in intact mouse lung using confocal laser scanning microscope.

iv)

The protective role of ZIP14 in LPS-induced apoptosis and lung injury will be confirmed
in ZIP14 knockout mouse or via targeted delivery of siRNA to the mouse lung

83

BIBLIOGRAPHY

1.

Andreini C, Banci L, Bertini I, and Rosato A. Counting the zinc-proteins encoded in
the human genome. J Proteome Res 5: 196-201, 2006.

2.

Andreini C, Banci L, Bertini I, and Rosato A. Zinc through the three domains of life. J
Proteome Res 5: 3173-3178, 2006.

3.

Andrews GK, Wang H, Dey SK, and Palmiter RD. Mouse zinc transporter 1 gene
provides an essential function during early embryonic development. Genesis 40: 74-81,
2004.

4.

Aras MA, Hara H, Hartnett KA, Kandler K, and Aizenman E. Protein kinase C
regulation of neuronal zinc signaling mediates survival during preconditioning. J
Neurochem 110: 106-117, 2009.

5.

Bao S, and Knoell DL. Zinc modulates airway epithelium susceptibility to death
receptor-mediated apoptosis. Am J Physiol Lung Cell Mol Physiol 290: L433-441, 2006.

6.

Bao S, and Knoell DL. Zinc modulates cytokine-induced lung epithelial cell barrier
permeability. Am J Physiol Lung Cell Mol Physiol 291: L1132-1141, 2006.

7.

Bao S, Liu MJ, Lee B, Besecker B, Lai JP, Guttridge DC, and Knoell DL. Zinc
modulates the innate immune response in vivo to polymicrobial sepsis through regulation
of NF-kappaB. Am J Physiol Lung Cell Mol Physiol 298: L744-754, 2010.

8.

Barceloux DG. Zinc. J Toxicol Clin Toxicol 37: 279-292, 1999.

9.

Bell SG, and Vallee BL. The metallothionein/thionein system: an oxidoreductive
metabolic zinc link. Chembiochem 10: 55-62, 2009.
84

10.

Berendji D, Kolb-Bachofen V, Meyer KL, Grapenthin O, Weber H, Wahn V, and
Kroncke KD. Nitric oxide mediates intracytoplasmic and intranuclear zinc release. FEBS
Lett 405: 37-41, 1997.

11.

Bernal PJ, Bauer EM, Cao R, Maniar S, Mosher M, Chen J, Wang QJ, Glorioso JC,
Pitt BR, Watkins SC, and St Croix CM. A role for zinc in regulating hypoxia-induced
contractile events in pulmonary endothelium. Am J Physiol Lung Cell Mol Physiol 300:
L874-886, 2011.

12.

Bernal PJ, Leelavanichkul K, Bauer E, Cao R, Wilson A, Wasserloos KJ, Watkins
SC, Pitt BR, and St Croix CM. Nitric-oxide-mediated zinc release contributes to
hypoxic regulation of pulmonary vascular tone. Circ Res 102: 1575-1583, 2008.

13.

Besecker B, Bao S, Bohacova B, Papp A, Sadee W, and Knoell DL. The human zinc
transporter SLC39A8 (Zip8) is critical in zinc-mediated cytoprotection in lung epithelia.
Am J Physiol Lung Cell Mol Physiol 294: L1127-1136, 2008.

14.

Bin BH, Fukada T, Hosaka T, Yamasaki S, Ohashi W, Hojyo S, Miyai T, Nishida K,
Yokoyama S, and Hirano T. Biochemical characterization of human ZIP13 protein: a
homo-dimerized zinc transporter involved in the spondylocheiro dysplastic Ehlers-Danlos
syndrome. J Biol Chem 286: 40255-40265, 2011.

15.

Bortner CD, Oldenburg NB, and Cidlowski JA. The role of DNA fragmentation in
apoptosis. Trends Cell Biol 5: 21-26, 1995.

16.

Bozym RA, Thompson RB, Stoddard AK, and Fierke CA. Measuring picomolar
intracellular exchangeable zinc in PC-12 cells using a ratiometric fluorescence biosensor.
ACS Chem Biol 1: 103-111, 2006.

17.

Cao J, Bobo JA, Liuzzi JP, and Cousins RJ. Effects of intracellular zinc depletion on
metallothionein and ZIP2 transporter expression and apoptosis. J Leukoc Biol 70: 559566, 2001.

18.

Capasso M, Jeng JM, Malavolta M, Mocchegiani E, and Sensi SL. Zinc
dyshomeostasis: a key modulator of neuronal injury. J Alzheimers Dis 8: 93-108;
discussion 209-115, 2005.
85

19.

Carter JE, Truong-Tran AQ, Grosser D, Ho L, Ruffin RE, and Zalewski PD.
Involvement of redox events in caspase activation in zinc-depleted airway epithelial cells.
Biochem Biophys Res Commun 297: 1062-1070, 2002.

20.

Ceneviva GD, Tzeng E, Hoyt DG, Yee E, Gallagher A, Engelhardt JF, Kim YM,
Billiar TR, Watkins SA, and Pitt BR. Nitric oxide inhibits lipopolysaccharide-induced
apoptosis in pulmonary artery endothelial cells. Am J Physiol 275: L717-728, 1998.

21.

Chai F, Truong-Tran AQ, Ho LH, and Zalewski PD. Regulation of caspase activation
and apoptosis by cellular zinc fluxes and zinc deprivation: A review. Immunol Cell Biol
77: 272-278, 1999.

22.

Chasapis CT, Loutsidou AC, Spiliopoulou CA, and Stefanidou ME. Zinc and human
health: an update. Arch Toxicol 2011.

23.

Chen X, Zhang B, Harmon PM, Schaffner W, Peterson DO, and Giedroc DP. A
novel cysteine cluster in human metal-responsive transcription factor 1 is required for
heavy metal-induced transcriptional activation in vivo. J Biol Chem 279: 4515-4522,
2004.

24.

Cherian MG, Jayasurya A, and Bay BH. Metallothioneins in human tumors and
potential roles in carcinogenesis. Mutat Res 533: 201-209, 2003.

25.

Cho E, Hwang JJ, Han SH, Chung SJ, Koh JY, and Lee JY. Endogenous Zinc
Mediates Apoptotic Programmed Cell Death in the Developing Brain. Neurotox Res
2009.

26.

Cho YE, Lomeda RA, Ryu SH, Lee JH, Beattie JH, and Kwun IS. Cellular Zn
depletion by metal ion chelators (TPEN, DTPA and chelex resin) and its application to
osteoblastic MC3T3-E1 cells. Nutr Res Pract 1: 29-35, 2007.

27.

Chowanadisai W, Lonnerdal B, and Kelleher SL. Identification of a mutation in
SLC30A2 (ZnT-2) in women with low milk zinc concentration that results in transient
neonatal zinc deficiency. J Biol Chem 281: 39699-39707, 2006.

86

28.

Chung HT, Pae HO, Choi BM, Billiar TR, and Kim YM. Nitric oxide as a
bioregulator of apoptosis. Biochem Biophys Res Commun 282: 1075-1079, 2001.

29.

Cohen JJ, and Duke RC. Glucocorticoid activation of a calcium-dependent
endonuclease in thymocyte nuclei leads to cell death. J Immunol 132: 38-42, 1984.

30.

Cole TB, Robbins CA, Wenzel HJ, Schwartzkroin PA, and Palmiter RD. Seizures
and neuronal damage in mice lacking vesicular zinc. Epilepsy Res 39: 153-169, 2000.

31.

Colvin RA, Bush AI, Volitakis I, Fontaine CP, Thomas D, Kikuchi K, and Holmes
WR. Insights into Zn2+ homeostasis in neurons from experimental and modeling studies.
Am J Physiol Cell Physiol 294: C726-742, 2008.

32.

Cortese-Krott MM, Suschek CV, Wetzel W, Kroncke KD, and Kolb-Bachofen V.
Nitric oxide-mediated protection of endothelial cells from hydrogen peroxide is mediated
by intracellular zinc and glutathione. Am J Physiol Cell Physiol 296: C811-820, 2009.

33.

Cousins RJ, Liuzzi JP, and Lichten LA. Mammalian zinc transport, trafficking, and
signals. J Biol Chem 281: 24085-24089, 2006.

34.

Dalrymple BP, Kirkness EF, Nefedov M, McWilliam S, Ratnakumar A, Barris W,
Zhao S, Shetty J, Maddox JF, O'Grady M, Nicholas F, Crawford AM, Smith T, de
Jong PJ, McEwan J, Oddy VH, and Cockett NE. Using comparative genomics to
reorder the human genome sequence into a virtual sheep genome. Genome Biol 8: R152,
2007.

35.

Dalton TP, He L, Wang B, Miller ML, Jin L, Stringer KF, Chang X, Baxter CS, and
Nebert DW. Identification of mouse SLC39A8 as the transporter responsible for
cadmium-induced toxicity in the testis. Proc Natl Acad Sci U S A 102: 3401-3406, 2005.

36.

Davis SR, and Cousins RJ. Metallothionein expression in animals: a physiological
perspective on function. J Nutr 130: 1085-1088, 2000.

37.

Devergnas S, Chimienti F, Naud N, Pennequin A, Coquerel Y, Chantegrel J, Favier
A, and Seve M. Differential regulation of zinc efflux transporters ZnT-1, ZnT-5 and
ZnT-7 gene expression by zinc levels: a real-time RT-PCR study. Biochem Pharmacol
68: 699-709, 2004.
87

38.

Devinney MJ, 2nd, Reynolds IJ, and Dineley KE. Simultaneous detection of
intracellular free calcium and zinc using fura-2FF and FluoZin-3. Cell Calcium 37: 225232, 2005.

39.

Devirgiliis C, Zalewski PD, Perozzi G, and Murgia C. Zinc fluxes and zinc transporter
genes in chronic diseases. Mutat Res 622: 84-93, 2007.

40.

Duffy JY, Miller CM, Rutschilling GL, Ridder GM, Clegg MS, Keen CL, and
Daston GP. A decrease in intracellular zinc level precedes the detection of early
indicators of apoptosis in HL-60 cells. Apoptosis 6: 161-172, 2001.

41.

Dufner-Beattie J, Huang ZL, Geiser J, Xu W, and Andrews GK. Generation and
characterization of mice lacking the zinc uptake transporter ZIP3. Mol Cell Biol 25:
5607-5615, 2005.

42.

Dufner-Beattie J, Huang ZL, Geiser J, Xu W, and Andrews GK. Mouse ZIP1 and
ZIP3 genes together are essential for adaptation to dietary zinc deficiency during
pregnancy. Genesis 44: 239-251, 2006.

43.

Dufner-Beattie J, Wang F, Kuo YM, Gitschier J, Eide D, and Andrews GK. The
acrodermatitis enteropathica gene ZIP4 encodes a tissue-specific, zinc-regulated zinc
transporter in mice. J Biol Chem 278: 33474-33481, 2003.

44.

Dufner-Beattie J, Weaver BP, Geiser J, Bilgen M, Larson M, Xu W, and Andrews
GK. The mouse acrodermatitis enteropathica gene Slc39a4 (Zip4) is essential for early
development and heterozygosity causes hypersensitivity to zinc deficiency. Hum Mol
Genet 16: 1391-1399, 2007.

45.

Dutsch-Wicherek M, Tomaszewska R, Lazar A, Strek P, Wicherek L, Piekutowski
K, and Jozwicki W. The evaluation of metallothionein expression in nasal polyps with
respect to immune cell presence and activity. BMC Immunol 11: 10, 2010.

46.

Eide DJ. The SLC39 family of metal ion transporters. Pflugers Arch 447: 796-800, 2004.

47.

Elmes ME. Apoptosis in the small intestine of zinc-deficient and fasted rats. J Pathol
123: 219-223, 1977.

88

48.

Fanzo JC, Reaves SK, Cui L, Zhu L, Wu JY, Wang YR, and Lei KY. Zinc status
affects p53, gadd45, and c-fos expression and caspase-3 activity in human bronchial
epithelial cells. Am J Physiol Cell Physiol 281: C751-757, 2001.

49.

Fukada T, Civic N, Furuichi T, Shimoda S, Mishima K, Higashiyama H, Idaira Y,
Asada Y, Kitamura H, Yamasaki S, Hojyo S, Nakayama M, Ohara O, Koseki H,
Dos Santos HG, Bonafe L, Ha-Vinh R, Zankl A, Unger S, Kraenzlin ME, Beckmann
JS, Saito I, Rivolta C, Ikegawa S, Superti-Furga A, and Hirano T. The zinc
transporter SLC39A13/ZIP13 is required for connective tissue development; its
involvement in BMP/TGF-beta signaling pathways. PLoS One 3: e3642, 2008.

50.

Fukada T, and Kambe T. Molecular and genetic features of zinc transporters in
physiology and pathogenesis. Metallomics 3: 662-674, 2011.

51.

Fukada T, Yamasaki S, Nishida K, Murakami M, and Hirano T. Zinc homeostasis
and signaling in health and diseases: Zinc signaling. J Biol Inorg Chem 16: 1123-1134,
2011.

52.

Gaither LA, and Eide DJ. Functional expression of the human hZIP2 zinc transporter. J
Biol Chem 275: 5560-5564, 2000.

53.

Gaither LA, and Eide DJ. The human ZIP1 transporter mediates zinc uptake in human
K562 erythroleukemia cells. J Biol Chem 276: 22258-22264, 2001.

54.

Gamsjaeger R, Liew CK, Loughlin FE, Crossley M, and Mackay JP. Sticky fingers:
zinc-fingers as protein-recognition motifs. Trends Biochem Sci 32: 63-70, 2007.

55.

Girijashanker K, He L, Soleimani M, Reed JM, Li H, Liu Z, Wang B, Dalton TP,
and Nebert DW. Slc39a14 gene encodes ZIP14, a metal/bicarbonate symporter:
similarities to the ZIP8 transporter. Mol Pharmacol 73: 1413-1423, 2008.

56.

Giunta C, Elcioglu NH, Albrecht B, Eich G, Chambaz C, Janecke AR, Yeowell H,
Weis M, Eyre DR, Kraenzlin M, and Steinmann B. Spondylocheiro dysplastic form of
the Ehlers-Danlos syndrome--an autosomal-recessive entity caused by mutations in the
zinc transporter gene SLC39A13. Am J Hum Genet 82: 1290-1305, 2008.

89

57.

Goossens L. Effects of gamma-ray-induced free radicals on the metal content and amino
acid composition of human metallothionein-1. J Biosci 36: 235-241, 2011.

58.

Haase H, Ober-Blobaum JL, Engelhardt G, Hebel S, Heit A, Heine H, and Rink L.
Zinc signals are essential for lipopolysaccharide-induced signal transduction in
monocytes. J Immunol 181: 6491-6502, 2008.

59.

Haase H, and Rink L. Functional significance of zinc-related signaling pathways in
immune cells. Annu Rev Nutr 29: 133-152, 2009.

60.

Haase H, and Rink L. The immune system and the impact of zinc during aging. Immun
Ageing 6: 9, 2009.

61.

Hao Q, Hong SH, and Maret W. Lipid raft-dependent endocytosis of metallothionein in
HepG2 cells. J Cell Physiol 210: 428-435, 2007.

62.

Harding AJ, Dreosti IE, and Tulsi RS. Zinc deficiency in the 11 day rat embryo: a
scanning and transmission electron microscope study. Life Sci 42: 889-896, 1988.

63.

Hennig B, Meerarani P, Toborek M, and McClain CJ. Antioxidant-like properties of
zinc in activated endothelial cells. J Am Coll Nutr 18: 152-158, 1999.

64.

Hershfinkel M, Aizenman E, Andrews G, and Sekler I. Zinc bells rang in Jerusalem!
Science signaling 3: mr2, 2010.

65.

Higashimoto M, Isoyama N, Ishibashi S, Inoue M, Takiguchi M, Suzuki S, Ohnishi
Y, and Sato M. Tissue-dependent preventive effect of metallothionein against DNA
damage in dyslipidemic mice under repeated stresses of fasting or restraint. Life Sci 84:
569-575, 2009.

66.

Hirano T, Murakami M, Fukada T, Nishida K, Yamasaki S, and Suzuki T. Roles of
zinc and zinc signaling in immunity: zinc as an intracellular signaling molecule. Adv
Immunol 97: 149-176, 2008.

90

67.

Hojyo S, Fukada T, Shimoda S, Ohashi W, Bin BH, Koseki H, and Hirano T. The
zinc transporter SLC39A14/ZIP14 controls G-protein coupled receptor-mediated
signaling required for systemic growth. PLoS One 6: e18059, 2011.

68.

Hoyt DG, Mannix RJ, Gerritsen ME, Watkins SC, Lazo JS, and Pitt BR. Integrins
inhibit LPS-induced DNA strand breakage in cultured lung endothelial cells. Am J
Physiol 270: L689-694, 1996.

69.

Hoyt DG, Mannix RJ, Rusnak JM, Pitt BR, and Lazo JS. Collagen is a survival factor
against LPS-induced apoptosis in cultured sheep pulmonary artery endothelial cells. Am J
Physiol 269: L171-177, 1995.

70.

Hoyt DG, Rizzo M, Gerritsen ME, Pitt BR, and Lazo JS. Integrin activation protects
pulmonary endothelial cells from the genotoxic effects of bleomycin. Am J Physiol 273:
L612-617, 1997.

71.

Huang L, and Gitschier J. A novel gene involved in zinc transport is deficient in the
lethal milk mouse. Nat Genet 17: 292-297, 1997.

72.

Huang L, Yu YY, Kirschke CP, Gertz ER, and Lloyd KK. Znt7 (Slc30a7)-deficient
mice display reduced body zinc status and body fat accumulation. J Biol Chem 282:
37053-37063, 2007.

73.

Inoue K, Matsuda K, Itoh M, Kawaguchi H, Tomoike H, Aoyagi T, Nagai R, Hori
M, Nakamura Y, and Tanaka T. Osteopenia and male-specific sudden cardiac death in
mice lacking a zinc transporter gene, Znt5. Hum Mol Genet 11: 1775-1784, 2002.

74.

Joshi PC, Mehta A, Jabber WS, Fan X, and Guidot DM. Zinc deficiency mediates
alcohol-induced alveolar epithelial and macrophage dysfunction in rats. Am J Respir Cell
Mol Biol 41: 207-216, 2009.

75.

Kambe T, Yamaguchi-Iwai Y, Sasaki R, and Nagao M. Overview of mammalian zinc
transporters. Cell Mol Life Sci 61: 49-68, 2004.

76.

Kay AR. Evidence for chelatable zinc in the extracellular space of the hippocampus, but
little evidence for synaptic release of Zn. J Neurosci 23: 6847-6855, 2003.

91

77.

Kikuchi K, Komatsu K, and Nagano T. Zinc sensing for cellular application. Curr
Opin Chem Biol 8: 182-191, 2004.

78.

Kim CH, Kim JH, Xu J, Hsu CY, and Ahn YS. Pyrrolidine dithiocarbamate induces
bovine cerebral endothelial cell death by increasing the intracellular zinc level. J
Neurochem 72: 1586-1592, 1999.

79.

Kimura E, and Aoki S. Chemistry of zinc(II) fluorophore sensors. Biometals 14: 191204, 2001.

80.

King JC, Cousins, R.J. editor. Modern Nutrition in Health and Disease. Philadelphia:
Lippincott Williams & Wilkins, 2006, p. 271-285.

81.

Kitamura H, Morikawa H, Kamon H, Iguchi M, Hojyo S, Fukada T, Yamashita S,
Kaisho T, Akira S, Murakami M, and Hirano T. Toll-like receptor-mediated
regulation of zinc homeostasis influences dendritic cell function. Nat Immunol 7: 971977, 2006.

82.

Knoell DL, Julian MW, Bao S, Besecker B, Macre JE, Leikauf GD, DiSilvestro RA,
and Crouser ED. Zinc deficiency increases organ damage and mortality in a murine
model of polymicrobial sepsis. Crit Care Med 37: 1380-1388, 2009.

83.

Koh JY, Suh SW, Gwag BJ, He YY, Hsu CY, and Choi DW. The role of zinc in
selective neuronal death after transient global cerebral ischemia. Science 272: 1013-1016,
1996.

84.

Kohler JE, Mathew J, Tai K, Blass AL, Kelly E, and Soybel DI. Monochloramine
impairs caspase-3 through thiol oxidation and Zn2+ release. J Surg Res 153: 121-127,
2009.

85.

Krezel A, Hao Q, and Maret W. The zinc/thiolate redox biochemistry of
metallothionein and the control of zinc ion fluctuations in cell signaling. Arch Biochem
Biophys 463: 188-200, 2007.

86.

Krezel A, and Maret W. Different redox states of metallothionein/thionein in biological
tissue. Biochem J 402: 551-558, 2007.

92

87.

Krezel A, and Maret W. Zinc-buffering capacity of a eukaryotic cell at physiological
pZn. J Biol Inorg Chem 11: 1049-1062, 2006.

88.

Kroncke KD, Fehsel K, Schmidt T, Zenke FT, Dasting I, Wesener JR, Bettermann
H, Breunig KD, and Kolb-Bachofen V. Nitric oxide destroys zinc-sulfur clusters
inducing zinc release from metallothionein and inhibition of the zinc finger-type yeast
transcription activator LAC9. Biochem Biophys Res Commun 200: 1105-1110, 1994.

89.

Kury S, Dreno B, Bezieau S, Giraudet S, Kharfi M, Kamoun R, and Moisan JP.
Identification of SLC39A4, a gene involved in acrodermatitis enteropathica. Nat Genet
31: 239-240, 2002.

90.

Lang C, Murgia C, Leong M, Tan LW, Perozzi G, Knight D, Ruffin R, and
Zalewski P. Anti-inflammatory effects of zinc and alterations in zinc transporter mRNA
in mouse models of allergic inflammation. Am J Physiol Lung Cell Mol Physiol 292:
L577-584, 2007.

91.

Lazo JS, and Pitt BR. Metallothioneins and cell death by anticancer drugs. Annu Rev
Pharmacol Toxicol 35: 635-653, 1995.

92.

Levy MA, Tsai YH, Reaume A, and Bray TM. Cellular response of antioxidant
metalloproteins in Cu/Zn SOD transgenic mice exposed to hyperoxia. Am J Physiol Lung
Cell Mol Physiol 281: L172-182, 2001.

93.

Li H, Cao R, Wasserloos KJ, Bernal P, Liu ZQ, Pitt BR, and St Croix CM. Nitric
oxide and zinc homeostasis in pulmonary endothelium. Ann N Y Acad Sci 1203: 73-78,
2010.

94.

Li J, Billiar TR, Talanian RV, and Kim YM. Nitric oxide reversibly inhibits seven
members of the caspase family via S-nitrosylation. Biochem Biophys Res Commun 240:
419-424, 1997.

95.

Li Y, and Maret W. Transient fluctuations of intracellular zinc ions in cell proliferation.
Exp Cell Res 315: 2463-2470, 2009.

96.

Lichten LA, and Cousins RJ. Mammalian zinc transporters: nutritional and physiologic
regulation. Annu Rev Nutr 29: 153-176, 2009.
93

97.

Lichten LA, Liuzzi JP, and Cousins RJ. Interleukin-1beta contributes via nitric oxide
to the upregulation and functional activity of the zinc transporter Zip14 (Slc39a14) in
murine hepatocytes. Am J Physiol Gastrointest Liver Physiol 296: G860-867, 2009.

98.

Liu S, Kawai K, Tyurin VA, Tyurina YY, Borisenko GG, Fabisiak JP, Quinn PJ,
Pitt BR, and Kagan VE. Nitric oxide-dependent pro-oxidant and pro-apoptotic effect of
metallothioneins in HL-60 cells challenged with cupric nitrilotriacetate. Biochem J 354:
397-406, 2001.

99.

Liu SX, Fabisiak JP, Tyurin VA, Borisenko GG, Pitt BR, Lazo JS, and Kagan VE.
Reconstitution of apo-superoxide dismutase by nitric oxide-induced copper transfer from
metallothioneins. Chem Res Toxicol 13: 922-931, 2000.

100.

Liuzzi JP, and Cousins RJ. Mammalian zinc transporters. Annu Rev Nutr 24: 151-172,
2004.

101.

Liuzzi JP, Lichten LA, Rivera S, Blanchard RK, Aydemir TB, Knutson MD, Ganz
T, and Cousins RJ. Interleukin-6 regulates the zinc transporter Zip14 in liver and
contributes to the hypozincemia of the acute-phase response. Proc Natl Acad Sci U S A
102: 6843-6848, 2005.

102.

Lizard G, Deckert V, Dubrez L, Moisant M, Gambert P, and Lagrost L. Induction of
apoptosis in endothelial cells treated with cholesterol oxides. Am J Pathol 148: 16251638, 1996.

103.

Mann JJ, and Fraker PJ. Zinc pyrithione induces apoptosis and increases expression of
Bim. Apoptosis 10: 369-379, 2005.

104.

Maret W. Cellular zinc and redox states converge in the metallothionein/thionein pair. J
Nutr 133: 1460S-1462S, 2003.

105.

Maret W. Molecular aspects of human cellular zinc homeostasis: redox control of zinc
potentials and zinc signals. Biometals 22: 149-157, 2009.

106.

Maret W. Redox biochemistry of mammalian metallothioneins. J Biol Inorg Chem 16:
1079-1086, 2011.

94

107.

Maret W, Jacob C, Vallee BL, and Fischer EH. Inhibitory sites in enzymes: zinc
removal and reactivation by thionein. Proc Natl Acad Sci U S A 96: 1936-1940, 1999.

108.

Maret W, and Li Y. Coordination dynamics of zinc in proteins. Chem Rev 109: 46824707, 2009.

109.

Maret W, and Vallee BL. Thiolate ligands in metallothionein confer redox activity on
zinc clusters. Proc Natl Acad Sci U S A 95: 3478-3482, 1998.

110.

Mathews WR, Ong D, Milutinovich AB, and Van Doren M. Zinc transport activity of
Fear of Intimacy is essential for proper gonad morphogenesis and DE-cadherin
expression. Development 133: 1143-1153, 2006.

111.

Meerarani P, Ramadass P, Toborek M, Bauer HC, Bauer H, and Hennig B. Zinc
protects against apoptosis of endothelial cells induced by linoleic acid and tumor necrosis
factor alpha. Am J Clin Nutr 71: 81-87, 2000.

112.

Mocchegiani E, Muzzioli M, and Giacconi R. Zinc and immunoresistance to infection
in aging: new biological tools. Trends Pharmacol Sci 21: 205-208, 2000.

113.

Morana SJ, Wolf CM, Li J, Reynolds JE, Brown MK, and Eastman A. The
involvement of protein phosphatases in the activation of ICE/CED-3 protease,
intracellular acidification, DNA digestion, and apoptosis. J Biol Chem 271: 18263-18271,
1996.

114.

Murakami M, and Hirano T. Intracellular zinc homeostasis and zinc signaling. Cancer
Sci 99: 1515-1522, 2008.

115.

Nemec AA, Leikauf GD, Pitt BR, Wasserloos KJ, and Barchowsky A. Nickel
mobilizes intracellular zinc to induce metallothionein in human airway epithelial cells.
Am J Respir Cell Mol Biol 41: 69-75, 2009.

116.

Nielsen AE, Bohr A, and Penkowa M. The Balance between Life and Death of Cells:
Roles of Metallothioneins. Biomark Insights 1: 99-111, 2007.

95

117.

Nishida K, Hasegawa A, Nakae S, Oboki K, Saito H, Yamasaki S, and Hirano T.
Zinc transporter Znt5/Slc30a5 is required for the mast cell-mediated delayed-type allergic
reaction but not the immediate-type reaction. J Exp Med 206: 1351-1364, 2009.

118.

Outten CE, and O'Halloran TV. Femtomolar sensitivity of metalloregulatory proteins
controlling zinc homeostasis. Science 292: 2488-2492, 2001.

119.

Overbeck S, Uciechowski P, Ackland ML, Ford D, and Rink L. Intracellular zinc
homeostasis in leukocyte subsets is regulated by different expression of zinc exporters
ZnT-1 to ZnT-9. J Leukoc Biol 83: 368-380, 2008.

120.

Palmiter RD, and Findley SD. Cloning and functional characterization of a mammalian
zinc transporter that confers resistance to zinc. EMBO J 14: 639-649, 1995.

121.

Pearce LL, Gandley RE, Han W, Wasserloos K, Stitt M, Kanai AJ, McLaughlin
MK, Pitt BR, and Levitan ES. Role of metallothionein in nitric oxide signaling as
revealed by a green fluorescent fusion protein. Proc Natl Acad Sci U S A 97: 477-482,
2000.

122.

Perry DK, Smyth MJ, Stennicke HR, Salvesen GS, Duriez P, Poirier GG, and
Hannun YA. Zinc is a potent inhibitor of the apoptotic protease, caspase-3. A novel
target for zinc in the inhibition of apoptosis. J Biol Chem 272: 18530-18533, 1997.

123.

Peters JL, Dufner-Beattie J, Xu W, Geiser J, Lahner B, Salt DE, and Andrews GK.
Targeting of the mouse Slc39a2 (Zip2) gene reveals highly cell-specific patterns of
expression, and unique functions in zinc, iron, and calcium homeostasis. Genesis 45: 339352, 2007.

124.

Philcox JC, Coyle P, Michalska A, Choo KH, and Rofe AM. Endotoxin-induced
inflammation does not cause hepatic zinc accumulation in mice lacking metallothionein
gene expression. Biochem J 308 ( Pt 2): 543-546, 1995.

125.

Pinilla-Tenas JJ, Sparkman BK, Shawki A, Illing AC, Mitchell CJ, Zhao N, Liuzzi
JP, Cousins RJ, Knutson MD, and Mackenzie B. Zip14 is a complex broad-scope
metal-ion transporter whose functional properties support roles in the cellular uptake of
zinc and nontransferrin-bound iron. Am J Physiol Cell Physiol 301: C862-871, 2011.

96

126.

Pound LD, Sarkar SA, Benninger RK, Wang Y, Suwanichkul A, Shadoan MK,
Printz RL, Oeser JK, Lee CE, Piston DW, McGuinness OP, Hutton JC, Powell DR,
and O'Brien RM. Deletion of the mouse Slc30a8 gene encoding zinc transporter-8
results in impaired insulin secretion. Biochem J 421: 371-376, 2009.

127.

Prasad AS. Zinc in human health: effect of zinc on immune cells. Mol Med 14: 353-357,
2008.

128.

Prasad AS. Zinc: an overview. Nutrition 11: 93-99, 1995.

129.

Prasad AS, Halsted JA, and Nadimi M. Syndrome of iron deficiency anemia,
hepatosplenomegaly, hypogonadism, dwarfism and geophagia. Am J Med 31: 532-546,
1961.

130.

Raulin J. Chemical Studies on vegetation. Ann Sci Nat 11 (in french): 93-99, 1869.

131.

Rishi P, Kaur P, Virdi JS, Shukla G, and Koul A. Amelioratory effects of zinc
supplementation on Salmonella-induced hepatic damage in the murine model. Dig Dis
Sci 53: 1063-1070, 2008.

132.

Sensi SL, and Jeng JM. Rethinking the excitotoxic ionic milieu: the emerging role of
Zn(2+) in ischemic neuronal injury. Curr Mol Med 4: 87-111, 2004.

133.

Shumilina E, Xuan NT, Schmid E, Bhavsar SK, Szteyn K, Gu S, Gotz F, and Lang
F. Zinc induced apoptotic death of mouse dendritic cells. Apoptosis 15: 1177-1186, 2010.

134.

Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, Boutin P, Vincent D,
Belisle A, Hadjadj S, Balkau B, Heude B, Charpentier G, Hudson TJ, Montpetit A,
Pshezhetsky AV, Prentki M, Posner BI, Balding DJ, Meyre D, Polychronakos C,
and Froguel P. A genome-wide association study identifies novel risk loci for type 2
diabetes. Nature 445: 881-885, 2007.

135.

Spahl DU, Berendji-Grun D, Suschek CV, Kolb-Bachofen V, and Kroncke KD.
Regulation of zinc homeostasis by inducible NO synthase-derived NO: nuclear
metallothionein translocation and intranuclear Zn2+ release. Proc Natl Acad Sci U S A
100: 13952-13957, 2003.

97

136.

St Croix CM, Leelavaninchkul K, Watkins SC, Kagan VE, and Pitt BR. Nitric oxide
and zinc homeostasis in acute lung injury. Proc Am Thorac Soc 2: 236-242, 2005.

137.

St Croix CM, Stitt MS, Leelavanichkul K, Wasserloos KJ, Pitt BR, and Watkins SC.
Nitric oxide-induced modification of protein thiolate clusters as determined by spectral
fluorescence resonance energy transfer in live endothelial cells. Free Radic Biol Med 37:
785-792, 2004.

138.

St Croix CM, Wasserloos KJ, Dineley KE, Reynolds IJ, Levitan ES, and Pitt BR.
Nitric oxide-induced changes in intracellular zinc homeostasis are mediated by
metallothionein/thionein. Am J Physiol Lung Cell Mol Physiol 282: L185-192, 2002.

139.

Stathakis DG, Burton DY, McIvor WE, Krishnakumar S, Wright TR, and
O'Donnell JM. The catecholamines up (Catsup) protein of Drosophila melanogaster
functions as a negative regulator of tyrosine hydroxylase activity. Genetics 153: 361-382,
1999.

140.

Stitt MS, Wasserloos KJ, Tang X, Liu X, Pitt BR, and St Croix CM. Nitric oxideinduced nuclear translocation of the metal responsive transcription factor, MTF-1 is
mediated by zinc release from metallothionein. Vascul Pharmacol 44: 149-155, 2006.

141.

Stoyanovsky DA, Tyurina YY, Tyurin VA, Anand D, Mandavia DN, Gius D,
Ivanova J, Pitt B, Billiar TR, and Kagan VE. Thioredoxin and lipoic acid catalyze the
denitrosation of low molecular weight and protein S-nitrosothiols. J Am Chem Soc 127:
15815-15823, 2005.

142.

Szuster-Ciesielska A, Lokaj I, and Kandefer-Szerszen M. The influence of cadmium
and zinc ions on the interferon and tumor necrosis factor production in bovine aorta
endothelial cells. Toxicology 145: 135-145, 2000.

143.

Szuster-Ciesielska A, Stachura A, Slotwinska M, Kaminska T, Sniezko R, Paduch
R, Abramczyk D, Filar J, and Kandefer-Szerszen M. The inhibitory effect of zinc on
cadmium-induced cell apoptosis and reactive oxygen species (ROS) production in cell
cultures. Toxicology 145: 159-171, 2000.

144.

Takahashi A, Alnemri ES, Lazebnik YA, Fernandes-Alnemri T, Litwack G, Moir
RD, Goldman RD, Poirier GG, Kaufmann SH, and Earnshaw WC. Cleavage of
lamin A by Mch2 alpha but not CPP32: multiple interleukin 1 beta-converting enzyme98

related proteases with distinct substrate recognition properties are active in apoptosis.
Proc Natl Acad Sci U S A 93: 8395-8400, 1996.

145.

Takano H, Inoue K, Yanagisawa R, Sato M, Shimada A, Morita T, Sawada M,
Nakamura K, Sanbongi C, and Yoshikawa T. Protective role of metallothionein in
acute lung injury induced by bacterial endotoxin. Thorax 59: 1057-1062, 2004.

146.

Tang ZL, Wasserloos K, St Croix CM, and Pitt BR. Role of zinc in pulmonary
endothelial cell response to oxidative stress. Am J Physiol Lung Cell Mol Physiol 281:
L243-249, 2001.

147.

Tang ZL, Wasserloos KJ, Liu X, Stitt MS, Reynolds IJ, Pitt BR, and St Croix CM.
Nitric oxide decreases the sensitivity of pulmonary endothelial cells to LPS-induced
apoptosis in a zinc-dependent fashion. Mol Cell Biochem 234-235: 211-217, 2002.

148.

Taylor CG, and Bray TM. Effect of hyperoxia on oxygen free radical defense enzymes
in the lung of zinc-deficient rats. J Nutr 121: 460-466, 1991.

149.

Taylor CG, McCutchon TL, Boermans HJ, DiSilvestro RA, and Bray TM.
Comparison of Zn and vitamin E for protection against hyperoxia-induced lung damage.
Free Radic Biol Med 22: 543-550, 1997.

150.

Taylor CG, Towner RA, Janzen EG, and Bray TM. MRI detection of hyperoxiainduced lung edema in Zn-deficient rats. Free Radic Biol Med 9: 229-233, 1990.

151.

Taylor KM, Morgan HE, Johnson A, Hadley LJ, and Nicholson RI. Structurefunction analysis of LIV-1, the breast cancer-associated protein that belongs to a new
subfamily of zinc transporters. Biochem J 375: 51-59, 2003.

152.

Taylor KM, Morgan HE, Johnson A, and Nicholson RI. Structure-function analysis of
a novel member of the LIV-1 subfamily of zinc transporters, ZIP14. FEBS Lett 579: 427432, 2005.

153.

Thambiayya K, Wasserloos KJ, Huang Z, Kagan VE, St Croix CM, and Pitt BR.
LPS-induced decrease in intracellular labile zinc, [Zn]i, contributes to apoptosis in
cultured sheep pulmonary artery endothelial cells. Am J Physiol Lung Cell Mol Physiol
300: L624-632, 2011.
99

154.

Thambiayya K, Wasserloos KJ, Kagan VE, Stoyanovsky D, and Pitt BR. A critical
role for increased labile zinc in reducing sensitivity of cultured sheep pulmonary artery
endothelial cells to LPS-induced apoptosis. Am J Physiol Lung Cell Mol Physiol 2012.

155.

Tominaga K, Kagata T, Johmura Y, Hishida T, Nishizuka M, and Imagawa M.
SLC39A14, a LZT protein, is induced in adipogenesis and transports zinc. FEBS J 272:
1590-1599, 2005.

156.

Truong-Tran AQ, Carter J, Ruffin R, and Zalewski PD. New insights into the role of
zinc in the respiratory epithelium. Immunol Cell Biol 79: 170-177, 2001.

157.

Truong-Tran AQ, Carter J, Ruffin RE, and Zalewski PD. The role of zinc in caspase
activation and apoptotic cell death. Biometals 14: 315-330, 2001.

158.

Truong-Tran AQ, Ruffin RE, Foster PS, Koskinen AM, Coyle P, Philcox JC, Rofe
AM, and Zalewski PD. Altered zinc homeostasis and caspase-3 activity in murine
allergic airway inflammation. Am J Respir Cell Mol Biol 27: 286-296, 2002.

159.

Truong-Tran AQ, Ruffin RE, and Zalewski PD. Visualization of labile zinc and its
role in apoptosis of primary airway epithelial cells and cell lines. Am J Physiol Lung Cell
Mol Physiol 279: L1172-1183, 2000.

160.

Tzeng E, Kim YM, Pitt BR, Lizonova A, Kovesdi I, and Billiar TR. Adenoviral
transfer of the inducible nitric oxide synthase gene blocks endothelial cell apoptosis.
Surgery 122: 255-263, 1997.

161.

Vallee BL. The function of metallothionein. Neurochem Int 27: 23-33, 1995.

162.

Vallee BL, and Falchuk KH. The biochemical basis of zinc physiology. Physiol Rev 73:
79-118, 1993.

163.

Van Doren M, Mathews WR, Samuels M, Moore LA, Broihier HT, and Lehmann R.
fear of intimacy encodes a novel transmembrane protein required for gonad
morphogenesis in Drosophila. Development 130: 2355-2364, 2003.

100

164.

Virag L, and Szabo C. Inhibition of poly(ADP-ribose) synthetase (PARS) and
protection against peroxynitrite-induced cytotoxicity by zinc chelation. Br J Pharmacol
126: 769-777, 1999.

165.

Wang K, Zhou B, Kuo YM, Zemansky J, and Gitschier J. A novel member of a zinc
transporter family is defective in acrodermatitis enteropathica. Am J Hum Genet 71: 6673, 2002.

166.

Weaver BP, Dufner-Beattie J, Kambe T, and Andrews GK. Novel zinc-responsive
post-transcriptional mechanisms reciprocally regulate expression of the mouse Slc39a4
and Slc39a5 zinc transporters (Zip4 and Zip5). Biol Chem 388: 1301-1312, 2007.

167.

Wei Q, Wang J, Wang MH, Yu F, and Dong Z. Inhibition of apoptosis by Zn2+ in
renal tubular cells following ATP depletion. Am J Physiol Renal Physiol 287: F492-500,
2004.

168.

Williams RJ. Zinc: what is its role in biology? Endeavour 8: 65-70, 1984.

169.

Wiseman DA, Wells SM, Hubbard M, Welker JE, and Black SM. Alterations in zinc
homeostasis underlie endothelial cell death induced by oxidative stress from acute
exposure to hydrogen peroxide. Am J Physiol Lung Cell Mol Physiol 292: L165-177,
2007.

170.

Wiseman DA, Wells SM, Wilham J, Hubbard M, Welker JE, and Black SM.
Endothelial response to stress from exogenous Zn2+ resembles that of NO-mediated
nitrosative stress, and is protected by MT-1 overexpression. Am J Physiol Cell Physiol
291: C555-568, 2006.

171.

Xu Z, Yoon J, and Spring DR. Fluorescent chemosensors for Zn(2+). Chem Soc Rev
39: 1996-2006, 2010.

172.

Yamasaki S, Sakata-Sogawa K, Hasegawa A, Suzuki T, Kabu K, Sato E, Kurosaki
T, Yamashita S, Tokunaga M, Nishida K, and Hirano T. Zinc is a novel intracellular
second messenger. J Cell Biol 177: 637-645, 2007.

173.

Ye B, Maret W, and Vallee BL. Zinc metallothionein imported into liver mitochondria
modulates respiration. Proc Natl Acad Sci U S A 98: 2317-2322, 2001.
101

174.

Zalewski PD. Zinc metabolism in the airway: basic mechanisms and drug targets. Curr
Opin Pharmacol 6: 237-243, 2006.

175.

Zalewski PD, Forbes IJ, and Betts WH. Correlation of apoptosis with change in
intracellular labile Zn(II) using zinquin [(2-methyl-8-p-toluenesulphonamido-6quinolyloxy)acetic acid], a new specific fluorescent probe for Zn(II). Biochem J 296 ( Pt
2): 403-408, 1993.

176.

Zalewski PD, Forbes IJ, and Giannakis C. Physiological role for zinc in prevention of
apoptosis (gene-directed death). Biochem Int 24: 1093-1101, 1991.

177.

Zalewski PD, Truong-Tran AQ, Grosser D, Jayaram L, Murgia C, and Ruffin RE.
Zinc metabolism in airway epithelium and airway inflammation: basic mechanisms and
clinical targets. A review. Pharmacol Ther 105: 127-149, 2005.

178.

Zangger K, Oz G, Haslinger E, Kunert O, and Armitage IM. Nitric oxide selectively
releases metals from the amino-terminal domain of metallothioneins: potential role at
inflammatory sites. FASEB J 15: 1303-1305, 2001.

179.

Zhao J, Bertoglio BA, Gee KR, and Kay AR. The zinc indicator FluoZin-3 is not
perturbed significantly by physiological levels of calcium or magnesium. Cell Calcium
44: 422-426, 2008.

180.

Zhao N, Gao J, Enns CA, and Knutson MD. ZRT/IRT-like protein 14 (ZIP14)
promotes the cellular assimilation of iron from transferrin. J Biol Chem 285: 3214132150, 2010.

102

