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Abstract

metallomics in the near future.

All living things cannot maintain their homeostasis or survive without metals. For example, the homeostasis of
metal ions; iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), potassium (K), sodium (Na), and calcium (Ca), is
critical for many biological activities. On the other hand, the disorder of metal homeostasis leads to various human
disorders including vascular system abnormalities. Metallomics is an analytic technology investigating the entirety of
metals and metalloid species within a cell or tissues. Metallomics is an emerging field as well as metalloproteomics,
however, the technological advances are very rapid and brings a lot of novel information. Metallomics consists of three
main techniques; Atomic absorption spectrometry (AAS), Inductively coupled plasma (ICP), and X-ray fluorescence
spectrometry (XRF). These novel techniques are recently applied to the studies of human diseases related to vascular
system. Therefore, the significant information contributing to the development of novel therapy will be given us by
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Introduction

Metals are critical components for living things and it is estimated
that one third of all proteins require metal ions as vital cofactors
for their functions and activities [1-3]. The homeostasis of metal
ions including iron (Fe), copper (Cu), zinc (Zn), manganese (Mn),
potassium (K), sodium (Na), and calcium (Ca), is essential for many
biological activities [4]. The surplus or deficit of these metal elements
lead to various human diseases. Menkes disease is an example of genetic
disorder of Cu metabolism caused by mutations of ATPase, Cu'*-
transporting, polypeptide (ATP7A). A lack of this protein or activity
causes disorders in neuronal and vascular systems [5,6].

Metalloproteins are proteins that contain metal ion as cofactor.
They belong to the most diverse classes of protein with intrinsic metal
atoms providing a catalytic, regulatory and structural role that is
essential to protein function [7]. Transition metals such as copper, iron,
and zinc play important roles in survival of living things. For example,
Zn is the most abundant cellular transition metal and plays vital roles
for functions of more than 300 enzymes in DNA stabilization and gene
expression [8]. Some metals are crucial for individual tissues or organs
function, thus imbalance of homeostasis or deficiency of these elements
can result in dysfunction causing serious disorders [9,10].

Recently, similar to genome and proteome, the ‘metallome’ become
frequently used word in biology and medical science. The metallome
is the distribution of inorganic species in cell. Moreover, metallomics
and metalloproteomics appear as emerging fields addressing the role,
uptake, transport and storage of the trace metals essential for living
things. Metallomics is defined as the analysis of the entirety of metal and
metalloid species within a cell or tissues, whereas metalloproteomics
focuses on exploration of the function of metals associated with
proteins [11].

This review introduces basic metallomics techniques and their
progress, and also show the novel findings in vascular system by
metallomics.

Technology in Metallomics

The metallomics is a novel experimental and bioinformatics
approach that can identify the protein (metalloprotein), determine the

concentration, condition, structure, and meta-metal distance [12-14].
Metallomics is mainly comprised of three quantitative technologies.
These technologies are

1) Atomic absorption spectrometry (AAS), 2) Inductively
coupled plasma, and 3) X-ray fluorescence spectrometry (XRF).
These metallomics techniques are individually improved, and optimal
metallomics techniques have been properly developed for the purposes.

Atomic absorption spectrometry (AAS): AAS can measure the
metals using the optical light that is absorbed by these atoms in gas
phase, thus determine the concentration of the objective metal. AAS
can be used to determine over 70 different metals in solution.

There are two main types of atomic absorption instruments: flame-
AAS (FAAS) and graphite furnace-AAS (GFAAS). In FAAS, the process
of drying, pyrolysis and atomization occur at the same time, however,
the same processes are separated in GFAAS. Owing to this property,
GFAAS has higher sensitivity and can detect lower amount of metals
than FAAS. In addition, FAAS is only able to analyze solutions, but
GFAAS can analyze solutions, slurries and solids. GFAAS has strong
points that FAAS does not have.

Compared to GFAAS, AAS is relatively inexpensive and simple to
use and has high precision with lower interferences. However, AAS can
detect only one metal at a time and is not applied for isotope analysis.
In addition, the light source of AAS is typically a hollow-cathode lamp
of the analyte of interest, thus one hollow-cathode lamp is limited to
single metal element detection. In order to improve the detection limits,
optimizing techniques such as flow injection [15], preconcentration/
matrix separation [16,17], as well as adding chemical modifiers to
increase the signal-to-noise ratio is tried to be combined to AAS.
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Inductively coupled plasma (ICP): ICP is also commonly used for
metal determination as well as AAS. This technique can be paired with
atomic emission or mass spectrometric detection. Inductively coupled
plasma-atomic emission spectrometry (ICP-AES) uses an argon (Ar)
plasma to excite atoms and ions of analytes, and then detects the
characteristic emission given off by these excited atoms and ions. The
emission intensity is proportional to the concentration of the analyte
of interest, thus ICP-AES makes it possible to measure the metals. The
principle of Inductively coupled plasma-mass spectrometry (ICP-MS)
is similar to that of ICP-AES, an Ar plasma is used to atomize and ionize
the sample, and these charged species enter the mass spectrometer. The
mass spectrometer separates the ions based on their mass-to-charge
ratio, and determines the specific metals and metal species. Both ICP-
AES and ICP-MS are capable of simultaneous detection of more metal
elements, but the minimum detectable concentrations for ICP-MS are
lower than those of ICP-AES. ICP-AES can handle a higher dissolved
solid sample than ICP-MS, but it does not have the capability for isotope
analysis as does ICP-MS. Although ICP requires a higher skill level to
run the instrument, it is cost-effective and the detection benefits are
well worth the effort.

X-ray fluorescence spectrometry (XRF): Basic XRF have
been repeatedly improved, and a lot of modified XRF techniques
are developed and used compared to AAS and ICP. For example,
Synchrotron X-ray microscopy, X-ray absorption spectroscopy (XAS),
Microfocused X-ray fluorescence (u-XRF) spectrometry, Microprobe
X-ray fluorescence elemental mapping (uSXRF), X-ray absorption
near-edge spectroscopy (XANES), total-reflection X-ray fluorescence
spectrometry (TXRF) [18], Extended X-ray absorption fine structure
spectroscopy (EXAFS) [19], x-ray fluorescence microscopy (XFM) and
Microfocused XAS (u -XAS) [20] are already used.

These XRF techniques have their own strong points. EXAFS can
evaluate the oxidation state of the metal, and can unveil the number,
identity and distance to its neighboring atoms under certain condition.
X-ray microprobe can be involved in XRF techniques, and this is
used to resolve the quantitative and qualitative questions about metal
bioavailability with minimal sample alteration [21,22].

As well as X-ray microprobe, other XRF techniques also have been
applied to biological tissue analysis in the clinical medical sciences.
For example, TXRF revealed that increased Cu concentration and
decreased Ca and selenium (Se) concentrations in peripheral vascular
disease patients compared to healthy control subjects [18]. The
synchrotron radiation has been used to analyze the distribution and
quantification of Zn and Ca in prostate cancer tissues [23]. This analysis
revealed a role of Ca in the control of Zn transport into prostate tissues
without the isolation and purification steps. The distribution and
chemical form of Fe in brain tissue from Parkinson disease patients
was investigated using similar techniques. Other XRF technique p
-SXRF was also used to examine the detailed cellular mechanisms of
Parkinson’s disease, and found Fe accumulation in specific structures
that had not been histopathologically identified. This result indicates
u-SXRF has the micrometer-scale precision in samples that are too
fragile for conventional dissection [24]. In this case, the comparison of
the elemental concentration (ug cm-1) of individual neurons in healthy
and diseased tissues was also succeeded.

The importance of metals in protein structure and function
and metallochaperones

It is widely known that a lot of proteins (probably more than 30% of
total proteins) require metals in order to maintain their structure and
functions [25-27]. Metalloproteins play key roles in many biological

processes, including respiration, nerve transmission, and defense
against toxic agents. Metallochaperone is a protein that binds to metal
ions and delivers them directory to target proteins, especially enzymes,
via protein-protein interactions [27]. Therefore, metallochaperones
are required for all metalloproteins and essential for cell survival, and
metalloproteins cannot maintain their structure or function without
metallochaperones.

The functions of metals in vascular system

The three pivotal metallomics technologies, Atomic absorption
spectrometry (AAS), Inductively coupled plasma (ICP), and X-ray
fluorescence spectrometry (XRF) are improved year by year and novel
metallomics techniques have been produced. However, the prototype
techniques of metallomics were used in the analysis of biological
significance of metals before and gave us a lot of findings. Here, the
findings related to vascular system produced by old and new generation
metallomics techniques are summarized.

Calcium and vascular cells

In the history of the studies investigating the role of metals in
vascular cells, calcium (Ca) was extensively examined compared to
other metals using old techniques because Ca has essential roles in
normal cardiovascular function and cardiovascular diseases including
atherosclerosis (atherosclerotic vascular disease) and hypertension
[28]. Importantly, vascular calcification is a prominent feature of
atherosclerosis [29]. Atherosclerosis is critical in pathophysiology and
clinical medicine, therefore, many researches of vascular calcification
have been carried out.

Vascular calcification is caused by the deposition of calcium
phosphate in the vessel wall. Also, calcification occurs in the intima
and media of the vessel wall with aging and diabetes. Recently, Ca
concentration in the calcified aortic and carotid plaques was quantified
by ICP-AES [29]. The mean Ca concentration was 9.83 and 11.94 wt.%,
respectively. The iron and zinc concentration was also investigated,
however, iron (Fe) concentration was below the measurement limit and
zinc (Zn) concentration was very variable among samples. Past clinical
studies showed elevated circulating calcium, phosphate, and calcium
phosphate product levels to be correlated with increased vascular
calcification in patients with end-stage renal disease [30].

Under normal condition, Ca has essential roles in vascular smooth
muscle cells and Ca channels are expressed in these cells [31]. Therefore,
there is a possibility that metallomics approach can reveal Ca functions
in normal and damaged vascular cells.

Copper and vascular cells

Copper (Cu) influences numerous proteins important for
angiogenesis by nascent vasculature [32-34]. Copper metalloproteins
are prevalent and important in all cells thus it was not easy to analyze
Cu bioavailability specific to angiogenesis.

Recent developments in metallomics techniques succeeded these
analysis. For example, in human microvascular endothelial cells, X-ray
fluorescence (XFM) revealed relocalization of intracellular Cu across
the cell membrane [35]. The authors also revealed Cu clustering in
putative neoangiogenic areas of highly vasculalized human breast-
infiltrating ductal carcinomas by XFM.

Total-reflection X-ray fluorescence spectrometry (TXRF) revealed
the Cu concentration in peripheral vascular disease patients [18]. The
authors obtained the Cu concentration of 20.3 ug/g in plasma. In this
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study, they also measured plasma total homocysteine because there
may be relationship between homocysteine level and atherosclerosis
growth. This study also showed the strong correlation between Cu
concentration and plasma total homocycteine levels in peripheral
vascular disease patients [18].

Cu has other roles in vascular cells. Neovascularization requires
the formation of new blood vessels, this process is very sensitive to Cu
levels [32,36]. In addition, normal vascular cells secretes Cu ions to
blood. As indicated above, copper metalloprotein has diverse functions.
Thus more application of apparent metallomics approaches can give us
novel information of Cu roles in angiogenesis, vascular cells, and total
vascular system.

Other metals and vascular cells

In addition to calcium and copper, other metals have important
function in vascular cells. Chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), zinc (Zn), cadmium (Cd), gadolinium (Gd),
arsenic (As), lead (Pb) can target the vascular system. Especially, the
toxic metals Cd, As, and Pb disturb the homeostasis of vascular cells in
a variety of ways, ranging from hemorrhagic injury to subtle pathogenic
remodeling and metabolic changes [37].

Concerning Cd, acute Cd exposure results in hemorrhagic
injury to the testis vasculature endothelium. Chronic Cd exposure is
associated with various cardiovascular disorders such as hypertension
and cardiomyopathy. In addition, Cd can inhibit chemotaxis and tube
formation of vascular endothelial cells at non-cytotoxic concentrations
of 10-100 nM. These angiostatic effects may be mediated through
disruption of vascular endothelial cadherin, a Ca** -dependent cell
adhesion molecule.

With regard to As, ingestion of water containing disease-promoting
concentrations of As promotes capillarization of the liver sinusoidal
endothelium. This capillarization is a hallmark for liver fibrosis and also
contributes to an imbalance of lipid metabolism in liver.

Cadmium (Cd), arsenic (As), and lead (Pb) pose serious risks to
human health. The importance of these metals as environmental health
hazards is readily evident from the fact that all three are ranked in the
top 10 on the current Agency for Toxic Substances and Disease Registry
Priority List of Hazardous Substances [38]. Toxicity of these three
metals most intensively appear in kidney, testis, and liver [37].

Because all metals are not biodegradable, they can persist in the
environment and produce a variety of adverse effects. Exposure to these
metals can result in damage to a variety of organ systems [39-41].

Metals contained in cigarette smoke and vascular cells

Smoking is a significant risk factor for development of
atherosclerosis. The toxicity and influences of the metals on the
human health contained in cigarette are well analyzed. It is revealed
that cigarette smoke extracts (CSE) contain aluminium (Al), silicon
(Si), titanium (Ti), vanadium (V), chromium (Cr), iron (Fe), nickel
(N1i), cobalt (Co), copper (Cu), manganese (Mn), zinc (Zn), strontium
(Sr), lead (Pb), cadmium (Cd), and barium (Ba) in the range from
nM to g M concentrations by ICP analysis [42]. In addition, it is well
known that some metals catalyze protein oxidation by oxidants and the
concentrations of metals increased in smokers’ blood [43]. Oxidation of
cellular proteins causes a loss of microtubule function, and this loss of
function results in a contraction of vascular endothelial cells, in other
words, leakiness of the vascular endothelium is induced by the metals
contained in cigarette smoke [42]. Cigarette smoke may similarly affect

every person of all generations, but ICP-MS analysis in young smokers’
serum revealed the increased Cd and Sr levels [44]. Moreover, the
mRNA level of intermediate filament protein vimentin that is crucial
for the maintenance of cell shape was significantly reduced. This result
reflects the damages on the structure of the vascular endothelium in
young smokers [44]. Metallomics approach is useful to prove the
smoking risk by showing the toxic metals concentration in smokers’
serum and influence on the vascular cell shape.

Conclusion

It is already known that a variety of metals including transition
metals affect vascular system, however, metallomics techniques
demonstrated novel findings between metals and vascular system. The
main metallomics techniques are classified to three categories, however,
the improvement of metallomics techniques is very rapid, now that many
types of techniques are available for individual purposes. Metallomics
are already applied to not only vascular system but also brain and
kidney, thus it is promising that metallomics will inform us entirely
novel data in biology. Most of old and recent information are related
to the toxicity of metals, but there are no doubts that metalloproteins
are required for the maintenance of homeostasis in all cells. In the near
future, metallomics will bring us the essential information of specific
role of all metals that contributes to our health.
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