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Preface

A limited number of books have been devoted so far to rare earth
elements (REEs), mainly focused on REE-related chemistry,
mineralogy, economy, and developing technologies for these
elements.

Amongtherecent developmentsin the field of REE environmental
and human health implications, the present book is aimed at
presenting the multi-faceted aspects of REEs both including the
potential benefits of REEs in several applications and adverse
health effects. Human, animal, and plant exposures, including REE
bioaccumulation and REE-induced pathologies, are reported along
with other mechanistic issues related to REE environmental spread.
The two-fold REE-related environmental and health issues provide
this book with an updated and balanced approach to REE research
and technology.

The broadly open questions on the impacts of REEs on health
effects following environmental and occupational exposures raise a
growing concern that is unconfined to academia and is widespread
among a number of stakeholders, potentially including students,
media workers, and decision-makers.

The recognized and potential benefits arising from REE-related
technologies in medical, agronomical, and zootechnical applications
are discussed in this book, thus representing prospect avenues
in developing further advantages of REE-related technological
applications.

As stated in the title, “At the Crossroads between Toxicity and
Safety”, this book provides novel yet established information with a
particular highlight on the hormesis phenomenon.

The chapter authors include renown scientists from Americas,
Europe, and Asia, having contributed to crucial studies of REE-
associated health effects and having background knowledge in
several disciplines, such as environmental, medical, and chemical.



xii

Preface

I hope this book will assist present-day and future scientists and

technologists to navigate at the crossroads between REE-associated
adverse and beneficial effects.

Giovanni Pagano

Summer 2016



Chapter 2

Rare Earth Elements, Oxidative Stress,
and Disease

Paola Manini

Department of Chemical Sciences, University of Naples Federico 1],
Naples, [-80126, Italy

paola.manini@unina.it

Rare earth elements (REEs), as members of the f-block in the period-
ic table, including also yttrium and scandium, benefit from a series
of unique physical and chemical properties, making them indispen-
sable for a number of critical technologies ranging from catalytic fuel
additives, medical imaging, wireless power tools, supermagnetic al-
loys, screen display, and fiber optics. Nevertheless, there are many
environmental issues associated with mining, isolation, recovering,
and recycling of REEs. A few reports indicate that the chemicals used
in the refining process have been involved in REE bioaccumulation
and pathological changes of local residents. Given the recent toxico-
logical results on REE exposures, it seems most urgent to elucidate
the mechanisms of REE-associated damage. An established action
mechanism in REE-associated effects relates to modulating oxida-
tive stress, as a result of the high redox potential exhibited by the
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couple REE3*/REE?*. The redox behavior of REEs is also influenced
by different factors such as pH, oxic/anoxic conditions, making REEs
in some cases process tracers in a variety of natural waters, includ-
ing fresh groundwaters, lakes, rivers, estuaries and oceans, and sedi-
ments. Starting from this evidence, this chapter will offer a survey on
the roles of REEs on the onset of the cellular oxidative stress by dis-
cussing data reported in the literature about the impact of REE ex-
posure of cells, animals, and plants on the levels of some of the most
common enzymatic and non-enzymatic oxidative stress markers.

2.1 Introduction

Rare earth elements are a group of metals comprising yttrium,
14 lanthanide elements, and scandium, which have been called
“industrial vitamins” and a “treasury” of new materials for their
dominant role in technical progress and in the development of
traditional industries [16, 18, 68].

One of the main industrial uses of REEs, involving millions of tons
of raw material each year, is in the production of catalysts for the
cracking of crude petroleum, yet the quite widespread involvement
of REEs in industry is demonstrated by their use in the production
of strong permanent magnets for electro-mechanical devices, of
displays, glass and lenses, for laser technology, and for their use
in solid state microwave devices (for radar and communications
systems), gas mantles, and in the ceramic, photographic, and textile
industries, as well as in X-ray, magnetic resonance image scanning
systems [4, 15, 37].

Despite the growing interest raised by REEs, the early and scanty
database (the attention seems to be focused only on a restricted
number of REEs, i.e., Ce, La, Gd, Nd, and Y) referring to the last two
decades has led to the controversial current knowledge on healthy
versus toxic effects of these materials. There are many environmental
issues associated with REE production, processing, and utilization. A
body of evidence reported that the chemicals used in the refining
process have been involved in disease and occupational poisoning of
local residents, water pollution, and farmland destruction [43, 53, 67,
71]. Occupational and public safety and health risks related to REEs
may be addressed at several stages, such as mining and refining,
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transportation, processing, waste disposal, and decommissioning.
The multiple contaminants (including radionuclides and heavy
metals) cause negative effects on aquatic and terrestrial organisms,
as well as on humans. On the other hand, a body of evidence has
reported on REE-associated antioxidant effects in the treatment of
many diseases [23, 69].

In this chapter, I will try to better comprehend this mismatch
starting from the examination of the electronic state of REEs and
how this deeply influences their redox behavior; then I will make
a brief insight on the most representative and studied among the
REEs, i.e., cerium; finally, [ will offer an overview on what reported in
the literature about the pro-oxidant and antioxidant effects of REEs
in some diseases and will briefly discuss the main factors that seem
to control this delicate equilibrium.

2.2 Redox Chemistry of REEs

The chemistry of REEs differs from main group elements and
transition metals because of the nature of the 4f orbitals, which are
shielded from the atom’s environment by the 4d and 5p electrons
(Table 2.1) [2]. These orbitals give to REEs unique catalytic, magnetic,
and electronic properties, which can be exploited to accomplish new
types of applications that are not possible with transition and main
group metals [12, 40, 46].

The +3 oxidation state is characteristic of all REEs, both in solid
compounds and in solutions in water and other solvents. A few
solid compounds exemplifying the +4 state have been prepared, but
only Ce** has sufficiently long half-life with respect to reduction to
be of importance in aqueous solution. Although all REEs have been
obtained in the +2 state by trapping in solid alkaline earth halide
matrices, dissolution in aqueous systems results in rapid oxidation
to the +3 state of all species except Eu?*. Even Eu?* has only a
comparatively short half-life with respect to oxidation in aqueous
solution.

In the case of cerium, which has two partially filled sub-shells
of electrons, 4f and 5d, with several excited sub-states predicted,
the +4 state with the stable electronic configuration of xenon is
preferentially formed. When cerium oxide crystallizes in the fluorite
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structure, every cerium atom is surrounded by eight oxygen anions
and every oxygen atom occupies a tetrahedral position. Nonetheless,
a significant concentration of intrinsic defects is usually present,
with a portion of cerium present in the Ce3* valence state having the
deficiency of positive charge compensated by oxygen vacancies [14,
60]. The relative amount of cerium ions Ce3* and Ce** is a function
of particle size. In general, the fraction of Ce3* ions in the particles
increases with decreasing particle size [76].

Table 2.1 Electronic properties of REEs

Electronic
Element Symbol Oxidation State Z A  Configuration
Scandium Sc +3 21 45 (3d4s)?
Yttrium Y +3 39 89 (4d5s)3
Lanthanum La +3 57 139 4/°(5d6s)3
Cerium Ce +3, +4 58 140 4f'(5d6s)3
Praseodymium  Pr +3 59 141 4f*(5d6s)3
Neodymium Nd +3 60 144 4f3(5d6s)3
Promethium Pm +3 61 145 4f*(5d6s)3
Samarium Sm +3 62 150 4f5(5d6s)?
Europium Eu +2,+3 63 152 4f7(5d6s)?
Gadolinium Gd +3 64 157 4f'(5d6s)?
Terbium Tb +3 65 159 4/3(5d6s)3
Dysprosium Dy +3 66 163 4f°(5d6s)3
Holmium Ho +3 67 165 4f19(5d6s)3
Erbium Er +3 68 167 4f1(5d6s)3
Thulium Tm +3 69 169 4f12(5d6s)3
Ytterbium Yb +3 70 173 4f*(5d6s)?
Lutetium Lu +3 71 175 4f1%(5d6s)3

Redox equilibria of Ce and Eu ions in aqueous solution have been
studied both theoretically and empirically. Sverjensky has shown
that the Eu?*/Eu" ratio is significantly influenced by temperature
and, to a minor extent, by pressure [61]. Above 250°C, the dominant
form is likely to be Eu?*, whereas at 25°C, the trivalent state is
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almost exclusively present. At intermediate temperatures, both the
oxidation states will occur. The behavior of Ce is in contrast to the
other REEs, with a much reduced Ce3* stability field at low pH and
the presence of a significant CeO, stability field at neutral and high
pH values. The results from these two approaches help to illustrate
the relationship between the quantitative differences in the behavior
of cerium or europium and the redox potential alone. Other factors
must be taken into account, and among these pH cannot be taken
for granted. Regarded as an established factor influencing the
speciation, solubility, and redox behavior of several metals, pH plays
a key role in the chemistry of REEs being involved in the speciation,
solubility, and bioavailability and biodistribution processes.

o REE speciation: All REEs, including Ce and Eu, which can exist
in two redox states, form complexes dominated by electrostatic
rather than covalent interactions. The stability constants of
REE chelates are important in many natural aqueous systems
at neutral and alkaline pH, but much less so at low pH where
free REE ions tend to be the most stable species. The nature
of the anionic counterpart in REE complexes and the broad
type of chelates are also pH dependent. Several authors have
studied and reviewed the solubility and complexing behavior
of REEs from a geochemical standpoint. In seawater, hydroxide,
sulfate, and halide complexes exist, as well as free +3 ions, but
these are subordinate to the carbonate complexes. Hydroxide
complexes Ln(OH); are likely to be important at high pH
values although hydrolysis reactions are not important for
trivalent ions but start to be significant in the case of Ce**.

o REE solubility: Two factors mainly influence REE solubility:
the chemical composition of the medium in which REEs are
present, discussed above in terms of speciation, and pH. Some
independent studies demonstrated that REE concentrations
in water increase with decreasing pH. Moreover, field and
laboratory experiments indicate that dissolved REEs are
affected by iron and aluminum colloid formation [32, 62] and
that sorption or co-precipitation with aluminum at pH values
greater than 4.5 is stronger than with iron [10]. Uranium
and thorium, however, show a tendency to be removed from
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solution more strongly at lower pH (3-4) values, consistent
with expected differences in oxidation state and a stronger
affinity for iron precipitation. A good knowledge on the
processes related to REE speciation and the solubility is an
essential background that allows to evaluate the impact of
REE pollution in a variety of natural waters, including fresh
groundwater, lakes, rivers, estuaries, and oceans as well as in
sediments and soils [20, 58, 63]. Moreover, these parameters
allow to use the geochemistry of REEs as a powerful tool for
identifying geochemical processes, taking REEs as natural
tracers [6].

REE biodistribution and bioavailability: A body of evidence
proved that pH is determinant in driving REE distribution
in different media. One example is given by the results of a
study by Cao et al. [11], showing that the concentration of
REEs in wheat seedling (Triticum aestivum L.) decreased with
increasing pH value, with their inter-relationship being best
expressed as a quadratic equation. The response of individual
elements to pH value changes tended to be Ce > La > Nd > Sm
> Gd > Yb > Eu, with Ce most sensitive and Eu least sensitive
to changing pH conditions. Also other factors such as the ionic
radius seem to play important roles in REE bio-distribution.
When injected intraperitoneally, different REEs (Y, Ce, Eu, Gd,
Yb, and Lu) exhibited quite different distribution patterns
both in normal and in non-insulin dependent diabetes
mellitus (NIDDM) model mice [19]. The uptake of REEs in the
livers of both groups of mice correlated with the ionic radius
of REEs; the uptake of light REEs increased with increasing
ionic radius, whereas there was no marked tendency in the
uptake of heavy REEs. The accumulation levels of REEs in
NIDDM model mice liver proved to be larger than in normal
mice by a factor of approximately 2 to 5.

2.2.1 Case of Cerium Oxide Nanoparticles

The case of cerium oxide (Ce0,) nanoparticles (CeNPs) is remarkable
and interesting, since these can act both as oxidation and reduction
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catalyst, depending on the internal ratio between Ce3*/Ce** and the
oxygen defects on the surface [23, 74]. The activities derive from the
quick and expedient mutation of the oxidation state between the +4
and +3 states. Cerium has the ability to easily and drastically adjust
its electronic configuration to best fit its immediate environment
[59].

This Ce3*/Ce** valence switch ability led to CeNPs to behave as
a multi-bioenzyme mimic and/or a radical scavenger (Fig. 2.1) [3, 7,
34,39, 52].

0,” + Ce* = 0, + Ce** H,0, + Ce* = 0, + Ce3* + 2H*
0, + Ce3* + 2H* = H,0, + Ce** H,0, + Ce¥* 2H* = 2H,0 + Ce*

e
~e. e
@g@

NO + Ce* = NO* + Ce3* \

/ H,0, + Ce¥* H* D HO + Ce* + H,0

HO- + H,0, = HO, + H,0
HO + Ce3* H* = H,0 + Ce* HO, + Ce*™ = 0, + Ce¥ + H*

Figure 2.1  Multi-enzyme mimetic activity of CeNPs.

In particular, CeNPs can: (1) catalyze the dispropotionation
of superoxide anion (*0,7) into oxygen and hydrogen peroxide as
superoxide dismutase (SOD) (Fig. 2.1, A) [12, 38]; (2) catalyze the
conversion of two molecules of hydrogen peroxide (H,0,) into
oxygen and water as catalase (CAT) (Fig. 2.1, B) [52]; (3) undergo
a Fenton-like reaction reducing H,0, into hydroxyl radical (*OH)
as the peroxidase family do (Fig. 2.1, C) [26]; (4) act as an oxidase
by catalyzing the oxidation of hydrocarbons, CO, and NO, [36];
(5) induce the hydrolysis of phosphate esters in many biologically
relevant substrates such as phosphatase through the synergic Lewis
acid activation via coordination of phosphoryl oxygen to Ce* and
nucleophile activation via coordination of hydroxyl to Ce** [41];
(6) act as hydroxyl radical scavenger as demonstrated by Xue et al.
[75] via a methyl violet assay (Fig. 2.1, D); (7) act as NO scavenger
through transfer from NO to a Ce** (Fig. 2.1, E) [17].
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2.3 Oxidative Stress and Diseases: Roles of
REEs

REEs are generally considered to be of low toxicity according to
the Hodge-Sterner classification system [27]; however, the recent
literature points to a prevalence of adverse effects caused by REE
exposure to humans, animals, and plants (Table 2.2) [53, 54]. A
MedLine retrieval updated to 2015 shows that most of the reviewed
publications on REEs have been focused on Ce—with a total of 63
reports, 55 of which denoted toxicity findings—and La—with a
total of 55 reports, 39 of which on adverse effects. A more restricted
number of reports have been published on Gd, Nd, Y, and Pr, whereas
the health effects associated with the other REEs are scanty or
unexplored. However, by analyzing the time trend of the number
of publications on REEs, the growing interest of the scientific
community on the mechanisms associated with REEs appears
evident and reflects the always more important relevance of these
elements in many industrial, agricultural, and medical technologies.
This is the reason why the impact of REEs on our society makes the
possibility of human exposure very high and essentially dependent
on therapeutic treatments involving REEs (iatrogenic exposure);
REE accumulation (bioaccumulation and pollution-induced) in
marine, freshwater, air, and soil, especially for population residing
close to mining areas (environmental exposure); REE exposure of
specialized workers (occupational exposure) (Table 2.2) [48].

Thehighrequestof REEs for theirapplications in the technological
field, on one side, and the poor information obtained until now on
their effects on humans and the entire environment, on the other
side, have led to the rise of an apparent controversy between REE
favorable and adverse health effects that still remains unsolved. One
possible explanation that recently has gained particular attention is
the hormetic concentration-depending behavior of REEs, which may
induce a protective effect at lower levels and toxic effect at higher
levels [8, 9].

Two recent reviews by Pagano et al. [47, 48] provide the state-
of-the-art REE adverse health effects and toxicity mechanisms,
discussing the different factors influencing the relationships
between REEs and their biological targets.

This chapter attempts to outline some evidence reported in the
literature about the favorable and adverse effects of REEs obtained
from experimental and analytical evidence.



Table 2.2

Oxidative Stress and Diseases

Toxicological and Occupational health and safety issues with

REEs

REEs

Toxicological issues

Occupational health
and safety issues

Scandium

Yttrium

Lantha-
num

Cerium

Scandium is considered non-toxic.
The halflethal dose (LD50) levels
for scandium(III) chloride for rats
have been determined as 4 mg/kg
for intraperitoneal, and 755 mg/
kg for oral administration.

Water soluble compounds of yt-
trium are considered mildly toxic,
while its insoluble compounds are
non-toxic. In experiments on ani-
mals, yttrium compounds caused
lung and liver damage. In rats, in-
halation of yttrium citrate caused
pulmonary edema and dyspnea,
while inhalation of yttrium(III)
chloride caused liver edema,
pleural effusions, and pulmonary
hyperemia. Exposure to yttrium
compounds in humans may cause
lung disease.

In animals, the injection of lantha-
num solutions produces hyper-
glycaemia, low blood pressure,
degeneration of the spleen and
hepatic alterations. Lanthanum ox-
ide LD50 in rat oral is >8,500 mg/
kg and in mouse intraperitoneal is
530 mg/kg.

Fumes from cerium fires are toxic.
Animals injected with large doses
of cerium have died due to car-
diovascular collapse. Cerium(IV)
oxide is a powerful oxidizing agent
at high temperatures, and will
react with combustible organic
materials. Ceric oxide LD50 in

rat oral is 5,000 mg/kg, dermal is
1,000-2,000 mg/kg, and inhala-
tion dust is 5.05 mg/L.

Dangerous in the
working environments;
damps and gases can
be inhaled

Workers exposed to
yttrium can exhibit
shortness of breath,
coughing, chest pain,
cyanosis. Yttrium dust
is inflammable

Exposure to lanthanum
oxides and fluorides
can lead to pneumoco-
niosis

Working exposed to ce-
rium have experienced
itching, sensitivity to
heat, skin lesions

(Continued)
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Table 2.2 (Continued)
Occupational health

REEs Toxicological issues and safety issues

Praseo- Low to moderate toxicity. Controversial issues on

dymium the biological effects of
praseodymium com-
pounds

Neodym- Low to moderate toxicity. Neodymium dusts can

ium Neodymium dust and salts cause lung embolisms

are very irritating to the eyes and damage to liver
and mucous membranes, and

moderately irritating to the skin.

Neodymium oxide LD50 in rat

oral is >5,000 mg/kg and mouse

intraperitoneally is 86 mg/kg.

Prome- No dangers, aside from radioactiv- No known biological

thium ity, have been shown. role

Samarium The total amount of samariumin  Controversial issues on

adults is about 50 mg, mostly in the biological effects of
liver and kidneys, and with about  praseodymium com-

8 mg/L being dissolved in the pounds

blood. Insoluble salts of samarium

are nontoxic, and the soluble ones

are only slightly toxic.

Terbium  Low to moderate toxicity. Controversial issues on
the biological effects of
praseodymium com-
pounds

Europium Europium chloride nitrate and Europium dusts pre-

oxide have been tested for toxicity:

europium chloride shows an acute
intraperitoneally LD50 toxicity

of 550 mg/kg, and the acute oral
LD50 toxicity is 5,000 mg/kg.
Europium nitrate shows a slightly
higher intraperitoneally LD50
toxicity of 320 mg/kg, while the
oral toxicity is above

5,000 mg/kg.

sent fire and explosion
hazard
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Occupational health

REEs Toxicological issues and safety issues

Gado- As a free ion, gadolinium is highly =~ Gd3* compounds are

linium toxic, but magnetic resonance im- component of MRI
aging contrast agents are chelated contrast agents
compounds and are considered
safe enough to be used.

Dyspro- Dysprosium chloride and dys- Dysprosium  powder

sium prosium nitrate are mildly toxic may present an ex-
when ingested. The insoluble salts, plosion hazard when
however, are non-toxic. Based on =~ mixed with air or in
the toxicity of dysprosium chloride the presence of ignition
in mice, it is estimated that the source
ingestion of 500 g or more could
be fatal to a human.

Holmium Low to moderate toxicity. May be able to stimu-

late the metabolism

Erbium Low to moderate toxicity. Erbium dusts present

fire and explosion
hazard

Thulium  Soluble thulium salts are regarded May be able to stimu-
as slightly toxic if taken in large late the metabolism
amounts, but the insoluble salts
are non-toxic.

Ytterbium All compounds of ytterbium Ytterbium dusts pre-
should be treated as highly toxic, sent fire and explosion
because it is known to cause irrita- hazard
tion to the skin and eye, and some
might be teratogenic.

Lutetium  Lutetium fluoride inhalation is Lutetium nitrate may

dangerous and the compound
irritates skin. Lutetium oxide
powder is toxic as well if inhaled
or ingested. Soluble lutetium salts
are mildly toxic, but insoluble ones
are not.

explode and burn upon
heating
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2.3.1 REE Adverse Effects

The role of redox mechanisms in the biological effects of REEs has
been discussed for a limited group of elements, namely, Y, La, Ce, Nd,
Gd, Tb, and Yb, in terms of reactive oxygen species (ROS) formation,
lipid peroxidation, activity modulation of the most relevant oxidative
stress-related enzymes (SOD, CAT, glutathione peroxydase, GPx)
(Table 2.3).

Table 2.3 REE-induced effects on oxidative stress endpoints

REEs Change in oxidative stress parametersal References
Yttrium T SOD activity [44]
Lanthanum | SOD and CAT activity [30,72]

T GPX activity

T GSH, malondialdehyde, ROS levels and
mitochondrial dysfunction
| Antioxidant capacity
Cerium T ROS levels, lipid peroxidation, [28,42,77]
proinflammatory cytokines,
cyclooxygenase-2
| Antioxidant capacity, SOD, and CAT
activities
Neodymium | Antioxidant capacity, SOD, and CAT [30,42,77]
activities
T GPX activity, GSH, and lipid peroxidation
Gadolinium T Ferritin, transferrin oversaturation, lipid [51,73]
peroxidation, ROS levels

Terbium T Lipid peroxidation [57]
1 SOD, CAT, and GPx activities

aData obtained from experiments carried out by REE administration in rats or mice.

The first studies of REE-associated toxicity were performed on
REE-exposed animals or plants [21, 29, 70]. Geographic studies
showed that residents in REE mining areas in China showed REE
bioaccumulation and suggested that REE might be neurotoxic [24,
50, 66]. Other reports showed iatrogenic damage (nephrogenic
systemic fibrosis) after gadolinium use as contrast agent in magnetic
resonance imaging [5, 13, 65]. Occupational exposures to REE dust
showed pneumoconiosis and other respiratory damage [45, 55].
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Neurotoxic effects were observed in LaClz-exposed rats [25].
Also Gd(IIl)-induced cortical neuron cytotoxicity by impairing
mitochondrial function via oxidative stress-mediated processes
[22]. Cytotoxic effects triggered by REE-associated pro-oxidant
action have been observed in different cell cultures. CeNPs led to
cell death in BEAS-2B cell cultures induced probably by a cascade of
events, including an overproduction of ROS, a depletion of GSH levels,
and the induction of oxidative stress-related genes such as heme
oxygenase-1, catalase, glutathione-S-transferase, and thioredoxin
reductase. The increased ROS formation by CeNPs triggered the
activation of cytosolic caspase-3 and chromatin condensation,
suggesting that CeNPs exert cytotoxicity by an apoptotic process
[49]. A similar effect has been observed in human skin melanoma
cell cultures (A375) treated with CeNPs. Also in this case, increased
ROS levels, along with increased malondialdehyde (MDA) levels
and SOD activity, and a concomitant depletion of GSH levels were
observed [1].

Unconfined to Ce, other REEs have been implied in oxidative
stress-induced cytotoxicity. La and Nd were found to accumulate in
hepatocytes and caused oxidative stress-mediated damage [30].

The impact of REEs on plant physiology has also been
investigated with the aim of shedding light on the possible role of
REE pollution on the ecosystem. Experiments carried out on corn
plants (Zea mays) germinated and grown in soil treated with CeNPs
showed an accumulation of H,0, in phloem, xylem, bundle sheath
cells, and epidermal cells of shoots. A growing activity of CAT and
ascorbate peroxydase (APX) was also observed in the corn shoot,
concomitant with the rise in H,0, levels. Moreover, CeNPs triggered
the up-regulation of the heat shock protein 70 (HSP70) in roots,
indicating a systemic stress response [78].

A study by Huang et al. [31] showed that Ce, tested both in
the +3 and +4 forms, can induce cytogenetic anomalies, including
increased micronuclei formation in maize root tips; the same effect
was observed by testing also Er, Sm, Y, and Eu on maize, whereas no
effect was observed in the case of La exposure.

The effects of Pr, Nd, and Ho were tested in V. faba root tips,
showing an increase in cytogenetic abnormalities [33]. A recent
study tested the effects of La, Ce, and Y in five plant species—
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Asclepias syriaca L., Desmodium canadense L. DC, Panicum virgatum
L., Raphanus sativus L., and Solanum lycopersicum L.—at different
pH: The most severe damage to germination was observed with Ce
at low pH [64].

2.3.2 REE Favorable Effects

A limited part of REE-related literature points to antioxidant and
protective effects, rising a possible controversy on the real roles
played by REEs. CeNPs were found to inhibit ROS production in the
human ovarian carcinoma A2780 cell line, attenuate the hormone
growth factor, mediated cell migration and invasion of human
ovarian carcinoma SKOV3 cell line without affecting cell proliferation,
suggesting CeNPs’ use as novel angiogenic therapeutic agent in
ovarian cancer [23]. Other studies reported on the neuroprotective
effects of both CeO, and Y,03; nanoparticles from oxidative stress
[56]. Cerium chloride was also shown to possess antitumor effects
by inhibiting the proliferation of gastric cancer cells and leukemia
cells [35].

Protective effects were also reported in the treatment of plants,
as in the case of La, which was found to protect soybean plants
from UV-B radiation-induced oxidative stress by reacting with ROS
directly or by improving the plant defense system [69].

The increase in contents of H,0, and superoxide (*0,) due to UV-B
radiation suggested oxidative stress. The increase in the content of
MDA and the decrease in polyunsaturated fatty acids (PUFA) indicate
oxidative damage on cell membrane induced by UV-B radiation. La
partially reversed UV-B radiation-induced damage of plant growth.
The reduction in the contents of H,0,, *0,, and MDA and increase in
PUFA content, compared with UV-B treatment, also indicated that
La alleviates the oxidative damage induced by UV-B radiation. The
increase in the activities of SOD and peroxidase, and the contents
of ascorbate, carotenoids, and flavonoids was observed in soybean
leaves with La + UV-B treatment, compared with UV-B treatment.

Cerium nitrate pretreatment was shown to increase the
germination in rice by increasing SOD, CAT, and peroxidase activities,
and decreasing the concentration of ‘O, and MDA [35].
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2.4 Conclusion

It is evident how our society has well understood the technological
advantages of REE utilization. As usually happens in these cases, the
benefits gained with REE applications have partially shaded and
slowed down the control processes aimed at checking for possible
side effects provided by REEs. This lack of information is the main
reason for the rise of the current controversy between stimulatory
and inhibitory REE-associated health effects. This controversy is
made more evident by a series of factors influencing the properties
and the chemical reactivity of REEs. The still limited body of literature
available on REEs cannot fill this gap, but may represent a part of a
more complex picture that is going to be delineated.
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Introduction to Rare Earth Elements:
Novel Health Hazards or Safe
Technological Devices?

Rare earth elements (REEs) have been the subject of alimited number
of books or technical reports since the 1980s to present, with a major
(or exclusive) focus on REE-related chemistry, mineralogy, economy,
and developing technological applications for these elements
[1,9, 14, 16,17, 20, 44, 49]. Recent research achievements on REE-
associated health effects have been reported as sections or chapters
of this literature [17, 44] and have been highlighted in a report by the
European Agency for Safety and Health at Work [8] in 2013. Thus,
one may recognize that REE-associated health effects constitute a
thriving area of research in recent years, though confined so far to
journal reports based on individual laboratory studies and with a
limited number of review papers [26, 27, 35].

In the wake of the recent and pending developments in the field
of REE environmental and human health implications, the present
book is aimed at presenting the multifaceted aspects of REEs from
the potential benefits of REEs in technological, agricultural, and
medical applications (Chapter 3) to studies and reviews on adverse
health effects (Chapters 2, 4, and 7). Human exposures, including
REE bioaccumulation and REE-induced pathologies, are reported in
Chapter 1. Other mechanistic issues related to REE environmental
spread are discussed in this book, such as the affinity between REEs
and other elements (Chapters 9 and 10).
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Given this duality in REE-related environmental and health
issues, this book attempts to provide an updated and balanced
approach to REE research and technology with an open-minded
attitude.

1. REEsin the Environment

Most of the global REE ore extraction and refining is located in
China [9, 16, 44], and these activities constitute the majority of REE
environmental pollutions in mining sites and in the surrounding
areas. This environmental impact of REE ore mining has been
associated to bioaccumulation among residents at different distances
from mining sites [30, 43]. Further implications of REE extraction
and refining activities as relevant environmental issues arise from
the use of strong acids at several stages of ore processing and
refining [44], with consequent release of acidic effluents affecting
downstream waterbodies. Thus, the limited evidence for combined
toxicities of REEs and pH decrease [21, 45, 46], along with a long-
established notion of multifold acid toxicity [40], altogether raise
substantial concern over the environmental impact at downstream
mining sites and refining facilities. The current information gap in
this subject warrants field investigations and ad hoc experimental
studies.

In addition to mining and refining activities, worldwide REE
manufacturing activities may also raise environmental concern for
REE-polluted wastewater, with consequent bioaccumulation and
still scarcely investigated effects on aquatic biota [2, 15].

A third and most widespread source of REE-related air and soil
pollution may refer to the global use of cerium oxide nanoparticles
(nCe0,) as a catalytic additive in diesel fuel. The so far limited
literature pointstonCe0O, asacomponentof diesel exhaustparticulate
matter [5, 6, 23, 39], thus prompting investigations on the relevance
and possible health implications of diesel exhaust particulate matter
following occupational and environmental exposures.

2. REE-Induced Adverse Effects: Toxicity
Mechanisms

Except for scanty reports dating back to the 1960s [12], REEs were
broadly neglected as xenobiotics up to recent years despite their
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unprecedented boost in technological applications in the last two
decades.

Investigations on REE-associated health effectshave been thriving
in recent years, which include experimental and bioaccumulation
studies involving a number of endpoints evaluated in cell, animal,
and plant models. This growing database of REE toxicity has been
reviewed recently [26, 27, 35]. Anumber of animal-specific damages,
such as organ and system effects, and plant-specific damages, such as
growth inhibition and decreased chlorophyll production, have been
reported and are reviewed in Chapters 4, 6, and 7. A more general
outcome of several toxicity studies consisted of redox imbalances
induced by a number of REEs in cell systems, animals, and plants.
The current evidence is summarized in Table 1.

Table 1 Summary of REE-induced pro-oxidant effects in animal and plant
models reported in Chapters 4 and 7

Assay Models Endpoints

Animals

Animal cells T ROS formation and oxidative damage; { GSH;
SOD and CAT modulation; mitochondrial
dysfunction

Mammals T ROS and lipid peroxidation; | antioxidant
capacity;

) proinflammatory cytokines
Fish
Carassius auratus ™ SOD, CAT, and GPx
Sea urchins

Paracentrotus lividus T ROS and nitrite formation

Plants

Nymphoides peltata T SOD and GSH

Glycine max | CAT and GPx; H,0, and lipid peroxidation
Oryza sativa T H,0, and lipid peroxidation

Armoracia rusticana T ROS and lipid peroxidation

ROS: reactive oxygen species; GSH: glutathione; SOD: superoxide dismutase; CAT:
catalase; GPx: glutathione peroxidase
Source: Refs. [26-28 and 35]

3
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Altogether, one may recognize a major role of redox imbalance
as a relevant feature of REE-associated toxicity, with mechanistic
details provided in Chapter 2. Another aspect of REE-associated
toxicity relies on the findings of excess ROS and nitrite formation,
along with cytogenetic damage and transmissible damage from REE-
exposed sperm to their offspring [25, 28]. These data should prompt
further investigations on possible REE-induced clastogenicity and/
or genotoxicity in other biota, as reported in previous studies that
found chromosomal aberrations in bone marrow cells of REE-
exposed mice [19].

Beyond the database of REE-associated adverse effects, it should
be noted, however, that antioxidant mechanisms have also been
reported in the scope of REE-associated effects, as discussed in
Chapter 3 and discussed in the following paragraphs.

The available literature on REE-associated toxicity is, so
far, confined to a few REEs (mostly Ce, La, and Gd), requiring
investigations on comparative toxicities of other, as-yet-neglected
REEs. Animal studies are limited to short- to medium-term
observation (mostly 1 to 3 months) [27]; thus, studies of long-term
REE exposures and life-long observations are as yet lacking.

A few reports on occupational REE exposures have shown
adverse health effects on the respiratory tract, along with REE
bioaccumulation [11, 24, 36, 48], as discussed in Chapter 1. To the
best of present knowledge, this limited body of literature dates back
to 1982 up to 2005 and almost invariably consists of case reports
[27]. Therefore, a major knowledge gap for the possible long-term
effects of occupational REE exposures is due to the current lack of
epidemiological studies, which represent an outstanding research
priority in industrial medicine.

A last and relevant adverse effect of REEs has been appraised
following the observation of severe skin fibrosis (nephrogenic
systemic fibrosis) related to the use of gadolinium (Gd) as a contrast
agent in magnetic resonance imaging [33, 42], as discussed in
Chapters 7 and 10. Adverse effects of Gd-based contrast agents
are regarded as a potential threat in dialysis patients undergoing
magnetic resonance imaging [33].

Despite the crucial role microorganisms play in the environment,
the nature of the interaction between REEs and microorganisms is
still an open question. A relatively small amount of data are so far
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available about uptake, accumulation, and biochemical effects of
REEs on microorganisms and a considerable amount of such data
deal with the use of microbial biomass as a biosorbent material for
REE recovery from aqueous solutions. Chapter 5 will try to outline
the state of the art of this intriguing but still unclear puzzle.

3. REE-Induced Beneficial Effects: A Case for
Hormesis

A body of literature points to beneficial or safe effects of REEs
that were found to exert antioxidant and neuroprotective action
[7, 31, 37, 47], as discussed in Chapter 3. The use of nCe0O, as
antioxidants in biological systems has shown protective effect in
reducing oxidative stress in cell culture and in animal disease models
that are associated with oxidative stress. Ophthalmic therapeutics by
nCeO, was reported to slow the progression of retinal degeneration
along with anti-angiogenic agents in rodent models. The authors
suggested that the radical scavenging activity of nCeO, is mainly
due to the increase in the surface area-to-volume ratio in these
nanocrystalline structures [47]. Another study reported that cerium
oxide or yttrium oxide nanoparticles protect nerve cells from
oxidative stress and that the neuroprotection is independent of
particle size [37].

Altogether, one can recognize that a line of research has found
antioxidant and potentially beneficial effects of REE nanoparticles
with potential use in therapeutic applications. This promising body
of literature awaits further investigations aimed at elucidating action
mechanisms and validating this approach.

The application of REEs as feed additives for livestock and in
crop improvement has been practiced in China for some time and
relevant results were reported in the Chinese literature. Where
applicable, these beneficial effects included increase in body weight
gains in cattle, pigs, chicken, fish, and rabbits, as well as increases
in milk production in dairy cows and egg production in laying hens
[13, 29, 34]. However, other studies have extensively investigated
REE bioaccumulation and adverse effects to plant growth [4] and to
algae, as discussed in Chapters 4 and 6.

5
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Further suggestions for REE-associated stimulating effects have
been provided by several studies conducted in mammalian cells,
algae, and microorganisms [10, 18, 22, 32]. These reports suggest
a role for low-level REEs in substituting essential elements [10] or
even suggest the novel concept that REEs may represent essential
elements for some biota [32]. It should be noted that there are drugs
and other commercial products already on the market, which use
the physicochemical characteristics of REEs to produce health or
environmental benefits (Chapter 9).

Altogether, the apparently controversial bodies of literature, of
REE-associated toxicity and stimulatory action, also termed “dual
effects” [44], are not new. Since the earliest report by Hugo Schulz
in 1888 [38], a redoubtable body of evidence supports the hormesis
concept [3, 41], implying that low levels of chemical or physical
agents induce stimulatory effects in a broad number of biological
endpoints, which are then inhibited by increasing agent levels.
Hormesis is discussed in detail in Chapter 8 of this book.

As an indispensable tool in the interpretation of REE-related
hormesis and toxicity, REE speciation is discussed in Chapters 9
to 11. Understanding the different (complementary, or opposite)
actions of dissolved species versus nanoparticles, and the roles for
nanoparticle size and geometry and ofligands, will allow forthcoming
studies to evaluate and/or predict the biological actions of REEs in
environmental and human health. This book will be useful in laying
out some of these challenges.
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Biomedical researchers are fervently validating the beneficial effects
of the redox-active cerium oxide nanoparticles (CeNPs) in disease
models of tissue culture cells and animal models. The positive ben-
efits of reduction in oxidative stress and prolongation of function
and/or cell/tissue health are undeniable. On the contrary, environ-
mental/occupational toxicologists are diligently gathering evidence
on the adverse health effects due to exposure of CeNPs by different
routes of entry. The negative health effects from CeNPs exposure
are equally indisputable. How does one resolve this apparent para-
dox? The obvious answer is that CeNPs used in these studies must
be different! In this chapter, I will focus on the biological effects and
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mechanisms of CeNPs that are intended specifically for biological
applications. Studies that provided thorough characterization of
synthesized nanomaterials will be the main focus. First, [ will briefly
discuss the methodology of synthesis and characterization param-
eters for the well-defined nanomaterials to lay a framework where
meaningful comparisons of different engineered CeNPs and their
specific effects can be made. I will highlight the catalytic activities of
CeNPs that are currently known. Examples of positive and negative
biological effects and their proposed mechanisms will be discussed.
Because the radical scavenging activity of CeNPs is shown to be self-
regenerating in cell-free suspensions, I will discuss studies that at-
tempt to assess the catalytic activity of CeNPs in cell culture and in
vivo. Finally, [ will also discuss whether CeNPs act as direct antioxi-
dants/oxidants in biological environments. Let the mystery unfold!

3.1 Introduction

Since the early 2000s, biological scientists have expanded the use of
nanomaterials from industrial applications to biomedical research.
Nanomaterials have unique functions different from their bulk
forms because of their minute size (measured in 10~° m or nm). The
dramatic increase in the ratio of surface molecules in nanomaterials
is postulated to be the cause of the increase in reactivity of these
nanoparticles [42, 43]. Figure 3.1 shows the dramatic increase in
surface molecules with decreasing size in the 100 nm to 1 nm range.

Cerium oxide nanoparticles (CeNPs or nanoceria) belong to the
redox-active class of nanomaterials. Other members include yttrium
oxide nanoparticles and fullerene nanoparticles [6, 25]. CeNPs
are unique nanomaterials because they possess catalytic radical
scavenging activities mimicking two endogenous antioxidative
enzymes: superoxide dismutase (SOD) [30] and catalase [33, 47],
which are ubiquitous in every cell to scavenge superoxide anion
and hydrogen peroxide, respectively. Unlike dietary antioxidants,
the redox capacity of CeNPs is greatly expanded due to their auto-
catalytic property [25, 33]. This auto-catalytic property can be
attributed to (1) the ability of cerium to switch between the +3 and
+4 valence states and (2) oxygen defects or vacancies on the surface
and subsurface due to their nano-size. One postulated reaction
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scheme for the redox activity and regenerative property of CeNPs
is shown in Fig. 3.2 (adapted from Ref. [13]). Lee et al. [33] further
refined the model and demonstrated that the hydrogen peroxide
scavenging catalytic activity of CeNPs underwent a Fenton-type
reaction resulting in reactive oxygen intermediates (OH and 03),
which continued to react with hydrogen peroxide and finally led to
the reduction of Ce(4+), i.e., regeneration of Ce(3+) and production

of 02.

Figure 3.1

Figure 3.2

Percent surface molecules
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The inverse relationship between particle size and the number
of surface molecules. Modified from Refs. [42, 43]. The relative
number of surface molecules of a 30 nm particle is about 10%,
whereas the percentage jumps to 50% for a 3 nm particle.

Free Radical Scavenging
Ce,0,+2 dHJ > 2Ce0, + H,0

Free radical generation \

o ]

Recovery by surface chemical reaction

H'(aq) 1
2Ce0,—> Ce;0, + 0,

Schematic diagram to show a set of postulated chemical
reactions that can be catalyzed by nonstoichiometric CeNPs in
biological systems. Reprinted from Ref. [13], Copyright 2007,
with permission of Elsevier.
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Because the progression of many diseases, such as
neurodegeneration (Alzheimer’s, Parkinson’s, amyotrophic lateral
sclerosis), blinding (age-related macular degeneration (AMD),
glaucoma, diabetic retinopathy, inherited retinal degeneration;
references found in Ref. [60]), tumor growth, and aging, is tightly
associated with oxidative stress and damage (references found
in Ref. [9]), biomedical researchers have turned to CeNPs as
potential therapeutics for treatment of these intractable diseases
[9, 59]. The rationale is that excess oxidative stress causes cells to
malfunction, senesce, and eventually die [22] (Fig. 3.3); therefore,
lowering oxidative stress by administering antioxidants should
lower oxidative damage and prolong the functional lifespan of cells
and lead to delay in disease progression, albeit the disease is not
cured. In addition to being potent antioxidants, CeNPs are unique
among antioxidants because the beneficial effects are observed from
a few weeks to a few months after a single intravitreal application
in animal models of retinal degeneration (references found in Ref.
[60]). Because daily dosing is not necessary, this becomes a huge
advantage from the treatment perspective.

Asis common in many therapeutic agents, CeNPs can be a double-
edged sword when applied to biological systems due to their redox
capacity. Because the synthesis methods of CeNPs influence the size,
shape, percentage of oxygen defects, and the ratio of Ce(3+)/Ce(4+),
all of which contribute to the final redox potential of each batch of
engineered CeNPs, I am not surprised to witness the evidence for
both pro-oxidant and antioxidant effects of CeNPs in biological
systems in the current literature. To sort out this tangle, we must
be aware that the positive and negative effects of CeNPs reported
are “from different CeNPs” synthesized in different labs and/or by
different methods.

In this chapter, I will highlight features of CeNPs that contribute
to their catalytic activities in cell-free suspensions. | will focus on
publications that exemplify the pro- or antioxidant effects of CeNPs
in cells and in animal disease models. I will summarize studies that
demonstrate the cellular and molecular mechanisms of CeNPs in
biological systems. Because CeNPs synthesized in different labs
are different, I will point out specific features of engineered CeNPs
used when possible. With this approach, I hope to bring clarity in
our understanding of the biological effects of engineered CeNPs
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and to help provide directions for developing the next generation of

engineered CeNPs for medicine.

Resting cell
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Highly oxidized
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Figure 3.3 How cells respond to oxidative stress and the postulated
cellular actions of CeNPs in reducing oxidative stress. In
healthy and highly reduced cells, the radical scavenging
and/or oxygen-modulating effects of CeNPs cause a mild
oxidative stress; cells respond by upregulating a selective
array of beneficial adaptive stress responses (a.k.a., hormetic
responses) to prepare cells for future greater oxidative insults.
The consequence is the survival of these cells from normally
irreparable oxidative damages. Modified from Ref. [22] by
permission of Oxford University Press.

Apropos to environmental and human toxic effects of cerium, we
need to be mindful that the properties of nanoparticles are unique
and different from the ionic form(s) of the same metal in bulk
form. Armstrong et al. [3] reported that silver nanoparticles, but
not silver ions, affected the pigmentation biosynthesis in fruit flies.
Consequently, I want to emphasize that the effects discussed in this
chapter cannot be generalized to the effects found in the bulk form
of cerium oxide. Additionally, when assessing the potential toxic
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effects of the bulk form of cerium ions, we need to differentiate the
effects exerted by cerium either in the Ce(IlI) [27] or the Ce(IV) [44]
ionic states, as the effects are radically different.

3.2 Physicochemical Properties and Catalytic
Activities of Nanoceria Are Dictated by
Their Synthesis Methods

Because of the abundant reporting of polar opposite biological
effects of CeNPs in the past 10 years, Karakoti et al. [26] decided
to systematically examine preparation methods of CeNPs versus
their biological effects from publications between 2005 to June
2011. They found that many publications did not provide adequate
information on sample processing and particle characterization
especially regarding surface composition, so direct comparison
based on the oxidation state of cerium (i.e., 3+/4+ ratio) was not
possible. However, they reasoned that since synthesis temperature
affected many properties of engineered nanoparticles, such as
crystallite size, shape, surface defects, and oxidation state, they could
sort CeNPs’ biological effects based on the synthesis temperature
of CeNPs. They divided the synthesis temperature range into three
groups irrespective of the actual synthesis methods: Group (1),
high temperature, in which one or more steps of the synthesis
process are above 300°C; Group (2), heated in solvent, in which
preparation involved steps of heating solvents <100°C; Group (3),
room temperature, in which preparation was performed at room
temperature. Figure 3.4 shows TEM images of CeNPs synthesized
according to these groupings.

According to Karakoti et al. [26], CeNPs prepared in high
temperature tend to be larger compared to the other two groups.
More significantly, these particles incline to have sharp facets or
edges. Compared to spherical or rounded crystallites, nanoparticles
with sharp edges usually possess different chemical reactivity.
Due to the high-temperature treatment, these particles are usually
devoid of impurities, and their catalytic activities are not as prone
to environmental changes. CeNPs synthesized by heating in solvents
tend to have uniform spherical morphology as is the case for
synthesis using room temperature methods. These particles disperse
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better in aqueous solutions because they do not tend to form hard
agglomerates as compared to the high-temperature group. CeNPs
synthesized in room temperature retain more oxygen vacancies and
have higher 3+/4+ ratios. However, their catalytic activities are also
more prone to environmental changes.

Heated or calcined
at high temperature
(>300°C)

Heated (<100°C)
in solution (with or
without surfactants)

Room temperature
synthesis (with or
without surfactants)

Figure 3.4 TEM images of CeNPs grouped according to the temperature
used during synthesis. Group 1: High temperature (a-c); Group
2: Heated in solvents (d-f); and Group 3: Room temperature
(g-i). Reprinted with permission from Ref. [26], Copyright
2012, John Wiley and Sons.

Based on this arbitrary synthesis classification, Karakoti et
al. were able to show a general trending of synthesis temperature
to biological effects (Fig. 3.5). They found that CeNPs synthesized
by room temperature methods show mostly positive effects
(antioxidative), whereas CeNPs synthesized by high-temperature
methods show mostly negative effects (oxidative). The number in
the figure represents the number of publications in each grouping
that fit one of the three biological effects: oxidative, neutral, and
antioxidative. This finding illustrates that the synthesis method
of engineered CeNPs is one of the major sources of inconsistent
biological effects reported from engineered CeNPs.
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Figure 3.5 Summary of the relationships among synthesis categories and
biological impacts, showing that synthesis methods have a
significant impact on biological outcomes. Adapted from Ref.
[26] and reprinted with permission from Ref. [6]. Copyright
2013, AIP Publishing, LLC.

To systematically correlate the synthesis method of redox-
active nanomaterials to their physicochemical properties, catalytic
activities, and cellular effects, Dowding et al. [17] provided an in-
depth comparison of CeNPs synthesized by different methods on
the change of their physicochemical properties, catalytic activities,
cellular interactions, and toxicity to human umbilical vascular
endothelial cells (HUVEC, i.e.,, these are not cancer cells). These
CeNPs were prepared by wet chemistry methods but with different
oxidation state, surface modification, and morphology. They
accomplished this by using different oxidizers (hydrogen peroxide or
ammonium hydroxide) and the addition of hexamethylenetetramine
(HMT) during the synthesis process.

In order to directly compare the biological effects of different
CeNPs, we need to develop a set of parameters for CeNPs’
characterization besides stating the synthesis methods. Many
groups have established their own sets, and I list a set here as an
example and it is shown in Table 3.1. Additionally, Baer et al. [6]
recognized the need for consistent reporting of surface and interface
characterization of redox-active nanomaterials such as CeNPs; they
offered a comprehensive assessment of traditional and evolving
methods for consideration of best practices.
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To point out the salient findings of the Dowding et al. study,
I include here the characterization of these CeNPs and their
corresponding catalytic activities. These are shown in Tables 3.2 and
3.3. CNP1 and CNP2 are more similar with regard to size and shape
than the ones with HMT on the surface. However, even CNP1 and
CNP2 are very different apropos their oxidation ratio: The 3+/4+
ratio for CNP1 is 1.28 (or 56%) versus CNP2, which is 0.37 (or 27%).
This ratio determines the mimetic SOD catalytic activity of CeNPs
[23, 30], and the authors showed that it was indeed the case (Table
3.3). As shown in Table 3.3, these authors also tested other known
catalytic activities of CeNPs; these are phosphatase and ATPase
mimetics [31], nitric oxide scavenger [16], and catalase mimetic [47].
They clearly showed that CeNPs synthesized using different methods
generated CeNPs having distinct catalytic activities. It is interesting
to note that CeNPs with low 3+/4+ ratios do not have SOD activity,
but instead are active for the catalase and/or phosphatase activities.
The negative control, SiO, nanoparticles, is not redox-active (Tables
3.2 and 3.3).

Table 3.1 A set of recommended characterizations and determination
methods of engineered CeNPs for the reporting of CeNPs’
biological effects

Characterization Determination Methods

Size HRTEM

Hydrodynamic size and DLS (in water and in delivery medium)
distribution

Surface charge Zeta potential

Crystalline structure X-ray diffraction

Shape HRTEM

Specific surface area (m?/g) BET

3+/4+ ratio XPS

Catalytic activities Various methods

HRTEM: high-resolution transmission electron microscopy; DLS: dynamic light
scattering; BET: Brunauer, Emmett, and Teller method; XPS: X-ray photoelectron
spectroscopy
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Table 3.2 Physicochemical properties of cerium oxide nanoparticles (CNPs) prepared by water-based or HMT-based method

Particle Characteristics CNP1 CNP2 HMT-CNP1 HMT-CNP2 HMT-CNP3

Morphology Round Round Polygonal Polygonal Round

Crystalline property Crystalline fluorite  Crystalline Crystalline fluorite  Crystalline Crystalline
structure fluorite structure  structure fluorite structure fluorite structure

Size (TEM) (nm) 3-5 5-8 10-15 10-15 8-10

Hydrodynamic radii 30.84+2.8 69.26 +4.5 147.70 £ 6.4 83.56+3.2 129.20+4.1

(nm)

Zeta-potential (mV) 18.6+0.6 30.2+15 346 £1.7 38.6+2.3 36.7+2.1

Hexamethylenetetramine 1.68+0.2 8.16 0.7 1.78+0.3

(wt %)

Surface Ce(3+)/Ce(4+) 1.28 0.37 0.37 0.36 0.32

ratio

BET (m?/g) 92 102 86 71 118

Source: Reprinted with permission from Ref. [17], Copyright 2013, American Chemical Society.
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Table 3.3 Synthesis method determines surface character and catalytic
activities of CNPs?

Catalytic
Activity Assay CNP1 CNP2 HMT-CNP1 SiO,
Phosphatase pNPP No Yes Yes No
ATPase Malachite green No Yes Yes No
EnzChek No Yes Yes n/db
*NO scavenger CuFI assay No Yes No No
Catalase mimetic UV-visible No Yes No No
SOD mimetic Cytochrome ¢ Yes No No No

Source: Reprinted with permission from Ref. [17], Copyright 2013, American Chemical
Society.

aVarious properties of CNPs have been tested for their ability to exhibit SOD mimetic,
catalase mimetic, ¢NO scavenging, phosphatase, or ATPase activities.

bNot determined

Did the differences in physicochemical properties of CeNPs
confer differential effects in cellular toxicity? The authors showed
that CeNPs generated with HMT were significantly more toxic at
8.6 pg/mL and at higher dosages than CNP1. CNP1 was not toxic to
HUVEC at these dosages. They also showed that the intracellular ATP
content was significantly lower in the HMT-CeNPs-treated cells. They
concluded that the lower intracellular ATP level in these cells might
be associated with the ATPase activity of these CeNPs. However,
since measuring intracellular ATP level is another way to determine
cell viability [48], one would expect the results from these assays
to show similar trends. I speculate that CeNP-associated ATPase
activity was unlikely to be involved because CNP2 had higher ATPase
activity than HMT-CNPs, and CNP2-treated cells did not have lower
intracellular ATP level than the HMT-CNPs treated ones. However, we
should also note that CNP2 possessed additional radical scavenging
mimetic activities, whereas HMT-CNPs did not.

In this study, the authors also tried to address how shape change
might affect biological effects (HMT-CNP1: polygonal versus HMT-
CNP3: round; Table 3.2). However, the difference in the viability
assay was modest; a more sensitive assay will be needed to further
investigate the differential effects due to shape change. A picture
emerges with this kind of systematic comparison of engineered
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CeNPs in normal mammalian cells: Redox-active nanomaterials
appear to have biological effects that are not easily uncovered
by viability assays or measuring intracellular reactive oxygen
species (ROS) levels. Currently, we lack the knowledge and/or the
methodology to decipher the subtle differences between engineered
CeNPs as is evident from the viability results from CNP2, HMT-
CNP1, and HMT-CNP3 in the study by Dowding et al. [17]. However,
I am confident that we will continue to expand our exploration to
uncover these biological effects to create a more satisfying picture of
how CeNPs harm or improve our health and the environment.

3.2.1 Additional Catalytic Activity and Effects of Buffers
on CeNPs’ Activities

Besides the four catalytic activities attributed to the different
engineered CeNPs mentioned above, Xue et al. [61] reported another
auto-regenerative catalytic activity of their engineered CeNPs.
They showed that their CeNPs generated by the “heated in solvent
method” in the presence of HMT had hydroxyl radical scavenging
activity by detecting the change in the absorbance of methyl violet in
the presence of FeSO, and H,0,. Their CeNPs of 5-10 nm and 15-20
nm and having surface compositions of Ce(3+) concentration of 30%
and 21%, respectively, were effective hydroxyl radical scavengers
at nanomolar ranges. Based on the Ce(3+)/Ce(4+) it is likely that
CNP2 and the HMT-CeNPs (ranging from 24-27%) mentioned in the
previous study will possess this hydroxyl radical scavenging activity.
Reports showed that different engineered CeNPs were affected
differently in different pH conditions and in different physiological
buffers. For example, Perez et al. [46] reported that their dextran-
coated CeNPs were inactivated in pH 4 and lost their radical
scavenging activity. In another study by Singh et al. [52], they
reported that their engineered CeNPs were stable in a wide range of
pH, and in cell culture media with or without serum. However, they
observed that the SOD mimetic activity was reduced at increasing
concentrations of phosphate buffer. These observations indicate
that the lack of detectable response or negative effects of engineered
CeNPs in biological systems may be due to the different subcellular
compartments that the CeNPs are in after taken up by cells.
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3.2.2 Synthesis Method and Characterization of CeNPs
that Showed Beneficial Effects in Blinding Retinal
Disease Models

Our lab obtained the bare engineered CeNPs from Dr. Sudipta Seal’s
group at the University of Central Florida. They used a simple wet
chemistry method to generate monodispersed CeNPs in the 1-50 nm
range with mixed Ce(3+)/Ce(4+) ratios, which possess SOD memetic
activity. Below is an excerpt from Dr Seal’s US patent 7504356 [51].

“The invention also includes a method of making a synthetic
catalyst having superoxide dismutase activity and consisting of a
plurality of substantially monodispersed nanoparticles of cerium
oxide having a crystal lattice containing cerium in a mixed valence
state of Ce(3+) and Ce(4+), wherein the superoxide dismutase
activity correlates with number of oxygen vacancies in the crystal
lattice. A preferred method of the invention includes dissolving
hydrous Ce(NO3); in water so as to form a solution, stirring
the solution, adding 30% hydrogen peroxide solution and 30%
ammonium hydroxide solution, and heating until the solution
developsalightyellow color; thereafter, the method stops. Preferably,
in the method the water is deionized and stirring is continuous. Also,
itis preferable that adding of the hydrogen peroxide be done rapidly
while continuously stirring the solution. The hydrogen peroxide is
preferably a 30% solution and the ammonium hydroxide is a 30%
solution; they are added in a proportion of 2:1 hydrogen peroxide to
ammonium hydroxide. Heating is best conducted at approximately
150°C”

In some of our publications, we did not provide detailed
characterization of the engineered CeNPs, although they were
thoroughly analyzed by our collaborator’s group. The CeNPs we
used in our experiments were very similar in characteristics as
described above for CNP1 in Tables 3.2 and 3.3. They were round
in morphology and measured in 3-5 nm by HRTEM. They measured
around +20 mV in zeta potential and had a higher 3+/4+ ratio. In the
subsequent discussion, I will refer to the engineered CeNPs in these
studies as CNP1.
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3.3 Biological Effects of Nanoceria:
Antioxidative, Oxidative, and Modulation
of Oxygen Level

3.3.1 In Cell Culture Systems

The cell culture system is the most cost-effective way to assess the
toxic or beneficial effects of engineered CeNPs before testing in
animal models. Ideally, non-cancer cells should be used to assess
cytotoxic effect because these cells should mimic the behavior of
“healthy cells.” In general, cells are incubated with nanoceria in a
range of dosages from 24 to 72 h and then assayed for viability [48].
To test for protective effects against oxidative stress, cells are treated
with specific oxidants or chemicals to induce oxidative stress, and
then assayed for viability after a specified period of time. CeNPs are
added at the same time as the oxidant or at an earlier or later time
point. A popular method for measuring the intracellular ROS level
is to load cells with 2’,7’-dichlorodihydrofluorescein diacetate (DCF-
DA); upon entering cells and oxidation, such as oxidation by ROS, it
is converted to a fluorescent molecule, DCF [54], and can be detected
by flow cytometry or spectrophotometry.

3.3.1.1 Study 1: Antioxidative Effect

Schubert et al. [50] performed a comprehensive study of a number
of nanoparticle species in addition to CeNPs to assess their redox
potential in cells. They found that their engineered CeNPs (6, 12,
1000 nm) and yttrium oxide nanoparticles (12 nm) obtained from
Nanophase (Romeoville, IL) alone, but not the aluminum oxide
nanoparticles or non-nanosized particles of cerium oxide, could
reduce ROS in HT22 cells (a mouse neuronal cell line) and enhanced
cell survival after challenged with glutamate to induce oxidative
stress and death. Their engineered CeNPs were synthesized by the
room temperature method with HMT on the surface. Because excess
glutamate induced a well-defined and time-dependent cascade of
events in these cells: (1) reduction in glutathione (GSH) level, (2)
increase in ROS level, (3) increase in intracellular Ca?* level, and
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(4) death, within 12 h [24], they were able to further dissect the
mechanism of CeNPs action inside these cells. They showed that at
200 pg/mL, CeNPs drastically reduced ROS level within 15 min of
addition. They suggested that CeNPs could act as direct antioxidants,
although at a very high concentration (~1.2 mM). In light of the
finding that addition of 0.02 pg/mL (10,000 fold less) of CeNPs
were effective in enhancing cell survival when assayed after 20 h of
incubation, I speculate that additional mechanisms must be in play
for the observed protective effect. Additionally, they did not observe
any difference in the effectiveness of protection offered by CeNPs of
the three different sizes.

3.3.1.2 Study 2: Oxidative Effect

Lin et al. [35] used A549 cells, a cell line derived from the lung tissue
of a patient with lung carcinoma [5], to assess the toxicity of their 20
nm CeNPs synthesized by the room temperature homogeneous nu-
cleation method. They showed that these cells had reduced viability
even after 24 h of incubation at 3.5 pg/mL (the lowest dosage tested).
They showed that these CeNPs caused ROS level increase, GSH level
decrease, and malondialdehyde increase (MDA, a biomarker for lipid
peroxidation) in these cells. They concluded that their engineered
CeNPs induced oxidative stress, which caused unrepaired oxidative
damage and eventually led to cell death. This finding is similar to an-
other study using CeNPs produced by the high-temperature method
(flame spray pyrolysis) [49]. These CeNPs were 5-20 nm in diameter
and appeared as sharp-edged crystals. These authors used the same
A549 cell lines but grew them in cell culture inserts, which allowed
these cells to be exposed to air containing CeNPs. They exposed these
cells in a chamber where CeNPs were synthesized from 10 to 30 min
to simulate the alveolar epithelial cell exposure to pollutants in the
air. Under these conditions, they did not observe reduction in viabil-
ity of CeNPs exposed cells. However, they did observe reduction in
tight junction proteins and transepithelial electrical resistance in the
30 min treated samples. They also observed increased DNA damage
using a marker for 8-oxoguanine, in the 20 and 30 min treated sam-
ples. They concluded that their engineered CeNPs induced oxidative
stress in this epithelial alveolar model.
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3.3.1.3 Study 3: Neutral or Oxidative Effect Depending on
Cell Types Used

Park et al. [45] tested the cellular effects of their synthesized CeNPs
(15, 25, 30, 45 nm in size) by the heated solvent method using
three cell lines. They showed that the 30 nm CeNPs at 5 pg/mL did
not have toxic effects on T98G (a cell line derived from a human
glioblastoma) or H9C2 (a cell line derived from embryonic rat
cardiomyocytes) cells but reduced cell viability in BEAS-2B cells (a
cell line derived from normal human bronchial epithelial cells). They
showed that these cells also exhibited increased oxidative stress:
(1) increased cellular ROS and (2) decreased GSH when incubated
with the 30 nm CeNPs,in adose-dependent fashion. They verified that
in spite of the upregulation of a number of oxidative stress-related
genes (catalase, glutathione S-transferase, heme oxygenase-1, and
thioredoxin reductase) after 4 h of CeNPs incubation, these cells
continue to show signs of apoptosis at 24 h. Again these authors did
not observe CeNPs size-dependent toxic effects; cells treated with
small- or large-sized particles showed similar degree of reduced
viability in all the time points tested. Interestingly, they were able
to observe aggregates of CeNPs in the perinuclear regions of these
treated cells using phase-contrast microscopy.

One explanation for the differential effects of these CeNPs in these
three cell lines could be related to the efficiency of particle uptake
and/or the ability of CeNPs to aggregate inside cells. These authors
also showed that the aggregates grew in size and accumulated in the
perinuclear regions with increasing incubation time. In the study by
Dowding et al. [17] mentioned above, they also showed that HMT-
CNP1-treated cells took up substantially more (4-5 times more when
dosed at 8.6 pg/mL) particles than the CNP1- and CNP2-treated
cells. These particles also could be observed as aggregates in the
perinuclear region of cells by light microscopy in HMT-CNP1-treated
cells but not in CNP1- or CNP2-treated cells. Using fluorescently
tagged HMT-CNP1, they showed that the aggregates associated with
a lysosomal marker. Collectively, these data suggest that when cells
start to aggregate CeNPs in lysosomes, it signals the beginning of a
“severe” cellular stress response that leads to rise in cellular ROS
followed by unrepaired oxidative damage and ultimately death.
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3.3.1.4 Study 4: Antioxidative Effect

Another study using CeNPs made by the high-temperature method
(flame spray pyrolysis) showed that these engineered CeNPs with
sharp-edged andrhombohedral shape were not cytotoxicto quiescent
and activated U937 monocytes (a cell line derived from a histocytic
lymphoma of a patient) [36]. These authors showed that CeNPs of
7, 14, 94 nm only slightly reduced the proliferation of these cells at
the 24 h time point but not in longer incubation times up to 144 h
at 5 or 200 pg/mL. They showed that activated U937 cells took up
more fluorescently labeled CeNPs than quiescent cells and that these
cells also showed detectable changes of intracellular morphology by
increase in the side scatter signal using flow cytometry analysis upon
incubation with unlabeled CeNPs of the various sizes. They showed
that CeNPs of all three sizes were able to reduce the fluorescent
signals of DCF in two distinct populations within both the quiescent
and activated cells, although the proportion of cells expressed
reduction was higher in the activated cells. This and the Park et al.
studies again demonstrate that (1) the current assays employed
were not able to detect subtle biological differences effected by
CeNPs of different sizes, and (2) cells of different types, or cells of the
same type but in different differentiated states, respond to CeNPs
differently.

3.3.1.5 Limitations of Current Methodologies

These cell culture studies demonstrate that CeNPs can protect cells
from oxidative stress and prolong their lifespan, and CeNPs can
induce oxidative stress and hasten their death. In both scenarios,
CeNPs reduce or increase intracellular ROS during the process.
Currently, the mechanisms mediating these effects are not apparent.
Many of these studies show results from incubating cells with CeNPs
for 24 h before assays are performed; the effects we observed are
likely the net results of the activation and/or inactivation of many
signaling pathways. Presently, we do not have unequivocal evidence
to show that CeNPs act as direct oxidants or antioxidants when inside
cells. The sole study which suggests that CeNPs could act as direct
antioxidants was the one mentioned above by Schubert et al. [50],
where they measured DCF fluorescence 15 min after CeNPs addition
at the time when the cells were known to produce high levels of ROS.
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However, this result may, in fact, suggest that additional mechanisms
for CeNPs protection was at work because the dosage used for
cellular protection was 10,000x lower than the one used to show
direct antioxidant effect.

From this short survey of cellular effects of CeNPs, it is clear that
we should be cautious when concluding the lack of CeNPs cytotoxic
effects because certain cell types are more resistant since they do
not take up as much CeNPs as other cell types. Negative results need
to be supported by relevant control experiments, in this case the
presence of CeNPs inside cells. Furthermore, we do not understand
the reasons for the lack of differential cellular effects according
to nanoparticle size because smaller-sized nanoparticles are
presumed to be more reactive due to the increase in the number of
oxygen vacancies [50]. These observations again suggest alternative
mechanisms of CeNPs action when inside cells.

3.3.1.6 Study 5: Modulation of Oxygen Level

Using HUVEC, Das et al. uncovered another cellular effect of CeNPs
that was not previously appreciated [14]. They showed that both
CNP1 and CNP2 (with Ce(3+)/Ce(4+) ratios at 57% and 27%, re-
spectively) could induce endothelial cell tube formation, although
CNP1 treatment was more efficient (40% versus 11% increase
compared to the untreated control). They showed that these CeNPs
also induced vascular branching in chick chorioallantoic membrane
(CAM) assay. Because these two angiogenic effects are well known
to be mediated by vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor 1-alpha (HIF1A), these authors examined
the effects of CNP1 on the expression of these gene products. They
showed that VEGF expression was upregulated at 2 h post-incuba-
tion and returned to pretreatment level at 4, 8, 12 h. They continued
to show that VEGF upregulation was most likely due to the stabiliza-
tion and translocation of HIF1A to the nucleus. Because angiogen-
esis can be induced by rise in ROS, they determined ROS level by DCF
fluorescence 2 h after CNP1 incubation but did not detect changes in
fluorescence. Using pimonidazole, an intracellular oxygen level sen-
sor [55], they showed that there was a detectable reduction in oxy-
gen level in these cells at 30 min and 1 h post-incubation (rise in flu-
orescence signal). The fluorescence signal returned to pretreatment



Biological Effects of Nanoceria

level at 2 h of incubation. They hypothesized that the Ce(3+)/Ce(4+)
ratio played a key role in modulating the oxygen level because CeNPs
with higher Ce(3+)/Ce(4+) ratio appeared to be more effective in
promoting the angiogenic effects. Using atomistic modeling, they
suggested that areas with high Ce(3+) on the CeNPs surface were
more reactive and could extract O, more easily than the non-reduced
area. They concluded that CeNPs might act as oxygen buffers in these
situations. This finding is exciting because it is well known that mild
hypoxia can act as a stimulus to promote an adaptive beneficial cel-
lular stress response called hormesis [39, 40]. The induction of this
adaptive cellular stress response by redox-active CeNPs may be the
“alternative mechanism” of CeNPs in cells. Evidence for this hypoth-
esis will be presented in the subsequent sections.

3.3.2 In Animal Models

Understandably, our goal is to develop effective engineered CeNPs
as therapeutic agents to treat diseases whose progression is tightly
associated with oxidative stress. In this section, I will summarize a
few representative preclinical studies using animal disease models
to illustrate the advantages of using CeNPs as therapeutics. 1 will
highlight a study demonstrating the differential CeNP effects in
different microenvironments as present in cancer versus normal
cells. However, I will not discuss animal studies, which demonstrate
engineered CeNPs as pro-inflammatory or pro-oxidative agents,
as these CeNPs are intended largely for industrial use. Readers
should consult reviews cited here and in other chapters for further
discussion on that topic.

3.3.2.1 Studies 1 and 2: Antioxidative Effect

Water-based synthesized CeNPs in nanomolar ranges (or 1-3 ng/
mL) (CNP1 as presented in the previous section) could reduce ROS
in primary retinal neurons when challenged with hydrogen perox-
ide, and the reduction was observed in 12, 24, and 96 h post CNP1
incubation but not after 30 min [10]. These results prompted the
authors to administer CNP1 in an animal disease model. They chose
the on-demand light-induced blinding model in albino rats because
bright light is known to cause oxidative damage (such as lipid per-
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oxidation) in rod photoreceptor (RPr) cells [15]. They delivered 2
uL of 0.1, 0.3 or 1 uM (i.e. 0.344 ng) CNP1 or saline into the vitreous
of albino rats 3 days before bright light exposure. They showed that
CNP1 at all three dosages enhanced RPr cell function with the high-
est dose being the most effective and protected the most RPr cells
from apoptotic death 5-7 days after light damage. Furthermore, they
showed that injection of 0.344 ng of CeNP1 2 h after light damage
could also preserve RPr cell function and integrity although not as
well as the preventive treatment. They concluded that CeNPs might
also be effective therapeutics to reduce oxidative stress in other dis-
eases. This study demonstrated that CeNPs were effective in very
low dosages and the neuroprotective effect could be detected at
least 8 to 10 days post CeNPs administration. Since the vitreous vol-
ume of an adult rat is about 54.4 pL [38], the final concentration of
CeNPs in the vitreous is ~6.3 ng/mL. This concentration is ~1000x
lower than the lowest dose in many toxicity studies.

Fiorani et al. [21] used the same animal model to test their
high-temperature synthesized CeNPs with Ce(3+)/Ce(4+) ratio
at 26.4%. They injected 2 pL of 1 mM (i.e., 344 ng or 1000x more
than the previous study) CeNPs or saline into the vitreous of albino
rats or a single tail vein injection (intravenous) of CeNPs at 20 mg/
kg and exposed these animals to bright light 3 weeks after CeNP
administration. They showed that only animals that received CeNPs
in the vitreous protected RPr cells from dying measured by RPr
cell function and cell number, 1 week after bright light exposure.
Additionally, they demonstrated that these animals also had reduced
retinal microglial cell activation and migration to the outer nuclear
layer (ONL; a sign of reduced neuro-inflammation). They concluded
that CeNPs strongly reduced neuronal death and inflammation
in this retinal degeneration model. One remarkable finding of
this study is that the neural protective effect of CeNPs is detected
4 weeks after administration. These authors also showed that the
fluorescently labeled CeNPs were detected in the outer segment of
RPr cells 3 weeks after intravitreally injected animals but not in the
intravenously injected animals. Additionally, the stark contrasting
results mediated by the two delivery methods of CeNPs further
underscore the superior isolated compartment of the vitreous as an
ideal location for effective delivery of CeNPs to the retina.
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3.3.2.2 Study 3: Antioxidative Effect

A single application of intravenous injection of CeNPs was not
effective in photoreceptor neuron protection in the light-induced
retinal degeneration model as demonstrated by Fiorani et al. [21].
However, using a repetitive weekly administration schedule via
intraperitoneal injection (IP) of low dose CeNPs, Arya et al. [4]
showed that their engineered CeNPs were effective in reducing ROS
in lung, brain, and heart tissues in rats exposed to hypobaric hypoxia
treatment. They synthesized their CeNPs by the heated solvent
method with HMT. These particles were 7-10 nm in size and have
uniform spherical shapes. They determined the effective optimum
dosing to be 0.5 pg/kg per week for 5 weeks. They showed that
CeNPs were detected in the lung tissue by TEM.

At the end of the treatment period, CeNP-treated animals
showed reduced level of biomarkers for oxidative stress as well as
inflammation in the lung tissue of hypobaric hypoxia treated rats.
Interestingly, they showed thatat 200x the optimum dose, they failed
to observe the antioxidative effects of CeNPs in the lung (Fig. 3.6).
This biphasic dose-response behavior of CeNPs is similar to a few
documented phytochemicals from plants and the pre-conditioning
effect or hormesis [39]. This observation of CeNPs effect is consistent
with the hypothesis that CeNPs at low dosages elicit a mild oxidative
stress that upregulates the endogenous adaptive stress responses in
cells (Fig. 3.3).

3.3.2.3 Studies 4-6: Antioxidative Effect and Nontoxic Effect
in Normal Retinas

The aforementioned studies showed that CeNPs applied before
oxidative insults were effective in reducing oxidative stress and/
or cell death in animal disease models. Will CeNPs be effective as
therapeutic agents after the disease has commenced? Using a rodent
wet AMD model, the very low density lipoprotein receptor knockout
(vldlr k.0.) mouse, we showed that CeNP administration in the
vitreous of 1 month old animals, when pathological retinal blood
vessels were apparent, could regress abnormal blood vessel growth
by reducing the increase in VEGF most likely by the reduction of ROS
in these unhealthy retinas [8, 62].
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Figure 3.6  Optimization of nanoceria dose for optimal reactive oxygen
species (ROS) scavenging and antioxidant activity. (A) ROS in
rat lung tissue homogenate after various dosages of nanoceria
for 5 weeks. (B) Malondialdehyde (MDA) levels in rat lung
tissue homogenate after various dosages of nanoceria for 5
weeks. A dosage of 0.5 pg/kg body weight of nanoceria was
optimal for their radical scavenging activity. (*p < 0.05; #p <
0.01). Abbreviations: bw-body weight; wk-week. Reprinted
from Ref. [4], supplemental material Fig. S1, with permission
from Dove Press Ltd, Copyright 2013.

Another example of using CeNPs as a treatment therapy is
demonstrated by using an autosomal dominant retinitis pigmentosa
rodent model, the P23H-1 rat. This line has a fast degeneration rate,
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as shown in Fig. 3.7. By the time the eyelids are open, on postnatal
day (P) 15, almost half of the population of RPr cells has died [32,
60]. We demonstrated that a single intravitreal injection of 344 ng
(2 pL of 1 mM) CNP1 at P15 reduced lipid peroxidation product,
8-isoprostane, and enhanced the function of RPr cells up to ~5
weeks post injection compared to the saline control [60].
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Figure 3.7 RatesofRPrcell (ONL=outernuclearlayer thickness) reduction
in two photoreceptor degeneration rodent models: P23H-1 rat
and tubby mouse. The decline is most rapid between P12 and
P20 in both models. In this direct comparison, we reveal that
P23H-1 rat has a more aggressive RPr cell degeneration rate
between P12 and P20 than the tubby mouse. Modified from
Ref. [60]. CeNPs were administered at P7 for the tubby model
(before RPr cell loss), or at P15 for the P23H-1 model (when
~40% of the RPr cell population have died).

In a study using the tubby mouse, a model for inherited recessive
retinal degeneration, that has a slightly slower RPr cell degeneration
rate compared to the P23H-1 rat (Fig. 3.7), Cai et al. showed that a
single intravitreal injection of CNP1 (172 ng) at P7, i.e., before the
onset of RPr cell degeneration, enhanced RPr cell function up to
10 weeks post injection [7]. Perhaps this finding is not surprising
since CeNPs were available to twice the number of RPr cells, and in
a higher effective dose in the tubby mouse study than in the P23H-1
study (32.45 pg/mL versus 6.32 ug/mlL, respectively).

In another CeNP retention and cytotoxic assessment study, we
showed that CeNPs were rapidly taken up by retinal cells detected
by inductively coupled plasma mass spectrometry (ICP-MS) [58].
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Within 1 h, 94% of the intravitreally injected CeNPs were detected
in the retina. These CeNPs stayed in the retina for a long time; the
half-life of CeNPs in the retina was determined to be 414 days. We
showed that these engineered CeNPs (CNP1) were not toxic to retinal
cells in short term or long term by functional and morphometric
analyses performed on 9, 60, and 120 days post injection and in a
range of dosages from 0.344 ng to 344 ng. Together, these results
indicate that CeNPs are safe and effective therapies for treatment of
retinal blinding diseases irrespective of the cause of the pathology.
These studies also demonstrate that CeNPs are especially suited
for ophthalmic applications because the injected CeNPs are mostly
confined to the retina and a single application is effective for up to 10
weeks after intravitreal injection.

3.3.2.4 Study 7: Oxidative Effect in Cancer Cells and Nontoxic
to Normal Cells

Alili et al. [2] demonstrated a differential effect of their dextran-
coated CeNPs in cancer versus normal cells. Their room temperature
synthesized 5 nm dextran-coated CeNPs had Ce(3+)/Ce(4+) of 21%,
i.e.,, low SOD mimetic catalytic activity. When they treated the human
malignant melanoma cell line A375 with 25.8 pg/mL or 150 uM
for 96 h, they observed close to 50% reduction in cell viability. In
another study, they showed that these CeNPs at the same or higher
dosages were not toxic to normal human dermal fibroblasts (HDF)
[1]. They decided to study the anti-tumor growth property of CeNPs
in vivo. After injecting these melanoma cells subcutaneously into the
nude mice, they delivered CeNPs or dextran alone (0.1 mg/kg body
weight) via intraperitoneal injection (IP) at 1 day or 10 days post
cell injection every other day until day 30. They showed that CeNPs-
treated animals had tumors that were ~75% smaller in volume and
weight irrespective of the start of CeNPs treatment. These tumors
also expressed reduced level of CD 31, an endothelial cell marker.
Using cell culture, they showed that CeNPs-treated A375 cells were
also less invasive. When they incubated A375 cells with CeNPs, they
observed increased intracellular ROS as well as increased hydrogen
peroxide level extracellularly. They concluded that their engineered
CeNPs induced excess oxidative stress and subsequent death in
cancer cells but were not toxic to the non-cancerous stromal cells.
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It is puzzling that both the early and late treatment groups show
similar tumor size reduction even though the early group received
CeNPs 9 days earlier. Some possibilities include the following: (1)
CeNPs were not available to the small seeds of cancer cells early
on after cell injection, and/or (2) these cells during the first 9
days post injection were not susceptible to the oxidative effects of
CeNPs. Additionally, these authors also tested the bare CeNPs having
properties similar to CNP1 (Ce(3+)/Ce(4+) ratio at ~67%). They
found that these CeNPs were less effective in killing A375 cells in
culture.

Considering the three major biological effects of CeNPs, oxida-
tive, antioxidative, and oxygen buffering, I hypothesize that the dif-
ferential effects of CeNPs in cancer versus non-cancer cells may be
due to the fact that cancer cells are more sensitive to DNA damage
(genotoxicity effect of CeNPs as discussed above [49]) because can-
cer cells have a high load of mutation and chromosomal abnormality
intrinsically. Any additional DNA damage tips the balance and ulti-
mately leads to cell death, i.e., causing synthetic lethality. In healthy
cells, these mild damages are repaired and thus allowing the cells to
survive and function normally.

3.4 Catalytic Activity of Nanoceria in Biological
Tissues

Currently, we do not have readily available tools to assess the catalyt-
ic activity or pharmacodynamics of CeNPs once they are inside cells
or in tissues/organs. We assume that the activities demonstrated in
cell-free suspensions are active after CeNPs are taken up by cells in
cell culture or in tissues/organs of the animal. But how long will the
administered CeNPs be active inside cells? As mentioned previously,
CeNPs’ cellular effects are likely to involve signaling pathways that
may be triggered by the antioxidative, oxidative, or oxygen-buffering
activities of CeNPs. In most of the animal studies, CeNPs are admin-
istered at time = day 1, and the effects measured at time = 1 + X,
where X = 1 to 120 days. Employing this kind of paradigm, we detect
the cumulative net effects of CeNPs and not the catalytic activity of
CeNPs. Moreover, is it possible to assess the auto-regenerative prop-
erty of CeNPs in vivo?
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One attempt to address how long CeNPs are active once inside
cells was made by Das et al. [13]. They first established that their
engineered CeNPs promoted the viability of primary adult rat spinal
cord neurons for up to 30 days in culture after a single application
of 0.0016 pg/mL or 0.01 uM on day 1 of culture. They wanted to
find out if the CeNPs neuroprotective effect was still present at day
30 after administration. They challenged the neurons with 100 mM
hydrogen peroxide for 1 h and measured the number of live and dead
cells. They found that CeNPs-treated neurons had 18.5% survival
rate (~2x the amount of surviving neurons!) compared to 8.6% in
the untreated control. This study suggested that the neuroprotective
effect of CeNPs persisted for at least 30 days in at least a small
proportion of the treated cells.

Using the P23H-1 rat model, we assessed the CeNPs catalytic ac-
tivity in vivo [60]. We reasoned that RPr cells in degenerating retinas
followed the universal cell death program to be eliminated; we could
indirectly determine the catalytic activity of CeNPs in the retina by
measuring the number of TUNEL+ cells (cells at the degradation
phase of the cell death program) at intervals that were longer than
the time required for clearing of TUNEL+ cells. In this manner, we
would be taking a snapshot of the health status of the retina. After
CeNPs (344 ng) delivery to the vitreous of P15 animals, we deter-
mined the RPr cell death index (i.e.,, number of TUNEL+ cells in the
ONL of the retina) at 3, 7, 14, 21 days post injection. We observed re-
duction in TUNEL+ cells by 46%, 54%, 21%, and 24%, respectively,
compared to the saline-injected controls (Table 3.4). From these re-
sults, we concluded that CeNPs achieved maximal activity between
3 and 7 days post injection, and the activity declined from 14 to 21
days post injection in this autosomal dominant retinitis pigmen-
tosa rodent model. As noted earlier, we could detect enhanced RPr
cell function up to ~35 days post injection. Together, these results
suggest that the net cumulative effects observed could be used as a
gross estimate of the catalytic activity of CeNPs in vivo.

Because the oxidation state (Ce(3+)/Ce(4+) ratio) of CeNPs
influences the redox activities of CeNPs, Szymanski et al. [53]
decided to find out if the oxidation state of CeNPs changed with
regard to the different subcellular compartments they were in. These
authors were able to measure the oxidation states of CeNPs outside
cells and inside specific subcellular compartments by combining



Table 3.4 Statistical summaries of TUNEL+ profiles in the ONL of retinal sections from CeNP and saline treated P23H-1 rats
3 dpi 7 dpi 14 dpi 21dpi
Sal CNP Sal CNP Sal CNP Sal CNP
Number of samples 7 8 7 7 4 6 5 4
Minimum 28 12 25 11 19.33 11.33 12 8.67
25% percentile 30 13.83 30 15.67 19.92 12.58 12.33 8.753
Median 32.33 20.17 38 18.33 21.67 16.83 13.33 10.84
75% percentile 43 21.25 46.67 20 23.42 21.42 17 13.42
Maximum 50 30 56 20.67 24 23.67 17 13.67
Mean 35.81 19.33 38.52 17.1 21.67 17.06 14.4 11
Std. deviation 7.928 5.665 10.52 3.304 1.905 4.635 242 2.539
Std. error 2.996 2.003 3.977 1.249 0.9526 1.892 1.082 1.27
P value of t test 0.0004* 0.0002* 0.1003 0.0797
% change relative to Sal 0% -46% 0% -56% 0% -21% 0% -24%
*P<0.05

Note: Animals were injected at P15 and eyes were harvested at 3, 7,14, and 21 days post injection.

Abbreviations: Sal=Saline, CNP=CeNP, dpi=days post injection

Source: Adapted from Ref. [60]
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scanning transmission X-ray and super resolution fluorescence
microscopy methods. They detected a net reduction in CeNPs (i.e.,
higher Ce(3+)/Ce(4+)) after they were taken up into the cytoplasm
from outside the cells. They also found a similar oxidation ratio for
CeNPs in the cytoplasm and in the lysosomes; they concluded that
the reduction must have taken place earlier in the internalization
process. This study provided for the first time direct measurement
of the oxidation state dynamics of CeNPs from outside to the inside
of cells and in different subcellular compartments of cells.

Because the goal is to develop safe and effective CeNPs for
therapeutic use, the future of nanomedicine must include imaging
techniques to localize CeNPs in tissues and cells, and to identify the
oxidation states in subcellular compartments; Raman spectroscopy
seems to be able to fill this gap in the near future [18, 28].

3.5 Molecular Mechanisms of Nanoceria in
Biological Systems

CeNPs are effective in extremely low dosages (as low as 10-20 ng/
mL), and the effective dosage range appears to follow the biphasic
or hormetic pharmacological response: positive effects observed
in low dosages, and neutral or negative effects at high dosages.
Additionally, the effect requires a latent period (atleast 1 to 2 h) after
CeNPs interaction with the biological system. These observations
indicate that CeNPs’ action inside cells is the manifestation of
signaling pathways triggered by CeNPs and, therefore, will depend
on the health status of the cell and the specific cell types used for
assessment (Fig. 3.3).

Researchers in different studies have demonstrated the up- or
downregulation of a number of genes that are involved in signaling
pathways related to oxidative stress. For example, Cai et al. [8] showed
that the anti-angiogenic effect shown by CNP1 in the retinas of vidir
k.o. mice correlated with the downregulation of the ASK1-P38/JNK-
NF-kB signaling pathway. They hypothesized that the reduction in
cellular ROS level by CNP1 was likely the cause.

In another study, von Montfort et al. [57] showed that the
reduction in oxidative stress by their dextran-coated CeNPs (25.8
pug/mL) in human dermal fibroblasts was not due to the increase
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in endogenous GSH or cellular GSH-peroxidase expression level as
was the case for the Na-selenite-treated cells. They hypothesized
that their CeNPs acted as direct antioxidants, even though the effects
were observed after 24 h of CeNP incubation.

As mentioned previously, Park et al. [45] showed that their CeNPs
(40 pg/mL) generated by the “heated in solvent method” caused
oxidative stress in BEAS-2B (normal lung epithelial) cells. Their
CeNPs caused the upregulation of oxidative stress-related genes,
including catalase, glutathione S-transferase, heme oxygenase-1,
and thioredoxin reductase after 4 h of incubation. In spite of the
upregulation of these genes, the GSH level was reduced 25% after 24
h of CeNP incubation.

To further delve into the molecular mechanisms of CeNPs, a
systematic approach is warranted. Lee et al. [34] performed a gene
expression profiling study of the mouse hippocampal neuronal
cell line (HT22) on the effects of nanoparticle size and chemical
composition. They showed that their 6 nm HMT-coated CeNPs
showed the highest number of uniquely expressed genes among the
three groups of nanoparticles-treated cells after 8 h of incubation
(230 versus 26, and 20). Using the Ingenuity Pathway Analysis (IPA,
Qiagen) software, these authors explored the relationships among
these 230 differentially expressed genes. The major pathways that
were postulated to be affected were (1) inhibition of the G1/S
transition, (2) induction of apoptosis, and (3) growth inhibition.
From these results, I speculate that these engineered CeNPs at 20
pg/mL induced oxidative damage most likely in the form of DNA
damage to disrupt DNA replication and cause apoptosis of these
HT22 cells. It will be interesting to find out if at much lower dosages,
such as at 0.02 pg/mL, a similar or different set of genes will be
detected.

In another study by Ciofani et al. [12], they interrogated 84 genes
using the Rat Oxidative Stress RT? Profiler PCR array from Qiagen on
the expression of PC12 cells (a model mimicking the dopaminergic
secreting neurons) upon incubation with CeNPs, which they
purchased from Sigma (code 544841). Previously, they had shown
that these 5-80 nm CeNPs had Ce(3+)/Ce(4+) at ~23% and were not
toxic to PC12 cells from 10 to 100 ug/mL for 72 h. At 20 and 50 pg/
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mL, these CeNPs promoted neuronal differentiation and dopamine
production in these cells [11]. In the gene expression study, they
measured gene expression level after 72 h of incubation at 20 and
50 pg/mL. The results from the low and high concentrations of
CeNP treatments were quite similar. These authors showed that the
differentially expressed gene pattern was challenging to interpret
due to the inconsistency of the observed pattern. To explain their
observations, they divided these differentially expressed genes
into three categories: genes related to antioxidant defense, genes
involved in the metabolism of ROS, and genes responsible for oxygen
transport. They found that genes in the first group (such as members
of the glutathione peroxidase family) were mostly downregulated.
However, in the second group, they observed a mixed pattern of up-
and downregulated genes. More notably, Hspala (heat shock 70kD
protein 1A), Ncf1 (a.k.a. p47phox, neutrophil cytosolic factor 1), and
Sod3 (superoxide dismutase 3, extracellular) were upregulated.
Did the upregulation of these genes indicate a mild oxidative stress
experienced by the cells due to a downregulation of ROS level?
Finally, they showed that Cygb (cytoglobin), a member in the oxygen
transport group, was upregulated. Because Cygb expression is
regulated by the HIF pathway, CeNPs may be inducing a mild hypoxic
conditionin these cells. Thisis an exciting hypothesis because hypoxia
is known to promote neurogenesis and neuronal differentiation [56]
besides angiogenesis. I eagerly await the unfolding of the molecular
mechanisms of CeNPs in cells.

Recently, we also underwent a gene profiling study to understand
the molecular mechanisms of CNP1 in the healthy rat retina (Wong
unpublished results). We injected 0.344 ng of CNP1 in 2 pL of
saline or saline alone into the vitreous of Sprague-Dawley albino
rats and harvested the retinas at 24, 48, and 72 h post injection.
We compared the gene expression of these six groups (Nano24-
72, and Sal24-72) to the uninjected control. We found a rather
interesting and unexpected result. Among the 1430 genes that had
mapped identities in the IPA software, more than 700 genes were
differentially regulated in four groups: Nano24, Nano48, Nano72,
and Sal24. Figure 3.8 shows the relationships of these genes among
the six groups. Eighty-seven percent of the differentially regulated
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genes at Sal24 returned to uninjected level at 48 and 72 h. About 700
of these genes were common between Sal24 and Nano24-72. These
results suggest that the effects caused by CNP1 injection are likened
to the pre-conditioning effect caused by saline injection and/or dry
needle injection [19, 20], but the effects are much longer lasting and
affecting the whole retina. Our preliminary analyses of these genes
show that CNP1 injection did not induce inflammation or apoptosis
in the retina. The pre-conditioning effect induced by CNP1 is likely
to last more than 3 days because Fiorani et al. [21] waited 3 weeks
after they delivered their CeNPs intravitreally before they exposed
the animals to damaging bright light and could still observe robust
RPr cell protection. Furthermore, I also think that CNP1’s pre-
conditioning effect is independent of the delivery method because
we could detect RPr cell protection in the tubby mice when CNP1
was delivered by systemic injections [intra-cardiac injections [29]
and intraperitoneal injections (Wong unpublished observations)].

A Nano24 (Analysis) A Sal24 (Analysis)
B Nano48 (Analysis) [} E sl €] o1l o1 B Sal48 (Analysis)

C Nano72 (Analysis) C Sal72 (Analysis)
N24 A B N48 S24 A B S48

(W eAa

) N72 5 s72
A Nano24 (Analysis)

EEEPZANEES I Nano/Sal 24

A B
N24

691

Figure 3.8  Gene expression pattern in the healthy rat retina elicited by
CeNPs is very similar to the one evoked by saline injection,
but the expression level persisted instead of returning to the
uninjected level after 24 h (Wong unpublished results).
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3.6 Conclusion

This abridged version of the story of CeNPs in biological applications
provides us a framework to continue to stitch pieces of fabric to
this unfinished piece of multilayered and multicolored quilt. As is
apparent in the quilt, the area covering the molecular mechanisms of
CeNPs inside different cell types is still quite patchy. However, there
is exciting evidence that CeNPs are eliciting a brief and mild hypoxic
environment inside cells [14]. Das et al. showed that the reduction in
oxygen level was brief: from 30 min to 60 min post CeNP incubation
in HUVEC. By 2 h, the oxygen level was returned to pre-incubation
level. Their data indicated that this brief hypoxia triggered the
cascading events for stabilization of HIF1A and upregulation of
VEGF and the subsequent tube formation in these cells. The studies
by Ciofani et al. [11, 12] suggested that CeNPs might be promoting
the differentiation of PC12 cells via the HIF signaling pathway. Taken
together, if we extrapolate these observations to other cell types,
I think we can explain many of the beneficial effects documented
by various research groups. Hypoxia is a well-documented cell
stressor that can stimulate an adaptive cellular stress response in
cells [37]. Systemically, ischemic pre-conditioning is also considered
a beneficial phenomenon [41]. Together with the pre-conditioning
effects of CNP1 we discovered in the rat retina, I think there is a
strong impetus to understand the phenomenon and the molecular
mechanisms of this transient and possibly periodic hypoxic condition
induced by CeNPs in biological systems.
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Plants are primary producers in both terrestrial and aquatic
ecosystems, so their response to exogenous supply of mineral
elements may impact the balance of entire ecosystems. Generally
speaking, the term “plants” commonly refers to “vascular plants” such
as ferns and seed plants, but mosses and lichens are also considered
plant organisms sensu latu. In China, using fertilizers containing a
large amount of rare earth elements (REEs) is a common practice in
agriculture. This has induced researchers to investigate either the
interaction between REEs and plants—to understand whether REEs
play a role in plant metabolism—or the environmental fate of REEs
in plant ecosystems.

Since the 1980s, the literature concerning REEs and plants
increased significantly. Some questions about the role of REEs
in plant metabolism and REE uptake found responses, but other
questions on REE effects on plants and REE toxicity are still open.
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Although REEs seem to be unessential for plants, uptake of such
elements in plants as well as the existence of REE hyperaccumulator
plants has been clearly demonstrated. Mosses and lichens have been
utilized as tools to monitor REE levels in the environment.

Plenty of data, even controversial, are available in the literature
about the interaction of REEs and plant organisms. Different
effects induced by REE application in vascular plant species and
in different physiological stages—from seeds to adults—have so
far been reported in the scientific literature. This chapter reports
and critically discusses information so far available about REE-
associated biological effects in terrestrial and aquatic plants, with a
particular focus on eco-toxicological data. The efficacy of the use of
REEs as fertilizers, the safety of REE input in the environment, and
the biomonitoring data are also discussed.

4.1 Introduction

Rare earth elements, including lanthanides, Y, and Sc, are naturally
present at low concentrations in soil, water, and atmosphere, where
accumulation can take place following anthropogenic inputs from
agriculture, animal husbandry, and wastes of industrial applications.
Because of the low mobility of these elements for a long time, they
were not considered pollutants. However, in recent years, REEs
have caused widespread concerns for their persistence in the
environment and bioaccumulation in the biota, as well as for their
toxicity for living organisms. Indeed, in the last few years, some
data indicate an increase in REE concentration in soil and water in
different world regions such as China, Canada, the Netherlands, and
Australia [9, 12, 31-33, 48, 51, 59, 60]. Moreover, many data in the
literature indicate that the content of REEs in plants is correlated to
the REE levels in the environment, and a careful monitoring of REE
concentration and effects is needed. REEs can be absorbed by plants
and accumulated in the tissues. Studies on REEs and plant organisms
started from 1917 on algae [7] and significantly increased in number
during the last decades with a particular attention to algae, fungi,
mosses, lichens, ferns, and seed plants.
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Responses of vascular plants to REEs have been investigated by
utilizing REE mixtures mainly in the form of nitrates or chlorides.
Less data are available about the effects of single elements, usually
La and Ce.

4.2 REEs in Mosses and Lichens

Few data are present in the literature about the presence of REEs
in mosses and lichens. These organisms have been proposed as
tools for monitoring REE levels over the years. Despite the limited
available data, mosses and lichens appear to be effective passive
biomonitoring agents for REEs and may be regarded as useful
indicators of REE levels in the environment.

The atmospheric deposition of REEs over decades has been
investigated also in herbarium samples by Agnan et al. [2], who used
samples from 1870 to 1998 from six major forested areas in France
to assess the atmospheric deposition of REEs.

The accumulation of REEs in two species of terrestrial mosses,
Hylocomium splendens and Pleurozium schreberi, from the Kielce
area (south-central Poland) has also been investigated, indicating
similarities in REE concentrations in the two moss species [13, 14].

REE concentration in the environment has also been investigated
using Sphagnum girgensohnii by means of the moss bag technique.
During the 2013-14 winter, the moss bags were exposed across
Belgrade (Serbia). The patterns of the moss REE concentrations
were identical across the study area but enhanced in the time
following the development of human activities. Although the study
clearly demonstrates seasonal variations in the moss enrichment
of air pollutants, the results point out a need for careful monitoring
during the whole year and also of various pollutants, not only those
regulated by the EU Directive [52].

Lichens have long been known to be good indicators of air quality
and atmospheric deposition. The species Xanthoria parietina was
selected to investigate past (sourced from a herbarium) and present-
day trace metal pollution in four sites from south-west France [1].
In this study, metal concentrations registered in contemporary and
historical lichen samples originating from the south-west of France
have been compared. Data pointed out that within one century,
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the chemistry of atmospheric deposition was modified by man
activities. Surprisingly, the REE concentration measured in three
out of four sites in France is lower in the present than in the past
decades [2]. The herbarium lichens indicated, as a whole, higher
historical concentrations of REEs, and particularly for one station,
the concentration in the past was seven times higher on average than
in the present. Although data seem to indicate a general tolerance
of mosses and lichens to REESs, a recent study reported the effect of
Ce treatments at millimolar concentrations in Xanthoria parietina.
The results of Paoli [39], obtained simulating chronic and prolonged
exposures, showed Ce bioaccumulation, both extracellularly and
intracellularly, which in turn causes an acute toxicity, with decreased
sample viability, photosynthetic performances, and structural
alterations [39].

4.3 REEs and Ferns

Few studies concern REEs and ferns, which are considered among
the most ancient vascular plants, mainly reporting beneficial effects
of such elements on plant metabolism. Beneficial effects of La were
demonstrated on the growth of Dryopteris erythrosora, a fern species
that accumulates REEs under natural conditions [37]. In this study,
the enhancement of fern growth induced by La supply was higher
than that induced by Ca, while the REE uptake was greater than Zn
and almost equal to Sr and Co, and REEs were accumulated mainly
in chloroplasts [37].

REE levels in a naturally grown fern, Dicranopteris linearis, were
found correlated to their concentrations in soils in China [57]. The
REE distribution pattern well correlated to the REE content in the
soils in the fern species Dicranopteris dichotoma and Athyrium
yokoscence [24].

A survey of trace elements in pteridophytes was reported by
Osaki et al. [36]. The concentration of 11 trace elements (including
La and Ce) in 96 pteridophytes was determined. A remarkable accu-
mulation of La and Ce was observed mainly in the genera Polystichum
and Dryopteris (Dryopteridaceae), Diplazium (Woodsiaceae), and
Asplenium (Aspleniaceae) [36].
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A light REE-binding peptide was isolated and partially
characterized from the natural perennial fern Dicranopteris
dichotoma, considered a REE hyperaccumulator, mainly for light
REEs [55]. Shan et al. [42] found that D. dichotoma grown in acidic
soil in southern China hyperaccumulated several light REEs such as
La, Ce, Pr, and Nd up to about 0.7% of its dry leaf biomass in the cell
wall, intercellular space, plasma membrane, vesicles, and vacuoles of
the root endodermis and stele cells, but not in the Casparian band of
the fern adventitious root. In addition, REE deposits were observed
in the phloem and xylem of the fern rhizome [42]. The same
authors indicate that at least part of the REEs can be transported
symplastically, and histidine and organic acids appear to play a role
in the accumulation of light REEs. Nephrolepis cordifolia seems to
tolerate La nitrate supplied at millimolar concentrations, which can
induce a modulation in some antioxidant systems [15, 16].

4.4 REEs in Seed Plants

The literature concerning REEs and seed plants started to increase
in the 1980s and mainly in the last decades. Positive effects on crop
production following treatments with REEs are largely reported
mainly in the Chinese literature [22], and a number of physiological
responses have also been reported in different plant species [23].

Many data, often contradictory, are present in the literature.
The data, as a whole, indicate that REE effects depend on the plant
species, the physiological condition, and the way of REE application.
The plant responses are different if REE treatments are directed to
seeds, seedlings, or adult plants. Different behaviors are described in
native plants and crops. Many data concern REE mixtures containing
chlorides or nitrates; less data are available on single elements. REEs
were supplied through watering or foliar sprays. Some data are
present about the effect of Ce nanoparticles.

4.4.1 REEs and Seeds

Data concerning the effects of REEs on seed germination are still
contradictory. A recent paper [45] reported the effect of La, Y, and
Ce on seed germination in selected crops and wild plant species. La
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and Ce contamination at high pH had no impact on seed germination
in the tested species at any dose, whereas Ce supply at low pH
induced negative effects on seed germination in Asclepias syriaca,
Panicum virgatum, Raphanus sativus, and Solanum lycopersicum. Y
severely affected seed germination in Desmodium canadense and
S. lycopersicum [45]. Thomas et al. [45] suggested that the slow
accumulation rate of REEs in the environment could be problematic,
even if limited effects have so far been reported in seed germination
in different species.

The study by d’Aquino et al. [8] reported negative or no effects
following REE mixtures and La nitrate supply on the germination
of Triticum durum seeds [8]. On the contrary, an increase in seed
germination was observed in Phaseolus vulgaris [46]. REEs also
induced a moderate increase in seed germination in aged seeds of
Avena sativa but not in T durum (Tommasi, unpublished).

Other data reported positive effects of lanthanum on germination
of aged seeds of rice [17-19]. On the other hand, the exposure to
different REEs in the soil had no effects on the germination of many
plant species both native and cultivated; only Nd and Er reduced
germination in Raphanus sativus and in tomato, respectively. Not
clear were the effects of Pr and Sm, which induced negative effects at
low but not at high concentrations [5].

4.4.2 REEs and Seedling Growth

Data on T durum seedlings showed inhibitory effects of REEs and
La nitrates in roots and shoots [8], while an increase in root and
stem growth was observed in P. vulgaris seedlings [46]. Diatloff et
al. [11] reported negative effects of La and Ce on the growth and
mineral nutrition of corn and mung bean. Indeed, Ce nanoparticles
were toxic for rice, although citric acid proved to be able to reduce
Ce toxicity [47].

4.4.3 REEs and Wild Plants

The relationship between the dangerous levels of REEs in soil and
plant metabolism is not clear although data from the literature
suggest that REE concentrations in the soil depend not only on
the geopedological characters but also on anthropogenic sources,
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because processes such as mining, oil refining, discarding of
obsolete equipment containing REEs, and using REE-containing
phosphate fertilizers may increase the likelihood of environmental
contamination [49].

Scarce information is available about toxicity and accumulation
of REEs to native terrestrial plants grown in contaminated soils.
According to Tyler and Olson [50], the concentration of REEs in
the tissues of wild plants is not correlated to the content of REEs
in soil. These authors described differences in the concentrations
and proportions of REEs in eight forest-floor herbaceous plants and
ascribed these differences to soil and mineral nutrient conditions.
REEs studied were Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and Lu. Leaf concentrations of the REEs sum accounted for more
than one order of magnitude between species, the highest being in
Anemone nemorosa (10.1 nmol/g dry mass) and the lowest being in
Convallaria majalis (0.66 nmol/g) from the same site. Foliar levels of
REEs correlated positively with Ca and Sr concentrations. A negative
relationship was measured between phosphorus concentrations and
the sum of REE concentrations in leaves. However, the proportions of
the individual REEs accumulated in leaves differed among species. In
A. nemorosa, 57% of the molar REE sum was taken by Y + La and only
21% by Ce. Instead, the other extreme was Maianthemum bifolium,
with 37% La + Y and 41% Ce. These two species had 2.7-3.0% of
the REE sum as lanthanides, compared to 4.1-5.2% in the six other
species. Some data in the literature reported the concentration of
REEs in wild plants in China [58]. Wei et al. [58] studied in Hypericum
japonicum Thunb 15 REEs with particular attention to La, Ce, and Nd
and found that the total concentration of REEs in H. japonicum was
much higher than that found in rice, corn, wheat, and barley. REE
levels were recently measured also in Norway in several native plant
species growing in boreal and alpine areas [21]. Carpenter et al. [5]
investigated the phytotoxicity and the uptake from contaminated
soil of six REEs (chloride forms of Pr, Nd, Sm, Tb, Dy, and Er) in three
native plants (Asclepias syriaca L., Desmodium canadense (L.) DC,,
Panicum virgatum L.) and two crop species (Raphanus sativus L.,
Solanum lycopersicum L.) in separate dose-response experiments
under laboratory conditions. They reported that root biomass of
native species was affected at lower doses than crops and referred
to Desmodium canadense as one of the most REE-sensitive plant
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species. The complex of data suggests that phytotoxicity may be a
concern in contaminated areas, although the available information
is not sufficient to clarify the relationship between dangerous levels
of REEs in the soils and plant metabolism [5 and references therein].

4.4.4 REEs and Crops

Although REEs have been widely applied in Chinese agriculture for
many years to improve crop nutrition through the use of fertilizers,
yet little is known about their accumulation in arable lands and
field-grown crops. Recent reports showed that the contents of REEs
in plants ranged from 4 to 168 mg/g, but the values were influenced
by the plant species and by the REE content and speciation in soils
[3]- Other data reported a mean value of REE content in Chinese
cultivated soils of 176.8 mg/kg [29]. Generally, the content of REEs
in soils ranges from 0.01% to 0.02%. The concentration in soils
depends on the soil and usually ranges from 76 to 629 mg/kg in
China. Zeng et al. [67] reported a critical La concentration for rice of
42 mg/kg in red soil and 83 mg/kg in paddy soil.

The data about the application of REE fertilizers are still
contradictory. Positive effects on the growth, yield, and quality of
numerous crops (including grains, vegetables, and fruits) have been
observed in pot and field experiments in many countries, including
the United States, the United Kingdom, and China [23, 29, 48-50,
60]. Some studies, mainly from Chinese literature, on the response
of crops to REE application have been focused on the beneficial
effects [60], and the phytotoxicity of REEs is still poorly documented
[4, 22, 23, 38]. However, some studies reported REE accumulation
in crops and soils after different concentrations of REE application
[56, 61, 65]. Diatloff et al. [11] reported that REEs were toxic to
plants. A 50% reduction in corn root elongation was evident with
4.8-7.1 mmol/L La or 12.2 mmol/L Ce. These results indicate the
threats associated to an excessive REE application, but their work
was conducted under solution culture condition and could not
actually show the growth of plants in different soils contaminated by
La. On the other hand, Liang et al. [29] reported that the REE content
in wheat seeds is 3-4 orders of magnitude lower than that in the
soils excluding any negative effects for crops.
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The concerns about REE toxicity related mainly to crops and
foods [33, 68]. Arecent study investigated the transfer characteristics
of REEs from soil to navel orange pulp (Citrus sinensis Osbeck
cv. Newhall) and examined the effects of soil REE content on the
internal fruit quality in China [6]. The results showed that soil REE
content and pH significantly affect REE concentration in the pulp.
The total REE contents in soils were safe for planting navel oranges
in REE ore area of South China (Xinfeng County, Jiangxi Province).
Even when the total soil REE content was as high as 1038 mg/kg, the
navel orange was still safe enough for consumption. Under routine
methods of watering and fertilization management, internal fruit
quality of navel orange increased with the increase in soil REEs in
the study area. The authors suggest that cultivation of navel oranges
in rare earth ore areas of China, with soil REE content ranging from
38 to 546 mg/kg, improved the fruit quality [6]. The distribution of
16 REEs (Sc, Y, and 14 lanthanide elements) in field-grown maize
and the concentration of heavy metals in the grains after application
of rare earth-containing fertilizers were recently studied in maize
treated during vegetation growth stage with REE-containing
fertilizer applied to the soil through watering [62]. Ten days after the
REE application, significantly dose-dependent accumulative effects
of individual REEs in the roots and the tops of maize were observed,
except for Sc and Lu. At the level of 2 kg/ha REEs, accumulative
concentrations of most light REEs (e.g., La, Ce, Pr, and Nd) and Gd in
the plant tops were much greater than in the control. Concentrations
ofindividual REEs in a field-grown maize after the application of REEs
decreased in the order of root > leaf > stem > grain. During the maize
growth period, selective accumulation of individual REEs (La, Ce) in
the roots seemed to be in a dynamic equilibrium, and the distribution
of these elements in the plant was variable. At a dosage of less than
10 kg/ha REEs, no accumulative concentrations of individual REEs
were detected in maize grains. Under the experimental conditions,
the application of REE-containing fertilizers induced no increase in
the concentrations of metals in the grains. The authors concluded
that the REE dosage currently applied in China (0.23 kg/ha/year)
can hardly affect the safety of maize grains in arable soils, even over
along period [62].
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Rice grains were harvested from plants grown in Ce oxide
nanoparticles (nCe02)-treated soil; the results showed an impaired
quality ofrice [41], as nCeO,-treated plants contained lower amounts
of Fe, S, prolamin, glutelin, lauric and valeric acids, and starch. In
addition, grains from nCeO,-treated plants decreased all antioxidant
values, except flavonoids. Ce was also accumulated in grains mainly
in varieties with medium and low-amylose content [41].

Exposure to nCeO, did not affect seed germination in soybean
(Glycine max), though plant growth and element uptake were
affected, and genotoxic effects were observed [34]. The accumulation
patterns and the effect on plant growth and physiological processes
varied with the characteristics of REEs. Different forms of Ce (oxide,
oxide nanoparticles, ion) affected in different ways the growth
of radish (Raphanus sativus L.) and Ce accumulation in radish
tissues. Ionic Ce negatively affected the radish growth, whereas
bulk Ce oxide enhanced plant biomass production at the same
concentration. Treatment with the same concentration of nCeO,
had no effect on radish growth. Exposure to all forms of Ce resulted
in the accumulation of this element in radish tissues, including the
edible root [64]. The effects of exposure of tomato plants to nCeO,
and its implication for food safety were reported by Wang et al. [54].
In this study, a slightly positive effect of nCeO, on plant growth and
tomato production was reported. However, elevated cerium content
was detected in the plant tissues exposed, suggesting that nCeO,
was taken up by tomato roots and translocated to shoots and edible
tissues. This study also sheds light on the long-term impact of nCeO,
on plant health and its implications for food safety and security. In
addition, other data also indicated that second-generation seedlings
grown from seeds collected from treated parent plants with nCeO,
were generally smaller and weaker and also accumulated a higher
amount of nCe0, than control second-generation seedlings under
the same treatment conditions [53].

The literature dealing with the effects of REEs on tree species
is scarce. A previous study on Catinger forest in Brazil reported the
accumulation of La, Ce, Sm, Eu, Yb, and Scin roots [35]. More recently,
two Eucalyptus species have been found to grow normally in soils
contaminated with La and Ce in China. Their responses to La and
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Ce were studied in pot trials showing that both the two species are
tolerant to REEs by means of a tolerance mechanisms involving cell
wall deposition, antioxidant system response, and thiol compound
synthesis [43].

There are no available data about gymnosperm species, except
for a study reported on Taxus tricuspidata cell suspension in which
cerium is involved in apoptosis signaling [63].

4.4.5 REEs and Aquatic Plants

Water contamination near the lands enriched with REEs is a problem
worth of attention as well as REE effects on aquatic plants. Gonzales
et al. [20] recently summarized data about REEs and aquatic
ecosystems, suggesting that toxicity depends on the route of supply,
the chemical form, and the experimental model.

Some data reported on the occurrence of alterations in roots and
leaves of Lemna minor plants treated with REE and La nitrates up
to millimolar concentrations. Stress symptoms were induce in the
plants mainly after long-term applications [25-27]. REEs were found
to increase both reactive oxygen species and antioxidant systems.
Since the antioxidant response triggering could not overcome the
oxidative stress, the stimulation of the antioxidant defenses can be
interpreted as an indicator of the toxicity of REEs for L. minor [26,
40].

Laboratory tests on Hydrocharis dubia demonstrated La-induced
cellular damages, unequivocally indicating that La could exert an
adverse influence on aquatic plants [61]. In a recent report on the
ability of Elodea nuttallii to remove REEs from contaminated water,
Zhang et al. [66] found that La supply induced alterations in nutrient
uptake, chlorophyll content, malondialdehyde concentrations, and
antioxidant systems; however, E. nuttallii was able to counteract and
minimize REE toxicity by means of an immobilization mechanism of
La in cell walls [66].

REE levels have also been studied in marine environment in the
Gulf of Lion as well as the ability of phytoplankton to accumulate
such elements [44]. A Ce-binding pectin has recently been isolated
from the seagrass Zostera marina [28].
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4.5 Mechanisms of REE Effects

The mechanisms of action of REEs in plant cells are still not
completely understood; the large amount of data on the effects of
REEs in plant organisms suggest more than one mechanism to
explain the responses to lanthanides. Some studies indicated that
REEs can be absorbed by plants due to the similar ionic radii that
they share with Ca [5, 23]. As a result, REEs may replace Ca in a
number of physiological processes.

There is no indication in the literature that REEs are essential
to plants [31]. In other cases, lanthanides could interfere with
other essential elements [11, 68]. A body of literature indicates that
many responses to REEs are mediated by the antioxidant systems
and reactive oxygen species production. REEs stimulate some
antioxidants, and the increase in antioxidant activities has also been
proposed as an explanation for some beneficial effects induced
by lanthanides. For example, some data suggest that La promotes
higher resistance to drought stress [10] and alleviates injury to
biological membranes caused by osmotic stress in wheat plants [67].
On the other hand, the increase in antioxidant levels could also be
interpreted only as a stress [27]. A joint stress supply based on La
and acid rain increased the severity of oxidative damage in soybean
seedlings [30]. The increase in reactive oxygen species production
seems to be involved in the induction of apoptosis in the cell
cultures of Taxus tricuspidata [63]. Also an antioxidant/prooxidant
concentration-related shift has been reported for a number of effects
[as summarized in Ref. 38].

4.6 Critical Remarks and Research Perspectives

The interactions between REEs and plant organisms are still
controversial. In the environment, the levels of REEs are increasing
for their utilization in agriculture, and exhaustive information about
REE concentrations in aquatic and terrestrial environments is not
available. The available data suggest that increased REE levels and
prolonged exposition could induce toxic effects in many organisms.
Further research is necessary to carefully assess the level of REEs in
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the soil and water systems in order to prevent risks for health and
environment. Mosses and lichens could be a good tool for monitoring
REE levels.
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The use of rare earth elements (REEs) for many advanced
technological applications remarkably increased in the last decades,
and it was associated to an intensive extraction of such elements
from their ores. Consequently, increasing amounts of either REE-
containing by-products, deriving from the extraction process,
and REE-containing wastes, deriving from the disposal of REE-
containing devices, are reaching the environmental systems both
at the local and global levels, as never in the past. In addition, REE-
enriched fertilizers, obtained from the by-products of the extraction
process, are widely used in China for soil and foliar dressing of crops,
whereas REE-containing feed supplements are used to improve
animal growth in animal husbandry, thus increasing the rate of REEs
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that directly reach soil and water systems. The knowledge about
the effects of REEs on microbial species is rather poor, although this
would be a key feature to understand the potential effects of such
elements on environmental safety. This chapter critically reviews
the currently available information about interactions between REEs
and microorganisms and discusses the potential effects of increasing
amounts of REEs in the environment on microbial communities,
particularly in the soil systems.

5.1 Introduction

Rare earth elements include 15 elements [lanthanum (La), cerium
(Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb),
dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm),
ytterbium (Yb), and lutetium (Lu)], also known as “lanthanides,”’
plus yttrium (Y) and scandium (Sc), which share chemical properties
related to a similar external electronic configuration. Even if REEs
occur only in trace amounts in biological systems [9], these elements
are naturally present in the soil, where their concentrations vary
according to parental soil materials and soil history [19], and in
aquatic environments [15, 54].

REEs are used today in a wide range of industrial productions
[4], and their global production increased exponentially in the last
decades. Their biogeochemical cycles are being heavily altered by
human uses. Nevertheless, ecotoxicological effects and mechanisms
of action of these elements in biological systems are still poorly
understood [16]. China provides most of the worldwide REEs
supply in a nearly monopolistic condition [28]. Although REEs are
not considered essential elements for the cellular lifecycle and the
beneficial effects on crops have not been clearly demonstrated,
REEs-enriched fertilizers have been used in China since the 1980s
for soil and leaf dressing of crops [21, 42]. REE-based fertilizers
are reported to be a mixture of REEs, mainly in their nitrate form,
obtained by extracting REEs from their ores using nitric acid [21,
42, 69]. The application of about 5200 tons of REEs over millions of
hectares of cultivated lands in China in 2002 has been reported by
the China Rare Earth Information Centre of Baotou (Inner Mongolia,
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China) [1], whereas other authors estimate that 50-100 million tons
of REE oxides enter the Chinese agricultural systems every year [68].
In addition, REEs may reach the soil system also through animal
dejections, due to the use of lanthanides as a feed supplement
to improve animal growth [18]. REE ions are reported to form
complexes with soil minerals that display a low solubility and only at
a less extent to constitute a water-soluble fraction, which represents
the potentially bioactive fraction [42]. A body of literature reported
on total REE concentration in soil surface up to 100-200 mg/kg [30,
63, 67,69, 70]; moreover, soil accumulation can take place following
soil dressing with REE-enriched fertilizers or contamination
phenomena, because of the overall low mobility of these elements
in soil [6, 70]. REE accumulation in soil may, therefore, be due to
both the use of REE-enriched fertilizers and contamination by REE-
containing wastes. REEs entering plant cells and accumulation of
REEs in plants, in both underground and aerial parts, following
REE application to the soil have been demonstrated [14, 69, 70], as
well as the existence of REE hyperaccumulator plants, particularly
ferns [39, 53]. Therefore, REE accumulation in soils enables growing
concern due to an increasing flux of REEs through the food chain.

5.2 REEs and Microorganisms

Literally, the term “microorganism” is referred to all those living
organisms whose dimensions are visible to humans only through
magnifiers such as microscopic devices. The belonging of viruses,
viroids, and prions to the “microorganism world” is controversial
since they display only a subcellular structure but they can replicate
and mutate as the most conventional microorganisms. So far, no REEs
have been reported among the constituents of viruses, viroids, and
prions, and to our knowledge, no data are available about interaction
between REEs and such biomolecules. In this chapter, we will review
data on the REE interactions with bacteria, yeasts, and fungi.
Despite the concerns about the environmental impact of an
increasing use of REEs in agriculture, little information is so far
available about the effect of REEs on microorganisms and about the
role of microorganisms in the balance between the chemical forms
of REEs in soil, which may affect their uptake in plants [42, 69, 70]
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and migration of REEs through the food chain [9]. It is well known
that microorganisms can influence bioavailability and mobility of
lanthanides in the soil affecting the chemical interactions between
lanthanides and minerals and attacking minerals and organic matter
in reaching mineral nutrients [46, 58].

Even if microbial metabolism plays a crucial role in the ecosystem
balance, REE uptake and accumulation in microorganisms under
natural conditions have so far been poorly investigated. Aruguete et
al. [2] found that sporocarps from the ectomycorrhizal fungi Amanita
flavorubescens, A. rubescens, and Russula pectinatoides grown in two
different forest sites under natural conditions accumulated huge
amounts of La, Ce, and Nd in addition to several other toxic metals.
Particularly, these authors detected up to 1769 pg La, 2983 pg Ce,
and 523 pg Nd per kilogram of dry fungal matter in A. rubescens, thus
demonstrating that accumulation of REEs in fungal organisms can
take place in the wild.

Due to the strategic importance of REEs as raw materials
for developed countries and the high trading values of such
elements, several investigations have so far focused on the use
of microorganisms as potential biosorbents for the recovery of
REEs from aqueous environments, since this is considered to
be an eco-friendly technique for metal recovery, compared to
hydrometallurgy [10]. Most papers about interaction between
REEs and microorganisms deal with bacterial biomass and refer to
biosorption trials carried out under laboratory conditions. Kamijo
et al. [25] reported that Variovorax paradoxus and Comamonas
acidovorans could adsorb Y into both the cell and excreted materials.
Texier etal. [61] reported that Pseudomonas aeruginosa adsorbed up
to 397 pmol La, 290 pmol Eu, and 326 pmol Y per gram of bacterial
biomass. Merroun et al. [33] reported that Myxococcus xanthus
accumulated 0.6 mmol of La per gram of wet biomass and 0.99
mmol of La per gram of dry biomass. Kazy et al. [27] reported that
Pseudomonas sp. accumulated up to 120 mg/g of dry biomass of La
and that La accumulation was homogeneous throughout the cell, via
the precipitation of La phosphate. Tsuruta [62], following the test of
76 microbial strains from 69 species (22 bacteria, 20 actinomycetes,
18 fungi, and 16 yeasts) reported that Gram-positive bacteria, such
as Bacillus licheniformis, B. subtilis, Brevibacterium helovolum, and
Rhodococcus elythropolis, accumulated high levels of REEs, especially
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Sm. In particular, B. licheniformis cells accumulated approximately
316 pmol Sm per gram of dry cells. Challaraj Emmanuel et al. [7]
reported a significant Ce accumulation by Bacillus cereus. Some
biosorption trials also involved fungal organisms. An effective
removal of REEs from aqueous solutions has been reported in
pulverized fruit bodies of the wood-rotting fungus Ganoderma
lucidum [35] as well as in Penicillum spp. [41, 50]. Horiike and
Yamashita [20] isolated an acidophilic strain of Penidiella sp. from an
abandoned mine that was able to accumulate REEs, and particularly
Dy up to 910 pug/mg of dry cells when grown in a liquid culture
medium enriched with this element. The same authors observed Dy
distribution both over the cell surface and into the cell as nanosized
particles and proposed a role for phosphate functional groups in the
bioaccumulation process.

Soil-borne fungi (Trichoderma atroviride, T. harzianum, Botrytis
cinerea, Alternaria alternata, Fusarium solani, Rhizoctonia solani,
and Sclerotinia sclerotiorum) were found to display an overall good
tolerance to the presence of several REEs in the culture medium [8,
9]. Growth inhibitory effects were detected in plate tests when La
or a REE mixture (containing La, Ce, Pr, Nd, and Gd) was supplied
at concentrations greater than 100 mM. In liquid culture tests,
inhibitory effects on the growth of T atroviride and T harzianum
were detected when La and the REE mixture were supplied at
concentrations from 1 mM and 10 mM, respectively. An increased
REE concentration in culture media induced a heavy increase in
REE content in fungal biomass, up to 10.8 mg and 19.4 mg La per
kilogram of fungal dry biomass in T harzianum strain T22 and T.
atroviride strain P1. A relevant growth enhancement was observed
when the REE mixture 1 mM was supplied in T harzianum strain
T22 and strain A6 but not in T atroviride strain P1, thus suggesting
that stimulating effects on the fungal growth are likely species- but
not genus-specific. Stronger effects induced by REE mix rather than
La alone in T harzianum strain T22 imply that either different REE
combinations, REE proportions, or diverse REE interactions with
the fungi may be involved in this phenomenon. Unexpectedly, T
atroviride strain P1 accumulated greater amounts of REEs than T
harzianum strain T22, thus indicating that growth stimulation by
REEs and REE accumulation were not directly related to each other.
REE accumulation in the fungal biomass neither was proportional
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in magnitude to the increase in REE concentration in the media
nor reflected the proportions of the elements in the REE mix.
Comparison of La accumulation following supply of La alone and La
along with other REEs in the mixture revealed that in the former
case, La accumulation in fungal tissues was greater, thus suggesting
a selective uptake of some REEs by the fungi [9].

Extra- and intracellular bioaccumulation of Ce, associated to
acute toxicity symptoms for either the photobiont or the mycobiont,
has been reported in the lichen Xanthoria parietina following
exposition to Ce concentration from 0.1 to 1 mM [43].

Accumulation of REEs by yeast cells has been reported [23, 24,
41, 64]. Nd accumulation in Saccharomyces cerevisae from Bakers’
yeast at 11 mg/g was detected by Palmieri et al. [41], while Vlachou
etal. reported that Nd uptake by Kluyveromyces marxianus increased
from 11 to 85 mg/ g by varying the pH from 1.5 to 6 [64].

A significant increase in organic acids excreted from the living
biomass of Penicillum tricolor has been reported in association with
high adsorption levels of REEs, suggesting that microorganisms can
actively solubilize REEs from their ores [50].

The interaction between REEs and microbial cells implies that
REEs meet the extracellular microbial matrix, bind to the external
part of the cell, and cross the cell wall and the plasma membrane
to reach the cytoplasm. In Trichoderma hyphae grown in REE-
supplemented media, REEs uptaken from the growing media were
found largely blocked in the external matrix of the fungal biomass and
only alesser amount crossed the cell wall and the plasma membrane,
reaching the fungal cytoplasm [9]. Similarly, in biosorption trials
carried out with the soil bacterium M. xanthus, a huge amount of La
was detected in the external polymeric structures and in the cell wall
and only smaller amounts were detected in the bacterial cytoplasm,
where fixed La appeared as phosphate in all cellular locations [33].
Further, the free-living soil bacterium Bradyrhizobium sp. was found
to produce an L-rhamnose rich exopolysaccharide around colonies
when Ce, La, Pr, and Nd were supplied to the growing medium,
whereas Sm-triggered exopolysaccharide production at a lower
extent and heavier REEs from Eu to Lu and many other metals did
not induce exopolysaccharide production by the bacterium [13].
Possibly, the production of an organic external matrix in the growing
media is an adaptive defense mechanism of microbial cells against
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environmental stresses, including high REE concentration in the
growing environment [9].

The interaction between REEs and the microbial cell wall seems
to be a very complicated phenomenon that is heavily affected by
cell wall composition, cell wall structure, metabolic condition of
the cell, biosorbent dosage, metal concentration, contact time,
temperature, and pH. Most of reports indicate that REEs interact
with the microbial cell wall mainly binding to carboxyl and
phosphate groups that, depending on the pH, can be negatively
charged and can, therefore, absorb cationic metals in a partially
reversible manner [7, 10, 17, 31, 34, 47, 56, 59, 60]. Ngwenya et al.
[37, 38] reported that lanthanide adsorption in the Gram-negative
bacterium Pantoea agglomerans below pH 6.5 is more likely due to
phosphate groups for lanthanides from La to Gd, whereas REEs from
Tb to Yb favor carboxyl coordination, although exceptions occur in
each group. Ozaki et al. [40] studied the association of Eu with the
Gram-negative bacteria Alcaligenes faecalis, Shewanella putrefaciens,
and Paracoccus denitrificans in batch experiments and concluded
that the coordination environment of Eu on the bacteria differs from
each other, in spite of similar cell wall components, thus suggesting
that microbial species also affect the biosorption mechanism.

The microbial cell wall acts as a barrier for metals; nevertheless,
a limited amount of REEs can cross the plasma membrane [9, 33].
Bayer and Bayer [3] reported that treatment of Escherichia coli with
La, Tb, and Eu ions caused random accumulation of such elements
within the periplasm (the space between inner and outer membrane
of the cell envelope), while smaller amounts were also present in the
outer membrane and in the cytoplasm. It is still unknown how REEs
are transported into cells as well as the fate and the biochemistry of
REEs at the intracellular level. Inhibitory and/or stimulatory effects
are likely due to intracellular interactions, whose biochemistry is
still largely unknown. Often, these phenomena refer to hormetic
effects. Hormesis is a term used by toxicologists to refer to a biphasic
dose-response to a chemical or physical agent characterized by a
low-dose stimulation or beneficial effect and a high-dose inhibitory
or toxic effect [5, 32; reviewed in Chapter 11 of this book]. Most of
the conjectures about REE biochemistry have so far been based on
the fact that lanthanides have an ionic radius very close to that of
Caions, which could promote the displacement or replacement of
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Ca in different cell functions [11, 12]. Indeed, it is also well known
that La ions can block Ca ionic channels in higher plant cells [29,
48]; therefore, it may affect the uptake of nutrient ions through Ca
channels. Peng et al. reported that La replaces Ca and Mg from their
binding sites, thus altering the function of the lipopolysaccharide
component of the cell envelope and negatively affecting cell
permeability [44].

In experiments carried out under laboratory conditions,
Wenhua et al. reported that La supply at concentrations from 50
to 150 pg/mL slightly stimulates E. coli metabolism [66]. Similarly,
Ruming et al. reported not only stimulating effects on the growth
of E. coli following La supply at concentrations up to 400 pg/mL,
but also inhibitory effects at concentration greater than 400 pg/
mL [51]. In addition, stimulating effects on the growth of E. coli
of Ce at concentrations up to 300 pg/mL and inhibitory effects at
concentrations above 400 pg/mL have been reported [52]. Peng
et al. [45] suggested that stimulatory and inhibitory effects on E.
coli of different concentrations of La ions can be due to an effect
on cell permeability, in which low La concentrations increase cell
permeability and, consequently, the rate of nutrient absorption,
whereas high La concentrations induce La accumulation in the
cells at toxic levels. Controversial effects of REE treatments on
Agrobacterium spp. and Rhizobium leguminosarum have been
reported by Nardi et al. [36]. These authors observed hormetic
effects in one strain of Agrobacterium tumefaciens, with stimulatory
effects on the growth after La supply in the range 0.001-1 mM
and inhibitory effects in the range 10-100 mM. Such effects were
not observed in the same strain following supply of a REE mixture
containing Ce, La, Pr, and Nd, nor in other strains of A. tumefaciens,
A. radiobacter, and R. leguminosarum, thus suggesting that hormetic
effects can be strain specific in bacteria [36]. Inaoka and Ochi
[22] reported that addition of Sc to culture medium can stimulate
the production of both amylase and the antibiotic bacilysin at the
transcriptional level in Bacillus subtilis. Kawai et al. [26] reported
that Sc causes a 2- to 25-fold antibiotic overproduction when added
to culture media at concentrations ranging from 10 to 100 mM in
several Streptomyces species, affecting the transcription pathway
of specific regulatory genes. They suggested that Sc and, possibly,
also other REEs can modulate the ribosomal function [26]. Tanaka
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et al. reported that Sc and/or La markedly activated the expression
of genes belonging to nine secondary metabolite-biosynthetic gene
clusters in Streptomyces coelicolor when added to the medium at
low concentrations [57]. Wang et al. reported that Ce supply in the
range 0.05-0.1 mg/L increased growth, chlorophyll content, and
antioxidant activities in the cyanobacterium Anabaena flos-aquae,
whereas toxic effects were recorded from 5 mg/L. These authors also
reported that the highest content of the toxic cyanotoxin microcystin
was detected following a Ce treatment at 10 mg/L [65].

Methylotrophic bacteria, which use single-carbon chemicals
for their growth, are microorganisms that are ubiquitous in the
environment, and methanol-using methylotrophs are often found
on leaf surfaces, where they capture methanol released by plants
during cell wall synthesis [55]. Pol et al. [49] reported that the
growth of Methylacidiphilum fumariolicum, an extremely acidophilic
methylotrophic microbe, is strictly dependent on the presence of
lanthanides in the medium and that lanthanides act as cofactors for
the key enzyme methanol dehydrogenase. These findings suggest a
major role for at least some lanthanides in the microbial metabolism
and enable conjecturing that REE addition to culture media may
enable culturing microorganisms that cannot be, so far, grown in the
laboratory [55].

5.3 Conclusions

Several microbial species have been reported to be resistant to
high levels of REEs in their growth environment, under natural
and laboratory conditions, and either stimulatory or inhibitory
effects have been observed under laboratory conditions, as a
function of lanthanide concentration. This suggests that increasing
levels of REEs in the environment may induce different effects on
microbial populations and, consequently, may alter the balance
between populations in the microbial communities. For instance,
different effects on Trichoderma spp. enable to envisage that REE
soil enrichment may differently affect the growth of soil-borne
microorganisms that, in turn, greatly influence plant growth
and environmental safety. Unpredictable effects on soil-borne
microbial communities may also account for the contradictory and
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controversial effects so far reported in the literature about the effect
of REE application to crops.

Abiological role for lanthanides has not yet been elucidated in the
currently available literature dealing with the interactions between
REEs and microorganisms. However, the current database may help
to outline a novel “biochemistry and microbiology of REEs.” This
feature is of crucial relevance to forecast ecotoxicological effects of
REEs and to understand whether the use of lanthanide-containing
fertilizers is an additional tool for improving crop management or a
novel environmental threat.
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Since early reports, rare earth elements (REEs) have been tested
in micro- and macroalgae for their potential effects on a number
endpoints, including growth rate, photosynthetic activity, and
bioaccumulation. Evidence for growth inhibition has been reported
for dissolved REEs such as Ce(IlI) and REE nanoparticles such as
nanoCeO, (nCe0,), showing higher toxicity of Ce(IIl) versus nCeO,.
Comparative toxicity of 4-13 REEs was tested, suggesting relatively
similar toxicity trends, though some elements such as Ce(I1I), Gd(III),
and Y(III) appeared to exert more powerful effects compared to, e.g.,
La(III). Some studies reported dual effects, i.e., growth stimulation
at low REE levels followed by growth inhibition by increasing REE
levels (hormesis). Algal toxicity tests were included in microcosm
studies, providing relevant information on REE effects and showing
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high sensitivity of algae compared to other microcosm components.
Prospect investigations on REE sensitivity in algal bioassay models
are warranted.

6.1 Introduction

Algae may be regarded as a sensitive indicator of toxic effects; thus,
the factors related to dissolved REE and REE nanoparticle toxicity to
algae will assist in evaluating their ecological risk [27]. The current
literature on REE toxicity testing by means of algal bioassays is
relatively limited compared to plant and animal database, though it
should be recalled that an early paper of historical relevance was
reported by Chien in 1917 [4], who tested CeCl; in Spirogyra cultures
and found chloroplast contraction from the cell wall.

During several decades [5], algal bioassays have been developed
and utilized in evaluating the environmental toxicity of several
xenobiotics, including metals (either dissolved or as nanomaterials),
oils, and other organics such as pharmaceuticals [2, 8-11, 14,
15]. These techniques are currently utilized as standard algal test
protocols for regulatory purposes [9-11]. The available database
includes both reports and methodology focused on algal bioassays
[2, 11] and within mesocosm or multi-test studies [2, 8, 15, 17]. This
chapter reviews the available database of studies testing REEs in
algal toxicity bioassays, or evaluating REE bioaccumulation in algae,
and also attempts to prospect further investigations on REEs in
marine and freshwater algae.

6.2 REE-Associated Toxicity Database in Algae

The early database on REE-associated toxicity in animal and plant
test models was scarce until the 1990s. However, it started to grow
only in the last decade and has been growing at a faster pace since
2010 [20]. The relatively recent literature on REE toxicity testing
responds to the emerging concern raised by the unprecedented
spread of REEs in several technologies and in the environment. Most
of this literature has been focused on Ce and La, while fewer reports
were published on other REEs whose health effects are broadly
unexplored [20]. This information frame applies in general to toxicity
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testing in animal and plant models, and even more this information
gap in REE toxicity testing applies to algal models, making this
specific database quite limited compared to other toxicity-testing
models, as summarized in Table 6.1.

Cerium-induced toxicity in Raphidocelis subcapitata was re-
ported in five studies [18, 26, 27, 34, 35], which found inhibition of
algal growth, photosynthetic activity, cell aggregation, and cell dam-
age with membrane disruption in R. subcapitata cultures exposed to
CeO, nanoparticles (nCe0,) or bulk microparticles (£CeO,) or to dis-
solved Ce(III). The reported effective concentrations (EC,, or ECs)
for nCe0O,, ranged between 107> and 107* M. A study tested four dif-
ferent nCeO, formulations and dissolved Ce(IIl) and reported cyto-
plasm leakage and intracellular damage, with definite differences in
the effects induced by the different nCeO, preparations, and highest
toxicity exerted by Ce(IIl) [26]. The mechanisms underlying nCeO,
toxicity are deemed to relate with direct contact with nanoparticles,
resulting in cell damage and eventually lysis [26]. Rogers et al. [27]
tested the effects of nano- versus micro-ceria (nCeO, versus uCeO,)
on P subcapitata and found that inhibition of algal growth rate
was significantly higher for nCeO, versus uCeO,, with 72 h ECs, of
7 x 107> M versus 4.7 x 10™* M, respectively. The oxidative activity of
the CeO, particles showed that the light illumination conditions used
in algal bioassays stimulate photocatalytic activity of CeO, particles,
causing the generation of hydroxyl radicals and peroxidation of a
model plant fatty acid, whereas no oxidative activity or lipid peroxi-
dation was observed in the dark [27].

Manier et al. [18] evaluated the growth-inhibitory effects of aged
versus non-aged nCe0,; the results showed that even altered and
highly agglomerated, an nCe0O, suspension maintains its toxicity as a
non-altered suspension, in terms of algal growth inhibition.

A recent study by Booth et al. [3] reported on growth inhibition
induced by poly (acrylic acid)-stabilized CeO, nanoparticles (PAA-
Ce0;) in P, subcapitata. PAA-CeO, ECs, values for growth inhibition
(=2 1077 M) were 2-3 orders of magnitude lower than pristine CeO,
ECso values reported in the literature. The concentration of dissolved
Ce(1I) in PAA-CeO, exposure suspensions was very low, ranging
from 1077 M to 107® M. This study suggested that the increased
dispersion stability of PAA-CeO, leads to a toxicity increase versus
pristine non-stabilized forms.
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Table 6.1 Reports on REE algal toxicity testing
Tested REE Toxicity
Species (ECyx range) Endpoints References
Raphidocelis nCe0; (ECyo pH-dependent 34,35
subcapitata 10-1000 uM) aggregation and
growth inhibition
(G
R. subcapitata nCeO,vs. uCeO, nCeO, — uCeO0,- 27
(EC5010-100 induced GI; light-
uM) associated ROS
formation
R. subcapitata Ce(Ill); 4 nCeO, membrane 18
disruption;
damaged cells
R. subcapitata nCe0, (ECsg aged/non-aged 26
35-40 uM) nCe0,-induced
GI
R. subcapitata PAA-CeO, (EC5y  GI 2-3 < pristine 33
<1uM) CeO,
Skeletonema 13 REE (ECsq 50% growth 3
costatum 200 uM) inhibition
Chlamydomonas Ce(NO3)3 (ECsy  decreased 28
reinhardtii 6-7 uM) photosynthetic
yield
Tetrahymena 4 REE (ECs multi-parameter 36
shanghaiensis 100-1000 uM)  hormetic effect

Tai et al. [33] carried out a comparative toxicity study on marine
microalgae Skeletonema costatum, by testing a set of 13 REEs, or
their mixtures at equimolar concentrations. Independently of atomic
weight or their relative abundance in seawater, growth inhibition
displayed the same effective concentrations, as ECsy, either by
comparing individual elements, as trivalent dissolved cations, or
comparing mixtures of light versus heavy REE mixtures, with ECs,
close to 3 x 1075 M.

Rohder et al. [28] reported that agglomerated nCeO, decreased
photosynthetic yield in Chlamydomonas reinhardtii at high
concentrations (100 pM), while no effect was observed for dispersed



REE Uptake and Bioaccumulation in Algae

nCeO,. Dissolved Ce(Ill) in nCeO, suspensions was found at very
low levels (0.1-27 nM). Moreover, nCeO, suspensions did not affect
intracellular ROS levels [28].

An early study by Wang et al. [37] reported growth inhibition
induced by four REEs in Tetrahymena shanghaiensis and found
hormetic (“dual”) effects in a set of endpoints, including cell count,
frequency of neutral red uptake, total protein, and nucleic acid
content.

6.3 REE Uptake and Bioaccumulation in Algae

Studies on the physicochemical interactions and bioaccumulation
of several inorganics have been reported for several decades
[32]. In the last decade, a few studies focused on REE uptake and
bioaccumulation in algae, or in algal culture medium, as summarized
in Table 6.2.

Sakamoto et al. [29] evaluated the uptake and bioaccumulation
of 13 REEs (from La to Lu) versus U in five marine brown algae,
using both living and dried algae. Chemical analysis per each organ
was performed in Sargassum hemiphyllum, and REE concentration
in S. hemiphyllum was found in the order “main branch” > “leaf” >
“vesicle,” unlike the corresponding order for U, which was in the
order “leaf ” > “vesicle” > “main branch.” The concentration of REEs
was found to be strongly affected by suspended solid in seawater.

Schijf and Zoll [30] investigated REE sorption on a marine
macroalga, Ulva lactuca, in ultra-filtration experiments, performed
as a function of pH in a study on the sorption of 15 REEs. The results
showed that an appreciable part of the dissolved metal binds to the
organic colloids (>3 kDa) released by the sorbent [31]. This colloid-
bound fraction increased from zero at low pH to nearly 100% of the
filtrate metal concentration above pH 8. Disregarding it led to the
overestimation of dissolved and the underestimation of particulate
REE concentrations and to a bias of the equilibrium distribution
coefficient that gradually increased with pH.

Birungi and Chirwa [1] investigated the adsorption and
desorptionkinetics of Laonalgal cells of Desmodesmus multivariabilis,
Scenedesmus acuminutus, Chloroidium saccharophilum, and
Stichococcus bacillaris. D. multivariabilis was found to be the most
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efficient in absorbing and desorbing La, both with a high sorption
capacity, a high affinity, and high recovery rate in La desorption.

Table 6.2 REE bioaccumulation in algae

Uptake and

Bioaccumulation
Species Tested REE Endpoints References
Sargassum 13 REE Order of REE 29

hemiphyllum (La-Lu)

Ulva lactuca 15 REE

Desmodesmus La(III)
multivariabilis
Scenedesmus
acuminutus,

Chloroidium
saccharophilum,
Stichococcus

bacillaris

Desmodesmus 5 REE
quadricauda

Chlamydomonas 6 REE
reinhardtii

concentration: main

branch > leaf > vesicle
Increasing f(pH) REE 30
uptake, up to 95% at pH

8; uptake suppression by
increasing ionic strength
Sorption capacity up to 1
100 mg/g and a high

affinity; La(III) recovery

using algal sorbents

At low concentrations, 7
REE stimulate growth,

as by alleviation of Ca?+
deficiency

Increased biouptake of 38
REE in presence of organic

ligands vs. biotic ligand
model

Goecke et al. [7] investigated the effects of low concentrations
of REEs on the freshwater microalga Desmodesmus quadricauda,
grown under conditions of metal ion deficiency. The results showed
that nutrient stress reduced growth and photosynthesis, and low
REE levels resulted in a stimulatory effect on microalgae, depending
on the nutrient deprivation. The authors concluded that REE can
replace essential elements, but their effects depend on stress and
the nutritional state of the microalgae, suggesting environmental
impacts at even low concentrations.



Critical Remarks and Research Prospects

The bioavailability of several REEs was evaluated in
Chlamydomonas reinhardtii by Zhao and Wilkinson [38]. An
enhancement of the biouptake flux was observed for six ligands
and six REEs, suggesting a common feature for these metals. The
enhanced biouptake was attributed to the formation of a ternary
REE-ligand complex at the metal transport site.

6.4 Critical Remarks and Research Prospects

The utilization of algal models in evaluating REE-associated
environmental effects and physicochemical behavior has provided
so far a relatively recent and limited database as discussed earlier.
Apart from the use of algal cultures, algal growth medium also
provided insights in elucidating the behavior of REE nanoparticles,
as related to particle diameter, pH, electric conductivity, and natural
organic matter content [24]. Both the reported toxicity outcomes
and bioaccumulation data appeared to support shared mechanisms
for the different REEs in algal models, with several reports having
investigated multiple REEs both for toxicity testing [33, 36] and
for bioaccumulation [7, 29, 31, 38], as shown in Tables 6.1 and 6.2.
However, the reports pointing to REE-induced hormetic or protective
effects [7, 37] raise the interest of these beneficial roles for REEs and
deserve adequate future investigations. A working hypothesis that
REEs may represent nutrient-like, essential elements in some algae
and microbiota was raised by a few reports [7, 22, 31]. Moreover,
a nutrient-like role for REEs may be ascribed to the widespread
uses of REE mixtures for zootechnical and agricultural purposes
[16, 21, 25, 36], though this subject deserves ad hoc investigations,
as recently reviewed by us [19, 20].

Beyond studies of algal bioassay or biouptake models, a
major field of investigations on environmental pollution has been
devoted to mesocosm models. These studies have been focused on
a number of pollutants, including pesticides, oil, and dissolved or
nanoparticulate metals [6, 12, 13, 23]. With the exception of Van
Hoecke et al. [34], and to the best of our knowledge, a multi-model
assay has not yet been reported on REE-associated toxicity. To date,
no published report has investigated REE-associated effects in
mesocosm studies, and investigations are warranted in this field as a
priority.
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In conclusion, algal models have been profitably utilized in
basic and applicative studies of several environmental agents and,
to date, an overall minority of investigations have been focused on
algal models. The current state of the art is promising for further
elucidation of REE- associated effects and action mechanisms.
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The development of health-based environmental exposure standards
proceeds through a series of well-defined steps. A key step in this
process is identifying a single value to serve as a maximum estimate
of exposure that is tolerated with no adverse health effects. This
estimate is typically derived from a continuum of exposure values
(i.e., dose or concentration values) that correspond to an observed
response in exposed organisms. Therefore, understanding the true
relationship between the concentration or dose of exposure and the
biological basis of the response is essential to establishing a safe
level of exposure. In this chapter, we examine some of the principal
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assumptions when using a dose-response relationship to understand
health-based risks, along with some important considerations when
seeking to understand the nature of the response of rare earth
elements (REEs).

8.1 Risk-Based Standards and Dose—Response
Assessment

Health-based exposure standards (e.g, US EPA RfCs, RfDs; OSHA
PELs) are derived using single estimates of the potency (or hazard)
of exposure to a specific material [27, 34]. This hazard estimate
is derived from a dose-response assessment that quantifies the
likelihood and severity of adverse effects, at a given level of exposure,
in an experimental model system (e.g., animal or human).

This process typically proceeds through a series of steps that
make an a priori assumption that as the magnitude of exposure
increases, the severity of the adverse response will similarly increase.
For example, at very low levels of exposure, the assumption is that
any difference in the response of exposed individuals, as compared
to non-exposed controls, is negligible. The expectation is that an
increase in response follows an increase in dose (e.g., slight change
in clinical chemistry parameter), until you reach a theoretical
maximum dose, where a “critical effect” response will occur (e.g.,
organ system failure; see Fig. 8.1). This “critical effect” serves as a
reference point from which to ensure that the “point of departure”
(POD), or estimate of a level of safe exposure, is well below a level
capable of causing a “critical effect.” If no adverse effects are observed,
then the maximum level of exposure (i.e., dose or concentration) will
serve as the POD from which to base an exposure standard. The POD
may be an actual level of exposure from the study of interest, or a
level determined using a statistical-model-based approach like a
benchmark dose [9].

While this dose-response assessment process is straightforward
when the observed response of an organism is linear or monotonic
(i.e., a single slope that either increases or decreases over the
entire dose range), this approach is less straightforward when the
response is non-monotonic (i.e., biphasic). This is an important
consideration as increasing evidence suggests that as organisms are
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exposed to increasing levels of environmental stress, the continuum
of response is typically nonlinear, or follows an overcompensation-
type response referred to as hormesis [32]. Emerging evidence in
various taxa indicate that the response of REEs may also be described
as hormetic.

Response
Control
B
Response
————————————————— Control
Dose
Figure 8.1 Traditional dose-response functions. (A) Linear dose-

response showing how theoretically there is no level of
exposure that does not pose a measurable health risk; typically
used for assessment of cancer risks. (B) Threshold dose-
response model showing that a range of exposure from zero to
some measured value shows no measurable effect (compared
to the control). Where the slope of the line changes is referred
to as the “threshold of toxicity” and is defined as the dose at
which effects (or their precursors) begin to occur [2].

8.2 Features of the Hormetic Response

Hormesis has been previously described in a number of
microorganisms, plants, as well as a phylogenetically diverse group
of animals [3]. A common working definition of the term hormesis is
a dose-response function that is characterized by a response that is
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opposite above and below the toxicological POD or pharmacological
threshold. For example, if evaluating an endpoint such as cell
proliferation, the response at low concentrations may be a modest
stimulation of growth (e.g., 125% of the control response), followed
by inhibition at higher concentrations (e.g., 70% of the control
response). When illustrated on a graph, this dose-response function
appears as an inverted U-shape or a -curve (Fig. 8.2).

Response
Control

Response
Control

Dose

Figure 8.2 Hormeticdose-response functions. (A) Most common hormetic
dose-response curve depicting low-dose stimulatory and
high-dose inhibitory responses—the - or inverted U-shaped
curve. (B) Hormetic dose-response curve depicting low-dose
reduction and high-dose enhancement of adverse effects—the
J- or U-shaped curve.

As hormesis represents a dose-response relationship that is
typically either overcompensation to a disruption in homeostasis
or a direct stimulatory response that occurs following activation
of a pathway by a receptor [5], the quantitative features are similar
across agent types (e.g., nanomaterials, pathogens, heavy metals,
hydrocarbons, etc.). In general, the magnitude of the maximum
stimulatory response is only 30-60% greater than controls, and the
width of the stimulatory region is approximately 10-fold, with the
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interval from the POD to the maximum stimulatory dose averages
4- to 5-fold (see Fig. 8.3).

We have previously described a three-part methodology to
quantify the observation of hormesis in the evaluation of dose-
response functions [25, 26]. Described briefly, this methodology
includes quantifying features such as the maximum stimulatory
response (i.e., amplitude), the width from the maximum stimulatory
response to the POD (or the maximum administered dose having
a response equal to the control response), and the width of the
stimulatory range [1] (see Fig. 8.3). Applying these methods
(summarized in Table 8.1) to a large-scale evaluation of REEs will
contribute to a deeper understanding of the physiological response
of REE-exposed organisms by facilitating a comparison to existing
databases of these parameters.

(a) Maximum Stimulation

gatgriangatpaiingalt it - — = 110%

_‘———————E

é == CONTROL

RESPONSE

Point of Departure
(b) Hormetic Zone v

REE DOSE

Figure 8.3  Quantitative features of a typical hormetic dose-response
curve (fB-curve) displaying hormesis [1, 25, 26]. See Table 8.1
for a description of parameters.
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Table 8.1 Quantitative parameters of a typical hormetic dose-response

Parameter Description

Maximum The response of the greatest magnitude over the

stimulation concentration continuum. The concentration
that corresponds to the maximum stimulatory
response is termed Cmax.

Hormetic The stimulatory response region. The region that

zone extends to the maximum stimulatory response
and is bracketed by a width that is 2110% of the
control.

Point of The concentration (on the abscissa) where the

departure response (on the ordinate) is equal to the control
(ordinate value of 100%). Zero equivalence point
(ZEP) calculations are performed by interpolating
the concentration from the response immediately
below and above the ZEP.

Hormetic Width of the stimulatory region that is 2110% of

width the control. The width extends above and below
the concentration of the maximum stimulatory
response (P2 - P1 = B, Fig. 8.1) but does not reach
the ordinate or the ZEP.

8.3 REE Dose—Response

Recent observations suggest that a number of REEs exhibit a
hormetic dose-response. These observations have been reported in
model systems such as mammalian cells, algae, and microorganisms
and are described in the book’s preface [13, 14, 17, 19, 28-30]
as well as in Table 8.2. The quantitative features of the hormetic
response of these model systems are consistent with the hormetic
response observed in various other biological models, (i.e., plant,
microbe, invertebrate, vertebrate, in vitro, in vivo); for a variety of
endpoints (e.g., growth, fecundity, tissue repair, cognition, lifespan);
and stressor agents (toxicants, endogenous agonists, synthetic
agonists, radiation, physical stressor) [3].

A common feature of the hormetic response of REEs may be
related to the antioxidant properties discussed in Chapter 3. We
have previously described similar properties when describing
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the response of nanoparticles [25]. In this antioxidant/hormesis
model, a nanoscale REE such as cerium oxide would function as an
antioxidant at low levels of exposure and increase the viability of
organisms by reducing oxidative stress. While at higher levels of
exposure, it would have a completely opposite effect by generating
harmful intracellular levels of free radical exposure [31].

Table 8.2 Summary of REE-induced biphasic effects in various model
systems

REE Model Notes References

Ce,La, Gd Tobacco Biphasic response of RuBPcase 6

Gd Tobacco Stimulation of photosynthesis 7
and dry matter accumulation

Ce, La,Gd Saffron Growth stimulation cells and the 8
production of crocin

Ce Rice Biphasic heat production of 12
mitochondria

La Rice Stimulation of metabolic activity 11
and effect of La in mitochondria
isolate

Ce, La Arabidopsis Stimulation of floral initiation 15
and reproductive growth

Ce, La Wheat Stimulation of plant growth 16

Ce Rice Stimulation of growth and some 18
antioxidant metabolisms

La Rice Stimulation of growth 20

Ga HeLacells = Metabolomic profiles describing 21
the biphasic response of Hela
cells

Ce, La, Root Effects of rare earth oxide 22

Gd, Yb nanoparticles on root elongation
of plants

La Fava bean Antioxidant and prooxidant 35
adaptive response

Ce Rice Microcalorimetric response of 36
isolated rice mitochondria

Yb Wheat Biphasic response of seedling 37
growth

La Alligator Adaptive response of growth 38

weed and chlorophyll fluorescence
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A singular simple explanation is unlikely to explain the
mechanism of all biphasic dose-response relationships [10]. The
majority of REE dose-responses have a general mode of action that
may be described as a slight overshoot of an original physiological
goal. This slight overshoot, or overcompensation, ensures that the
system returns to homeostasis in an attempt to ultimately conserve
resources. While a single biochemical or molecular mechanism of
action is unlikely to explain all types of biphasic dose-response
relationships, a common general mechanism that has emerged
is that of a two receptor subtype model [4]. In this scenario, one
receptor would have high and the other low affinity for the agonist.
A biphasic concentration-response would result from the high-
affinity receptor becoming activated at the lower concentrations and
the low-affinity/high-capacity receptor becoming dominant at the
higher concentrations [33].

8.4 Implications for REE Assessments

The consistency of REE dose relationships with previous obser-
vations of hormesis supports the notion that hormesis is a highly
conserved response and observable across various taxa. Given this,
studies evaluating the environmental safety (toxicology) and clinical
efficacy (pharmacology) of REEs should be designed in a way that
accurately estimates the POD so that the true stimulatory response
may be assessed. For example, if a lanthanum-based drug was also
found to stimulate at low doses, hormesis would be an adverse effect
to be avoided. We have previously described how a developmental
exposure to heavy metals leads to a biphasic (beneficial) response
at one developmental stage (post-embryological development), but
leads to a stage-specific toxicity during adulthood [23]. It has been
proposed that an initial screening should accurately estimate the
POD and then follow-up testing be done to evaluate hormesis [2, 3]
and quantify the parameters [24-26].

When evaluating REEs, the shape of the dose-response will
be variable with respect to the type of agent, response (e.g.,
dichotomous such as mortality, morbidity, lesion type; or continuous
such as a clinical chemistry parameter), duration (e.g., acute, chronic,



References

occupational exposures), and model (e.g.,, cell, plant, or animal)
system. When selecting the basis of a toxicologically based exposure
standard, the current regulatory practice is to select a response (i.e.,
critical effect), for the relevant period of exposure, that occurs at
the lowest possible dose as the basis for standard. The underlying
rationale for this approach is that if the critical effect is prevented,
thenanyadverse effects can be presented. While many dose-response
relationships (shapes) are often observed (e.g., threshold, hockey-
stick, linear, nonlinear, etc.), the biphasic response, characterized
by a response that is opposite above and below a set threshold,
creates a significant challenge when deriving regulatory standards.
As these relationships have been described in the response of
pharmaceuticals, metals, organic chemicals, radiation, and physical
stressor agents, it is important to consider this relationship in the
physiological response of REEs. The considerations described here
may assist with the screening of REE materials into categories
based on the magnitude of the biphasic response and the risk-
management-based decision to ignore, prevent, or optimize the
hormetic response.
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9.1 Introduction

Phosphorus (P), the 11th most common element on earth, together
with hydrogen, oxygen, sulfur, nitrogen, and carbon, is the basis
for all life on our planet. Biochemically, P participates in key
genetic, metabolic, and constitutive reactions and processes that
are essential for sustaining all organisms, from bacteria to humans
[2, 15]. In contrast to these essential elements, another group of
minerals, the rare earth elements (REEs), is not essential for life;
nevertheless, these elements have important roles to play in health
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and the environment. They are much less abundant than the essential
elements and do not participate in biological reactions [6, but see 18,
42]. However, like P, they are regarded as critical economic resources
(Fig. 9.1). Over the last few years, new applications directly involving
P and REEs have been proposed and marketed, and these will be
discussed in this chapter.

9.1.1 The Essential Phosphorus

Almost everywhere you look in the cell, you will find P. All cellular
membranes are formed from phospholipids, where negatively
charged phosphate groups contribute to repulsive forces that self-
organize the lipid bilayer [14]. This element has essential roles
in nucleic acid metabolism (DNA and RNA are phosphodiesters),
proteins, and in energy carriers (e.g., the principal reservoirs of
biochemical energy are phosphates, such as adenosine triphosphate
(ATP), creatine phosphate, and phosphoenolpyruvate). P is
involved in the regulation of important biological processes,
including enzymes and receptors, by phosphorylation (most
coenzymes are esters of phosphoric or pyrophosphoric acid),
bone metabolism, and essential intracellular buffering. Many
phosphates or pyrophosphates are also essential intermediates in
biochemical synthetic or degradative reactions (such as glycolysis).
Cyclic nucleotide derivatives containing phosphate are essential
constituents for hormones, synaptic transmission, mitosis, and
immune and inflammatory responses. Indeed, more than 2,000
chemical reactions in living cells use phosphate [15, 56].

Because of its central role in photosynthesis and metabolism in
all known forms of life, P is a key element for primary production.
However, P supply from the environment often limits productivity.
While most soils and rocks contain phosphates, it is at very low
concentrations (0.1%) and thus biologically “diluted” [15]. Since
the last century, inorganic P in the form of orthophosphate has been
used as a primary constituent of most P fertilizers and has become an
essential input for many agricultural production systems (Fig. 9.1a).
In 2009, 17.6 Mt of P was extracted from phosphate rock mining
operations for use in fertilizers. Itis accepted that without this supply,
agricultural productivity and the present food production output
cannot be sustained [28]. Unfortunately, P-rich geological deposits
are finite resources that are already under intense exploitation (Fig.
9.1a).



World phosphate rock production (Mt/yr)

~_
o
~

200 =

Introduction

0
1900

1920 1940 1960 1980 2000

Year

130,000

100,000

70,000

40,000

10,000

Rare earth oxide mine production (Mt/yr)

Brazil, India, others

1960

(b)

Figure 9.1

1970 1980 1990 2000 2010

Year

Historical global exploitation of phosphorus (a) and rare earth
elements (b). The world phosphate rock production versus
year was obtained from the US Geological Survey (modified
from S. Pohl, Wikimedia Commons). In (b), the geographical
origin of REEs is specified (modified from the US Geological
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Phosphorous is mined in a few geographical locations, processed
and transported for industrial agriculture worldwide. Later, crops
are harvested prior to their decay and transported globally for
food consumption. Thus, we require continual application of P-rich
fertilizers to replace the P removed from the soil when crops are
harvested. P is then discharged in the form of excreta to waterbodies
instead of land and, thus, is permanently lost at rates many orders of
magnitude greater than the natural biogeochemical cycle [2]. Losses
occur at all stages, including mining, cropping, organic wastes,
microbial uptake, sinking, weathering, and in the form of runoff and
sewage sludge, thus precluding the sustainable use of P [9].

9.1.2 Phosphorus as a Toxic Element

9.1.2.1 For human health

Phosphorous is both essential for life and can be a troublesome
pollutant. In healthy subjects, serum P concentrations range from
2.5 to 4.5 mg/dl [11]. Total adult body stores of P are approximately
700 g [37], but in a situation where dietary phosphate is available
in excess, it can cause diseases [15]. Normal human P homeostasis
requires kidney function (Fig. 9.2). In the proximal tubule of this
organ, approximately 70-80% of the filtered P is reabsorbed, and the
remaining 20-30% is reabsorbed in the distal tubule [37]. As kidney
function deteriorates, a series of physiological mechanisms increase
renal P fractional excretion. When this adaptation is overwhelmed,
progressive hyperphosphatemia ensues (e.g, 4.6-14.0 mg/dl).
Chronic kidney disease (CKD) increases mortality almost linearly.
The explanation for this phenomenon is not clear but is associated
with the accumulation of a wide range of solutes otherwise excreted
by the normal kidney. Since 1998, P has been regarded as a “uremic
toxin” [24], with data linking hyperphosphatemia to cellular
damage (in vitro, it induces vascular smooth muscle cells to behave
as osteoclasts) and increased vascular disease/calcification [51].
Furthermore, hyperphosphatemia stimulates parathyroid hormone
(PTH) release by the parathyroid glands, a process involved in
cardiovascular damage, bone disease, and other pathologies. Studies
have also demonstrated a connection between diabetes mellitus and
excess P.
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Figure 9.2  Phosphate metabolism in healthy adult and during kidney
failure.

In many countries, dietary intake of P is higher than the
recommended daily allowance (800 mg/day in the United States
according to Ref. [37]). In addition to several natural sources of P
(e.g., dairy products, meats, whole grains, nuts, and eggs), the use
of phosphate additives in the food industry is common and further
increases P intake [49]. Phosphates such as sodium phosphate (E
339), potassium phosphate (E 340), and calcium phosphate (E
341) are used widely as preservatives, acidifying agents, acidity
buffers, emulsifying agents, stabilizers, and taste intensifiers [15].
Currently, circa 4.3% of food additives generally recognized as safe
by the US Food and Drug Administration (FDA) contain phosphates;
FDA does not require P to be reported on the Nutrient Fact Sheet
but only listed as an ingredient [39]. The Western diet thus contains
large quantities of P, and hyperphosphatemia is almost inevitable as
kidney function declines and no longer protects from eating at will.

Nowadays, early stage CKD is, by far, the most common condition
associated with disordered phosphate homeostasis, affecting more
than 13% of the adult population in developed countries [38].
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9.1.2.2 For the environment

The importance of an element in ecological dynamics comes not only
from its predominance in cells but also from its relative abundance
in the environment [14]. Direct runoff from urban sewage discharges
and from fertilizers and manure applied to agricultural land, as well
as indirect groundwater transport, has markedly changed the global
nutrient cycle [61]. As a consequence, lakes, rivers, reservoirs, and
enclosed coastal areas are subjected to excessive anthropogenic
nutrient enrichment, leading to deterioration of ecological structures
and functions [36]. In fact, eutrophication is regarded as one of the
most important factors causing degradation of lakes throughout the
world. It overly stimulates the growth of bacteria, algae, and certain
aquatic macrophytes leading to shifts in biological communities [22,
27]. Furthermore, decay of that organic matter may lead to oxygen
depletion in the water, which in turn can kill fish with the liberation
of more nutrients and/or toxic substances that were previously
bound to oxidized sediments [45] (Fig. 9.3).

Massive blooms are a prime consequence of eutrophication.
The impacts of harmful algal/cyanobacterial blooms (HABs) on
aquatic ecosystems, as well as implications for human health and
economics, are well documented [21]. HABs threaten the ecological
integrity and sustainability of aquatic ecosystems that depend on the
water source for drinking water, irrigation, fishing, and recreation
[41]. They may produce a variety of very potent toxins (harmful to
humans, fish, birds, and other animals), bad odors, high turbidity,
anoxia, fish Kills, and food web alterations as well [31, 32].

For many decades, eutrophication and its mitigation have been
the focus of considerable scientific work and regulatory actions
worldwide [14]. Nowadays, key challenges remain for water quality
managers and conservation agencies, which pose important issues
confronting actual water policies (e.g, EU Water Framework
Directive, EU Bathing Water Directive) seeking to achieve a high
qualitative and quantitative status for all waterbodies [32]. In
general, eutrophication control policy is still developing [58].
Newer solutions and products targeting optimized environmental
remediation are continuously being developed [12].
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Figure 9.3 The biogeochemical cycle of P in a waterbody in ideal and
eutrophic conditions.

9.1.3 Biogeochemical Cycle of Phosphorus

The atmosphere does not play a significantrole in the biogeochemical
cycle of P. Phosphorus-based compounds are usually solids under
normal earth conditions. Natural sources of P entering waterbodies
include the natural weathering of soil, riparian vegetation, bird
droppings, migratory fish (in spawning grounds), and river bank
erosion. Anthropogenic inputs (of P) can be “point sources,” such as
domestic and industrial pipe-discharge, or “diffuse sources,” such as
sub-surface runoffs related to settlements and agriculture, landfills,
fertilizers, livestock feces, and vegetation [57]. Microorganisms and
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benthic vegetation act both as sinks and sources of available P in
the biogeochemical cycle. Once an organism dies, its body, as well
as fecal material, sinks into the sediments and is biotransformed
by microorganisms. Storms, bioturbation, macrophyte density,
microbial activity, pH, and O, concentration have all been shown to
regulate P release from the “active” layer (<10 cm) of sediments [35].
Microbial degradation of organic matter releases P and increases O,
depletion, resulting in reductive dissolution of Fe oxyhydroxides (a
natural phosphate binder), releasing sorbed P from sediments and
consequently supporting phytoplankton [47] (Fig. 9.3).

9.2 The P-REE Relationship

Lanthanum, which is relatively abundant in the earth’s crust
compared to other REEs, is known to bind very strongly to phosphate
(solubility constant pK = 26.15 [16]), especially to the bioavailable
form, orthophosphate, although it is not specifically selective
in binding Pi. The hydrous La-orthophosphate mineral is called
rhabdophane (LaPO,4 -nH,0). It is formed under aqueous conditions
and is probably highly stable in the environment [12, 45]. Lately, this
attribute has been exploited to treat diseases and to improve the
quality of the environment.

9.2.1 Oral Phosphate Binders: Uses in Medicine

The Kidney Disease Improving Global Outcomes (KDIGO) guidelines
for patients with advanced CKD recommend serum P values between
3.5 and 5 mg/dl (considering a normal range between 2.5 and 4.5
mg/dl in a healthy subject). There are three strategies to avoid
hyperphosphatemia: phosphate-restricted diet, oral phosphate
binders (OPBs), or phosphate removal by dialysis [8]. Usually
the three of them are necessary and sometimes not sufficient to
accomplish the recommended phosphatemia, with more than 30%
of dialysis patients being over this value.

There are various OPBs (aluminum, calcium, sevelamer, and
lanthanum based) that work in a similar fashion and with similar
phosphate-binding capacities. They are taken with food; binding
releases P in the gastrointestinal tract, avoiding its absorption and is
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excreted in feces as insoluble compounds (Fig. 9.4). OPBs are chosen
with regard to tolerance and co-morbidity, because there are no data
indicating significant advantages of one over another in phosphate-
binding capacity or final outcomes [25].

Gastrointestinal system

Lanthanum tablet
ingestion with food

La biliary

secretion .
La absorption <0.002%

Fecal excretion

La(PO,)

Figure 9.4 Fate of lanthanum carbonate after ingestion by a human
subject.

The first OPB was aluminum hydroxide, which was widely used
in the beginning of the 1970s. At that time, aluminum toxicity was
still unknown (e.g., anemia, encephalopathy, proximal myopathy,
osteomalacia, and dementia). During the 1980s, aluminum
hydroxide was replaced by calcium carbonate due its combined
properties, e.g., phosphate binding, control of metabolic acidosis,
calcium supplementation, and low cost. Later studies also revealed
several negative effects on patient survival of this treatment, e.g., soft
tissue calcification and increased cardiovascular mortality. At the
beginning of the 1990s, the third generation of OPBs was introduced
with sevelamer hydrochloride [5].

Lanthanum carbonate (LC) was first used as an OPB in 2003
[26] and became available in the United States in 2005, in the
European Union in 2006, and in Japan in 2009. LC inhibits intestinal
absorption of phosphate by forming highly insoluble complexes,
lowering phosphatemia, yielding a calcium-phosphorus product,
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and phosphaturia [10]. LC can bind phosphorus across the full pH
range from 1 to 7, with optimal activity at pH 3-5. Unlike other
OPBs, LC is highly insoluble and non-absorbable by the intestinal
system, with only 0.001% absorption of an oral dose [24]. As a
result, the majority of an oral dose is excreted in the feces. Even in
a rat intravenous study with the soluble lanthanum chloride salt,
less than 2% of the administered dose was recovered in the urine.
Additionally, LC does not interfere with cytochrome P45, metabolism
of drugs and has no known drug-drug interactions. Unlike sevelamer,
LC does not interfere with lyposoluble vitamin absorption [1]. With
long-term use, up to 6 years, there were no published adverse events
regarding liver, bone, or the central nervous system [5]. Side effects
are scarce and mostly related to gastrointestinal intolerance [46],
although it is contraindicated in patients with bowel obstruction,
ileal and fecal impaction. As an OPB, LC is used clinically as tablets
taken with food, and chewing is needed for activation. Due to various
doses available on the market, the number of tablets needed per day
is fixed and is significantly less than for other OPBs. LC is marketed
in the United States, European Union, and Australia as Fosrenol™.
It is presented as 500, 750, and 1000 mg chewable tablets and also
as oral powder (750 and 1000 mg). There is also a veterinarian
product, Lantharenol® (lanthanum carbonate octahydrate), which
was registered as a zootechnical feed additive by the European
Commission and is used as an intestinal P binder for animals such as
cats [46].

More recently, a pilot study assessed the use of LC with promising
results in patients with calciphylaxis, a troublesome and painful
complication of end stage renal disease patients, consisting of
necrosis of skin and soft tissues due to infarction caused by occlusion
of skin blood vessels by calcium deposits [7].

9.2.2 REE-Modified Clays: Uses in the Environment

Lakes and other aquatic systems are globally important habitats
that provide ecosystem services such as water supply, recreation,
commercial fisheries, angling, conservation, and various amenities.
They are also important in the maintenance and regulation of global
biogeochemical cycles; thus, local human impacts may collectively
have implications on a wider scale [34]. As suggested in previous
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studies, at least 40% of the waterbodies in many regions of the world
are considered to have eutrophication problems [12, 23]. Nowadays,
there is strong political /social pressure to improve and restore them
to environmentally acceptable conditions (e.g., the European Water
Framework Directive).

Successful lake (and other waterbodies) restoration depends
on a good understanding of site-specific drivers of eutrophication
and the use of targeted management strategies. Methods to
control eutrophication in waterbodies are considered part of
“geoengineering,” which consists of manipulating biogeochemical
processes known to improve ecological structure and function [34].
The first step in controlling eutrophication is to tackle the direct
input of nutrients. P is usually targeted, its availability being the
main factor limiting phytoplankton abundance, and this element is
easier to control than nitrogen, because, unlike nitrogen, there is no
bioavailable atmospheric source of P [22, 45] (Fig. 9.3a).

During the last decade, it became apparent that many watershed-
based conservation programs have failed to deliver improvements
in water quality within timescales predicted by managers and
scientists [30]. Often, there are no signs of recovery in response
to external nutrient load reduction. The explanation comes from
decades of uncontrolled inputs that have loaded sediments with high
levels of P, which are recycled into the water column [32, 53] (see
Fig. 9.3b); thus, the time needed for recovery may, in some cases,
be decades [43]. For this reason, newer solutions and products
targeting optimized environmental remediation and faster recovery
are continually being developed [12].

Nowadays, potential improvement techniques consist of aeration,
destratification, flow manipulation, dredging, and water column/
sediment nutrient inactivation [50]. Following the same principle
as described for OPBs, the latter technique consists of adding
P-binding chemicals aimed at immobilizing excess P via chemical
reactions and the formation of insoluble, stable, phosphate minerals.
These are subsequently incorporated into sediments and remain
unavailable for primary producers [12]. According to their origin,
P sorbents comprise natural materials, industrial by-products, or
manufactured materials [27]. In the past, nutrient inactivation has
relied on clay minerals such as bentonite, iron oxide, aluminum (red
mud), fly ash, and carbonates (calcite), or similar salts [22]. There
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are also increasing numbers of chemical and biological materials,
originating as waste streams from various processes, which can be
used to sequester P [47]. The key disadvantage of many of these
adsorbents, however, is that the adsorbed P can be released again
when key chemical properties, such as pH and redox conditions,
are changed [23]. For example, iron- or aluminum-phosphorus
complexes are stable only under oxic conditions and, therefore, do
not represent a long-term solution: Natural seasonal variations (e.g.,
summer) in redox conditions and/or pH can cause the release of P
bound to Fe-based/Al-based products [35].

There have also been concerns that such techniques may have
adverse effects on ecosystems [48]. Metal salts such as ferric salts
and aluminum are generally difficult to handle because of their
acidity [45]. Furthermore, some materials can form more hazardous
or bioavailable compounds [60]. New methods that are gaining
acceptance consist of the application of REE-modified clays with a
high P-binding capacity, such as La-modified bentonite (Phoslock™)
and LaCl;-modified kaolinite, both of which aim at dephosphatization
of the water column as well as capping of the sediment to prevent P
release [54, 59].

Clays are fine-grained natural rock materials combined with
minerals and other impurities. They can be abundant in nature,
and some of them are available commercially at low cost. Kaolinite
is a layered silicate material with the chemical composition
Al,Si,05(0H),; bentonite is an aluminum phyllosilicate consisting
mostly of montmorillonite, which can have different dominant
elements (e.g, K, Ca, Na, and Al). In both cases, the structure
enables intercalation with inorganic and/or organic cations, and
the resulting materials have a high specific surface area associated
with their small size [33, 60]. To enhance and maintain absorbance
capacity, these clays have been modified with specific elements by
taking advantage of their cation exchange properties [45, 62]. By
this method, lanthanum ions (La%*) can be exchanged with the clay’s
randomly adsorbed exchangeable cations (e.g.,, Na*, K*, Ca%*).

Phoslock™ is an example of a commercial lanthanum-modified
clay using bentonite, which is available on the market. It was
developed by the Commonwealth Scientific and Industrial Research
Organization (CSIRO) of Australia during the 1990s for the control
of oxyanions (including dissolved P) in waste waters and sediments
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(US Patent 6350383; [13]). This product is added to the water
column by spreading it in a granular form or as a thick suspension
through spray manifolds. In theory, as it settles through the water
column, it binds orthophosphates permanently and then rests on the
sediment, acting as a capping material to prevent further sedimental
P being released (Fig. 9.5, [62]). When Pi is captured by Phoslock™,
it is considered bio-unavailable and no longer a part of the P cycle,
even under anaerobic or different redox conditions [12, 23, 36, 45].
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Figure 9.5  After adding the La-modified bentonite clay to the waterbody,

orthophosphate (P) can precipitate as rhabdophane by
reacting with available La binding sites in the bentonite clay
(BQ). It forms a layer over the sediments acting as a capping
material, which prevents further release of P.

The equilibrium, kinetics, and field testing of phosphate uptake
by Phoslock™ showed that it is a highly effective adsorbent
(between pH 5 and 7), which, within 24-36 h, can achieve >95%
removal of phosphate from the water column [23, 50, 62]. In recent
years, Phoslock™ has been added to at least 20 lakes around the
world [48, 53]. Apparently, it can alter the overall P availability,
improve water clarity, reduce phytoplankton biomass (measured as
the concentration of chlorophyll a), reduce summer algal blooms,
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and change the composition of phytoplankton populations [22].
Extensive laboratory and mesocosm trials have demonstrated the
effectiveness of Phoslock™ in binding sediment-released P using
less than a millimeter thickness of clay [44].

In contrast to other products, Phoslock™ has no direct effect on
water pH [29, 43] and seemed to produce only minor effects on the
planktonic biota in general [30]. The reported binding capacity of
Phoslock™ is 1 metric ton of the product to capture 11 kg of Pi [12].
Nevertheless, field studies have questioned the efficacy of modified
clays in controlling P in water systems, especially related to the dose
required to achieve site-specific water quality targets (or “effective
dose”) in comparison with the original product recommendations
[29, 36].

9.2.3 Logistical Considerations for Lanthanum-Modified
Clays

Environmental conditions should be fully considered prior to product
application [48]. Every waterbody has its own unique history. The
release of P from sediments is also regulated by physicochemical
conditions such as pH, redox, temperature, equilibrium conditions,
concentration gradients, wind, and by biological factors such as
bioturbation, microbial activity, macrophyte cover, and organic
matter [36,40]. Because these factors are specific for each waterbody
and depend on the season, making decisions for geoengineering is
not trivial. For example, it has been observed that the effectiveness
of La in binding free P is hindered by naturally occurring compounds
such as humic substances and naturally occurring oxyanions
(e.g., carbonates). The actual dissolved organic carbon (DOC)
concentrations in many waterbodies are in the range where a
reduction in effectiveness might be expected [33, 45].

The effectiveness of locking P into sediments also relies on the
ability to cover the complete surface with the capping agent (Fig.
9.5). Unfortunately, the surface of any waterbody is not flat and
homogeneous as in the figure, but responds to geological factors,
flow, and wind. Therefore, different depths, rocks, holes, caves, and
the presence of macrophytes and trees alter the surface and affect
the homogeneous application of these products. Previous studies
with capping agents have also demonstrated that burial of the
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capping layer can reduce its ability to control sedimental P release.
A significant increase in La below the “active” sediment layers has
been observed in situ [36]. This indicates that Phoslock™ and similar
products are subjected to vertical sedimental transport processes
that may include new weathering input, bioturbation, waves, and
wind [17, 43]. Therefore, it was suggested that repeated doses may
be necessary to increase effectiveness. Calculating the effective dose,
however, to avoid potential non-target effects of high concentrations
[36] is not trivial.

9.2.4 Economic Considerations of the Use of Lanthanum
Oral Phosphate Binders and Chemically Modified
Clays

At present, the estimated yearly total production of rare earth oxides
is around 125,000 tons (Fig. 9.1b). However, this total production
gives no indication of the availability of individual REEs [4]. Also
economic/political influences on the REE market affect supply
and price [19]. Although, at the moment, the lanthanum market is
in balance, it is clear that the REE market can change rapidly. This
element is one of the most abundant of all REEs and is extracted
in large quantities [4], making it cheaper than other REEs and
permitting its use in OPBs and modified clays. High demand is,
therefore, needed to maintain a reasonable price. LC is considered
an expensive drug, with a market price around $3 per 1000 mg
tablet. If one considers that treatment for hyperphosphatemia is
for life and is administrated at each meal, the medical expenses
are substantial. In light of the limited resources available and
the greater cost burden associated with the use of calcium-free
phosphate binders, the real cost effectiveness of these compounds
needs to be addressed by proper pharmaco-economic analyses
[3]- Nevertheless, the use of LC versus other non-calcium binders,
or its use as a second-line treatment after failure of the calcium-
based OPBs, results in considerable health benefits and seems cost
effective as demonstrated in countries such as Spain, Canada, the
United States, Japan, and the United Kingdom [20, 55].

To treat eutrophication, the use of chemically modified clays
has increased, and they are now among the main commercial
restoration products in Europe [12]. Usually, the availability and
price of P sorbents and the recycling value of complexed materials
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are taken in consideration [27, 50]. The cost of using Phoslock™ is
relatively high (about €200 per kilogram P removed) compared with
several other catchment measures [34]. Furthermore, as it sinks in
the sediments, the ability to recycle it without dredging remains
challenging, if not impossible. Nevertheless, this method gives fast
results and is relatively easy to apply.

For an even faster result, in special cases of cyanobacteria/algal
blooms, the combined use of Phoslock™ and a flocculent such as
polyaluminum chloride hasbeen proposed, inamethod named “Flock
& Lock,” although costs need to be addressed. This is considered a
most promising method to control in-lake P concentrations [32, 52].

9.2.5 Environmental Considerations of the Use of La-
Based Oral Phosphate Binders and La-Modified
Clays

The use of La-based OPBs (to treat diseases) and modified clays
in natural habitats (against eutrophication) is slowly raising the
important question about the real environmental impact that REEs
may have. Even when La is naturally present in water and sediments,
the high amounts used in each treatment may be considered
invasive. On the one hand, in response to continuing eutrophication,
sediments will be loaded with new layers of La, which will sink
and accumulate with an uncertain destiny [17, 35]. On the other
hand, human populations now have a new source of environmental
waste (La-OPBs) containing high concentrations of La, which will
be discharged daily into the sewage system and eventually will
also reach waterbodies. The main issues are that in the absence of
long-term studies, predicting the direction of diagenetic changes
in sediments after enrichment with this element and explicitly
assessing whether the entire pool of La remains inactive in the
environment are not possible [29].

Although by using La-enriched clay, only a very small fraction
of the total La (0.001-0.02%) is released, concern has been raised
regarding the potential unintended ecological implications of such
release [17, 30, 48,]. In each treatment, large amounts of clay are
applied in the field, and as a consequence, La has been shown to
increase in the filterable water column from 0.01 to 253.1 ug/L [62];
this may also exceed the maximum permissible concentration in
legislation of countries such as The Netherlands [30, 48]. Even when
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the concentration has decreased after a few months and regardless
of its low apparent toxicity [19], as covered in other chapters of this
book, there are risks of biological effects of REEs.

Because of sinking and accumulation of particles on the
bottom (Fig. 9.5), benthic-dwelling organisms may be expected
to be especially exposed to higher La concentrations than pelagic
organisms. Surprisingly, and in spite of evidence that La could be
taken up or stored in biota, such as in mussels, cladocerans, weeds,
and fishes, the bioavailability of La is not normally tested [54]. It
is still unknown what implications will La accumulation have on
economic resources for the food industry (e.g., carp, trout, salmon,
etc.), since several import markets have strict regulations on the
products they buy.

The information on potential impacts of Phoslock™ should be
available to policy makers and water quality managers to underpin
decisions on the use of such products [17].

9.3 Conclusion

Phosphorous is critical for life, given its structural functions and the
number of key biochemical reactions that depend on it. In excess, it
can have deleterious effects, both at the human health level and to
the environment. Lanthanum, a member of the REEs, can be used as
an agent to reduce P absorption from ingested food and also reduce
P availability in waterbodies, thereby reducing eutrophication.

As a medicinal product, LC is highly effective, with an excellent
safety profile, is easy to use, but expensive. To reduce eutrophication,
La-modified clays such as Phoslock™ have also proved to be
very efficient, although there are problems in determining dose-
response relationships, which may also influence the price. Potential
environmental impacts that both applications may have need to
be addressed. Every dose of OPB administered daily will end up
in the water as excreta. With a similar fate, La-modified clays are
directly applied to waterbodies and accumulate in the sediments.
The ecological consequences of such unnatural concentrations of
REEs on pelagic and especially benthic communities are unknown.
A long-term monitoring program should be established for different
waterbodies to support the environmentally friendly nature of the
production and use of these valuable new technologies.
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10.1 Introduction

Rare earth elements (REEs), as defined by IUPAC, consist of the 14
naturally occurring lanthanide elements along with promethium
(a short-lived radioactive lanthanide), scandium, and yttrium.
Despite the term “rare,” these elements are relatively common in the
earth’s crust. As a group, these elements share physical properties
with calcium (similar atomic and ionic radii and similar electronic
configuration) but have an overall higher charge density [40, 44].
As such, these elements can participate in biological processes that
utilize calcium. Since calcium is a ubiquitous regulator of growth
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and differentiation in cells of both the epithelium and the stroma,
it is not surprising that REEs can have a major impact on health and
well-being. This chapter will summarize our understanding of how
calcium regulates growth and differentiation in both compartments,
and how REEs can modulate the actions of calcium, for better or
worse.

10.2 Growth Control in Epithelium and Stroma:
Role(s) of Calcium

10.2.1 Structure of Skin and Its Relationship to Calcium
Levels

The skin provides a good model tissue in which to examine how
calcium influences growth and differentiation and how calcium-
influenced processes might be modified by REEs. The structure
of the skin is depicted schematically in Fig. 10.1. The two major
compartments include the cell-rich epidermis (epithelial cells) and
the dermis, which consists primarily of a connective tissue matrix
with embedded fibroblasts. Keratinocytes in the epidermis are
separated from the underlying dermis by a basement membrane.
In the dermis, the concentration of calcium is approximately
1.3-1.5 mM as the extracellular space and the vasculature are in
equilibrium. This is due, in part, to the open nature of lymphatic
vessels. The basement membrane is rich in anionic substances such
as heparin sulfate and other glycosaminoglycans and as a result,
much of the calcium reaching the basement membrane is effectively
sequestered. Thus, keratinocytes residing on the upper surface of
the basement membrane are subject to a lower level of ionic calcium
than is present in the stroma immediately below the basement
membrane. Proliferation occurs in the basal layer of the epithelium.
Excess cells are “pushed” out of the basal layer and occupy the space
above this layer. The further away from the basal level the cells are
pushed, the more highly differentiated they become. Proliferation
decreases in parallel. The loss of proliferative capacity may reflect
increasing distance from the source of autocrine and paracrine
growth factors. In addition, however, the epithelial cells become
exposed to increasing calcium concentrations as they approach
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the surface, due to water evaporation from the skin surface. Thus,
epithelial cells in the epidermis and fibroblasts in the stroma under
conditions of homeostasis see a full range of calcium concentrations.
Extracellular calcium is ideally situated to play important regulatory
roles in growth and differentiation in both compartments.

Ca?*
increasing
differentiation

= Epithellum

©

e Basement
Fibroblast = Caplllaryk €a%'c_2e membrane
Collagen Stroma
- P e

Figure 10.1 The structure of the skin in relation to calcium levels. The
illustration depicts a histological section through the skin at
an inter-follicular site. Fibroblasts in the stroma are exposed
to a level of extracellular calcium that is in equilibrium with
the plasma calcium concentration. The basement membrane
contains anionic moieties that effectively sequester much of
the calcium. Thus, keratinocytes residing on the epidermal side
of the basement membrane experience an effectively lower
level of extracellular calcium. As keratinocytes are pushed out
of the basal layer and move upward, they become exposed to
increasing calcium concentrations due to water evaporation
from the skin surface. Insert: hematoxylin and eosin-stained
section through human skin.

10.2.2 Calcium Requirements for Keratinocyte and
Fibroblast Function

Based largely on studies conducted with isolated keratinocytes in
monolayer culture, epithelial cell proliferation and differentiation
have been shown to be dependent on the extracellular calcium
concentration. While keratinocytes proliferate over a wide range of
concentrations, optimal growth occurs at concentrations between
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0.05 and 0.5 mM [94, 95]. At these calcium levels, keratinocytes
express little evidence of differentiation. When the calcium
concentration is increased to approximately 1.0 mM or higher,
proliferation slows and the process of differentiation ensues. As
part of the differentiation process, there is a progressive increase in
expression of molecules needed for the formation of the cornified
envelope (e.g., lorocrin, transglutaminase, and high molecular weight
keratins). Another important feature of differentiation is increased
elaboration of E-cadherin and intercalation of E-cadherin in the
cell membrane, where it mediates homotypic cell-cell cohesion.
Effective barrier formation and capacity to behave as a coordinated
unit are consequences. In addition, when E-cadherin is inserted into
the membrane, it forms a complex with the cytoskeleton. 3-catenin
becomes incorporated into the complex and is unable to enter the
nucleus, where it would, otherwise, serve as a Wnt (proliferation-
inducing) transcription enhancer [17, 92, 98]. Thus, differentiation
in epithelial cells and reduced proliferation are linked.

In contrast to keratinocytes, which grow over a wide range of
extracellular calcium concentrations and differentiate atlevels above
1 mM, fibroblast growth in vitro occurs over a narrower calcium
concentration range. At levels below approximately 0.1 mM, viability
is lost. At slightly higher concentrations, viability is maintained but
growth does not occur or is minimal. Optimal growth requires a
calcium level of approximately 1.3-1.5 mM with a fall-off at higher
concentrations [15, 16, 76].

10.2.3 Cellular and Molecular Events Responsive to
Calcium

Regulation of growth and differentiation in the skin depend on
calcium at many points. First of all, calcium in the extracellular
milieu participates with other divalent cations in the maintenance
of cell-substrate adhesion and cell-cell cohesion [61]. When cations
are removed through chelation, cells detach from the substratum
and from one another. These anchorage-dependent cells rapidly lyse.
With lesser disruption of the ionic milieu, cells may remain attached
but cytoskeletal collapse reduces mechanical tension and alters cell
shape. Interactions between cell surface receptors and their ligands
do not occur optimally, and subsequent signaling events initiated
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by ligand-receptor interactions are altered. Proliferation and
differentiation are disrupted.

Stimuli arising in the extracellular environment (both soluble and
matrix bound) regulate growth and differentiation. In keratinocyte,
growth-regulating pathways include the MAPK, Pi3K/Akt, and Wnt
signaling networks [1, 26, 93, 98]. Changes in intra-cytoplasmic and
intra-nuclear calcium are critical second-messenger components of
these signaling networks [24, 78]. Calcium release from intracellular
stores and influx from the environment are both involved. It is
beyond the scope of this chapter to discuss all the specific ways in
which calcium influences growth-regulating intracellular signaling
pathways. Suffice to note here is that in keratinocytes as well as
in epithelial cells of other tissues, a surface protein known as the
extracellular calcium-sensing receptor (CaSR) is critical to calcium
signaling [24]. While CaSR transduces signals initiated by changes in
extracellular calcium, the actual movement of calcium itself into and
out of the cells occurs through ion channels (i.e., multimeric protein
complexes that can open and close) inresponse to receptor activation,
altered mechanical stress, or changes in voltage [31, 41, 106] and
calcium transporters, including the calcium-ATPase and the sodium/
calcium exchanger [32, 91]. Interference with calcium movement
into and out of the cell mediated by these molecular complexes
interrupts biological functions that would otherwise occur.

The intracellular signaling events that bring about epithelial
cell proliferation are not unique to these cells. In vitro studies have
shown that while fibroblasts respond to different growth factors
than epithelial cells, intracellular signaling (MAPK and PI3K/
Akt) pathways and downstream events are similar to those in the
epithelium [50, 63]. The appropriate calcium milieu is as critical
to fibroblasts as it is to keratinocytes. A major difference between
the two cell types is that while epithelial cells have mechanisms for
buffering intracellular calcium concentrations against fluctuation in
the extracellular calcium levels, intracellular calcium concentrations
in fibroblasts change rapidly in response to changes in the
extracellular calcium level [100]. Perhaps this lack of buffering
capacity in fibroblasts explains why these cells have a limited range
of calcium that supports proliferation, while epithelial cells can
proliferate over a wide range of extracellular calcium levels.
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10.2.4 Calcium: Growth Control in Other Tissues

Although we have used the skin as a model up to this point in the
discussion, the skin is not unique in its calcium requirements.
Growth and differentiation in virtually all epithelial cells are
influenced by calcium in much the same manner. For example,
while epithelial cells lining the upper aerodigestive tract and the
gastrointestinal tract have evolved to be structurally distinct from
epidermal keratinocytes, extracellular calcium affects growth
and differentiation in the epithelial cells of these tissue just as it
does in the skin [55, 67]. In the gastrointestinal tract, specifically,
the proliferative zone encompasses the base and lower half of the
crypt, while the upper half of the crypt and crypt surface undergo
differentiation and, eventually, slough. As in the skin, calcium is
in position to drive the differentiation process. That is, the lower
portion of the crypt is exposed to calcium, primarily, through the
tissue, while the upper portion of the crypt is exposed to calcium in
the gastrointestinal fluid as well as through the tissue. Epithelial cells
in parenchymal organs (e.g., liver, pancreas) have no contact with
the body surface, but in vitro, at least, they show similar changes in
cell function in response to altered calcium exposure [90].

Fibroblasts obtained from tissues other than skin have calcium
requirements similartothose of dermal fibroblasts. Thatis, regardless
of species and tissue source, fibroblasts require an ambient calcium
concentration of approximately 1.5 mM for optimal proliferation in
vitro [15, 16, 76]. Fibroblasts are not unique. Mesenchymal cells,
in general, are adapted to this level of extracellular calcium. It is
not unreasonable to assume that these cells, like fibroblasts, have
evolved to function in the environmental conditions to which they
are constantly exposed.

10.3 REE: Modulation of Epithelial Cell Biology

10.3.1 Cellular Molecules Responsive to REEs

As noted earlier, REEs are similar to calcium in their elemental
properties. It is not surprising, therefore, that molecules that have
calcium-binding sites recognize REEs. Among these are calcium
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channel proteins, including voltage-gated, receptor-gated, and
mechanical stress-gated channels [20, 33, 38, 62]. Other regulatory
moleculesinfluencedbyREEsinclude calcineurin, calcium-dependent
and calcium-magnesium-dependent ATPases, protein kinase C, and
choline esterases [9, 19, 87]. In many cases, the affinity for the REE
is higher than for calcium itself. In epithelial cells, specifically, CaSR
is an important target [52, 68, 75]. Nanomolar and low micromolar
concentrations of gadolinium, for example, have been shown to
activate the CaSR in epithelial cells in the absence of extracellular
calcium [22, 23]. When CaSR is activated, intracellular signaling
events are initiated, which release calcium from intracellular stores.
Influx of calcium from the extracellular milieu occurs as a secondary
consequence of this [24]. While activation of intracellular signaling
pathways (i.e., as seen by phosphorylation of intracellular signaling
intermediates) can be seen in the absence of extracellular calcium,
sustained influx of calcium from the extracellular environment
is required for a sustained biological response. A recent study
by Carrillo-Lopez et al. [22] sheds light on this. Working with
parathyroid cells and parathyroid hormone (PTH) secretion, it
was shown that lanthanum (1 pM) was able to activate CaSR in the
absence of calcium. At this concentration, lanthanum by itself had
little effect on PTH secretion. In addition, lanthanum did not further
stimulate hormone release in the presence of an optimal calcium
level (1.5 mM). However, lanthanum enhanced PTH secretion in
response to a sub-optimal calcium level (0.6 mM). Thus, in spite of
the fact that REEs at nanomolar levels are not able to replace calcium
(present at millimolar levels) in support of epithelial cell function,
they are capable of activating the molecular machinery that drives
these processes.

10.3.2 Modulation of Proliferation and Differentiation
in Epithelial Cells by REEs

Given that calcium is an integral regulator of epithelial cell
proliferation and differentiation, it should come as no surprise
that exposure to REEs impacts these processes. Past studies have
documented epithelial cell growth inhibition by REEs. While this
has focused attention on these transition elements as potential
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anti-cancer agents [58], it is not clear if activities seen at relatively
high concentrations (100-500 uM) represent a specific effect. Nor
is it clear if growth inhibition at high REE concentrations is related
to altered calcium signaling. As part of an effort to determine the
role of calcium signaling in REE-induced epithelial cell growth
regulation, we carried out a series of in vitro studies in which the
14 naturally occurring lanthanide elements (made up as chloride
salts) were examined for effects on keratinocyte growth [54]. To
summarize our findings, there was no growth inhibition with any of
the REEs at concentrations below 1 pM, but over the range of 5-10
uM, growth inhibition was observed with thulium, gadolinium, and
samarium. With several other elements of the family (lanthanum,
cerium, praseodymium, neodymium, europium, holmium, erbium,
and lutetium), growth inhibition was seen at concentrations of 50-
100 pM. The remaining three elements (terbium, dysprosium, and
ytterbium) were unable to suppress growth even at a concentration
as high as 100 pM. At no concentration below 100 uM did cell
numbers fall below the starting value (indicating that there was
still net growth). Assays to detect cell death suggested no significant
apoptosis or necrosis below 100 pM.

Additional studies demonstrated that growth inhibition with
REE exposure occurred at calcium concentrations as low as 0.035
mM and at concentrations as high as 1.5 mM. However, when
extracellular calcium was left out of the medium completely, there
was no growth and significant cytotoxicity occurred whether or not
the culture medium was REE supplemented. Thus, REEs (salts) do
not have the capacity to “rescue” calcium-starved epithelial cells. In
the same experiments, several other (non-REE) divalentand trivalent
cations were examined in parallel. Among these were aluminum, iron
(ferrous and ferric), cobalt, copper, nickel, magnesium, manganese,
and zinc. Of these, only cobalt suppressed epithelial growth. Growth
inhibition required 50-100 pM, and the overall degree of growth
inhibition was minimal [54].

REE-induced growth inhibition is not unique to epidermal
keratinocytes. A second set of in vitro experiments demonstrated
that combinations of calcium plus a single REE (i.e., gadolinium) had
similar effects on human colonic epithelial cells. That is, gadolinium
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concentrations as low as 1-5 uM potentiated the growth-inhibiting
effects of calcium in several colonic epithelial cell lines but did not
suppress proliferation in the absence of calcium [5]. Of interest,
when the calcium level was increased to 3 mM, the combination of
calcium plus REE proved cytotoxic, while calcium alone was growth
suppressive but did not induce cell death (Fig. 10.2). This could have
relevance in relation to calcium’s chemopreventive potential in the
colon (see next subsection). Taken together, these data suggest that
REEs at low concentration do not suppress epithelial cell growth on
their own but have the capacity to enhance the growth-inhibiting
response to calcium. As such, these moieties have properties similar
to calcimimetic agonists [81]. Small-molecule calcimimetic ligands
have been developed for a number of indications in which calcium
is thought to be important. Could one or more of the REEs play such
a role? Growth control in colon provides a model with which to
explore this issue.
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Figure 10.2 Inhibition of human colon epithelial cell growth by
combinations of calcium and gadolinium. Growth suppression
occurs with increasing concentrations of calcium, and this is
enhanced in the presence of gadolinium. In the presence of
gadolinium, high concentrations of calcium (3.0-4.5 mM) are
cytotoxic. Figure reprinted from Ref. [5], Copyright 2012, with
permission from Springer.
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10.3.3 REE Modulation of Epithelial Proliferation and
Differentiation: Potential Impact on Calcium
Chemopreventive Activity in Colon

In the colon, calcium is a recognized cancer chemopreventive agent.
Both epidemiological studies and interventional studies have shown
that formation of premalignant lesions (adenomas) can be reduced
by calcium [6, 14, 25, 42]. While the data with colon cancer, itself, are
more limited, a recent meta-analysis of the colon cancer literature
suggests that chemoprevention extends to colon cancer, itself [56].
Animal studies have largely substantiated the chemopreventive
activity of calcium [8, 70], and cell culture studies (as noted above)
provide mechanistic insight into how calcium might prevent
colon polyp outgrowth and progression into invasive colon cancer
[17, 92, 98]. The problem is that the chemopreventive effects of
calcium are, at best, modest. Optimistic assessments suggest a
possible 20% reduction in colon polyp/cancer incidence [14, 56],
while some studies have shown essentially no protection [7].

The reality is that even the modest benefits are missed. For
many individuals in the developed world, the average calcium
intake is less than 500 mg per day [74], far below the recommended
level. Since individual REEs at low micromolar levels can sensitize
colon epithelial cells to calcium-mediated growth inhibition, could
a combination of calcium plus an REE (or mix of REEs) be more
effective than calcium alone at suppressing colon polyp outgrowth?
This question has not yet been addressed directly. However, it has
been shown that mice on a high-fat diet developed colon polyps over
aperiod of 12-18 months and that mice given a multi-mineral natural
product containing measurable levels of several REEs developed
fewer colonic polyps than mice fed the same diet without the
supplement [2, 4]. Calcium alone also suppressed polyp formation
in mice but was not as effective as the multi-mineral supplement
[4]. If it can be shown, ultimately, that it is the REEs in the mineral
supplement that provide for the enhanced chemopreventive activity
against colon polyp formation, it could suggest a novel use for this
family of relatively common trace elements. One could envision two
potential benefits of the multi-mineral approach—either greater
efficacy with a maximal calcium dose or comparable efficacy with
a lower overall calcium level. While calcium supplement use is
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widespread and while the benefits of calcium supplementation are
(largely) accepted, there is an upper limit. In addition to fostering
the development of “stones” in both gall bladder and kidney, a
recent meta-analysis of the calcium supplementation literature
has concluded that increased risk of cardiovascular events exists
for individuals on high calcium supplement regimens [13]. While
this suggestion is still, somewhat, controversial, if a comparable
reduction in polyp formation could be achieved with lower calcium
consumption, then that would be beneficial.

A reduction in colon polyp formation is only one case. Another
recent study demonstrated that the same multi-mineral approach
reduced liver tumor formation in mice on a high-fat diet [3].
Protection against liver injury may actually be more important than
reduction in colon polyp formation since the colon can be exposed
to a high level of calcium through the colonic fluid, while the liver
is subject to plasma calcium, which is tightly controlled. Additional
research will be required before we can know what (if any) medical
benefit may be derived from the use of REEs to modulate epithelial
cell processes that are calcium dependent. Since all the studies
to date indicate that beneficial activities can be observed at low
micromolar REE concentrations, the likelihood of unwanted side
effects in the epithelium should be minimal.

10.4 REE and Stromal Cell Biology

10.4.1 Fibroblast Proliferation in Response to REE
Exposure

The first part of this chapter focused on REE modulation of calcium-
driven events in epithelial cells. Here we turn our attention to
responses of stromal cells (specifically, fibroblasts) to the same
REEs. As noted above, fibroblasts (i.e., prototypic undifferentiated
mesenchymal cells) occupy tissue space in which they are exposed
to an ambient calcium concentration of 1.3-1.5 mM. Ex vivo studies
have established that the same ambient calcium concentration is
optimal for fibroblast proliferation, with a fall-off on both sides of
the optimal concentration. Given the importance of precise calcium
regulation in fibroblast function, it would not be surprising to find
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that REE exposure has profound effects on this population of cells.
That is the case.

Fibroblast exposure to REEs is associated with the development
of fibrotic tissue injury. A series of past toxicological studies by
Haley et al. [45-49] have demonstrated that while REEs have little
or no effect when applied to intact skin, they cause the formation
of granulomatous (fibrotic) nodules when applied to abraded skin
or when injected subcutaneously. Other past studies have shown
that inhaled dusts containing REEs can precipitate fibrotic changes
in lungs [51, 53]. More specifically, cerium, an REE abundant in
the soil in certain areas of the world, has been associated with a
fibrotic heart condition referred to as endomyocardial fibrosis
[59, 96, 97] as well as with the formation of pulmonary fibrosis
[65]. Finally, recent studies have clearly linked gadolinium to a
form of skin fibrosis known as nephrogenic systemic fibrosis (NSF)
[18, 27, 28,43, 57, 66, 69, 80, 82,89, 104, 107].

Efforts to understand how REEs can bring about fibrotic tissue
injury have shown that these elements are capable of directly
inducing fibroblast proliferation in vitro. For example, cerium
has been shown to stimulate proliferation in both cardiac- and
lung-derived fibroblasts [72, 77]. Of interest, cells obtained from
the heart were more sensitive than lung-derived cells, providing
perhaps an explanation for why cardiac fibrosis was observed rather
than the more typical granulomatous lung disease. Alternatively,
it has been shown that cerium levels were higher in serum from
patients with the disease than from controls [35], providing an
explanation for cardiac cell exposure. Regardless of explanation,
the authors reported that fibroblast proliferation was suppressed
with superoxide anion dismutase (SOD) but not catalase. They
hypothesized that cerium intercalation into the plasma membrane
resulted in lipid peroxidation and superoxide anion generation [77].

Due to the widespread recent interest in NSF and its relationship
to gadolinium exposure during contrast-enhanced magnetic
resonance imaging (MRI), gadolinium’s role in fibroblast biology
has probably been studied more extensively than that of any other
REE. Not only have gadolinium salts been evaluated, but chelated
gadolinium compounds (specifically, those used in MRI contrast
agents) have also been studied in ex vivo models [36, 37, 101, 105]
as well as in experimental animals [84, 85]. Figure 10.3 shows
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dose-response curves for human dermal fibroblast proliferation
using four chelated gadolinium compounds (panel A) and three
gadolinium salts (panel B). These studies from our own laboratory
[101] demonstrate that under conditions of optimal calcium (1.5
mM), a hyper-proliferative response can be seen with gadolinium.
Chelated gadolinium compounds and gadolinium salts stimulate
a similar response in terms of magnitude. However, while the
maximal response appears comparable regardless of form, a much
wider range of effective concentrations (both on the low end and
high end of the concentration curve) can be seen with the chelated
compounds. At the low end, gadodiamide was stimulatory at a
gadolinium concentration of 0.5 uM. At the upper end, concentrations
as high as 25-50 mM were stimulatory with gadoteridol. In contrast,
gadolinium salts were effective over a much narrower range of
concentrations (25-250 pM). What accounts for the differences
between gadolinium forms is not fully understood. Differences in
effectiveness among chelated compounds may reflect the ease with
which the gadolinium atom can be released from the chelate and
transferred to critical targets in the cell membrane. Gadodiamide
is less stable than gadobenate and gadopentetate, which, in turn,
are less stable than gadoteridol [64, 71]. With insoluble gadolinium
salts, the higher amounts needed for growth stimulation may reflect
the strong ionic bond between anion and cation and the inability
of the salt to dissociate. In fact, endocytosis or phagocytosis of the
salt particle may be necessary for gadolinium entrance into the cell
[12]. This does not explain why gadolinium chloride is intermediary
between the most active chelate and the insoluble salts. Perhaps,
when gadolinium dissociates from the chloride salt in a physiological
solution, there is a competition between binding to cell membrane
targets and binding by anionic salts such as phosphate, carbonate,
hydroxide, and others. Whatever the mechanism, these observations
with fibroblasts are not universal. Epithelial cells do not undergo
proliferation when exposed to gadolinium in either chelated form or
as a salt [54, 101].

In additional studies [12], the same chelated gadolinium
compounds and inorganic gadolinium salts were examined for ability
to replace calcium in support of fibroblast growth. For these studies,
dermal fibroblasts were incubated in culture medium containing
0.1 mM calcium and treated with each of the gadolinium-containing
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compounds over a wide range of concentrations. As seen in Fig. 10.4,
fibroblast growth was not induced by any of the gadolinium salts (at
any concentration). In contrast, chelated gadolinium was supportive
over the range of concentrations from 0.5 to 5 mM. Among the
chelated compounds, gadodiamide was the most active, followed
by gadobenate and gadopentetate. Thus, the capacity of gadolinium
(presented appropriately) to replace calcium in support of fibroblast
function and ability to induce a hyper-proliferative response in the
presence of calcium share common features.
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Figure 10.3 Stimulation of fibroblast proliferation by gadolinium chelates
and gadolinium salts in the presence of calcium. All of the
gadolinium chelates in the presence of optimal calcium (1.5
mM). The magnitude of the response at optimal concentration
was similar with all of the agents, but there was a wide range
of effective concentrations. See Refs. [12] and [30] for details.
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Figure 10.4 Stimulation of fibroblast proliferation by gadolinium chelates
and gadolinium salts in sub-optimal calcium. All of the chelated
gadolinium chelates stimulated proliferation at sub-optimal
calcium (0.1 mM), but the gadolinium salts were ineffective.
See Ref. [12] for details.
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Given these findings with gadolinium, all 14 of the naturally
occurring lanthanides were examined for ability to stimulate
fibroblast proliferation [54]. All the elements presented to the cells
as chloride salts were active, but there was a range of concentrations
over which activity was observed. The most potent members had
dose-optima at 10 uM, with others requiring either 50 pM or 100
uM. Of interest, there was a strong correlation between stimulatory
activity with fibroblasts and suppression of growth in epithelial cells
(Fig. 10.5).
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Figure 10.5 Correlation between growth stimulation in fibroblasts and
growth inhibition in epithelial cells. Human epidermal
keratinocytes and human dermal fibroblasts were treated with
each of the indicated REEs over a wide range of concentrations
as described in Ref. [54]. Indices of keratinocyte growth
inhibition and fibroblast growth stimulation were developed
based on effective dose values (ED,, for keratinocytes and
EDs, for fibroblasts), maximal responses and concentrations
that produced a maximal response for each cell type. Pearson’s
coefficient of correlation was calculated; r = 0.9516; p < 0.01.

The most potent members had dose-optima at 10 uM with
others requiring either 50 uM or 100 pM. Of interest, there was a
strong correlation between stimulatory activity with fibroblasts and
suppression of growth in epithelial cells (Fig. 10.5). None of the non-
REEs used as controls (i.e., the same ones as used in epithelial cell
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assays) stimulated growth below 50 pM. With aluminum and iron,
a modest stimulatory activity occurred at 100 uM, and with cobalt,
depressed growth was observed at 100 uM. Thus, the REEs (as a
group) appear to have unique effects on fibroblast function that are
not shared by most other divalent or trivalent cationic elements.

10.4.2 REE Effects on Collagen Metabolism

REE stimulation of fibroblast proliferation is of interest in light
of the association between REE exposure and fibrotic tissue
injury. While fibrotic disease implies, a priori, increased collagen
formation in tissue, the mechanism by which this occurs is not fully
understood. Furthermore, there are several conditions in which
excess collagen deposition is seen, and it is not likely that a single
patho-physiological process underlies all. In the skin alone, excess
collagen deposition is seen in scleroderma (often referred to as
progressive systemic sclerosis, though it is not always progressive or
systemic), keloid scars, amyloidosis, carcinoid tumors, Dupuytren’s
contracture, graft versus host disease, lichen sclerosis, polymyositis,
and scleromyxedema (among others).

NSF, as already noted, is another condition producing fibrotic
lesions in the skin. In certain of these conditions (for example,
scleroderma and keloid scars), the condition is primarily fibrotic,
but in other conditions (e.g., scleromyxedema and NSF), there is a
large fibro-proliferative component and excess deposition of non-
collagenous as well as collagenous components.

Signaling through the TGF-f pathway is assumed to be largely
responsible for collagen deposition in fibrosis [29, 99], but given the
wide range of fibro-proliferative and fibrotic conditions, this is an
over-simplification. In an earlier study focusing on the role of cerium
in endomyocardial fibrosis, Shivakumar et al. [83] demonstrated
that cerium increased the incorporation of proline into collagenase-
sensitive material in cultures of rat cardiac fibroblasts. However, this
was associated with an overall increase in total RNA and protein
synthesis, suggesting that the increase in collagen was not specific to
that protein. A subsequent study demonstrated increased collagen
deposition in the heart tissue of rats exposed to cerium. Here the
conclusion was that decreased breakdown (along with increased
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cellularity) rather than increased synthesis was the underlying
event [60].

Our studies, which have focused on collagen deposition in organ-
cultured human skin following exposure to gadolinium-containing
MRI contrast agents, are consistent with this earlier series of
observations. In our studies, an enzyme-linked immunoassay was
used to quantify type I procollagen production in organ-cultured skin
samples obtained from 15 healthy subjects and from eight subjects
with end-stage renal disease. In parallel, western blotting was used
to assess mature collagen deposition into the cell layer. Exposure
to the gadolinium-containing contrast agent over a wide range of
concentrations led to a small but significant decrease in procollagen
levels [10, 30, 101]. Fibroblasts in monolayer culture showed the
same decreased elaboration of type I procollagen (approximately
30% reduction compared to control in the presence of the
gadolinium-containing compound at 50 pM; i.e., the concentration
that was optimal for inducing proliferation). RT-PCR confirmed the
lack of increased mRNA for type I procollagen as well as the lack
of effect on several enzymes involved in the processing of type I
procollagen into mature collagen fibrils [10]. Of interest, however,
the same treatment that reduced type I procollagen production
increased the deposition of mature type I collagen in the cell layer
[10].

Taken together, the past studies with cerium and our own work
with gadolinium suggest that REE-induced tissue fibrosis is not a
direct stimulatory effect of the metal ion on new collagen synthesis
(at the gene level). Rather, both sets of data suggest an effect on
collagen turnover. In our studies with human skin and human
skin fibroblasts, gadolinium-stimulated collagen deposition was
associated with a marked alteration in the enzyme and inhibitor
complex responsible for regulating collagen turnover [10, 30, 101].
That is, both matrix metalloproteinase-1 (MMP-1) and tissue
inhibitor of metalloproteinases-1 (TIMP-1) were elevated. Levels
of TIMP-1 were such that virtually all the MMP-1 was complexed
with the inhibitor, rendering it unable to degrade newly synthesized
collagen [73]. This provides a mechanism to account for the increased
collagen deposition in gadolinium-exposed skin without elevated
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synthesis. Whether the same mechanism accounts for collagen
deposition in response to cerium has not been directly assessed. In
the study of Ma et al. [65], elevated MMP-2, MMP-9, and MMP-10
were observed immuno-histochemically in fibrotic areas of the lung
exposed to cerium. Additionally, our own studies showed that effects
on MMP-1/TIMP-1 levels were not unique to gadolinium. Similar
changes were observed in dermal fibroblasts exposed to several
other REEs [54], and in all cases, a close dose-response relationship
between proliferation and elevated enzyme/inhibitor was observed.

Although the direct consequences of fibroblast exposure to
REEs, i.e., increased proliferation and decreased collagen turnover
without a specific induction of collagen synthesis, may be sufficient
by themselves to account for REE-induced fibrotic changes in the
skin, interstitial fibroblasts do not become exposed to REEs in a
vacuum. Tissue macrophages (occupying the same space as resident
fibroblasts) have been shown to bind gadolinium-containing
compounds and to release pro-inflammatory cytokines, including
TGF-Basaconsequence [102,103]. Inthe presence of TGF-f3, resident
fibroblasts differentiate into myofibroblasts and elaborate collagen
[29, 99]. Thus, fibrotic skin changes may reflect a combination of
indirect and direct effects of REE exposure.

REE exposure is also associated with fibrotic lung disease.
Presumably, this involves inhalation of REE-containing dusts [51, 53],
but at this point, our understanding of the events that lead from
exposure to disease is minimal. Conceivably, the mechanism could
involve initial macrophage exposure, resulting in the generation of
pro-inflammatory mediators (TGF-B) and stimulation of collagen
production by resident fibroblasts. Alternatively, phagocytosis of the
particles by alveolar and interstitial macrophages could establish
the conditions needed for epithelial denudement, allowing direct
exposure of the target fibroblasts to the metal-containing dust
particles. Either could result in excess collagen deposition in the
walls of the alveoli and bronchioles.

Finally,itshould be noted thatmodulating cellular responsesis not
the only way that REE exposure could provoke collagen deposition.
Past studies have demonstrated that in the presence of lanthanide
elements, collagen trafficking, processing, and polymerization are all
affected [21, 34, 39].
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10.4.3 Intracellular Events in REE-Stimulated Fibroblasts

Under conditions of tissue homeostasis, fibroblasts are relatively
quiescent. Cell turnover occurs slowly, and the elaboration of newly
synthesized procollagen is balanced by controlled degradation of
existing mature collagen. While seemingly indolent in the absence
of stress, resident fibroblasts in a tissue can be rapidly roused into
action when the need arises, for example during wounding. The
events occurring in the stroma during wound repair have been
studied in detail [86, 88]. Fibroblast migration into the wound site
from adjacent tissue, proliferation of these cells at the wound site,
and collagen production are all part of the wound-healing process.

Fibrotic diseases are often likened to wounds that do not heal.
The same pathways needed for wound healing are engaged, but they
continue to be active even when there is no apparent physiological
reason why they should. Given the involvement of REEs in fibrotic
tissue changes, we used gadolinium to help elucidate the fibroblast
signaling events affected by REE exposure [10, 12]. Results depicted
in Fig. 10.6 provide evidence for activation of Pi3K/Akt and MAPK
pathways. Gadolinium-treated fibroblasts demonstrated a small
but significant increase in Akt phosphorylation (p-Akt) and a much
larger increase in ERK phosphorylation (p-ERK). Suppression of
MAPK signaling with the small-molecule inhibitor U0127 blocked
gadolinium-stimulated proliferation, MMP-1 production, and
TIMP-1 production. Inhibition of Pi3K/Akt signaling in response to
gadolinium also suppressed proliferation and MMP-1 production
but stimulated TIMP-1. Thus, both pathways are REE sensitive, but
MAPK signaling appears to be the major driver of the subsequent
biological responses.

In parallel studies, human dermal fibroblasts were exposed
to PDGF or to TGF-B. When fibroblasts were exposed to PDGEF
the profile of responses mimicked the profile seen in response
to gadolinium. That is, proliferation was stimulated, along with
increased MMP-1 and increased TIMP-1 elaboration [11, 79]. In
contrast, TGF-f3 treatment had minimal effects on these readouts.
Using proliferation as the endpoint, antibody to the PDGF receptor
suppressed the response to gadolinium. While this provides direct
evidence for the involvement of the PDGF receptor in the cellular
response to gadolinium, it leaves open the question as to whether
the REE could directly bind and stimulate the receptor. Subsequent
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Figure 10.6 Intracellular signaling in fibroblasts exposed to gadodiamide.
(A) A small increase in p-AKT is seen in the presence of the
chelate. (B) A large increase in p-ERK is seen in the presence of
the chelate. (C) The small-molecule inhibitor of ERK activation
suppresses proliferation as well as production of both MMP-1
and TIMP-1. The small-molecule inhibitor of Pi3K surpresses
proliferation and MMP-1 production but stimulates TIMP-1
production. Figure reprinted with permission from Ref. [10],
Copyright 2009, Wolters Kluwer Health.

studies indicated that this was not the case. Gadolinium exposure
did not directly activate the PDGF receptor. This was shown by
demonstrating PDGF receptor phosphorylation in response to
PDGF itself, and the lack of receptor phosphorylation in response
to gadolinium. Taken together, these data, along with previous
work demonstrating the effects of REEs on calcium channels and
transporter molecules (reviewed above), suggest that gadolinium
interferes with calcium influx/efflux mechanisms tied directly to
PDGF receptor phosphorylation and signaling. While the details
are not fully understood, calcium efflux rather than influx would
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appear to be the primary target. Such effects, we presume, underlie
the fibro-proliferative response to chelated gadolinium in NSE. They
may also contribute to collagen deposition via modulation of the
MMP-1/TIMP-1 axis in the same lesions. Our model integrating the
signaling events and outcomes is depicted in Fig. 10.7. Given what
is presented in the figure, there would be no a priori reason why
PDGF would be unique. Other fibroblast growth factors such as
basic fibroblast growth factor and insulin-like growth factor-1 also
activate Pi3K and MAPK signaling and could be affected as well.
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Figure 10.7 Fibroblast signaling model in the presence of gadolinium. Left:
In the presence of gadolinium (Gd3*), signaling events tied to
the PDGF pathway are directly stimulated and responses such
as proliferation, MMP-1 production, and TIMP-1 production
are induced. Procollagen production is not directly stimulated
by gadolinium, but in an environment where both fibroblasts
and monocytes are present, Gd3*-stimulated monocytes
release mediators such as TGF-f3, which stimulate procollagen
production by fibroblasts. Right: Intracellular signaling events
that result in the noted biological responses require influx
of calcium from the extracellular environment. Gadolinium
interference with calcium mobilization enhances signaling and
subsequent biological responses. Figure reprinted from Ref.
[108], Copyright 2015, with permission of Springer.

At this point, we know little about the signaling events that
accompany cerium induction of proliferation and collagen
deposition in endomyo-cardial fibrosis. Likewise, our understanding
of the events that lead to fibrotic nodule formation in REE-exposed
abraded skin or to fibrotic lung lesions in response to inhaled REE-
containing dusts is minimal. There is no reason to believe, however,
that these observations with gadolinium are not relevant, but this is
yet to be proven.
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10.5 Summary and Conclusion

Past animal studies and ex vivo experimental approaches have
demonstrated unique biological effects with REEs, i.e., effects not
observed with other divalent and trivalent cations. In aggregate, the
data support the conclusion that REEs are unique, at least in part,
because of their capacity to insinuate themselves into biological
processes that are calcium regulated. Since calcium is a critical
regulator of function in every cell, it is not surprising that REEs are
active, for better or worse.

As with most chemical entities, whether an effect is therapeutic
or toxic depends on the dosage to which the target is exposed and
the timing of exposure, as well nature and metabolic state of the
target at the time of exposure. Perhaps of more interest is the nature
of the response itself. Effects of REEs in the epithelium and stroma
are different because the cell types involved have very different
functions. Is growth suppression in the epithelium a “good thing or
a bad thing?” Suppression of cancer cell growth would, by definition,
be considered therapeutic. However, could the same mechanistic
events lead to reduced proliferation in normal epithelial cells with
detrimental consequences? Likewise, induction of proliferation and
modulation of collagen deposition in fibroblasts leading to fibrotic
tissue injury would, by definition, be classified as a toxic effect, but
could stimulating fibroblast growth and new collagen deposition
have value in the context of a chronic, non-healing wound?

With REEs, past toxicological studies have indicated that all
or most of the family members are capable of inducing similar
responses in test animals. Likewise, capacity to stimulate biological
responses in epithelial cell and fibroblast models appears to be family
wide traits. However, the literature provides evidence of significant
health hazard with only a few of the agents. This may have more
to do with exposure than with unique mechanisms. Alternatively,
while the REEs have family wide activities, our own studies have
demonstrated a range of concentrations over which individual REEs
are active. The underlying basis for individual differences is not clear.
It would be unwise, at this point, to “lump” all of the REEs together
without considering individual differences.

Finally, while this review focuses on epithelium and stroma—
the two components that make up tissue parenchyma—we should
not forget that there are multiple other cell types in the body (all
utilizing calcium for critical signaling events). Therefore, all could
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potentially be targets for alterations mediated by REE exposure.
Outcomes might not be easily predictable based on findings from
studies with epithelial cells and/or fibroblasts.
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11.1 Hints to Chemical Speciation

In chemistry, the term species indicates the chemical form of an
element, mainly with respect to its oxidation number, type, as well
as the number and geometry of the coordinating ligands; in some
cases, its isotope distribution is also taken into account [2].

In the study of chemical systems, total concentration of each
component gives very limited information about the chemical
processes occurring therein. As an example, percent distribution
of Cu(Ill), Cu(Il), and Cu(I) in a biological system is by far more
informative than the total concentration of copper only. In a
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physiological milieu, the Cu(Ill)/Cu(Il) and Cu(Il)/Cu(l) ratios
are determined by the redox potential as well as by concentration
and structural formula of several low- and high-molecular-weight
organic ligands. This is expected, owing to the different hard/soft
character of the Cu®*, Cu?*, and Cu* ions [17]. Once the formation
constants of the complexes that, in each oxidation state, the element
may form with all the ligands present in the tissue are available, a
very detailed picture of the system can be obtained.

In a chemical environment, distribution of each element within
all the species that it may form is called speciation [2, 22, 24, 26]. In
any thermodynamic system at constant pressure and temperature,
once equilibrium is attained, speciation is determined by pH, total
concentration of all elements and ligands, redox potential, and ionic
strength. Solid-solution interactions at interfaces, in the case of
heterogeneous systems, must be considered as well.

Speciation plays a pivotal role in the distribution, mobility, and
toxicity of elements in living organisms [9, 28]. However, obtaining
chemical models of biological systems is a very difficult task due
to the very large number of metal-ligand interactions taking place
simultaneously in them. Thus, in the study of real-world systems,
it is a common strategy to consider at first smaller sub-systems,
each one defined so that it can be fully described on the basis of
a limited number of reactions. A complete picture of the whole
system is obtained at last in the form of a chemical model, namely
a set of species whose stoichiometry and formation constants are
known with the highest accuracy. The most reliable set of chemically
defined species (speciation model) is the one producing the lower
standard deviation on the error-carrying variable in a least-squares
minimization procedure. Nevertheless, it can happen that for a given
system, not all the possible models but one may be excluded, because
of the limited accuracy of the experimental data used to obtain the
equilibrium constants. Any time that more than one set of chemical
species fit the data within their standard deviation, one is forced to
look for ancillary information to define the most reliable chemical
model.

Many investigations can be found in which sound speciation
models are used to describe reactions occurring in and to predict the
chemical evolution of real-world systems, no matter how complex
[4,5,12, 14, 25, 27].
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11.2 Equilibrium Analysis at a Glance

Equilibrium analysis provides sophisticated methodologies for the
determination of stability constants to be used in speciation studies
[7, 27].

In chemical systems, metal ions react with organic and inorganic
ligands forming soluble complexes and solid phases. Reactions of
known stoichiometry and the corresponding equilibrium constants
express in a quantitative manner the free energy contribution of each
reaction to a whole chemical process. Equilibrium can be partially or
totally shifted from one side to the other by varying temperature,
and/or total concentrations, and/or pH, and/or redox potential. In
heterogeneous systems, solubility is affected by acid-base, complex
formation and redox reactions.

Focusing on lanthanides in biological systems, a simple case may
be represented by a trivalent lanthanide ion, Ln3*, reacting with HL,
a monoprotic organic acid:

HL=H*+L" (11.1)

The hydrogen ion of HL can be displaced by the metal ion as in
Eq. (11.2):

Ln3* + HL = LnL2* + H* (11.2)

The equilibrium constants of reactions (11.1) and (11.2) may be
written, respectively, as

K, JHE;BJ] (11.3)
. [Lnt? (1] (114

[Ln®* |[HL]

For the sake of simplicity, Eqs. (11.3) and (11.4) are expressed
using concentrations on the molar scale in place of activities.
However, for the most accurate evaluations, theoretical models,
such as the specific interaction theory, allow to take into account the
effects of activity coefficients on the equilibria [3]. The asterisk at
the superscript of the symbol *K indicates that in LnL?*, the ligand
is in a form chemically different from the one appearing on the
left-hand side of Eq. (11.2). Here, as it is often the case, the ligand
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among the reactants is a more acidic species with respect to the one
coordinating the metal ion. It follows that the equilibrium in reaction
(11.2) is pH dependent.

In this case, modelling the chemical system requires that five
species are taken into account, with the corresponding [H*], [HL], [L7],
[Ln3*], and [LnL?*] unknowns. Once the analytical concentrations

Cy = [Ln3*] + [LnL?*] (11.5)
C, = [HL] + [L7] + [LnL#*] (11.6)
Cy = [H*] + [HL] (11.7)

are known, all the concentrations at equilibrium may be calculated
using Egs. (11.3)-(11.7), provided that K, and *K values are
available. Otherwise, if one or more constants have to be determined,
one or more concentrations at equilibrium must be measured
experimentally.

The accuracy of the equilibrium constants is of paramount
importance for a reliable description of complex chemical systems
[8].

Investigation of rare earth elements (REEs) equilibria in aqueous
media is quite interesting because of their regular ionic radius
contraction along the series [15]. Assuming an 8-coordination for
the Ln3* ions, ionic radius decreases with the atomic number, from
130 pm for La3* to 111.7 pm for Lu®*. Comparison of these values
with 126 pm for the 8-coordinate Ca?* ion suggests that substitution
of Ca?* by Ln3* in biological domains is not unlikely to occur. In
fact, it is well known that Ln3* ions may form neutral complexes in
physiological conditions, where a large number of polydentate high-
and low-molecular-weight ligands are present [13, 16, 23]. Such
species, whose shape and geometry can be comparable to the ones
containing the Ca®* ion, often show a similar bioavailability and are
extensively used for magnetic resonance imaging and in therapeutic
practice [6].

Analysis of variations in equilibrium constants within the series
gives useful insights about REE toxicity in biological systems.
However, a careful selection of the data set to be used in speciation
studies is essential.

Even for a very simple ligand, such as the hydroxide ion, the set
of species with the corresponding constants must be selected among
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the ones determined in the thermodynamic conditions as closer as
possible to the ones of the system under investigation. In particular,
hydrolysis equilibria of REEs are complicated by the possible
coexistence of mono- and polynuclear complexes.

Table 11.1 presents a survey of the Ce3* hydrolysis at 25°C. As
usual, for the same reaction, more than one constant is reported,
referred to different ionic media [21].

Table 11.1  Survey of the Ce3* ion hydrolysis at 25°C

Reaction log(constant) Ionic medium
Ce3* + H,0 = CeOH?* + H* -7.39 1 M NaCl

-8.1 1 M NaClO,
Ce3* + 2H,0 = Ce(OH),* + 2H* -16.21 1 M NaCl

-16.3 1 M NaClO,
Ce3* + 3H,0 = Ce(OH)3(yq) + 3H* -26.0 1 M NaClO,
3Ce3* + 5H,0 = Ce3(OH)5** + 5H* -32.8 1 M NaClO,

-35.75 3 M LiClO,4
Ce3* + 3H,0 = Ce(OH)3(y + 3H* -20.2 dil

-19.8 var

-23 var

Very few reliable data for the hydrolysis of Ce** are available due
to the very low solubility of CeO,. The following reactions will be
considered, with the corresponding constants:

Ce** + H,0 = CeOH3* + H* 10081 (11.8)
Ce** + 2H,0 = Ce(OH),2* + 2H* 107092 (11.9)

The general hydrolysis reaction may be written as
pCe? + qH,0 = Ce,(OH),#P9* + qH* (11.10)
Both the extent of reaction and kinetics are influenced by several
thermodynamic parameters. By varying total concentrations of
reactants,and/or pH,and/orredox potential, equilibria can be shifted
toward one side or the other. Powerful data processing software are
available, which allow studying the effects of such variations both

qualitatively and quantitatively [1]. It can be evaluated that, in the
case of Ce3* hydrolysis, assuming 25°C and constant pH 7.40, by
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increasing only the total concentration from 107 M to 10~ M, more
than 2% of the element is transformed in the polynuclear Ce;(OH)s**
species [1, 19].

In general, the most reliable chemical model of the system
under investigation is a set of equilibrium constants at the pressure,
temperature, and ionic strength conditions of that system. Provided
that accurate enough constants are available, equilibria in even very
complex systems may be interpreted and represented in a clear and
comprehensible way using graphical methods (distribution and/or
logarithmic diagrams).

The Ce®*-S0,%~ and Ce**-S0,%~ complexes may represent a
useful example. For these systems, equilibrium data are available at
25°C in 2 M NaClO, as the ionic medium and are reported in Table
11.2 [21].

Table 11.2  Survey of the complexes of the Ce3* and Ce** ions with sulfate
at 25°Cin 2 M NaClO,

Reaction log(constant)
Ce3* + 50,2~ = CeSO,* 1.24

Ce** + 50,2~ = CeS0,2* 4.62

Ce** +250,% = Ce(S04)zq  8.00

Ce** +350,% = Ce(S04)5% 10.38

By consequence, the constant of the reaction
HSO,~ = H* + S04%- (11.11)

to be used must be the one determined in the same conditions, if
available. In 2 M NaClO,, K,(HSO,”) = 107108,

Figures 11.1 and 11.2 present distribution diagrams for the
Ce(Il1)-S0,%~ and Ce(IV)-SO,%  systems, and Fig. 11.3 gives the
logarithmic concentration diagram for both systems. Graphs were
drawn using the constants reported in Tables 11.1 and 11.2, taking
into account hydrolysis, so that in these systems, polynuclear
complexes may be formed. In these cases, distribution curves in Figs.
11.1 and 11.2 depend on the analytical concentration of the element
and were drawn assuming 1073 M total cerium. The logarithmic
concentration diagram in Fig. 11.3 has been drawn assuming a total
concentration of 107¢ M for both Ce(III) and Ce(IV).
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Figure 11.1 Distribution diagram of the Ce(IIl)-sulfate system at 25°C, pH
0, and 1073 M Ce(III) (L : SO,427).
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logC,

Figure 11.2 Distribution diagram of the Ce(IV)-sulfate system at 25°C, pH
0,and 1073 M Ce(IV) (L : S0,*).

Inspection of Figs. 11.1-11.3 makes evident that it is not possible
to transform more than 60% of Ce(IIl) in the monopositive CeSO,*
ion. On the contrary, at high sulfate concentrations, about 95% of
Ce(IV) is in the form of the Ce(S0Q,)%" ion, bearing a negative charge,
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the remaining 5% being the neutral Ce(SO4);q complex. As a
consequence, in these conditions, a marked difference in chemical
reactivity between Ce(IlI) and Ce(IV) has to be expected. For
example, the reduction potential at 25°C of the Ce(IV)/Ce(III) couple
decreases from 1.72 V in standard conditions to 1.44 Vin 1 M H,SO,.
The greater stability of Ce**-sulfate complexes with respect to the
ones with Ce3* allows stabilization of the element in the +4 oxidation
state to be achieved.

-5

Ce CeL,”

-6

loge;

logC,

Figure 11.3 Logarithmic concentration diagram of the Ce(IlI)-sulfate (red
curves) and Ce(IV)-sulfate (black curves) systems at 25°C and
pH 0 (L:S04%).

In biological systems, also the geometry of the coordination
complexes plays a major role. In general, the ligand may coordinate
the metal ion using one or more donor atoms.

Glycolic acid (HOCH,COOH) represents the simplest model of
the coordinating site in high-molecular-weight biomolecules, as
well as in the several low-molecular-weight a-hydroxycarboxylic
acids playing relevant roles in physiological conditions. In general,
when forming the 1:1 complex with a metal ion, glycolate may act
as monodentate, bidentate, or chelate. Correspondingly, different
geometries are obtained, as presented in Fig. 11.4. Acting as
monodentate, the ligand uses a single donor atom to coordinate
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the metal ion; bidentate coordination occurs when the ligand
coordinates using two donor atoms, both of them bonded to the
same central atom (e.g, the carboxylic oxygen); if two donor atoms
belonging to two different atoms of the ligand are involved in the
coordination, a chelate complex is obtained. A typical example of
chelation is the coordination of a metal ion by the hydroxylic and the
carboxylic oxygen of adjacent carbon atoms.

o)
a
HO M @)
logl
HO o,
™ (b)
O/
0
o i (c)
M
o

Figure 11.4 Possible coordination geometries in the 1:1 complex of a metal
ion M (charge omitted) with glycolate: (a) monodentate; (b)
bidentate; (c) chelate.

For an M?* ion, formation of the mono- and bidentate complexes
is described by the same general reaction

M?* + HOOCCH,0H = MOOCCH,0H® D* + H* (11.12)

It follows that the two different coordination geometries are
indistinguishable on the basis of reaction stoichiometry. Numerical
values of the formation constants may only suggest a particular
spatial distribution of the ligand around the metal ion. However, the
true coordination geometry can be inferred more certainly only on
the basis of spectroscopic data. Equilibrium between the mono- and
bidentate coordination cannot be excluded a priori. In some cases,
it may be kinetically slow enough to be studied using spectroscopic
techniques. On the other hand, formation of a five-member ring
complex can be demonstrated on the basis of reaction stoichiometry.
In this case, two hydrogen ions are removed from glycolic acid:
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M?* + HOCH,COOH = M(OCH,C00)#2)* + 2H* (11.13)

Table 11.3 presents a survey of Ce3* complexes with glycolate
at 25°C. The only data available were determined in 2 M NaClO,
[20]. Using these data, the distribution and logarithmic diagrams
in Figs. 11.5-11.8 were drawn. In making the speciation model, the
physiological pH 7.40 was assumed, and 1073 M total glycolate. The
wide variability in the values of the solubility product of the Ce(III)
hydroxide had to be taken into account. This is a consequence of
aging phenomena typical of solid phase formation. An averaged
constant [Ce3*][H*]™3 = 107%! was chosen for the precipitation of
Ce(OH)3(5).

Table 11.3  Survey of Ce3* complexes with glycolate (L) at 25°C in 2 M

NaC104

Reaction log(constant)

H*+ L™ =HL 4.00

Ce®* + L~ = Cel? 2.30

Ce3* + 2L = CeL,* 4.01

Ce3+ + 3L = CeL3(aq) 5.14

Ce3* + 4L = CeL,” 5.5

100
= 3+
S 801 =
Q
®)]
8
2 o
<
[
§ 40 +
é CeL”
& 20- Ce(OH)”
O\o +
Ce(OH), :
0 . T . . . - :
-6 -5 -4 -3 -2

logC,

Figure 11.5 Distribution diagram of the Ce(1II)-glycolate system at 103 M
Ce(I1I) and pH 7.40 (L™ : glycolate).
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Figure 11.6 Logarithmic concentration diagram of the Ce(III)-glycolate
system at pH 7.40 (L™ : glycolate). Curves representing glycolic
acid and glycolate were not plotted for the sake of simplicity.

-3

-4

logc.

-5 —

pH

Figure 11.7 Logarithmic concentration diagram of the Ce(IlI)-glycolate
system as a function of pH (L~ : glycolate). Total Ce(III) 1073 M.
Total glycolate 1073 M. The graph has been plotted up to the pH
of solid phase formation. Curves representing glycolic acid and
glycolate were not plotted for the sake of simplicity.
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Inspection of Figs. 11.5-11.8 clearly shows that in Ce(III)
equilibria glycolate complexes become important when the
analytical concentration of the ligand is 1073 M or higher, what is not
unusual in biological domains.
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logc.
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Figure 11.8 Logarithmic concentration diagram of the Ce(III)-glycolate
system as a function of pH (L™ : glycolate). Total Ce(III) 107¢ M.
Total glycolate 10-3 M. The graph has been plotted up to the pH
of solid phase formation. Curves representing glycolic acid and
glycolate were not plotted for the sake of simplicity.

It must be recognized that the graphs in Figs. 11.5-11.8 were
plotted using constants valid at 25°C, whose numerical values are
different fromthe onesat37°C, the human physiological temperature.
Furthermore, in order to represent biological interactions, usually
considered to occur in 0.15 M NaCl milieu, constants that referred
to quite different ionic media and ionic strength were used.
Nevertheless, it seems important to stress the power of graphical
methods in representing at a glance chemical equilibria in complex
systems. Quantitative information on real-world systems can be
obtained through numerical analysis employing devoted software.
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11.3 Aspects of Cerium Oxides Nanoparticles
Speciation in Biological Systems

The tremendous increase in the use of engineered nanoparticles in
daily life has raised concerns about their impact on the environment
and on biological systems. Among them, mixed-valence oxides of
cerium—one of the few REEs with dual valence state existence—has
exceptional catalytic activity due to their oxygen-buffering capability,
especially in the nanosized form [10, 11]. Hence, when it is used
as an additive in the diesel fuel, it leads to simultaneous reduction
and oxidation of nitrogen dioxide and hydrocarbon emissions,
respectively, from diesel engines. These engines are among the
major contributors to emissions of hydrocarbons, particulates,
nitrogen oxides, and sulfur oxides. While reducing the particulate
emissions of vehicles, it is also worth noting that trace amounts of
Ce(IV) and Ce(1Il), as the oxides, are emitted in the exhausts. This
can have a deleterious impact on the health of people exposed to
emissions [18].

Inbiological environments, several low-molecular-weightligands
are ubiquitous, at millimolar level. Some of them, such as citrate or
glutathione, are expected to have a not negligible influence on the
chemistry of cerium oxides. Citric acid (C¢gHgO,, in the following
H,Cit) is a representative example. Dissolution of CeO, nanoparticles
is favored by the formation of citrate complexes, through reactions
such as

XCeOy) + yH,Cit = Ce,Cit, 409 + 2xH,0 + 4(y-x)H*  (11.14)

in which cerium keeps the +4 oxidation number. However, oxidation
of citrate by Ce(IV) is very likely to occur, considering the stability
of Ln3* complexes with polycarboxylic acids. Both dissolution
processes, through complexation and/or redox reactions, are pH
dependent. Thus, at physiological conditions, CeO, nanoparticles
must be considered a quite reactive solid phase, both an adsorbing
substrate and a cerium contamination source in human body.
However, in order to make reliable quantitative models of this kind
of interactions, much more experimental data are needed. This is the
direction for future works.
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Conclusion: Identifying Main Research
Priorities

The book provides multifaceted updates on the roles of rare earth
elements (REEs) focused on different organisms and exposure
routes, and raising several issues in environmental and biomedical
research. The current information gaps raise a number of open
questions that deserve ad hoc investigations that are hereafter
outlined.

1. Human Exposures

Limited information is available so far on occupational REE
exposures, and the available literature is confined to case reports
of individual workers affected by respiratory tract pathologies
(mainly pneumoconiosis) and with analytical evidence of REE
bioaccumulation.

Occupational REE exposures range from ore mining and refining
to end users in the workforce of an extensive number of industrial
applications. Thus, the global number of REE-exposed workers
is certainly amounting to huge numbers, at least in the order of
100,000s. To the best of the present knowledge, no epidemiologic
study has been performed to date among REE-exposed workers, first
in mining and refining activities, then in the cascade of technological
activities exposing workers to REEs.
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A major problem in view of planning epidemiologic studies
relates to the occurrence of other chemical and/or physical agents
in the working environments. As two major examples, one should
recall the occurrence of radioactive agents in REE ores and, in diesel
exhaust, the occurrence of carbon particulate aside to nanoceria
particulate.

Nevertheless, this foreseeable bias due to confounding factors
as concomitant exposures to other xenobiotics may be overcome
by appropriate study design. REE-exposed groups should be
identified in the workforce of intermediate- or end-use facilities
that should be first characterized by means of REE dust air levels,
then bioaccumulation endpoints by noninvasive sampling of
peripheral blood and/or urine, along with radiologic investigations.
Once homogeneous groups were characterized by exposures and
bioaccumulation, then classical epidemiologic studies should be
planned and implemented such as cohort or case-control studies.

Based on the currently available literature on occupational REE
exposures, it is realistic to foresee that appropriate epidemiologic
studies should provide valuable information filling the information
gaps on the potential REE-associated effects on human health,
especially (yet not confined to) respiratory pathologies.

Another research priority should be recognized in terms of
evaluating and quantifying the health risks following environmental
REE exposures, by extending the present information on resident
populations in mining areas. Moreover, a working hypothesis might
explore whether, and to what extent, other environmental REE
exposures may occur. This may be the case, e.g., in urban areas with
heavy exhaust release, related to the animal studies pointing to the
adverse effects of nanoceria in diesel engine exhaust.

2. Animal Studies

A body of evidence has been reported on animal (mostly mammal)
toxicity testing of a few REEs, mostly Ce, La, and Gd. The current
database includes a number of toxicity endpoints in liver, lungs,
blood, and nervous system, following several administration routes
and life stages (adult and fetal). The adverse effects at cellular, organ,
or system levels were found concomitant with findings of pro-



Oxidant/Antioxidant Dilemma

oxidant states, including modulation of antioxidant activities and
oxidative damage. Two limitations of this database include (a) the
relative scarcity of studies focused on other REEs, apart from Ce, La,
and Gd, and (b) the relatively scarce number of studies conducted on
other vertebrates or on invertebrates.

The most severe limitation of the current database consists of
the lack of long-term REE exposures, with life-long observations,
allowing to verify the likely effects in terms of life duration, late onset
of chronic diseases, and mortality causes. These, as yet unexplored,
studies might provide essential and predictive information in terms
of human health effects.

3. Oxidant/Antioxidant Dilemma: REEs as
Friends or Foes?

The controversial bodies of evidence pointing to REE-associated
pro-oxidant and toxic effects, opposed to antioxidant and beneficial
effects, should be disentangled in view of both theoretical and
applicative purposes.

The most realistic interpretation for the oxidant/antioxidant
dilemma resides on the recognized hormesis phenomenon. Far from
being new, or specific for REEs, a concentration- or dose-related
trend from stimulation to inhibition has been well documented in an
extensive series of chemical and physical agents. A major challenge
in verifying hormetic effects is the choice of suitably extensive
concentration intervals. This study design foresees cumbersome
workloads that may discourage several researchers. Nevertheless,
elucidating a shift from stimulation to inhibition should be viewed
as a prime goal both in evaluating REE-related action mechanisms
and in defining the borders between adverse and favorable health
effects. This research strategy encompasses a number of applicative
issues.

First, the recognized use of nanoceria and other REE
nanoparticles for therapeutic purposes deserves extensive research
efforts in the possible prospect of novel medical applications of
REE nanoparticles. Another field of REE applications consists of the
possible (prospect?) use of REE-based stimulation in crop yield and
in animal husbandry. To date, these agronomical and zootechnical
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REE additives are known to be confined to China; one may speculate
that some Chinese food exports are already present in foodstuffs
marketed in other countries. It may be daring to envision the possible
extension of this practice at a global scale, provided that substantial
and undisputed evidence were obtained, confirming benefits and
ruling out any undesired effects on foodstuffs and/or on agricultural
soil and/or animal excreta and/or wastewater.

A relevant and as yet broadly unexplored subject may relate
to the potential role of REEs in microorganisms as novel essential
elements, and/or as protective factors versus other environmental
stressors. In spite of the currently scarce database, this subject
might deserve a line of ad hoc investigations. In turn, the possible
outcomes of these studies might shed light in REE-associated
mechanisms of action unconfined to microorganisms, but possibly
extended to nutrient bioavailability and to plant physiology.

On the other hand, suitably extensive concentration intervals
are expected to provide confirmation of pro-oxidant and toxicity
outcomes as mentioned in Sections 1 and 2.

4. REEs as Soil and Water Pollutants

The recognized environmental disasters in agricultural areas and
downstream waters in REE mining areas have been, and are likely
to be, an environmental emergency in the regions affected by REE
ore extraction and refining. The concomitant role of acidic pollutants
should be highlighted, leading to enhanced toxicity of inorganic
chemical species, as well established for several cations and for
dissolved REEs.

One may envision that the large utilization of REEs as fertilizers
is expected to lead to an increase in REE levels in agricultural and
riparian areas. Published data suggest that the increase in REE levels
could induce toxic effects in many plant organisms with risks to
environmental health. The increasing REE levels in the soils could
also affect microbial communities with unpredictable consequences
for key ecosystem services such as carbon and nitrogen cycling,
resulting in downstream effects to higher consumers. The current
state of knowledge prompts the need for laboratory and field
investigations aimed at elucidating the impact of excess REE levels
in plants and agricultural soils.



REE Speciation

Beyond the extreme case of REE mining areas, REE accumulation
in marine coastal sediments and biota may occur downstream REE
processing facilities and has been detected in scanty studies awaiting
overdue forthcoming investigations. As “novel” sediment pollutants,
REEs might play an adverse contribution to the impairment of
sensitive ecosystems. Thus, REE level determinations in sediments
and benthic biota are warranted.

5. REE Speciation

Essential to understanding health effects, REE speciation should
be of paramount importance to forthcoming studies. As mentioned
earlier, the role of pH is well established in causing the prevalence
of more reactive species in acidic compared to neutral wastewater.
Another relevant issue in modulating REE toxicity relates to the
comparative bioavailability of nanoparticles of different size,
geometry, and surface charge versus dissolved species. The time
has come to reevaluate the existing equilibrium data of lanthanides.
Additional studies on solubility and related toxicity are needed in
order to better understand lanthanide oxides nanoparticle chemistry
under physiological conditions. As such, research interventions
relating REE speciation to health effects will play a central role in
establishing new toxicity thresholds.
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Chapter 1

Trends in Occupational Toxicology of
Rare Earth Elements

Kyung-Taek Rim

Chemicals Toxicity Research Bureau, Occupational Safety and Health Research
Institute, Korea Occupational Safety and Health Agency (OSHRI, KOSHA),
#339-30 Expo-ro Yuseong-gu, Daejeon 34122, Republic of Korea
rim3249@gmail.com

Rare earth elements (REEs) are gaining ubiquitous importance in
modern technology and have been touted as the “sauce of high-
tech industries.” They help technologies perform better and have
their own unique characteristics. Many high-technology industries
depend heavily on these unique elements for the manufacture
of permanent magnets and batteries, which are vital to efficient
military and green technologies, such as wind turbines and hybrid
engines, as well as in smartphones and laptops. This chapter
focuses on the potential occupational health concerns of REEs. The
chapter draws on the many journal articles and textbooks that have
addressed the occupational toxicology of REEs. The chapter begins
with a consideration of the use of REEs in many industries, followed
by an evaluation of the occupational health hazards of REEs,
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recent trends in occupational toxicology and efforts to promote
occupational health, along with prospects of industrial toxicology
in REE-exposed workers. Given the recent toxicological results on
the exposure of cells, animals, and workers to REE compounds, it is
important to review the toxicological studies to improve the current
understanding of REE compounds in the field of occupational health.
It will also help to establish a sustainable, safe, and healthy working
environment for REE industries.

1.1 Industrial Use of REEs

In concert with the development of new materials in the last decade,
the value and use of REEs and their associated compounds have
increased due to their uses in many modern technologies and
everyday electronics. Examples of REE applications include catalytic
filter neutralizers of exhaust gases of cars, fiber optics, oxygen
sensors, phosphors, superconductors, lighting, metallurgy, glass and
ceramic manufacture, crystallizing synthetic gemstones for lasers
and jewelry, and preparation of long-lasting and special application
magnets. The physical properties of the lanthanide series of REEs
have given rise to phosphorescence and luminescence; almost
all REEs are used to make television screens, special fluorescent
light bulbs, and diagnostic radiographic materials. The need
for toxicological studies, including hazard evaluation and risk
assessment, has been increasing with the use of nano-sized REEs
and improved efficiency. In recent years, the use of both nano- and
micro-sized REEs has been increasing in the production of optical
glasses, batteries, and alloys. This chapter reviews the extensive
literature concerning worker-related toxicology of REEs and their
compounds at the molecular and cellular level, and animal and
human epidemiological studies for occupational health impacts on
workers. We also discuss the future prospects of industries with
appliances using REEs together with the significance of preventive
efforts for workers’ health. Given the recent toxicological results
of the exposure of cells, animals, and workers to REE compounds,
it is important to review the toxicological studies to improve the
current understanding of them for occupational health. It will also
help REE industries in establishing a sustainable, safe, and healthy
environment for workers.



Industrial Use of REEs

Cerium (Ce) is one of the most widespread REEs. It is predomi-
nantly used in catalytic converters and metal alloys. Neodymium
(Nd) is used in permanent magnets, computers, audio systems, hy-
brid vehicles, and wind turbines. Lanthanum (La) is used in cata-
lysts, metal alloys, and batteries. Yttrium (Y) is used in lasers and
superconductors. Ce compounds have been used as a fuel-borne
catalyst to lower the generation of diesel exhaust particles (DEPs),
but these are emitted as cerium oxide (CeO,) nanoparticles (NPs)
along with DEPs in the diesel exhaust. CeO, NPs (nanoceria) have
been posited to exhibit potent antioxidant activity, which may allow
for the use of these materials in biomedical applications. Nanoceria
have demonstrated excellent potential for varied commercial uses,
including biomedical, cosmetics, and as a fuel additive. CeO, NPs are
being increasingly used in industrial applications and may be re-
leased to the aquatic environment (Table 1.1).

Table 1.1 Industrial uses of REEs

Element Uses

Scandium (Sc)  High-strength Al alloys; electron beam tubes; carbon
arc rods; radiopharmaceutical agents; halide lamps;
dental lasers; metal alloys for the aerospace industry.

Yttrium (Y) Capacitors; phosphors; microwave filters; optical glass
and ceramics; oxygen sensors; radars; superconductors;
Mg and Al alloys; dental lasers; visual displays that give
off different colors, such as televisions; fuel efficiency;
microwave communication for satellite industries;
temperature sensors; clean-energy technologies.

Lanthanum Carbon arc rods; glass; ceramics; phosphor for fluores-

(La) cent lamps; catalyst for cracking crude petroleum; pig-
ments; accumulators; flint; battery electrodes; camera
and telescope lenses; studio lighting and cinema projec-
tion; exhaust purification system; water purification;
catalysts for petroleum refining; electric car batteries;
X-ray films; lasers; clean-energy technologies.

Cerium (Ce) Optical glasses, polishing abrasives, ceramics, pigments;
ultraviolet filters; carbon arc rods; alloys with Mg and
Fe; phosphors; catalyst for cracking crude petroleum;
catalytic converters in cars; ferrocerium flint; oxidizing
agent; flatten screen display; exhaust and water
purification system; clean-energy technologies.

(Continued)
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Table 1.1 (Continued)

Element

Uses

Praseodymium
(Pr)

Neodymium
(Nd)

Promethium
(Pm)

Samarium
(Sm)

Europium (Eu)

Glass colorant; ceramics; pigments; carbon arc

rods, alloys; catalyst for cracking crude petroleum;
ferrocerium flint; REE magnets; lasers; cell phones;
flatten screen display; MRI and X-ray imaging; hybrid
and plug-in electric vehicles; computer disc drive;
wireless power tools; integrated starter; wind and
hydroelectric power generation; improved magnet
corrosion resistance; pigment; searchlights; airport
signal lenses; photographic filters; guidance and control
systems and electric motors.

Glass colorant; lasers; infrared filters; carbon arc
rods; catalyst for cracking crude petroleum; high
performance magnets such as in loudspeakers,
computers; hybrid cars; plug-in electric vehicles;
lasers; ceramics; capacitors; flint; cell phones; MRI
and X-ray imaging; computer disc drive; wireless
power tools; integrated starter; wind and hydroelectric
power generation; high-power magnets for laptops;
fluid-fracking catalysts; guidance and control systems,
electric motors, and communication devices; clean-
energy technologies.

Luminescent and phosphorescent coatings; nuclear
batteries; radioactive properties used in luminous
paint; other radioactive applications; beta radiation
source; fluid-fracking catalysts.

Infrared-absorbing glass, lasers; color television phos-
phors; magnets; microwave filters; catalyst for cracking
crude petroleum; alloy with cobalt for magnets; neutron
capture; nuclear industry applications; high-tempera-
ture magnets, reactor control rods; guidance and control
systems and electric motors.

Lasers; phosphor for special X-ray film; mercury

vapor lamps; phosphors for fluorescent lamps; NMR
relaxation agent; control rods in nuclear reactors,
visual displays that give off different colors such as
televisions; computer screens; cell phones; fiber optics;
flatten screen display; liquid crystal displays (LCDs);
fluorescent lighting; glass additives; targeting and
weapon systems and communication devices; clean-
energy technologies.
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Element Uses
Gadolinium Reactor control rods; alloys with Fe and Cr; glasses;
(Gd) ceramics; crystal scintillators; contrast for MRI; NMR

relaxation agent; X-ray tubes; computer memories;
neutron capture; magneto-restrictive alloys; television
screens.

Terbium (Tb)  Fluorescent phosphors; lasers; fluorescent lamps;
magneto-restrictive alloys; visual displays that give off
different colors such as televisions; computer screens;
cell phones; fiber optics; MRI and X-ray imaging; hybrid
and plug-in electric vehicles; computer disc drive;
wireless power tools; integrated starter; wind and
hydroelectric power generation; guidance and control
systems, targeting and weapon systems, and electric
motors; clean-energy technologies.

Holmium (Ho) Ceramics; lasers; nuclear industry; paramagnetic;
research application; calibration for optical
spectrophotometers; highest power magnets known.

Erbium (Er) Colorant for glass, ceramics; metallurgy; lasers; fiber-
optic technology; vanadium steel.

Thulium (Tm) Radiation source; electron beam tubes; X-ray machines;
16 useful isotopes; lasers; metal-halide lamps; high-
power magnets.

Ytterbium (Yb) Lasers; metallurgy; radiation source in X-ray/radiation
devices; superconductors; chemical reducing agent;
nuclear medicine applications; decoy flairs; doping
material stainless steel; stress gauges; emits gamma
rays; flatten screen display; fiber-optic technology, solar
panels, alloys (stainless steel), lasers, radiation source
for portable X-ray units.

Lutetium (Lu)  Single-crystal scintillators; carbon arc rods; positron
emission tomography (PET scan detectors); high
refractive index glass X-ray phosphors.

*Data mostly sourced from Rim et al. [38].

The occupational toxicity of the aforementioned REEs and their
compounds is a major concern. The simple synthesis of Ce NPs and
their physical and chemical stability in different environmental
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conditions make them potentially suitable for use as reference
materials for (eco)toxicology and surface-water environmental
studies [27]. A hybrid technique uses a scanning X-ray beam to
irradiate Gd,0,S scintillators and detect the resulting visible
luminescence through tissue [3].

REEs that are mined may significantly accumulate in miners.
REEs have been mined for more than 50 years in Inner Mongolia,
China. The Baiyun Obo deposit is the world’s largest REE deposit.
With global demand for green and sustainable products in energy,
military, and manufacturing uses, China has been providing 95%
of REEs worldwide. For the past 20 years, the United States has
increasingly been exploring and mining REEs. Prior to that, the
amount of REE mining in the United States was scant compared to
coal and hard rock mining.

Some products that contain
rare earth elements:

_® Fibre optics
erbium, europium,
terbium, yttrium

# iPods S
dysprosium, neodymium, ~—_
praseodymium, samarium, <.
terbium

¥ Energy-efficient
fluorescent
light bulbs
europium,
terbium, yttrium

# Wind turbines

dysprosium, neodymium, \
praseodymium, terbium

® Hybrid vehicles

dysprosium, lanthanum,
neodymium, praseodymium

L

Figure 1.1  Some major industrial use of REEs.

The increased use of REEs in magnets, modern electronics, and
in a variety of commercial products has led to a shortage of REEs for
production purposes (Fig. 1.1). Currently, REEs are being disposed
in large quantities rather than being recovered and reused. Mining
and processing activities have the potential to create a number of
environmental risks to human health and the environment. The
severity of these risks varies markedly between mines and mine plant
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operations. The contaminants of concern will vary depending on the
mineral ore, toxicity of the contaminants from the waste rock, ore
stockpiles, and process waste streams. The control of contaminant
mobility depends on the characteristics of the geologic, hydrologic,
and hydrogeologic environments where the mine is located, along
with the characteristics of the mining process and waste handling
methods (Table 1.2).

Table 1.2 Pollutants, impacted environmental media, emission sources,
and activity associated with REE mining, processing, and

recycling
Activity Emission Source(s) Primary Pollutants of Concern
Mining e Overburden waste e Radiologicals
(aboveground rock e Metals
and e Sub-ore stockpile ¢ Mine influenced waters/acid
underground e Ore stockpile mine drainage/alkaline or
methods) neutral mine drainage
* Dust and associated pollutants
Processing ¢ Grinding/crushing e Dust
« Tailings » Radiologicals
 Tailings e Metals
impoundment o Turbidity
e Liquid waste from e Organics
processing * Dust and associated pollutants
Recycling ¢ Collection ¢ Transportation pollutants

¢ Dismantling and » Dust and associated pollutants

separation ¢ VOCs
e Scrap waste e Metals
» Landfill e Organics
¢ Processing ¢ Dust and associated pollutants
* VOCs
¢ Dioxins
¢ Metals
¢ Organics

Note: Data compiled mainly from the US Environmental Protection Agency [47].

In preparing this chapter, the technical literature and Internet
sources related to each segment of the supply chain were carefully
considered, including recent initiatives of international agencies
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that document issues associated with REE production, processing,
manufacturing, end use, recycling, and their health effects to workers
in each process. REE milling and processing is a complex, ore-specific
operation, which has the potential for occupational health problems
when not controlled and managed appropriately. Heavy metals and
radionuclides associated with REE tailings pose the greatest threat
to workers’ health when not controlled. However, adoption of new
technologies and management processes show potential to reduce
these risks (Table 1.3).

Figure 1.2 Workers in mine site of rare earths in China. Sourced by
International Business Times, March 27, 2014, reprinted with
permission.

The levels of REEs, heavy metals, and uranium (U) in workers,
based on morning urine samples, in a population in Baiyun Obo
were investigated to assess the possible influence of REE mining
processes on human exposure (Fig. 1.2). Elevated levels were found
for the sum of the concentrations of light REEs and heavy REEs with
a respective mean value of creatinine of 3.453 and 1.151 pg/g [11].
The data provide basic and useful information when addressing
public and environmental health challenges in REE mining and
processing [11]. Although the industrial and medical uses of REEs
have continued to expand, there is no formal or national strategy for
the management of resource development and mitigation of impacts
during REE acquisition, use, and disposal. Strategies to address
these occupational problems include developing and promoting
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http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315364735-2&iName=master.img-002.jpg&w=77&h=78
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315364735-2&iName=master.img-003.jpg&w=280&h=91
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781315364735-2&iName=master.img-003.jpg&w=280&h=91

Industrial Use of REEs | 19

technologies that protect and improve workers’ health, advancing
scientific and engineering information to support regulatory
and policy decisions, and providing the technical support and
information transfer to ensure implementation of regulations and
strategies at work.

Table 1.3 Victims around the mine sites and health hazards

Victims Hazards to Health

Construction May be exposed for short or extended periods depending

worker on role and responsibilities; levels of exposure differ
depending on mine’s lifecycle stage when work is
performed and location of work relative to source.

Outdoor Experiences potential exposure from dust, radiologicals,

worker and hazardous materials.

Indoor Experiences either less exposure if in office spaces or

worker potentially more exposure if inside process areas.

Offsite tribal Assumed that tribal peoples may use traditional hunting

practitioner  and fishing areas for some level of subsistence.

Recreational May use lakes, streams, or trails near the mine site or

user recycling facility and may also boat, swim/wade, bike,
hike, camp, hunt, fish, or subsist temporarily in the area.

Agricultural May experience more exposure from dusts, noise, or

worker impacted water supply.

Trespasser  Exposure dependent on mine site lifecycle stage and
activity while onsite.

Offsite Exposure would depend on mine site lifecycle stage and

resident distance from potentially multiple source areas; routes
could be air, ingestion of dust, or native or gardened plant
or animal, ingestion of contaminated water, and dermal
contact with soil or water.

Onsite Exposure would occur after mine land is reclaimed and

resident re-developed for residential use. Routes of exposure could
be air, ingestion of dust, or native or garden plant or native
animal, ingestion of contaminated water, and dermal contact
with soil or water depending on residual concentrations
remaining in un-reclaimed source areas or in yard soil if
mine wastes were mixed with clean soil and used as fill.

Ecological Aquatic and terrestrial.

receptors

Note: Data compiled mainly from the US Environmental Protection Agency [47]
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1.2 Evaluation of Workers’ Health for REE-
Related Hazards

The increased use of REE NPs has prompted concerns about the
potential risk that these materials may pose on workers’ health
(Table 1.4). Exposure to REEs can impair intelligence in children and
cause neurobehavioral abnormalities in animals. Population surveys
and animal experiments have shown that REEs cause neurological
defects. As a representative element, La has been widely used in
various fields. It eventually enters the environment and accumulates
in the human body. The result can be perturbed neurobehavioral
development and impaired cognitive abilities. Direct exposure of
humans can occur from inhalation of fine dusts, such as particulates,
or by ingestion or dermal contact of contaminated dusts. Particulates
or dust escaping from storage piles, conveyor systems, site roads, or
other areas can be transported by wind to accumulate downwind,
or be inhaled by onsite workers and nearby residents. Dust can be
an irritant, a toxicant, or a carcinogen, depending on the particles’
physicochemistry, and can be composed of inorganic and organic
chemicals. Mine workers can be exposed to aerosols from numerous
processes, including comminution (i.e., the process in which solid
materials are reduced in size by crushing, grinding, and other
techniques), re-entrainment (i.e., air being exhausted is immediately
brought back into the system through the air intake and/or other
openings), and combustion sources. Aerosols are dispersed mixtures
of dust and/or chemical-containing water vapor. Cutting, drilling,
and blasting of the parent rock, especially in underground mines,
create aerosols with a composition similar to the parent rock. The
waste rock and sludges from the extraction of REEs also contain
these radionuclides and are considered technologically enhanced,
naturally occurring radioactive materials (TENORM). Concentrations
of radionuclides in TENORM wastes can be unacceptable.

REEs are not absorbed through the skin and are slowly
absorbed from the gastrointestinal (GI) and respiratory tracts.
After absorption, they concentrate in liver and skeleton. Skin
contact produces irritation, which progresses to ulceration,
delayed healing, and formation of granulomas. Ocular exposure
can cause conjunctivitis, corneal injury, and ultimately corneal
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scarring and opacity. Inhalation of large amounts of REE dusts can
produce acute irritative bronchitis and pneumonitis. Most REE
metals are considered mildly to moderately toxic. Promethium
(Pm) is radioactive, and appropriate exposure precautions should
be followed. The free ion form of gadolinium (Gd) is highly toxic.
Ytterbium (Yb) is considered highly toxic as it causes irritation to
the skin and eye and may be teratogenic. In vivo studies have linked
Yb to lung and liver damage. Yb citrate (C4H50,Y) causes pulmonary
edema, and YCl; exposure can resultin liver edema, pleural effusions,
and pulmonary hyperemia. Yb exposure may cause lung disease in
humans [38]. A study that determined REE concentrations in the
hair of 118 subjects reported that the mean concentrations in the
hair of both females and males were usually higher from the mining
area than from the control area. The mean concentrations of all 15
REE compounds were much higher in the hair of males than in the
hair of females from the mining area [50]. This suggests that males
might be more sensitive to REEs than females. In addition, the mean
contents in the hair of miners, particularly LREEs (La, Ce, Pr, and
Nd), are reportedly much higher than the values in the hair of non-
miners from both mining and control areas, indicating the higher
exposure of miners to REEs.

There is a lack of epidemiological studies of occupationally
exposed groups. A few case reports have focused on human health
effects following occupational REE exposure. The literature is mostly
confined to reports on Ce and La, with little known of the health
effects of other REEs. Adverse outcomes of REE exposure include
oxidative stress, growth inhibition, cytogenetic effects, and organ-
specific toxicity. An apparent controversy regarding REE-associated
health effects concerns the reported adverse effects and relative
benign consequences of REE exposure [32].

In a study where specific pathogen-free (SPF) male Sprague-
Dawley (SD) rats were exposed to CeO, and/or DEP via a single
intratracheal instillation, CeO, induced a sustained inflammatory
response, whereas DEP elicited a switch of the pulmonary immune
response. Both CeO, and DEP activated full term for alveolar
macrophage (AM) and lymphocyte secretion of the proinflammatory
cytokines interleukin (IL)-12 and interferon-gamma (IFN-y),
respectively. At 4 weeks post-exposure, the histological features

21
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demonstrated that CeO, induced lung phospholipidosis and fibrosis.
DEP induced lung granulomas that were not significantly affected
by the presence of CeO, in the combined exposure. The use of CeO,
as a diesel fuel catalyst has prompted health concerns [24, 25]. A
wide range of CeO,-induced lung responses, including sustained
pulmonary inflammation and cellular signaling, could lead to
pulmonary fibrosis. Fibrogenic responses induced by CeO, were
investigated in a rat model at various times up to 84 days post-
exposure. The observation of fibrotic lung injury induced by CeO,
suggested that it may have potential health effects [24, 25]. Acute
oral toxicity of CeO, NPs and their bulk microparticles (MPs) was
investigated in female albino Wistar rats. The biochemical assays
depicted significant alterations in alkaline phosphatase (ALP) and
lactate dehydrogenase (LDH) activity in serum and glutathione
(GSH) content in liver, kidneys, and brain only with high doses of
CeO, NPs [18]. Bioaccumulation of nanoceria in all tissues was
significant and dependent on dose, time, and organ. Moreover,
CeO, NPs exhibited higher tissue distribution along with greater
clearance in large fractions through urine and feces than CeO, bulk,
whereas maximum amounts of micro-sized CeO, were excreted in
feces. The histopathological examination documented alterations in
the liver due to exposure with CeO, NPs only. It was also suggested
that bioaccumulation of CeO, NPs may induce genotoxic effects.
However, further research on the long-term fate and adverse effects
of CeO, NPs is warranted [18]. Another study investigated the
cytotoxic, genotoxic, and oxidative stress responses of the IMR32
human neuroblastoma cell line following exposure to different doses
of CeO, NPs (nanoceria) and their MPs for 24 h. Nano-sized CeO,
was more toxic than CeO, MPs [19]. A study using SD rats sought to
confirm whether a single intratracheal instillation of CeO, NPs was
systemically toxic. Intratracheal instillation of CeO, NPs resulted in
liver damage [29]. Four different CeO, NPs, including commercial
materials, were characterized and compared with a micron-sized
ceria. The toxicity of CeO3 for the self-luminescent cyanobacterial
recombinant strain Anabaena CPB4337 and the green alga
Pseudokirchneriella subcapitata was assessed; no evidence of NP
uptake by cells was evident, suggesting that their toxic mode of
action requires direct contact between NPs and cells.
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Table 1.4 Summary of toxicological information with REEs

Name CAS No.

Toxicological information

Scandium (Sc)  7440-20-2

Yttrium (Y) 7440-65-5

Lanthanum 7439-91-0
(La)

Cerium (Ce) 7440-45-1

Praseodymium 7440-10-0
(Pr)

Elemental Sc is considered nontoxic, and
little animal testing of Sc compounds

has been done. The half lethal dose

(LDsg) levels for ScCl; for rats have been
determined as 4 mg/kg for intraperitoneal
and 755 mg/kg for oral administration.

Water-soluble Y-based compounds are con-
sidered mildly toxic, while insoluble com-
pounds are nontoxic. In experiments on
animals, Y and its compounds caused lung
and liver damage. In rats, inhalation of yt-
trium citrate (C¢Hs0,Y) caused pulmonary
edema and dyspnea, while inhalation of yt-
trium chloride (YCl3) caused liver edema,
pleural effusions, and pulmonary hyper-
emia. Exposure to Y compounds in humans
may cause lung disease.

In vivo, the injection of La solutions
produces hyperglycemia, low blood
pressure, and degeneration of the
spleen and hepatic alterations. La,03
LDsq in rat oral (>8500 mg/kg), mouse
intraperitoneal (i.p.) (530 mg/kg).

Ce is a strong reducing agent and ignites
spontaneously in air at 65-80°C. Fumes
from Ce fires are toxic. Animals injected
with large doses of Ce have died due to
cardiovascular collapse. CeO, is a powerful
oxidizing agent at high temperatures

and will react with combustible organic
materials. CeO, LDs in rat oral (5000
mg/kg), dermal (1000-2000 mg/kg),
inhalation dust (5.05 mg/L).

Low to moderate toxicity was reported
[35].

(Continued)
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Table 1.4 (Continued)

Name CAS No. Toxicological information
Neodymium 7440-00-8 Nd compounds are of low to moderate
(Nd) toxicity; however, their toxicity has not

Promethium 7440-12-2
(Pm)

Samarium 7440-19-9
(Sm)

Europium (Eu) 7440-53-1

been thoroughly investigated. Nd dust
and salts are very irritating to the eyes
and mucous membranes, and moderately
irritating to the skin. Nd oxide (Nd,03)
LDs in rat oral (>5000 mg/kg), mouse i.p.
(86 mg/kg), and it was investigated as a
mutagen.

It is not known what human organs are
affected by interaction with Pm; a possible
candidate is the bone tissue. No dangers,
aside from the radioactivity, have been
shown.

The total amount of Sm in adults is about
50 pg, mostly in liver and kidneys, and
with about 8 pg/L being dissolved in the
blood. Insoluble salts of Sm are nontoxic,
and the soluble ones are only slightly toxic.
When ingested, only about 0.05% of Sm
salts is absorbed into the bloodstream,
and the remainder is excreted. From the
blood, about 45% goes to the liver, and
45% is deposited on bone surface, where
it remains for about 10 years, and 10% is
excreted.

There are no clear indications that Eu is
particularly toxic compared to other heavy
metals. Europium chloride (EuCl3), nitrate,
and oxide have been tested for toxicity:
EuCl; shows an acute i.p. LDsq toxicity of
550 mg/kg, and the acute oral LD, toxicity
is 5000 mg/kg. EuNO3 shows a slightly
higher i.p. LDs toxicity of 320 mg/kg,
while the oral toxicity is above 5000 mg/
kg.
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Name CAS No. Toxicological information
Gadolinium 7440-54-2 Asafree ion, Gd is highly toxic, and
(Gd) concern has been raised on Gd-based

MRI contrast agents. The toxicity
depends on the strength of the chelating
agent. Anaphylactoid reactions are rare,
occurring in approximately 0.03-0.1%.

Terbium (Tb)  7440-27-9 As with the other lanthanides, Tb
compounds are of low to moderate toxicity,
although their toxicity has not been
investigated in detail.

Dysprosium 7429-91-6 Soluble Dy salts, such as Dy chloride

(Dy) (DyCl3) and Dy nitrate, are mildly toxic
when ingested. The insoluble salts,
however, are nontoxic. Based on the
toxicity of DyCl; to mice, it is estimated
that the ingestion of 500 g or more could
be fatal to a human.

Holmium (Ho) 7440-60-0 The element, as with other REEs, appears
to have a low degree of acute toxicity.

Erbium (Er) 7440-52-0 Er compounds are of low to moderate
toxicity, although their toxicity has not
been investigated in detail.

Thulium (Tm) 7440-30-4 Soluble Tm salts are regarded as slightly
toxic if taken in large amounts, but the
insoluble salts are nontoxic. Tm is not
taken up by plant roots to any extent, and
thus does not get into the human food
chain.

Ytterbium (Yb) 7440-64-4 All compounds of Yb should be treated as
highly toxic, because of irritation to the
skin and eye, and the possibility that some
might be teratogenic

Lutetium (Lu)  7439-94-3 Lutetium is regarded as having a low
degree of toxicity: For example, Lu fluoride
(LuF3) inhalation is dangerous and the
compound irritates skin. Luoxide (Lu,03)
powder is toxic as well if inhaled or
ingested. Soluble Lu salts are mildly toxic,
but insoluble ones are not.

Note: Data mainly sourced from Ref. [38]
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Cell damage most probably took place through cell wall and
membrane disruption [39]. Six TiO, and two CeO, NPs with dry sizes
in the range 6-410 nm were tested for their ability to cause DNA-
centered free radicals in vitro in concentration ranging from 10 to
3000 ug/ml. The largest increase in DNA nitrone adducts was caused
by a TiO, NP (25 nm, anatase) [16]. Another study investigated the
influence of LaClz on spatial learning and memory and a possible
underlying mechanism involving nuclear factor-kappa B (NF-«B)
signaling pathway expression in the hippocampus. LaCl; exposure
impaired spatial learning and memory in rats by inhibiting the NF-xB
signaling pathway [62]. The mechanism underlying LaClz-induced
neurotoxic effects is still unknown. LaCl; increases glutamate level,
Ca?* concentration, and ratio of Bax and Bcl-2 expression, which
causes excessive apoptosis by the mitochondrial and endoplasmic
reticulum (ER) stress-induced pathways, and thus neuronal
damages in the hippocampus [56]. Detailed mechanisms underlying
these effects are still unclear. Given that La is commonly used for
investigating into REE-induced neurological defects, this study chose
LaCl; to show that it promotes mitochondrial apoptotic pathway in
primary cultured rat astrocytes by regulating expression of Bcl-2
family proteins. LaCl; was demonstrated to alter expression of the
Bcl-2 family of proteins, which in turn promote the mitochondrial
apoptotic pathway, and thus astrocytic damage [55]. To study the
effects of La on calmodulin (CaM) activity, phosphorylation of CaM-
dependent protein kinase IV (CaMK IV) and cAMP response element
binding protein (CREB), and expression of c-fos, c-jun, and egrl were
investigated in the hippocampal CA3 area of rats. Forty pregnant
Wistar rats were divided randomly into four groups: control, 0.25%,
0.5%, and 1.0% LaCl3-administrated groups. After birth, pups of the
LaCl;-administrated groups were administrated La by lactation
before weaning, and then given La in drinking water for 1 month.
La decreased CaM activity, CaMK IV and CREB phosphorylation,
c-fos, c-jun, and egrl mRNA expression in the hippocampal CA3 area,
which impaired learning and memory in rats [57]. The influence of
LaCl; on the expression of immediate early genes (IEGs), including
c-jun, early growth response gene 1 (Egrl), and activity-regulated
cytoskeletal gene (Arc), in the hippocampus of rats has been studied,
and the mechanism of LaCl; undermining learning and memory
capability has been discussed [54]. LaCl; undermines the learning
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and memory capability of rats, which is possibly related to lower
expression of c-jun and Egrl gene and protein induced by La in
hippocampus [54]. The toxicity of both nano- and micro-sized La,05
in cultured cells and rats has been investigated. The effects of particle
size on the toxicity of La,053 in rats were less than in the cultured
cells. The authors concluded that smaller La,03; was more toxic in the
cultured cells, with increasing toxicity with progressively decreasing
size. Smaller La molecules were absorbed more into the lungs and
caused more toxicity [22]. Epidemiological and experimental
evidences have indicated La-mediated neurotoxicity, although the
detailed mechanism is still elusive. La toxicity in cortical neurons
may be partly attributed to enhanced mitochondrial apoptosis due
to mitochondrial dysfunction modulated by Ca?* and the Bcl-2 family
of proteins [51]. The function and signal pathway of nuclear factor
erythroid 2 related factor 2 (Nrf2) in LaClz-induced oxidative stress
in mouse lung were investigated. With increased doses, La markedly
accumulated and promoted the production of reactive oxygen species
(ROS) in the lungs, which in turn resulted in peroxidation of lipids,
proteins, and DNA, and severe pulmonary damages. Furthermore,
LaCl; exposure could significantly increase the levels of Nrf2, heme
oxygenase 1 (HO-1), and glutamate-cysteine ligase catalytic subunit
(GCLC) in the LaClz-exposed lung. These findings imply that the
induction of Nrf2 expression is an adaptive intracellular response
to LaClz-induced oxidative stress in mouse lung, and that Nrf2 may
regulate the LaCl;-induced pulmonary damages [13].

Five-week-old male ICR mice were exposed to chlorides of
La, Ce, or Nd by oral gavage with doses of 10, 20, or 40 mg/kg/
day for 6 weeks to investigate the contents of these elements that
accumulated in cell nuclei and mitochondria isolated from the liver
and their corresponding potential oxidative damage effects on nuclei
and mitochondria. It was suggested that these elements presumably
enter hepatocytes and mainly accumulate in the nuclei and induce
oxidative damage in hepatic nuclei and mitochondria [14]. In another
study, YCl; was orally administered to male Wistar rats and the urine
volume, N-acetyl-beta-D-glucosaminidase, and creatinine excretion
were measured in 24 h urine samples. The results suggested that
urinary Y is a suitable indicator of occupational exposure to this
element [12]. Another study examined the effects of exposure of
human embryonic kidney (HEK293) cells to 0-50 pg/ml of Y,03 NPs
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for 10, 24, or 48 h. Y,03 NP exposure was associated with increased
cellular apoptosis and necrosis [41].

1.3 Recent Trends in Occupational Toxicology of
REEs

The growing use of REEs in a variety of manufacturing processes
has increased the potential for worker exposure. Potential
exposure to REEs and contaminants encountered in production
and decommissioning is increasing and occurs in mining, refining
processes, manufacturing, transportation, and waste disposal. Some
of the risks include exposure to the tailings of REE mining, creation
of radioactive dusts and water emissions arising from contaminants
during mining processes, dusty environments, poor ventilation, and
lack of proper use of protective equipment. While animal studies
have shown REE exposure to be associated with acute pneumonitis
and pulmonary neutrophil infiltration, little is known of the long-
term occupational exposure associated with pneumoconiosis. Some
common sense guidelines are clearly indicated for occupations
involving exposure to the dust and fumes of the REEs, such as
avoidance of skin or eye contact and protection from respiratory
disease; also, individuals receiving therapeutic anticoagulation
treatment must avoid respiratory and GI exposure [48]. Many HREEs
have radioactive properties requiring those working with it to wear
gloves, footwear covers, safety glasses, and an outer layer of protective
clothing. Further study will be necessary to establish occupational
health standards for REEs. Repetitive inhalation of large amounts of
REE dusts can cause irritative bronchitis and pneumonitis and can
lead to granulomatous disease. Case reports of pulmonary fibrosis
and pneumoconiosis caused by REEs have been published [38].
Several of these cases were related to chronic repetitive exposure to
the fumes or smoke from REE-containing carbon arc lights used in
photoengraving, projection, and searchlight operations. REEs have
not yet been classified as carcinogens, with inadequate information
available to assess the carcinogenic potential (i.e., EPA group D) [47].

Although REEs, in general, are considered to have mild to
moderate toxicity potential, no occupational health standards have
been set, except for Y [30]. The permissible exposure limit for Y was
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established in 1981 and remains at 1 mg/m?3 as an 8 h time-weighted
average. The control of the level of Y, Tb, and LuF; in workplace air
was recommend, through maximal admissible concentrations for the
fluorides of 2.5 mg/m3 (maximal single concentration) and 0.5 mg/
m? (average shift concentration), and the level of YbF; as moderate
fibrogenic dust of 6 mg/m3 [38].

More recently, Congo red-modified single-wall carbon nanotubes
(CR-SWCNTs) coated with fused-silica capillary were used for
capillary microextraction of trace amounts of La, Eu, Dy, and Y
in human hair followed by fluorinating assisted electrothermal
vaporization- inductively coupled plasma-optical emission
spectrometry (FETV-ICP-OES) determination. This approach could
be used to quantitatively analyze real-world human hair samples
[52].

Table 1.5 REE occupational health and safety issues

Element CAS No. Occupational health and safety issues

Scandium (Sc)  7440-20-2 It is mostly dangerous in the working
environment, due to the fact that damps
and gases can be inhaled with air.

Yttrium (Y) 7440-65-5 Exposure to Y compounds can cause
shortness of breath, coughing, chest pain,
and cyanosis. NIOSH recommends a time-
weighted average limit of 1 mg/m?3, and an
IDLH of 500 mg/m3. Y dust is flammable.

Lanthanum 7439-91-0 The application in carbon arc light led

(La) to the exposure of people to RE oxides
and fluorides, sometimes leading to
pneumoconiosis [53].

Cerium (Ce) 7440-45-1 Workers exposed to cerium have
experienced itching, sensitivity to heat,
and skin lesions. Occupational exposure
limit in Russia of CeO, (1306-38-3) is 5
mg/m3 [26, 34].

Praseodymium 7440-10-0 Pr compounds are controversial subjects
(Pr) with their biological roles [35].

(Continued)
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Table 1.5 (Continued)

Element

CAS No.

Occupational health and safety issues

Neodymium
(Nd)

Promethium
(Pm)

Samarium
(Sm)

Europium (Eu)

Gadolinium
(Gd)

Terbium (Tb)

Dysprosium
(Dy)

7440-00-8

7440-12-2

7440-19-9

7440-53-1

7440-54-2

7440-27-9

7429-91-6

Breathing the dust can cause lung embo-
lisms, and accumulated exposure damages
the liver. Nd also acts as an anticoagulant,
especially when given intravenously. Nd
magnets have been tested for medical uses,
such as magnetic braces and bone repair,
but biocompatibility issues have prevent-
ed widespread application. If not handled
carefully, they may cause injuries. There is
at least one documented case of a person
losing a fingertip [36].

The element, like other lanthanides, has no
biological role. In general, gloves, footwear
covers, safety glasses, and an outer layer
or easily removed protective clothing
should be used. Sealed Pm-147 is not
dangerous. However, if the packaging is
damaged, then Pm becomes dangerous to
the environment and humans.

Sm metal compounds are controversial
subjects regarding their biological roles in
human body.

Dust from its metal compounds has fire
and explosion hazards [2].

Gd has little information on its native
biological roles, but its compounds are
used as research tools in biomedicine.
Gd3* compounds are components of MRI
contrast agents [58].

Tb compounds are controversial regarding
their biological roles [23, 31].

Like many powders, Dy powder may
present an explosion hazard when mixed
with air and when an ignition source is
present. Thin foils of the substance can
also be ignited by sparks or by static
electricity. Dy fires cannot be put out by
water. It can react with water to produce
flammable hydrogen gas [8].
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Element CAS No. Occupational health and safety issues

Holmium (Ho) 7440-60-0 Ho compounds are controversial regarding
their biological roles in humans but may
be able to stimulate metabolism [49].

Erbium (Er) 7440-52-0 Metallic Er in dust form presents a fire and
explosion hazard [2].

Thulium (Tm) 7440-30-4 Tm compounds are controversial with
their biological roles, although it has been
noted that it stimulates metabolism.

Ytterbium (Yb) 7440-64-4 Although Yb is fairly stable chemically, it
should be stored in airtight containers
and in an inert atmosphere, to protect
the metal from air and moisture. Metallic
ytterbium dust poses a fire and explosion
hazard [31].

Lutetium (Lu) 7439-94-3 Lutetium nitrate (Lu(NO3)3) may
be dangerous as it may explode and
burn once heated. Lu has no known
biological role, but it is found even in the
highest known organism, the humans,
concentrating in bones, and to a lesser
extent in the liver and kidneys [31].

NIOSH: National Institute for Occupational Safety and Health; IDLH: immediately
dangerous to life or health concentrations [30]
Source: Ref. [38]

A study investigated whether administration of CeO, NPs can
diminish right ventricular hypertrophy following 4 weeks of mono-
crotaline-induced pulmonary arterial hypertension. The results sug-
gested that CeO, NPs may attenuate the hypertrophic response of
the heart following pulmonary arterial hypertension [17]. Another
study assessed the acute toxic potential of CeO, NPs in rats exposed
through inhalation. The results suggested that acute inhalation ex-
posure of Ce0, NPs may induce cytotoxicity via oxidative stress and
may lead to a chronic inflammatory response [42]. In still another
study, male CD1 mice were subjected to nose-inhalation exposure of
CeO, NPs for up to 28 days with 14 or 28 days of recovery time at an
aerosol concentration of 2 mg/m3. These results indicated that in-
halation exposure of CeO, NPs can induce pulmonary and extrapul-
monary toxicity [1]. In another study [15], two ceria NPs (NM-211
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and NM-212) were tested for inhalation toxicity and organ burdens
with the aim of designing a chronic and carcinogenicity inhalation
study (OECD TG No. 453). The surface area of the particles provided
a dose metric with the best correlation of the two cerias’ inflamma-
tory responses. Inflammation appeared to be directed by the parti-
cle surface rather than mass or volume in the lung. Observing the
time course of lung burden and inflammation, the dose rate of par-
ticle deposition apparently drove an initial inflammatory reaction
by neutrophils. The later phase (after 4 weeks) was dominated by
mononuclear cells, especially macrophages. The progression toward
the subsequent granulomatous reaction was driven by the duration
and amount of the particles in the lung. The further progression of
the biological response will be determined in an ongoing long-term
study. Finally, to evaluate the reproductive toxicity of Sm, male ICR
mice were orally exposed to Sm(NO3); for 90 days and evaluated for
lesion development in the testis. The results indicated that the tes-
tis is a target organ of Sm; increased spermatogenic cell apoptosis
rate in the testis was confirmed, as well as up-regulation of p53 and
Bax gene expression, and down-regulation of Bcl-2 (p < 0.05). The
results indicated that apoptosis is related to the p53-mediated path-
way [59].

Increased demand and reduced supply of REEs, along with
the knowledge of the quantities available in waste products, have
resulted in expanded research and development efforts focused on
REErecycling. Currently, commercial recycling of REEsis very limited.
However, within a few years, several new commercial recycling
operations will begin operation, with the focus being on magnets,
batteries, lighting and luminescence, and catalysts. Information from
the literature indicates that large amounts of REEs are currently in
use or available in waste products and would be able to support
recycling operations. Four REEs (Ce, La, Nd, and Y) constitute more
than 85% of the global production. Recycling the in-use stock for
each of these is possible but remains a challenge. For other REEs
that are generally used in much lower quantities, recycling would
be difficult primarily due to technical challenges associated with
separating REEs from the product. As recently reported by the United
Nations Environment Programme [40], uncontrolled recycling of
e-wastes such as Pb, Hg, As, polychlorinated biphenyls, and ozone-
depleting substances has the potential to generate significant
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hazardous emissions. The UN report on recycling rates of metals
estimates that the end-of-life functional recycling for REEs is less
than 1% [44]. Another study estimated that worldwide, only 10%
to 15% of personal electronics are being properly recycled [6]. Of
the items that are sent for recycling, the European Union estimates
that 50% of the total is illegally exported, potentially ending up in
unregulated recycling operations in Africa or Asia. These recycling
operations frequently result in environmental and occupational
health problems. While this report is focused on e-wastes, the
emission categories presented in Table 1.6 pertain to the recycling
of other types of wastes as well.

Table 1.6 Potential hazardous emissions in REE recycling industries

Category Hazardous Factors

Primary Hazardous substances contained in e-waste (e.g., lead,
emissions mercury, arsenic, polychlorinated biphenyls [PCBs], ozone-
depleting substances).

Secondary Hazardous reaction products that result from improper

emissions treatment (e.g., dioxins or furans formed by incineration/
inappropriate smelting of plastics with halogenated flame
retardants).

Tertiary Hazardous substances or reagents that are used during
emissions recycling (e.g. cyanide or other leaching agents) and are
released because of inappropriate handling and treatment.
As reported by UNEP [40], this is the biggest challenge
in developing countries engaged in small-scale and
uncontrolled recycling operations.

Note: Data mostly sourced from the US Environmental Protection Agency [47]

Recycling of postconsumer, end-of-life products, typically
involves the four key steps of collection, dismantling, separation
(preprocessing), and processing. A general description of each step
is provided, along with the potential impacts to workers’ health.
Operations using pyrometallurgy, facilities need to have regulated
gas treatment technologies installed and properly operating to
control volatile organic carbons, dioxins, and other emissions that
can form during processing. Additional benefits of recycling that are
not directly linked with the environment include improved supply
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of REEs and, therefore, less dependence on occupational health
problems.

1.4 Additional Efforts to Promote REE
Occupational Health

Information on REE concentrations in human hair and bone in
regions of Chinese ore mining, as well as in tumors, is of particular
interest. There is also growing concern about the environmental
impact of REE-enriched fertilizers, as they have been commonly used
in agricultural settings in China since the 1980s. A robust evaluation
is not possible because access to the journal sources is difficult and
most of the available research is only available in Chinese. Many
studies examined mixtures of REEs, rather than individual elements.
Respiratory, neurological, genotoxicity, and mechanism of action
studies were identified. Human inhalation toxicity data on stable
REEs mainly consist of case reports on workers exposed to multiple
lanthanides [46].

Relatively little information has been reported to date on REE-
associated biological effects. A few case reports have focused on
human health effects following occupational REE exposures. There
is a dearth of epidemiological studies of occupationally exposed
groups. The literature is mostly confined to reports on a few REEs,
such as Ce and La. Much less is known of the health effects of other
REEs. Adverse outcomes of REE exposures include a number of
endpoints, such as growth inhibition, cytogenetic effects, and organ-
specific toxicity. An apparent controversy regarding REE-associated
health effects relates to opposed data pointing to either favorable
or adverse effects of REE exposures. Several studies have indicated
stimulatory or protective effects at low levels of REEs, with adverse
effectsathigher concentrations [32]. Clearly, more researchis needed
on the likely occupational threats arising from REE exposures. A
procedure for the efficient extraction and separation of REEs and
other valuable elements from used NdFeB permanent magnets has
allowed the separation of these three elements efficiently in just a
few steps. The separated REE species and cobalt were precipitated
with oxalic acid and then calcined to form oxides. Recycling of
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the employed ionic liquid for reuse in REE separation was also
demonstrated [37].

The medical literature regarding the treatment of acute toxicity
from rare earth metals (REMs) is sparse due to the low number of
reported cases of human toxicity. If acute or chronic exposure is
suspected, it is important to remove or mitigate human exposure
and confirm that the illness is truly due to REE exposure. Due to the
toxicity risks of Al and REMs on human body, even though few of
their alloys are classified as biodegradable [10], more investigations,
especially on their in vivo behavior, are required. Therefore, they
are not primarily addressed in this chapter. Pr is implanted into
TiN coatings to improve corrosion resistance and cytocompatibility
in blood plasma. Pr ion implantation can effectively improve the
corrosion resistance as well as cytocompatibility of TiN coatings
in blood plasma [61]. Given the recent toxicological results on
the exposure of cells, animals, and workers to REEs and their
compounds, it is important to review the toxicological studies
to improve the current understanding of REE compounds from
the standpoint of occupational health. This will help to establish
a sustainable, safe, and healthy working environment for REE
industries [38]. Inhalation exposure should be avoided. If high
level or chronic respiratory exposure has occurred or suspected, a
chest X-ray should be obtained along with standard treatment for
irritative bronchitis and pneumonitis. Especially, chronic exposure
has been associated with pneumoconiosis, and bronchoalveolar
lavage might be useful in confirming this diagnosis. If significant
absorption is suspected via inhalation or the GI tract, laboratory
evaluation should include serum chemistries, liver function test,
complete blood count, and coagulation studies (bleeding time,
prothrombin time, and clotting time). Significant exposure should be
observed in health care workers followed by close outpatient follow-
up to assess resolution of any adverse effects and to assure ongoing
avoidance of exposure. Concentrations of REEs in soil, vegetables,
human hair, and blood, and the attendant human health risk through
vegetable consumption in the vicinity of a large-scale mining area
located in China were investigated [21]. Vegetable consumption
did not result in exceeding the safe values of estimated daily intake
of REEs (100-110 pg/kg/d) for adults and children. However,
attention should be paid to monitoring human health in such REE
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mining areas due to long-term exposure to high dose REEs from food
consumption [21].

From the limited literature review, it appears that most available
epidemiology is for mixtures of REEs rather than individual elements.
This literature indicates that pulmonary toxicity of REEs in humans
may be a concern. The EPA stipulated in its risk guidance document
(1989) [45] that a completed exposure pathway must contain the
following aspects: source and mechanism for release of chemicals;
transport or retention medium; point of potential human contact
(exposure point) with affected medium; and exposure route (e.g.,
dermal contact, inhalation, or ingestion) at the exposure point. If any
one of these aspects is missing, then no human health or ecological
risk exists. Leaching processes using liquids like nitric acid or aqua
regia can cause the release of nitrogen oxide or chlorine gases and,
therefore, must be controlled to prevent health impacts on workers.
In other processes that use strong acids or bases, safe handling of
chemicals and disposal of resulting waste streams are important
to protect workers. Proper controls and handling are necessary
to prevent exposures to workers. REE milling and processing is a
complex, ore-specificoperationthathasthe potential for occupational
health problems when not controlled and managed appropriately.
Heavy metals and radionuclides associated with REE tailings pose
the greatest threat to workers’ health when not controlled. However,
adoption of new technologies and management processes has the
potential to reduce the risk of occupational disease.

Increased demand and reduced supply of REEs have resulted in
expanded research and development efforts focused on the recycling
and identification of alternatives to REEs. Currently, REE commercial
recycling is very limited; however, it was reported that several new
commercial REE recycling operations will begin operation. During
the collection of items to be recycled, exposure to hazardous
materials is likely to be minimal and, if occurring, will likely result
from either dermal or inhalation exposures to materials released
from damaged items. If done properly, manual dismantling is likely
to have a low potential for worker risks resulting from exposure to
hazardous materials. Mechanical dismantling and shredding can
generate dust containing hazardous components. If not properly
controlled, the dust can result in inhalation or dermal exposures to
workers [40].
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1.5 Conclusions and Prospects

With their widespread applications in industry, agriculture, and
many other fields, more REEs are entering the environment or oc-
cupational settings. Therefore, understanding the occupational toxi-
cology of REEs has become more and more important. The future
prospects of industries with appliances using REEs together with
the significance of preventive efforts for workers’ health prompt fur-
ther concern. Limited literature exists on workers’ health, epidemi-
ology, toxicity, biomonitoring, and ecological studies of REEs. Most
of the studies identified in the literature review examined REE mix-
tures, rather than individual elements. As well, many studies were
conducted in regions of Chinese ore mining by Chinese investiga-
tors and were not available in English. Some occupational REE ex-
posures, in jobs such as glass polishers, photoengravers, and movie
projectionists, have indicated concern with health effects affecting
the respiratory system. Few case-control or cohort studies of occu-
pational REE exposures were retrieved. In addition, animal toxicity
studies have shown REE toxicity affecting a number of endpoints in
liver, lungs, and blood, which highlights the need for investigations
on long-term exposures and observations. The state of the art pro-
vides a limited definition of the health effects of occupational REE
exposures. Research priorities should be addressed to case-control
or cohort studies of REE-exposed workers [33].

The emerging development of REE nanotechnology in daily
science has prompted concerns regarding the impact on occupational
health. Despite the potential uses of REEs NPs for targeted drug
delivery, detection/diagnosis and imaging, potential NP toxicity
must be investigated before any in vivo medicinal applications can
move forward. Historically, 153Sm is injected locally to ease the pain
caused by skeletal metastases [43], and nonradioactive Sm has been
used in dental alloys with silver. However, the side effects of the REM
exposure have limited its therapeutic applications. Ce and several
Ce-carbonate, -phosphate, -silicate, and -(hydr)oxide minerals have
been processed for pharmaceutical uses and industrial applications.
CeO0, has received much attention in the global nanotechnology
market due to its useful applications for catalysts, fuel cells, and
fuel additives. A recent study predicted that a major source of CeO,
NPs from industrial processing plants (e.g., electronics and optics
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manufactures) is likely to reach the terrestrial environment such
as landfills and soils [5]. Interestingly, there has been contradicting
reports about the toxicological effects of CeO, NPs, acting as either
an antioxidant or ROS production-inducing agent. Because of their
many applications (e.g., agriculture, medicine, motor industry), their
global production has increased exponentially in the last several
decades and their biogeochemical cycles are being disrupted by
human uses (e.g, Gd anomalies in freshwater and tap water, REE
enrichment of soils as a consequence of agricultural practices).
This poses a challenge in future regulations for the application of
REE NPs and risk assessments of workers’ health. To establish
a safe and healthy working environment for REE industries, the
use of biomarkers is increasing to provide sustainable measures,
due to the demand for information about the health risks from
unfavorable exposures (Fig. 1.3). Molecular level studies to elucidate
the mechanisms of action of lanthanides are essentially limited to
La, pointing to the need for further research to identify common
mechanisms of action or modes of action across lanthanides. Overall,
agreement on the correct procedures to follow to obtain reliable and
comparable information for individual La is the first action taken
to arrive at a reliable risk assessment for occupational health [7]. It
was performed to understand the molecular mechanism underlying
the toxicity of CeO, NPs on lung adenocarcinoma (A549) cells.
ROS-mediated DNA damage and cell cycle arrest play major roles
in Ce0, NP-induced apoptotic cell death of A549 cells. Apart from
the beneficial applications, these NPs also have potentially harmful
effects that need to be properly evaluated prior to their use [28].
From the beneficial standpoint, key biologic effects of the beta-
particle emitter ’’Lu labeled somatostatin-analogue in vitro and
in vivo were studied concerning internal radiotherapy [9]. 17"Lu
radiolabeling was applied to preclinical experiments [20]. One of
the greatest challenges in cancer therapy is to develop methods to
deliver chemotherapy agents to tumor cells while reducing systemic
toxicity to noncancerous cells, the Gd,0,S:Eu nanocapsules are
also paramagnetic at room temperature with similar magnetic
susceptibility and similarly good MRI T, relaxivities to Gd,03, but
the sulfur increases the radioluminescence intensity and shifts the
spectrum. This analysis technique opens the door to noninvasive
quantification of drug release as a function of REE NPs [4].
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(iv) Biodistribution
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Figure 1.3  Toxicological research schemes of REEs.

The goals now are to expand upon the information provided in
this chapter and develop a system understanding for all elements
associated with REE mining, processing, and recycling that have the
potential for health impacts on workers. The available information
can be used to perform regional environmental evaluations of
locations where REE mines, processing facilities, and recyclers are
likely to be developed to determine the potential for occupational
health problems that could occur. More complete reviews of the
health, biomonitoring, and ecological impact literature are needed
to ensure all available studies are needed. As well, more studies of
the impacts of specific REEs on workers’ health should be done, with
the findings helping drive risk assessments related to REE mining,
processing, and recycling. The severity of these risks is highly
variable between mine and mine plant operations. Outside of direct
mining operations, other sources of REEs are being explored, such
as recovery from recycling or urban mining. Currently, commercial
recycling of REEs is very limited. However, soon several new
commercial recycling operations will begin operation, with the
focus being on magnets, batteries, lighting and luminescence, and
catalysts.
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There are research gaps in the field of REE health effects that
appear to justify further research. Since each REE compounds
may exhibit various chemical behaviors within the human body,
particularly upon their dissolution and chemical conversion, studies
need to consider composite REEs instead of individual REE species.
Information on REE health and safety standards is limited. During
the exposure assessment, current survey instruments may not be
adequate and advanced facilities may need to be tested. Medication
surveillance facilities need to be more improved in details. Finally,
REE occupational health and safety management need to be
integrated into their sustainable use [60].

References

1. Aalapati, S., Ganapathy, S., Manapuram, S., Anumolu, G., and Prakya,
B. M. (2014). Toxicity and bio-accumulation of inhaled cerium oxide
nanoparticles in CD1 mice, Nanotoxicology, 8, pp. 786-798.

2. British Geological Survey-Rare Earth Elements (2011) Nottingham
(UK): Natural environment research council. http://www.MineralsUK.
com.

3. Chen, H,, Longfield, D. E., Varahagiri, V. S., Nguyen, K. T, Patrick, A. L.,
Qian, H., VanDerveer, D. G., and Anker, J. N. (2011). Optical imaging in
tissue with X-ray excited luminescent sensors, 4gglest 136, pp. 3438-
3345.

4. Chen, H., Moore, T, Qi, B.,, Colvin, D. C, Jelen, E. K., Hitchcock, D.
A, and Anker, ]J. N. (2013). Monitoring pH-triggered drug release
from radioluminescent nanocapsules with X-ray excited optical
luminescence, daaaigida 7, pp- 1178-1187.

5. Dabhle,]. T, and Araj, Y. (2015). Environmental geochemistry of cerium:
Applications and toxicology of cerium oxide nanoparticles, [gtL
I 12, pp. 1253-1278.

6. Dillow, C. (2011). A new international project aims to track U.S.
electronic waste for recycling, http://www.popsci. com/science/
article/2011-05.

7. Gonzalez, V, Vignati, D. A, Leyval, C., and Giamberini, L. (2014).
Environmental fate and ecotoxicity of lanthanides: Are they a uniform

group beyond chemistry? fiiiicitabiié., 71, pp. 148-157.

8. Goonan, T. G. (2011). Rare earth elements-end use and recyclability:
U.S. Geological Survey Scientific Investigations Report 2011-5094


http://www.MineralsUK.com
http://www.MineralsUK.com
http://www.popsci.com/science/article/2011-05
http://www.popsci.com/science/article/2011-05
http://www.crcnetbase.com/action/showLinks?crossref=10.3390%2Fijerph120201253
http://www.crcnetbase.com/action/showLinks?crossref=10.3390%2Fijerph120201253
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2Fc0an00931h
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.envint.2014.06.019
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fnn304369m

10.

11.

12.

13.

14.

15.

16.

17.

References

[Internet], Reston (VA): U.S. Geological Survey. http://pubs.usgs.gov/
sir/2011/5094/

Graf, F, Fahrer, ], Maus, S, Morgenstern, A. Bruchertseifer, F,
Venkatachalam, S., and Miederer, M. (2014). DNA double strand
breaks as predictor of efficacy of the alpha-particle emitter Ac-225
and the electron emitter Lu-177 for somatostatin receptor targeted
radiotherapy, Shassig 9, €88239.

Gupta, M., and Meenashisundaram, G. K. (2015). | NG

REgRaEEas n: Gupta, M., and Meenashisundaram, G. K., eds. Insight
into Designing Biocompatible Magnesium Alloys and Composites,
Springer Singapore, pp. 35-67.

Hao, Z,, Li, Y, Li, H., Wei, B,, Liao, X, Liang, T,, and Yu, J. (2015). Levels of
rare earth elements, heavy metals and uranium in a population living
in Baiyun Obo, Inner Mongolia, China: A pilot study, ssisssisiases 128,
pp. 161-170.

Hayashi, S., Usuda, K., Mitsui, G., Shibutani, T, Dote, E., Adachi, K,
Fujihara, M., Shimbo, Y., Sun, W,, Kono, R,, Tsuji, H., and Kono, K. (2006).
Urinary yttrium excretion and effects of yttrium chloride on renal
function in rats, | NN 114, pp. 225-235.

Hong, ], Pan, X, Zhao, X., Yu, X, Sang, X., Sheng, L., Wang, X. Gui, S., Sun,
Q., Wang, L., and Hong, F. (2015). Molecular mechanism of oxidative
damage of lung in mice following exposure to lanthanum chloride,
e 30, pp. 357-365.

Huang, P, Li, ], Zhang, S., Chen, C, Han, Y,, Liu, N,, Xiao, Y., Wang, H.,
Zhang, M., Yu, Q. Liu, Y, and Wang, W. (2011). Effects of lanthanum,
cerium,and neodymium on the nucleiand mitochondria ofhepatocytes:

Accumulation and oxidative damage, _., 31,

pp. 25-32.

Keller, J., Wohlleben, W., Ma-Hock, L., Strauss, V., Groters, S., Kiittler,
K., Wiench, K, Herden, C., Oberdoérster, G., van Ravenzwaay, B., and
Landsiedel, R. (2014). Time course of lung retention and toxicity of
inhaled particles: Short-term exposure to nano-ceria, giiilinhoiiged
88, pp. 2033-2059.

Kitchin, K. T, Prasad, R. Y, and Wallace, K. (2011). Oxidative stress
studies of six TiO, and two CeO, nanomaterials: Immuno-spin trapping
results with DNA, innissimsisms 5, pp- 546-556.

Kolli, M. B, Manne, N. D., Para, R, Nalabotu, S. K, Nandyala, G.,
Shokuhfar, T, He, K., Hamlekhan, A., Ma, ]. Y., Wehner, P. S., Dornon,
L., Arvapalli, R, Rice, K. M,, and Blough, E. R. (2014). Cerium oxide

41


http://pubs.usgs.gov/sir/2011/5094/
http://pubs.usgs.gov/sir/2011/5094/
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs00204-014-1349-9
http://www.crcnetbase.com/action/showLinks?crossref=10.1385%2FBTER%3A114%3A1%3A225
http://www.crcnetbase.com/action/showLinks?crossref=10.1371%2Fjournal.pone.0088239
http://www.crcnetbase.com/action/showLinks?crossref=10.3109%2F17435390.2010.539711
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Ftox.21913
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-981-287-372-9_3
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-981-287-372-9_3
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2F978-981-287-372-9_3
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.etap.2010.09.001
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.chemosphere.2015.01.057

42

Trends in Occupational Toxicology of Rare Earth Elements

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

nanoparticles attenuate monocrotaline induced right ventricular
hypertrophy following pulmonary arterial hypertension, isiliSiiisls
35, pp. 9951-9562.

Kumari, M., Kumari, S. 1., Kamal, S. S., and Grover, P. (2014). Genotoxicity
assessment of cerium oxide nanoparticles in female Wistar rats after
acute oral exposure, | N 77 5-
776, pp. 7-19.

Kumari, M., Singh, S. P, Chinde, S., Rahman, M. F, Mahboob, M., and
Grover, P. (2014). Toxicity study of cerium oxide nanoparticles in
human neuroblastoma cells, siiimbtiisad 33, pp- 86-97.

Laznickova, A, Biricova, V.,, Laznicek, M., and Hermann, P. (2014).
Mono(pyridine-N-oxide) DOTA analog and its G1/G4-PAMAM
dendrimer conjugates labeled with 177Lu: Radiolabeling and
biodistribution studies, i 84, pp- 70-77.

Li, X., Chen, Z.,, Chen, Z., and Zhang, Y. (2013). A human health risk
assessment of rare earth elements in soil and vegetables from a mining
area in Fujian Province, Southeast China, hsitsatisheiss 93, pp. 1240-
1246.

Lim, C.-H. (2015). Toxicity of two different sized lanthanum oxides in
cultured cells and Sprague-Dawley rats, fgidisadeigs 31, pp. 181-189.

Liu, H. X, Liu, X. T, Lu, J. E, Li, R. C., and Wang, K. (2000). The effects of
lanthanum, cerium, yttrium and terbium ions on respiratory burst of
peritoneal macrophage (M®), J. Beijing Med. Univ., http://en.cnki. com.
cn/Article_en/CJFDTOTAL-BYDB200003003.htm. [Article in Chinese]

Ma, ]. Y., Mercer, R. R, Barger, M., Schwegler-Berry, D., Scabilloni, J., Ma,
J. K, and Castranova, V. (2012). Induction of pulmonary fibrosis by

cerium oxide nanoparticles, | N | | [lEEGIGGGEGE. 262. pp. 255-

264.

Ma, |. Y. C, Young, S. H., Mercer, R. R, Barger, M., Schwegler-Berry, D.,
Ma, J. K, and Castranova, V. (2014). Interactive effects of cerium oxide
and diesel exhaust nanoparticles on inducing pulmonary fibrosis,

I 278, pp. 135-147.

McDonald, J. W, Ghio, A. ], Sheehan, C. E., Bernhardt, P. F, and Roggli,
V. L. (1995) Rare earth (cerium oxide) pneumoconiosis: Analytical
scanning electron microscopy and literature review, Mod. Pathol., 8,
pp. 859-865.

Merrifield, R. C., Wang, Z. W, Palmer, R. E,, and Lead, ]. R. (2013).
Synthesis and characterization of polyvinylpyrrolidone coated cerium

oxide nanoparticles, | NN . 17, pp- 12426-12433.


http://en.cnki.com.cn/Article_en/CJFDTOTAL-BYDB200003003.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-BYDB200003003.htm
http://www.crcnetbase.com/action/showLinks?crossref=10.1177%2F1091581814522305
http://www.crcnetbase.com/action/showLinks?crossref=10.1021%2Fes402541z
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.apradiso.2013.10.021
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.taap.2012.05.005
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.biomaterials.2014.08.037
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.chemosphere.2013.06.085
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.taap.2014.04.019
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.mrgentox.2014.09.009
http://www.crcnetbase.com/action/showLinks?crossref=10.5487%2FTR.2015.31.2.181

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

References

Mittal, S., and Pandey, A. K. (2014). Cerium oxide nanoparticles induced
toxicity in human lung cells: Role of ROS mediated DNA damage and
apoptosis, il 2014, pp. 891-934.

Nalabotuy, S. K., Kolli, M. B, Triest, W. E., Ma, ]. Y,, Manne, N. D., Katta,
A., Addagarla, H. S, Rice, K. M,, and Blough, E. R. (2011). Intratracheal
instillation of cerium oxide nanoparticles induces hepatic toxicity in
male Sprague-Dawley rats, il 6, pp- 2327-2335.

National Institute for Occupational Safety and Health. (1981).
Occupational Health Guideline for Yttrium, Occupational Health Guides
for Chemical Hazards, (DHHS Pub. No. 81-123, Rockville, MD).
Neizvestnova, E. M., Grekhova, T. D., Privalova, L. [., Babakova, 0. M,,
Konovalova, N. E., and Petelina, E. V. (1994). Hygienic regulation of
yttrium, terbium, ytterbium and lutetium fluorides in the air of the
workplace, Med. Tr. Prom. Ekol.,, 7, pp. 32-35.

Pagano, G., Guida, M., Tommasi, F, and Oral, R. (2015). Health effects
and toxicity mechanisms of rare earth elements: Knowledge gaps and
research prospects, | N NNINIGGGEE . 115, pp. 40-48.

Pagano, G., Aliberti, F, Guida, M., Oral, R, Siciliano, A., Trifuoggi, M., and
Tommasi, F. (2015). Rare earth elements in human and animal health:
State of art and research priorities, isiiiiigiimites 142, pp- 215-220.
Pairon, J. C., Roos, F, Sébastien, P, Chamak, B. Abd-Alsamad, I,
Bernaudin, . E, Bignon, J., and Brochard, P. (1995). Biopersistence of
cerium in the human respiratory tract and ultrastructural findings,
ssmininsiniéag 27, pp. 349-358.

Patasz, A., and Czekaj, P. (2000). Toxicological and cytophysiological
aspects of lanthanides action, Acta Biochim. Pol, 47, pp. 1107-1114.
Palmer, R. ], Butenhoff, ]. L., and Stevens, ]. B. (1987). Cytotoxicity of
the rare earth metals cerium, lanthanum, and neodymium in vitro:
Comparisons with cadmium in a pulmonary macrophage primary
culture system, jgiiiiitiialigs. 43, pp. 142-156.

Riafio, S., and Koen Binnemans, K. (2015). Extraction and separation
of neodymium and dysprosium from used NdFeB magnets: An
application of ionic liquids in solvent extraction towards the recycling
of magnets, iifgiisilgi, 17, pp- 2931-2942.

Rim, K. T, Koo, K. H,, and Park, ]. S. (2013). Toxicological evaluations of
rare earths and their health impacts to workers: A literature review,
miniiemiinidion 4. pp. 12-26.

Rodea-Palomares, I, Boltes, K., Fernandez-Pifias, F, Leganés, F,
Garcia-Calvo, E., Santiago, J., and Rosal, R. (2011). Physicochemical

43


http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Fajim.4700270304
http://www.crcnetbase.com/action/showLinks?crossref=10.5491%2FSHAW.2013.4.1.12
http://www.crcnetbase.com/action/showLinks?crossref=10.1155%2F2014%2F891934
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ecoenv.2015.01.030
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2FS0013-9351%2887%2980066-X
http://www.crcnetbase.com/action/showLinks?crossref=10.2147%2FIJN.S25119
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.envres.2015.06.039
http://www.crcnetbase.com/action/showLinks?crossref=10.1039%2FC5GC00230C

44

Trends in Occupational Toxicology of Rare Earth Elements

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

characterizationand ecotoxicological assessmentof CeO, nanoparticles
using two aquatic microorganisms, deaicadeegi, 119, pp- 135-145.

Schluep, M., Hageluekenb, C., Kuehrc, R., Magalinic, F, Maurerc, C,,
Meskersb, C., Muellera, E., and Wang, F. (2009). Recycling: From e
waste to resources. (United Nations Environment Programme & United
Nations University). http://www.unep.org/PDF/PressReleases/E-
waste_publication_ screen_ pdf.

Selvaraj, V,, Bodapati, S., Murray, E., Rice, K. M., Winston, N., Shokuhfar,
T, and Blough, E. (2014). Cytotoxicity and genotoxicity caused by
yttrium oxide nanoparticles in HEK293 cells, jniin. 9. pp-
1379-1391.

Srinivas, A., Rao, P. ], Selvam, G., Murthy, P. B., and Reddy, P. N. (2011).
Acute inhalation toxicity of cerium oxide nanoparticles in rats, Joxical
Lett., 205, pp. 105-115.

Turner, J. H. Claringbold, P. G., Hetherington, E. L. Sorby, P, and
Martindale, A. A. (1989). A phase 1 study of samarium-153
ethylenediamine-tetra-methylene = phosphonate  therapy  for
disseminated skeletal metastases, J. Clin. Oncol, 7, pp. 1926-1931.

United Nations International Programme. (2011). Recycling Rates of
Metals: A Status Report, ISBN No: 978-92-807-3161-3.

US Environmental Protection Agency. (1989). Risk Assessment
Guidance for Superfund. Volume 1. Human Health Evaluation Manual
(Part a), Interim Final. Office of Emergency and Remedial Response,
Washington, DC. EPA/540/1-89-002. http://www.epa.gov/oswer/
riskassessment/ragsa/.

US Environmental Protection Agency. (2007). Provisional Peer-
Reviewed Toxicity Values for Stable Lutetium (CASRN 7439-94-3),
National Center for Environmental Assessment. Superfund Health
Risk Technical Support Center, Cincinnati, OH. hhpprtv.ornl.gov/
quickview/pprtv_papers.php.

US Environmental Protection Agency. (2012). Rare Earth Elements:
A Review of Production, Processing, Recycling, and Associated
Environmental Issues (Office of Research and Development, EPA 600/
R-12/572).

Vennart, J. (1967). The usage of radioactive luminous compound and
the need for biological monitoring of workers, asdkaithiig, 13, pp-
959-964.

Wang, C., Min, L., and Wu, W. (2004). Effects of holmium element on
DNA lesion of mice liver cells in vivo, Carcinog. Teratog. Mutagen.,


http://www.unep.org/PDF/PressReleases/E-waste_publication_screen_pdf
http://www.unep.org/PDF/PressReleases/E-waste_publication_screen_pdf
http://www.epa.gov/oswer/riskassessment/ragsa/
http://www.epa.gov/oswer/riskassessment/ragsa/
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.toxlet.2011.05.1027
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.toxlet.2011.05.1027
http://www.crcnetbase.com/action/showLinks?crossref=10.1093%2Ftoxsci%2Fkfq311
http://www.crcnetbase.com/action/showLinks?crossref=10.1097%2F00004032-196709000-00001
http://www.crcnetbase.com/action/showLinks?crossref=10.2147%2FIJN.S52625

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

References

http://en.cnki.com.cn/Article_en/CJFDTOTAL-AB]B200404011.
[Article in Chinese]

Wei, B, Li, Y, Li, H., Yu,]., Ye, B,,and Liang, T. (2013). Rare earth elements

in human hair from a mining area of China, || I . °6.
pp. 118-123.

Wuy, ], Yang, ], Liu, Q., Wu, S.,, Ma, H,, and Cai, Y. (2013). Lanthanum
induced primary neuronal apoptosis through mitochondrial
dysfunction modulated by Ca?* and Bcl-2 family, | ..
152, pp. 125-134.

Wu, S, Hu, C., He, M., Chen, B., and Hu, B. (2013). Capillary microextrac-
tion combined with fluorinating assisted electrothermal vaporization
inductively coupled plasma optical emission spectrometry for the de-

termination of trace lanthanum, europium, dysprosium and yttrium in
human hair, Jglgatg 115, pp. 342-348.

Xiao, B, Ji, Y, and Cui, M. (1997). Effects of lanthanum and cerium
on malignant proliferation and expression of tumor-related gene,
Zhonghua Yu Fang Yi Xue Za Zhi, 31, pp. 228-230. [Article in Chinese]

Yang, ]. H,, Liu, Q. E Wu, S. W, Zhang, L. F, and Cai, Y. (2011). Effects of
lanthanum chloride on the expression of immediate early genes in the
hippocampus of rats, Zhonghua Yu Fang Yi Xue Za Zhi, 45, pp. 340-343.
[Article in Chinese]

Yang, ]., Liu, Q. Qi, M,, Lu, S., Wy, S,, Xi, Q., and Cai, Y. (2013). Lanthanum
chloride promotes mitochondrial apoptotic pathway in primary
cultured rat astrocytes, i 28, pp- 489-497.

Yang, ], Liu, Q, Wu, S, Xi, Q., and Caij, Y. (2013). Effects of lanthanum
chloride on glutamate level, intracellular calcium concentration and
caspases expression in the rat hippocampus, Rigiagégds 26, pp- 43-59.
Yang, J., Liu, Q., Wy, S,, Zhang, L., Qi, M,, Ly, S,, and Caj, Y. (2011). Effects
of lanthanum on the phosphorylation of cAMP response element
binding protein and expression of immediate early genes in the
hippocampal CA3 area of rats, Wei Sheng Yan Jiu, 40, pp. 299-303.
[Article in Chinese]

Yongxing, W., Xiaorong, W,, and Zichun, H. (2000). Genotoxicity of
lanthanum (III) and gadolinium (III) in human peripheral blood
lymphocytes, —, 64, pp. 611-616.

Zhang, D. Y, Shen, X. Y, Ruan, Q. Xu, X. L, Yang, S. P, Ly, Y, Xu, H. Y,
and Hao, F. L. (2014). Effects of subchronic samarium exposure on the
histopathological structure and apoptosis regulation in mouse testis,

I . 37, pp. 505-512.

45


http://en.cnki.com.cn/Article_en/CJFDTOTAL-ABJB200404011
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs10534-012-9593-z
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.ecoenv.2013.05.031
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs001280000047
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs12011-013-9601-3
http://www.crcnetbase.com/action/showLinks?crossref=10.1002%2Ftox.20738
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.etap.2014.01.007
http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.talanta.2013.05.044

46

Trends in Occupational Toxicology of Rare Earth Elements

60.

61.

62.

Zhang, L. (2014). Towards sustainable rare earth mining: A study of
occupational and community health issues. A thesis master of applied
science in the Faculty of Graduate and Postdoctoral Studies (Mining
Engineering), The University of British Columbia, Vancouver, Canada.

Zhang, M., Ma, S., Xu, K,, and Chu, P. K. (2015). Corrosion resistance
of praseodymium-ion-implanted TiN coatings in blood and
cytocompatibility with vascular endothelial cells, Logua, 117, pp.
73-80.

Zheng, L., Yang, ]., Liy, Q. Yu, F, Wy, S,, Jin, C,, Ly, X,, Zhang, L., Dy, Y,, Xi,
Q., and Cai, Y. (2013). Lanthanum chloride impairs spatial learning and
memory and downregulates NF-kB signalling pathway in rats, 4rch,

Toxical, 87, pp. 2105-2117.


http://www.crcnetbase.com/action/showLinks?crossref=10.1016%2Fj.vacuum.2015.04.014
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs00204-013-1076-7
http://www.crcnetbase.com/action/showLinks?crossref=10.1007%2Fs00204-013-1076-7

	Cit p_94:1: 
	Cit p_98:1: 
	Cit p_98:2: 
	Cit p_95:1: 
	Cit p_92:1: 
	Cit p_96:1: 
	Cit p_93:1: 
	Cit p_105:1: 
	Cit p_106:1: 
	Cit p_103:1: 
	Cit p_99:1: 
	Cit p_107:1: 
	Cit p_111:1: 
	Cit p_100:1: 
	Cit p_104:1: 
	Cit p_104:2: 
	Cit p_108:1: 
	Cit p_101:1: 
	Cit p_116:1: 
	Cit p_120:1: 
	Cit p_113:1: 
	Cit p_117:1: 
	Cit p_117:2: 
	Cit p_121:1: 
	Cit p_114:1: 
	Cit p_114:2: 
	Cit p_115:1: 
	Cit p_119:1: 
	Cit p_112:1: 
	Cit p_131:1: 
	Cit p_124:1: 
	Cit p_128:1: 
	Cit p_132:1: 
	Cit p_125:1: 
	Cit p_129:1: 
	Cit p_133:1: 
	Cit p_133:2: 
	Cit p_126:1: 
	Cit p_130:1: 
	Cit p_134:1: 
	Cit p_123:1: 
	Cit p_123:2: 
	Cit p_127:1: 
	Cit p_146:1: 
	Cit p_146:2: 
	Cit p_139:1: 
	Cit p_143:1: 
	Cit p_143:2: 
	Cit p_144:1: 
	Cit p_137:1: 
	Cit p_141:1: 
	Cit p_145:1: 
	Cit p_138:1: 
	Cit p_142:1: 
	Cit p_142:2: 
	Cit p_157:1: 
	Cit p_150:1: 
	Cit p_154:1: 
	Cit p_147:1: 
	Cit p_147:2: 
	Cit p_151:1: 
	Cit p_155:1: 
	Cit p_148:1: 
	Cit p_152:1: 
	Cit p_156:1: 
	Cit p_156:2: 
	Cit p_149:1: 
	Cit p_153:1: 
	Cit p_161:1: 
	Cit p_161:2: 
	Cit p_165:1: 
	Cit p_162:1: 
	Cit p_166:1: 
	Cit p_159:1: 
	Cit p_159:2: 
	Cit p_163:1: 
	Cit p_167:1: 
	Cit p_160:1: 
	Cit p_164:1: 
	Cit p_164:2: 
	Cit p_1:1: 
	Cit p_9:1: 
	Cit p_2:1: 
	Cit p_6:1: 
	Cit p_3:1: 
	Cit p_10:1: 
	Cit p_7:1: 
	Cit p_8:1: 
	Cit p_19:1: 
	Cit p_12:1: 
	Cit p_16:1: 
	Cit p_16:2: 
	Cit p_13:1: 
	Cit p_17:1: 
	Cit p_14:1: 
	Cit p_18:1: 
	Cit p_11:1: 
	Cit p_30:1: 
	Cit p_23:1: 
	Cit p_27:1: 
	Cit p_27:2: 
	Cit p_24:1: 
	Cit p_28:1: 
	Cit p_28:2: 
	Cit p_21:1: 
	Cit p_21:2: 
	Cit p_25:1: 
	Cit p_29:1: 
	Cit p_26:1: 
	Cit p_26:2: 
	Cit p_42:1: 
	Cit p_31:1: 
	Cit p_35:1: 
	Cit p_39:1: 
	Cit p_43:1: 
	Cit p_36:1: 
	Cit p_40:1: 
	Cit p_44:1: 
	Cit p_33:1: 
	Cit p_37:1: 
	Cit p_41:1: 
	Cit p_45:1: 
	Cit p_49:1: 
	Cit p_53:1: 
	Cit p_46:1: 
	Cit p_50:1: 
	Cit p_50:2: 
	Cit p_47:1: 
	Cit p_47:2: 
	Cit p_52:1: 
	Cit p_56:1: 
	Cit p_56:2: 
	Cit p_60:1: 
	Cit p_57:1: 
	Cit p_61:1: 
	Cit p_61:2: 
	Cit p_58:1: 
	Cit p_62:1: 
	Cit p_55:1: 
	Cit p_59:1: 
	Cit p_5:1: 
	1: 
	Cit p_12:1: 
	Cit p_6:1: 
	Cit p_10:1: 
	Cit p_11:1: 
	Cit p_8:1: 

	Cit p_4:1: 
	Cit p_8:2: 
	Cit p_15:1: 
	Cit p_20:1: 
	Cit p_24:2: 
	Cit p_13:2: 
	Cit p_22:1: 
	Cit p_34:1: 
	Cit p_34:2: 
	Cit p_32:1: 
	Cit p_29:2: 
	Cit p_33:2: 
	Cit p_38:1: 
	Cit p_38:2: 
	Cit p_54:1: 
	Cit p_48:1: 
	Cit p_64:1: 
	Cit p_68:1: 
	Cit p_65:1: 
	Cit p_69:1: 
	Cit p_66:1: 
	Cit p_67:1: 
	Cit p_71:1: 
	Cit p_70:1: 
	2: 
	Cit p_5:1: 
	Cit p_2:1: 
	Cit p_6:1: 
	Cit p_3:1: 
	Cit p_7:1: 
	Cit p_4:1: 

	Cit p_4:2: 
	Cit p_20:2: 
	Cit p_14:2: 
	Cit p_51:1: 
	Cit p_67:2: 
	Cit p_63:1: 
	3: 
	Cit p_7:1: 
	Cit p_11:1: 
	Cit p_9:1: 
	Cit p_13:1: 
	Cit p_6:1: 
	Cit p_8:1: 
	Cit p_12:1: 

	Cit p_42:2: 
	4: 
	Cit p_23:1: 
	Cit p_25:1: 
	Cit p_27:1: 
	Cit p_27:2: 
	Cit p_24:1: 
	Cit p_26:1: 

	Cit p_23:2: 
	Cit p_58:2: 
	Cit p_52:2: 
	5: 
	Cit p_1:1: 
	Cit p_5:1: 
	Cit p_9:1: 
	Cit p_2:1: 
	Cit p_3:1: 
	Cit p_10:1: 
	Cit p_7:1: 
	Cit p_4:1: 
	Cit p_8:1: 

	Cit p_9:2: 
	Cit p_3:2: 
	Cit p_19:2: 
	6: 
	Cit p_13:1: 
	Cit p_7:1: 
	Cit p_8:1: 
	Cit p_10:1: 
	Cit p_9:1: 
	Cit p_11:1: 
	Cit p_12:1: 

	Cit p_12:2: 
	Cit p_22:2: 
	Cit p_18:2: 
	Cit p_30:2: 
	Cit p_46:2: 
	Cit p_64:2: 
	Cit p_76:1: 
	Cit p_76:2: 
	Cit p_77:1: 
	Cit p_78:1: 
	Cit p_79:1: 
	Cit p_80:1: 
	Cit p_72:1: 
	Cit p_81:1: 
	Cit p_73:1: 
	Cit p_81:2: 
	Cit p_74:1: 
	Cit p_75:1: 
	Cit p_75:2: 
	Cit p_84:1: 
	Cit p_92:2: 
	Cit p_84:2: 
	Cit p_85:1: 
	Cit p_85:2: 
	Cit p_86:1: 
	Cit p_87:1: 
	Cit p_88:1: 
	Cit p_89:1: 
	Cit p_89:2: 
	Cit p_90:1: 
	Cit p_91:1: 
	Cit p_83:1: 
	Cit p_83:2: 
	Cit p_100:2: 
	Cit p_102:1: 
	Cit p_102:2: 
	Cit p_109:1: 
	Cit p_110:1: 
	7: 
	Cit p_9:1: 
	Cit p_6:1: 
	Cit p_10:1: 
	Cit p_1:1: 
	Cit p_5:1: 

	8: 
	Cit p_5:1: 
	Cit p_3:1: 
	Cit p_7:1: 
	Cit p_4:1: 

	Cit p_5:2: 
	Cit p_10:2: 
	Cit p_10:3: 
	Cit p_62:2: 


