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a b s t r a c t

In the recent decades, rare earth elements (REE) have undergone a steady spread in several industrial and
medical applications, and in agriculture. Relatively scarce information has been acquired to date on REE-
associated biological effects, from studies of bioaccumulation and of bioassays on animal, plant and
models; a few case reports have focused on human health effects following occupational REE exposures,
in the present lack of epidemiological studies of occupationally exposed groups. The literature is mostly
confined to reports on few REE, namely cerium and lanthanum, whereas substantial information gaps
persist on the health effects of other REE. An established action mechanism in REE-associated health
effects relates to modulating oxidative stress, analogous to the recognized redox mechanisms observed
for other transition elements. 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 demonstrated that REE, like a number of other xenobiotics, follow
hormetic concentration-related trends, implying stimulatory or protective effects at low levels, then
adverse effects at higher concentrations. Another major role for REE-associated effects should be focused
on pH-dependent REE speciation and hence toxicity. Few reports have demonstrated that environmental
acidification enhances REE toxicity; these data may assume particular relevance in REE-polluted acidic
soils and in REE mining areas characterized by concomitant REE and acid pollution. The likely en-
vironmental threats arising from REE exposures deserve a new line of research efforts.

& 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The widespread and growing relevance of REE in a number of
industrial, agricultural and medical technologies has become evi-
dent in the last decades (USEPA, 2012). Established and growing
evidence points to REE-related marine, freshwater and soil pollu-
tion, along with REE bioaccumulation (Tu et al., 1994; Moermond
et al., 2001; Hu et al., 2002; Bustamante and Miramand, 2005;
Kulaksız and Bau, 2011; Tranchida et al., 2011; Censi et al., 2013; Fu
et al., 2014; Liang et al., 2014). Despite the sharp rise in REE ex-
traction and manufacturing, hence growing environmental and
human exposures, the toxicological investigations on REE-asso-
ciated health effects have been relatively scarce up to recent years.
By comparing the toxicologic literature on other inorganic xeno-
biotics, the PubMed database provides approx. 1200 citations for
REE, vs., e.g., some 10,000 citations for cadmium. This state-of-art
leaves a number of unsolved questions as to any adverse effects of
REE pollution, toxicity mechanisms to biota, as well as occupa-
tional or iatrogenic or environmental human exposures.

Previous reviews on REE-associated biological effects have been
scanty, since the early paper by Haley (1965) rarely encompassing
more than one REE (Hirano and Suzuki, 1996; Cassee et al., 2011;
Rim et al., 2013). The present review is aimed at providing a
comprehensive survey of the literature focused on REE-associated
health effects from studies conducted in vitro, in animals, and in
plants, along with few case reports or geographic studies from
human exposures, in the attempt to highlight the major knowl-
edge gaps, and pointing to the roles of three relevant phenomena
involved in REE-related effects, i.e. oxidative stress, hormesis, and
medium acidification.

An outstanding limitation of REE-associated health effects
shows that the toxicological database is mostly confined to Ce and
La, with lesser information available for Gd and Nd, and scanty
data available for the other REE, especially for heavy REE. These
are, nonetheless, relevant to manufacturing several technological
products as, e.g., alloys and magnets, hence with realistic impact
related to occupational and environmental exposures.

An apparent controversy between favorable and adverse REE-
associated health effects is discussed and attributed to the well-
known hormesis phenomenon that has been reported for broad-
ranging xenobiotics and physical agents (reviewed by Calabrese,
2013; Mattson, 2008), consisting of a concentration- or dose-re-
lated shift from stimulatory to inhibitory effects. Clear-cut REE-
induced hormetic effects have been reported for extensive num-
bers of agents (Calabrese, 2010) and one may envision that
hormesis is displayed by several REE, thus recognizing that both
stimulatory and inhibitory findings can be recognized in a unified
scenario (Jenkins et al., 2011; Wang et al., 2012).

The role for redox imbalance leading to oxidative stress (OS)
has been established for several REE in a number of independent
studies conducted both in plant and animal models, suggesting
that OS may underlie REE-induced toxicity for most, if not all, REE
(Tseng et al., 2012; Wang et al., 2012; Zhao et al., 2013). It should
be noted that other studies have reported on antioxidant effects of
some REE, e.g. Ce oxide (CeO2), suggesting ad hoc clinical appli-
cations (Wong and McGinnis, 2014).

Human exposures to REE range from iatrogenic to occupational
routes, and likely or suspect environmental exposure routes. A
recognized iatrogenic exposure consists of Gd use as a contrast
agent in magnetic resonance imaging, up to reports on renal
toxicity (nephrogenic systemic fibrosis) in the last decade
(Thomsen, 2006; Chien et al., 2011; Bernstein et al., 2012). Occu-
pational exposures to REE dusts have been associated with ob-
servations of pneumoconiosis since early case reports (Sabbioni
et al., 1982; McDonald et al., 1995), yet no case-control or cohort
study has been retrieved in this review. Environmental exposures
in populations residing close to REE mining areas showed REE
bioaccumulation related to distance from mining sites (Peng et al.,
2003; Tong et al., 2004).

Another outcome of REE toxicity relates to the induction of
cytogenetic effects that have been detected both in plant and in
animal cells, such as inhibition of mitotic activity, mitotic aberra-
tions and induction of micronuclei (Huang et al., 2007; Oral et al.,
2010).

A few studies reported on pH-induced modulation of REE
toxicity, in some cases referring to “acid rain” (Liang and Wang,
2013), and other reports showed the toxicity modulation of acidic
ligands (Ould-Moussa et al., 2014). This limited body of literature
may be anticipated to predict a broader and environmentally re-
levant event, both due to the established notion of pH-modulated
toxicity of several metals (Luís et al., 2014; Pardo et al., 2014) and,
even more so, due to the concomitant pollution by REE and in-
organic acids in the areas surrounding-or downstream-REE mining
and manufacturing facilities (Tong et al., 2004; Olías et al., 2005;
Grawunder et al., 2014).

Altogether, the present review may offer some insights into the
current database on REE-associated health effects and its major
gaps, by addressing proper study design aimed at elucidating
presently open questions.
2. Methods

A MedLine retrieval up to January 2015 was carried out for
reports on individual REE or for REE mixtures. The papers re-
porting on toxicity of each REE were evaluated according to: (a)
health effects; (b) OS endpoints; (c) hormetic effects, (d) cytoge-
netic effects, and (e) pH-related effects. The reports failing to
provide clear-cut data for concentrations were not included for
evaluation, nor were included self-repeating reports of previous or
contemporary studies. The reports on radioactive REE (Pm) or on
REE radionuclides (e.g., 90Y, 166Ho) were not considered for this
review.
3. State-of-art in REE-associated health effects

Most of REE technological applications have been developed in
the last two decades, thus the early database on REE biological
effects has been scarce up to 1990s (Haley, 1965; Hirano and Su-
zuki, 1996). As shown in Fig. 1a, the reports on REE-induced effects
only started to grow in the last decade and at a faster pace since
2010; this trend appears more remarkable in Fig. 1b, showing the
number of reports per year that was more than doubled in the last
approx. five years (95 papers/yr) vs. the previous 2000–2009
decade (37 papers/yr). This trend witnesses a growing and more
focused attention toward REE-associated health effects. These in-
clude the opposite outcomes of the published studies, i.e. REE-
induced toxicity and a number of stimulatory or favorable effects
that raise, altogether, a partly unsolved controversy (see below,
Section 6).

Independently of reporting on favorable or adverse effects, the
current literature shows dramatic differences as to numbers of
papers focusing on individual REE. As shown in Fig. 2, by far most
of reviewed publications have focused on Ce (a total of 63 reports,
including 55 with toxicity findings and 8 with negative or favor-
able findings) and La (55 reports), while lesser numbers of reports
were published on Gd (21), Nd (16), and Y (15), Pr (10); Tb and Yb
(8), and scanty numbers of reports for the other REE. This in-
formation frame suggests that a relatively adequate database is
confined to two REE, Ce and La, whereas the health effects asso-
ciated with the other REE (especially heavy REE) are broadly



a
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Fig. 1. (a) Cumulative publication of journal articles on REE-associated health ef-
fects. (b) Rates of published articles per decade and in the present half-decade
(2010 to mid-2014).

Fig. 2. Published articles reporting on either toxic (■) or stimulatory (□) effects of
individual REE.
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unexplored. This information gap is in contrast with the on-going-
and growing-use of the other REE in several industries, both im-
plying concern for human occupational exposures and for en-
vironmental spread in mining areas and in manufacturing facil-
ities. This is case, e.g., for the production of magnetic alloys used
for hybrid engines and utilizing Nd, Dy and Sm (Haley et al., 1961;
Weilin et al., 2006; USEPA, 2009; Alonso et al., 2012). Altogether,
the current state-of-art prompts substantial efforts to elucidate the
health effects associated with a number of as yet underscored REE.
4. Redox mechanisms in REE-associated health effects

The role for redox mechanisms in the toxicity of several tran-
sition elements (primarily, yet not confined to iron and copper)
has been long recognized since early reports dating back to 1980s
(reviewed by Stohs and Bagchi, 1995; Toyokuni, 1996). The oc-
currence of redox mechanisms in the biological effects of REE has
been reported by few papers on Tb and Yb toxicity (Shimada et al.,
1996; Hongyan et al., 2002), and found to result in either anti-
oxidant or prooxidant activity (Kawagoe et al., 2005; Schubert
et al., 2006; Lin et al., 2006; Wong and McGinnis, 2014).

As shown in Table 1, oxidative stress (OS)-related effects have
been reported for seven REE, namely Y (Marubashi et al., 1998; Fu
et al., 2014), La (Huang et al., 2011; Liang and Wang, 2013; Wu
et al., 2013), Ce (Li et al., 2010a; Zhao et al., 2011; Rico et al., 2013;
Hong et al., 2014), Nd (Li et al., 2010b; Huang et al., 2011; Zhao
et al., 2011), Gd (Xia et al., 2011; Ghio et al., 2011; Pereira et al.,
2012; Cho et al., 2014), Tb (Shimada et al., 1996; Jiang et al., 2011)
and Yb (Hongyan et al., 2002).

The most frequently investigated OS endpoints were reactive
oxygen species (ROS) formation, lipid peroxidation, and modula-
tion of antioxidant activities, such as superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx). This database
was obtained from studies conducted in plants and in fish, rats and
mice, or animal cells (Table 1), and altogether points to REE-in-
duced prooxidant states. Nevertheless, opposite-antioxidant-ac-
tion was reported in several studies (Kawagoe et al., 2005; Schu-
bert et al., 2006; Wong and McGinnis, 2014; Li et al., 2014), and
this apparent controversy will be discussed below (Section 6).
5. REE human exposures

5.1. Gadolinium iatrogenic exposure

Gadolinium is routinely utilized as a magnetic resonance ima-
ging contrast agent (CA). Favorable safety profiles of Gd-based CA
had been reported in previous studies (reviewed by Kirchin and
Runge, 2003). However, a severe reaction known as nephrogenic
systemic fibrosis was reported in patients (Thomsen, 2006; Chien
et al., 2011; Bernstein et al., 2012; Chang et al., 2013). Darrah et al.
(2009) found excess Gd concentrations in the femoral head bones
of patients exposed to chelated Gd used as a CA for medical
imaging. This finding was related to an increased risk of en-
dogenous Gd release for patients with increased rates of bone
resorption. Thus, the diagnostic use of Gd-based CA is currently
managed with the caution of preventing severe renal
complications.

5.2. Occupational exposures

An early study by Palmer et al. (1987) tested the cytotoxicity of
some REE vs. Cd in rat pulmonary alveolar macrophages, and
found significant cytotoxicity of Ce, La and Nd; the authors pre-
dicted that “REE metal fumes should be considered as cytotoxic to
lung tissue and therefore potentially fibrogenic”.

The current database on REE occupational exposures is con-
fined to anecdotal information from case report studies, pointing
to observations of pneumoconiosis and interstitial lung disease in
REE-exposed workers (Sabbioni et al., 1982; Waring and Watling,
1990; Gong, 1996). McDonald et al. (1995) found Ce particles in the
lungs of a Ce-exposed worker by means of scanning electron mi-
croscopy with energy-dispersive X-ray analysis. Electron micro-
scopy evidence for Ce and La lung particles was provided in a
patient with an occupational history of REE exposure and affected
by dendriform pulmonary ossification and pneumoconiosis (Yoon
et al., 2005).

In the present lack both of adequate epidemiological studies
(such as cohort or case-control studies), and of animal evidence for
long-term effects of REE exposures, one may raise the question as
to other late effects of these exposures beyond pneumoconiosis,
such as other respiratory damage (or possible oncogenic out-
comes?), warranting ad hoc studies. A possible hint for the
working hypothesis of an involvement, if any, of REE in carcino-
genesis was provided by Zhuang et al. (1996), who found excess
levels of La, Ce, Gd, and Lu in brain tumor tissues from patients
with astrocytomas vs. normal human brain tissues. Finally, one
should reason that the most recognized agents both inducing
pneumoconiosis and respiratory cancer display OS-related action



Table 1
Oxidative stress-related findings in REE-associated toxicity.

Elements Test models Findings References

Yttrium Nymphoides peltata ↑↓ Superoxide dismutase (SOD) and glutathione (GSH) Fu et al. (2014)
Rats ↑ MnSOD activity Marubashi et al. (1998)

Lanthanum Soybean (Glycine max) ↓ Catalase (CAT) and glutathione peroxidase (GPx); ↑ H2O2 accumulation and lipid
peroxidation

Liang and Wang (2013)

Cerebral cortical neurons ↑ ROS formation; mitochondrial dysfunction Wu et al. (2013)
Rat liver ↓ SOD and CAT; ↑ GPx, GSH and malondialdehyde (MDA) Huang et al. (2011)

Cerium Mice ↑ ROS and lipid peroxidation; ↓ antioxidant capacity; Hong et al. (2014)
↑ Proinflammatory cytokines, cyclooxygenase-2 Zhao et al. (2011)
↑ Lipid peroxidation; ↓ antioxidant capacity; Li et al. (2010)
↓ SOD and CAT

Oryza sativa ↑ H2O2 and lipid peroxidation Rico et al. (2013)
Human lung epithelial cells (↑) ROS, (↓) GSH and induction of OS-related genes Park et al. (2008)

Neodymium Rat liver ↓ SOD and CAT; ↑ GPx, GSH and MDA Huang et al. (2011)
Mice ↑ Lipid peroxidation; ↓ antioxidant capacity; Zhao et al. (2011)

↓ SOD and CAT Li et al. (2010)
Gadolinium Human lymphocytes ↑ ROS formation Cho et al. (2014)

Rats ↑ Ferritin, transferrin oversaturation; and lipid peroxidation Pereira et al. (2012)
N-acetylcysteine (NAC) protection

Rat cortical neurons ↑ ROS formation; NAC protection Xia et al. (2011)
Four cell lines ↑ Ferritin increased iron import Ghio et al. (2011)

Terbium Horseradish (Armoracia rusticana) ↑ ROS and lipid peroxidation Jiang et al. (2011)
Mice ↓ SOD, CAT and GPx; ↑ lipid peroxidation Shimada et al. (1996)

Ytterbium Carassius auratus ↑↓ SOD, CAT and GPx Hongyan et al. (2002)

G. Pagano et al. / Ecotoxicology and Environmental Safety 115 (2015) 40–48 43
mechanisms (reviewed by Liu et al., 2013) that, indeed, are exerted
by REE as above discussed in Section 4.

5.3. Environmental exposures

Cerium compounds are currently used as diesel fuel additives
and as abrasives in printed circuit manufacture (Ma et al., 2011;
USEPA, 2012; Yokel et al., 2012), thus resulting in the emission of
CeO2 nanoparticles in the exhaust and/or in dust or fume. An
animal inhalation study reported an increased IL-12 production by
alveolar macrophages (AM) and increased AM apoptosis, and in-
creased suppressor of cytokine signaling-1 (Ma et al., 2011). A
recent report of this group found that CeO2 induces a sustained
inflammatory response, along with activated AM and lymphocyte
secretion of the proinflammatory cytokines IL-12 and IFN-γ, re-
spectively. Lymph nodes from rats exposed to diesel exhaust par-
ticles (DEP)þCeO2 showed significantly larger particle clumps
than in animals exposed to CeO2 or DEP alone, and with dense
clumps spreading throughout the lymph nodes (Ma et al., 2014).
The authors concluded that CeO2 as diesel fuel catalyst may cause
health concerns. A study by Cassee et al. (2012) investigated the
effects of DEP vs. CeO2-containing DEP (Ce-DEP) in athero-
sclerosis-prone mice, and found controversial outcomes, i.e. an
increased size and complexity of the atherosclerotic plaques fol-
lowing DEP exposure, not evident in the Ce-DEP group. However,
Ce-DEP exposure resulted in increased levels of proinflammatory
cytokines in a brain region and in liver. A specific liver toxicity was
reported by Yokel et al. (2012), who tested the effects of an i.v.
infusion of 5% aqueous dispersion of citrate-stabilized 30 nm CeO2

nanoparticles to rats, and found liver granulomas and time-de-
pendent OS changes both in liver and in spleen. Nanoscale ceria
was persistently retained by organs of the mononuclear phagocyte
system, associated with adverse changes. Similar results were
observed by Tseng et al. (2012), who found acute ceria nano-
particle sequestration by Kupffer cells with subsequent bioreten-
tion in parenchymal cells.

Altogether these data may raise concern about the possible
health effects of environmental exposures to CeO2 nanoparticles
and should prompt ad hoc, as yet lacking studies of CeO2 air levels
in heavy traffic areas and of possible bioaccumulation and health
effects of Ce-contaminated diesel exhaust particulate. The possible
effects of prolonged occupational exposures to heavy concentra-
tions of CeO2 nanoparticles, e.g. for workers at truck depots or for
municipal guards might raise unsolved questions as to possible
Ce bioaccumulation and health effects, warranting adequate in-
vestigations. Our unpublished analyses of diesel exhaust particu-
late collected on the ground of a bus depot confirm the presence of
CeO2 nanoparticles, thus supporting the need for ad hoc studies of
possible health effects in exposed workers.

Human environmental exposures to REE have been in-
vestigated in a number of biomonitoring studies mostly focused
on REE mixtures, or on Ce, and as function of distance from REE
mining areas. Two studies performed biomonitoring of REE levels
in scalp hair from a total of 71 children and 62 of their mothers as
a function of distance from mining and surrounding areas in
Southern China, and found a significant correlation between Ce
levels and distances from mining sites (Peng et al., 2003; Tong
et al., 2004).
6. Hormesis in REE-associated health effects

The literature on REE-associated health effects displays appar-
ently controversial findings of stimulatory and beneficial effects as
well as of inhibitory and adverse effects. The current state-of-art
has led to opposite views and strategies, ranging from the agri-
cultural use of REE mixtures as fertilizers-mainly in China – (re-
viewed by Pang et al., 2002; USEPA, 2012) up to concern for REE-
associated threats to environmental health (see below).

The observation of such opposite effects is not new in toxicol-
ogy and pharmacology, as far as non-monotonic concentration- or
dose-related trends have been known since ancient science and
medicine (e.g. Paracelsus) (Jonas and Ives, 2008), and currently
recognized as hormesis (reviewed by Mattson, 2008; Calabrese,
2013). A hormetic trend displays concentration-related effects, by
increases or improvements in biological events (e.g. growth) at
low levels of an agent, followed by inhibitory or toxic effects at
increasing doses/concentrations. In order to detect hormetic
trends, extensive dose/concentration ranges should be evaluated
(e.g., four to five concentration orders of magnitude), thus en-
abling the observation both of stimulatory and of inhibitory
effects.



Table 2
Hormesis-related REE toxicity reports.

Elements Concentration Test models Findings References

Multiple (14) REE 1–10 μM (↑) Human keratinocytes Matrix metalloproteinase-1 (MMP-1) Jenkins et al. (2011)
50–100 μM (↓) Cell proliferation

Y(III) 11–56 mM Nymphoides peltata Photosynthetic pigments, nutrient contents, enzymatic
and non-enzymatic antioxidants, and ultrastructure

Fu et al. (2014)

La(III) 2–480 mM Vicia faba seedlings (↑↓) Catalase (CAT), guaiacol peroxidase (GPX), and
ascorbate peroxidase (APX)

Wang et al. (2011)

0.1–50 mM Bovine vascular smooth
muscle cells

Calcium deposition; β-glycerophosphate-induced al-
kaline phosphatase; apoptosis

Zhao et al. (2012)

0.1 nM–0.1 μM (↑) Murine preosteoblast Proliferation; osteogenic differentiation, Liu et al. (2012)
1 mM (↓) MC3T3-E1 cell line and mineralization

La(III) 82 μMþpH 4.5 (↑) Oryza sativa seedlings Net photosynthetic rate, stomatic Wang et al. (2014)
þ pH decrease 82 μMþpH 3.5 (↓) Conductance, intercellular CO2

2.45 mMþpH 2.5 (↓↓) Concentration and Hill reaction activity
CeO2 nanoparticles (nCeO2) 0.3–3 mM Oryza sativa (↑↓) Lipid peroxidation; fatty acid and lignin content;

electrolyte leakage
Rico et al. (2013)

0.1–1.6 mM Carassius auratus (↑↓) Naþ/Kþ-ATPase induction Xia et al. (2013)
1.7�10�7–1.7�10�5 M Anabaena CPB4337 and P.

subcapitata
(↑↓) photosynthesis; ROS formation Rodea-Palomares

et al. (2012)
Ce(III) 10–80 μM Armoracia rusticana (↑↓) Membrane proteins; plasma membrane Yang et al. (2012)
Ce(IV) 10�8–10�5 M Paracentrotus lividus (em-

bryos and sperm)
Hormetic trends in fertilization rate, mitotic abnorm-
alities and developmental defects in offspring of ex-
posed sperm

Oral et al. (2010)

Pr(III) 20–80 mg/kg Rats (i.v.) (↑↓) Lecithin:cholesterol acyltransferase and ery-
throcyte osmotic fragility

Godin and Frohlich
(1981)

Gd(III) (insoluble vs. solubilized
with organic chelators)

12.5–125 μM Human dermal fibroblasts (↑↓) Proliferation vs. toxicity Bleavins et al.
(2012)

Gd-based contrast agents 10�5–10�3 M Human dermal fibroblasts (↑↓) Proliferation vs. toxicity Edward et al. (2010)
Ho(III) o10�5–10�3 M Vicia faba (↑↓) Micronuclei; chromosomal aberrations and mitotic

index
Qu et al. (2004)
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The available database of REE-associated effects appear to fol-
low hormetic trends in a number of studies having tested several
REE. As shown in Table 2, REE mixtures and individual REE have
been tested for a number of endpoints resulting in hormetic
trends.

An extensive study by Jenkins et al. (2011) evaluated the effects
of fourteen REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
and Lu) on human keratinocytes by testing the expression of
matrix metalloproteinase-1 and cell proliferation. REE concentra-
tions ranged from 1 to 100 μM and both of tested endpoints
showed clear-cut hormetic effects that were exerted, to different
extents, by all assayed REE with stimulatory effects at 1–10 μM
followed by inhibition at 50–100 μM (Jenkins et al., 2011).

The aquatic plant Nymphoides peltata was exposed to Y(III) at
concentrations ranging from 1 to 5 mg/l (E11–56 μM). Despite
this quite narrow concentration range, peroxidase activity was
induced, while initial rises in SOD activity and glutathione content
were followed by subsequent declines; some of the tested end-
points, such as ascorbate levels and catalase activity decreased
significantly for all Y(III) concentrations (Fu et al., 2014).

More extensive studies have been carried out by testing La(III)
and reporting on hormetic trends, in concentration ranges en-
compassing three (or more) orders of magnitude. Wang et al.
(2011) tested La(III) at concentrations ranging from 2 to 480 mM in
Vicia faba seedlings, and found concentration-related hormetic
trends for catalase, guaiacol peroxidase and ascorbate peroxidase
activities. Bovine vascular smooth muscle cells were exposed to La
(III) (0.1–50 mM) and tested for calcium deposition, β-glycer-
ophosphate-induced alkaline phosphatase activity and apoptosis,
finding concentration-related hormetic trends (Zhao et al., 2012).
Liu et al. (2012) exposed a murine preosteoblast cell line to La(III)
at concentrations ranging from 0.1 nM to 1 mM by testing cell
proliferation and osteogenic differentiation, and found stimulatory
effects by 0.1 nM–0.1 μM La(III) concentrations with a progressive
endpoint suppression at higher La(III) concentrations up to 1 mM.
In a recent report Wang et al. (2014) tested La(III) at concentra-
tions ranging from 82 μM to 2.45 mM and at three pH values (4.5,
3.5 and 2.5) in rice seedlings, and found that low-level La(III) at pH
4.5 enhanced photosynthetic activity, which was depressed by
higher La(III) levels and pH decrease.

Data on Ce-associated hormetic trends have been reported for
nCeO2, Ce(III) and Ce(IV). Rico et al. (2013) tested nCeO2 in rice
seedlings (Oryza sativa) at nominal concentrations ranging from
0.3 to 3 mM for lipid peroxidation, fatty acid and lignin content,
and electrolyte leakage, and found hormetic trends for all end-
points. The same effects were reported by testing nCeO2 (0.1 to
1.6 mM) in Carassius auratus for Naþ/Kþ-ATPase induction (Xia
et al., 2013), and in algae (Anabaena CPB4337 and Pseudo-
kirchneriella subcapitata) exposed to nCeO2 (0.17–17 μM) tested for
photosynthesis and ROS formation (Rodea-Palomares et al., 2012).

Horseradish (Armoracia rusticana) seedlings were exposed to
Ce(III) at concentrations ranging from 10 to 80 μM and hormetic
trends were observed for membrane proteins and plasma mem-
brane structure (Yang et al., 2012). We tested Ce(IV) (0.01–10 μM)
in sea urchin (Paracentrotus lividus) embryos and sperm and found
hormetic trends in sperm fertilization rate, mitotic abnormalities,
and developmental defects in the offspring of exposed sperm.
Exposure to La(III) in the same study resulted in lesser toxicity
than Ce(IV), however with non-monotonic concentration-related
trends (Oral et al., 2010).

An early study by Godin and Frohlich (1981), conducted an i.v.
administration of Pr nitrate (PrN) to rats reported on “paradoxical
pathophysiological effects”, since low PrN doses (20 and 40 mg/kg)
decreased plasma lecithin:cholesterol acyltransferase activity and
erythrocyte osmotic fragility, while a higher PrN dose (80 mg/kg)
increased both.

Different Gd compounds, i.e. insoluble or solubilized salts with
organic chelators, or ionic and nonionic linear and macrocyclic
contrast agents, at concentrations ranging from 10 μM to 1 mM,
were tested in human dermal fibroblasts; two independent studies
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found cell proliferation at low Gd levels, turning to toxicity and cell
lysis at high Gd concentrations (Edward et al., 2010; Bleavins et al.,
2012).

A hormetic trend for Ho(III) was suggested by Qu et al. (2004),
who treated V. faba root tips with Ho nitrate at concentrations
from o10 μM to 1 mM, and reported an increase in root tip
growth-hence suggesting an increase in mitotic activity at Ho(III)
levels o10 μM, whereas higher Ho(III) levels both induced cyto-
genetic anomalies and decreased mitotic index.

Altogether, the available database provides substantial evi-
dence of hormetic trends for most of REE, as per the above cited
literature and, especially, based on the systematic investigation by
Jenkins et al. (2011), who found hormetic trends for fourteen REE.
The occurrence of this phenomenon, otherwise broadly recognized
for a number of xenobiotics (Calabrese, 2010), accounts for the
only apparent controversy between beneficial and adverse effects
of REE. On the other hand, this database should raise warnings
about the use of REE in agriculture, that might possibly conceal
long-term adverse effects due to bioaccumulation and/or excess
soil REE concentration. Finally, one should recognize that a con-
sistent body of literature points to antioxidant roles of REE both in
plants and in animals (Liang and Wang, 2013; Ciofani et al., 2013;
Wong and McGinnis, 2014). Thus, future studies should both
consider health concern and prospect beneficial use of REE based
on appropriate evaluation of beneficial and adverse effects of REE
exposures in plants, animals and humans.
7. REE-induced cytogenetic effects

One of the adverse effects of REE consists of changes in mitotic
activity or cytogenetic anomalies. As shown in Table 3, few in-
dependent reports have focused on these outcomes following REE
exposures. Cerium was tested as Ce(III) or Ce(IV) salts in two in-
dependent studies utilizing maize and sea urchin embryos and
gametes, respectively (Huang et al., 2007; Oral et al., 2010); cy-
togenetic anomalies included increased micronuclei formation in
maize root tips (Huang et al., 2007) and excess mitotic aberrations
both in Ce-exposed embryos and in the offspring of Ce-pretreated
sea urchin sperm (Oral et al., 2010). No cytogenetic effects were
observed by exposing sea urchin embryos or sperm to La(III) (0.1
to 10 μM). No adverse effects were reported by Pierscionek et al.
(2010) who tested nCeO2 in human lens epithelial cells; however,
the narrow concentration range utilized in this study (5 and 10 μg/
ml) may have prevented the observation of possible adverse ef-
fects by testing a more extensive concentration range that might
display adverse trends.

The study by Huang et al. (2007) provided evidence for excess
micronuclei formation by testing Ce(III), Er(III), Sm(III), Y(III), and
Eu(III) in maize root tips, finding different effective concentrations
from 1 to 10 μM. Also this study failed to find any significant ex-
cess micronuclei formation by La(III) exposure.
Table 3
Selected cytogenetic effects findings for REE.

Elements Test models Findings

Multiple Zea mais (↑) Micronuclei by Ce(III) r25 mg/
and Eu(III) r125 mg/l; no significa

Ce(IV) & La(III) Sea urchin (Paracentrotus
lividus)

Ce(IV)-induced mitotic aberrations;

Pr(III) & Nd(III) Vicia faba (↑) Micronuclei; mitotic & chromos
Mouse bone marrow cells (↑) Chromosomal aberrations

Ho(III) Vicia faba (↑↓) Micronuclei; chromosomal abe
Tb(III) Human telomeric DNA htel21 Quadruplex is stabilized by l

quadruplex
The effects of Pr(III) and Nd(III) were tested for cytogenetic
abnormalities by Jha and Singh (1994) in V. faba root tips reared in
Pr(III) and Nd(III) in a millimolar range (0.1–0.5%); in a subsequent
study (Jha and Singh, 1995) Pr(III) and Nd(III) were tested in mouse
bone marrow cells following in vivo administration at dosages
ranging from E5 to E40 mg/100 g b.w. Both studies found Pr(III)-
and Nd(III)-induced cytogenetic abnormalities, including micro-
nuclei and chromosomal aberrations. The same results were re-
ported by Qu et al. (2004) who tested Ho(III) in V. faba root tips for
growth and cytogenetic abnormalities. This study also found a
growth increase at Ho(III) concentrations below 4 mg/l, followed
by growth inhibition and increase in cytogenetic abnormalities at
higher Ho(III) levels.

Though so far limited to few reports, one may consider cyto-
genetic effects as a shared property of REE, awaiting ad hoc studies
both in experimental sets and, desirably, among occupationally
REE-exposed groups.
8. pH-dependent modulation of REE toxicity

A pH-dependent toxicity modulation of several metals has long
been established as related to environmental acidification in-
cluding, yet not confined to, acid rain (reviewed by Goyer et al.,
1985; Soskolne et al., 1989; Singh and Agrawal, 2008). Likewise,
REE toxicity has been found to be modulated by medium acid-
ification, and a few studies reported on pH-induced modulation of
REE toxicity, as reported in Table 4.

Combined exposures to La(III) (from 6 μM to 0.85 mM) and pH
decrease (4.5–3) were tested in soybean and rice leaves and roots,
with combined effect of La(III) and pH decrease on photosyntetic
activity (Liang et al., 2010; Wang et al., 2014), chloroplast ultra-
structure (Wen et al., 2011), and in decreased catalase and per-
oxidase activities, along with increased H2O2 production and lipid
peroxidation (Liang and Wang, 2013). Wang et al. (2014) reported
that combined treatment of high-level La(III) and low pH had
more severe effects on photosynthesis in rice than La(III) or acid
exposure alone.

A study by Ma et al. (2011) reported on dissolution of La2O3

nanoparticles (NP) by acetic acid resulting in increased toxicity in
cucumber plants (Cucumis sativus), suggesting that organic acids
extruded from root cells played an important role in the phyto-
toxicity of La2O3 NPs.

A recent study (Thomas et al., 2014) tested the effects of three
REE [La(III), Ce(III) and Y(III)] in five plant species (Asclepias syriaca
L., Desmodium canadense L. DC, Panicum virgatum L., Raphanus
sativus L., and Solanum lycopersicum L.). REE were dissolved in soil
in an extensive range at seven to eight concentrations, within two
orders of magnitude [e.g., La(III) from 7 to 700 mg/kg]. Ce(III) was
also tested by comparing the effects of soil acidification (pH 4 vs.
pH 7). The most severe damage to germination was observed with
Ce(III) at low pH. The effects on growth inhibition showed
References
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Table 4
pH-related REE toxicity.

Elements Test models Findings References

La(III) Soybean (Glycine max) (↓) Photosynthetic parameters and chloroplast Liang et al. (2010)
Ultrasturcture by increasing La(III) and decreasing pH Wen et al. (2011)
(↓) Catalase and peroxidase, (↑) H2O2 accumulation and lipid peroxidation by 0.1 mM La
(III) at pH 4.5 and 3.0

Liang and Wang (2013)

nLa2O2 Cucumis sativus (↑) Dissolution and toxicity of La2O3 NPs by organic acids Ma et al. (2011)
La(III) þpH decrease Rice (Oryza sativa) Photosyntetic activity from (↑) La(III) 82 μMþpH 4.5 to (↓↓) La(III) 2450 μMþpH 2.5 Wang et al. (2014)
La(III), Ce(III) and Y(III) Five plant species (↓) Germination at pH 4 vs.(↑) at pH 6.7 Thomas et al. (2014)
nCeO2 Raphanus sativus Citric acid coating decreases CeO2 NPs toxicity Trujillo-Reyes et al. (2013)

Mouse fibroblasts Ould-Moussa et al. (2014)
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different species sensitivity, with reductions in biomass for the
two Canadian native forb species (A. syriaca and D. canadense).
Root bioaccumulation followed a dose-response trend. The au-
thors concluded that REE are of limited toxicity, although they
raised the concern about soil accumulation of these elements that
can result in plant toxicity (Thomas et al., 2014). One should
consider that agricultural activities may turn in relevant inputs of
REE in soil. Turra et al. (2011) reported that REE-containing ferti-
lizers may result in substantial increase in the REE content of the
soil and could cause harmful effects to the environment and hu-
mans. These adverse impacts may involve other trophic levels, as
reported by Li et al. (2010b) who found that a large input of REE
into the environment reduced soil macrofauna community
diversity.

Acid coating of nanoceria (nCeO2) was tested in two in-
dependent studies conducted in radish (Raphanus sativus) and in
mouse fibroblasts, with opposite results in plant vs. animal cells.
Citric acid (CAc)-coated nCeO2 was tested at concentrations ran-
ging from 50 to 200 mg/l resulting in improved radish seed ger-
mination (at 200 mg/l, or 1.16 mM) compared to bare nano-
particles with a significant increase in root biomass, increased
water content and reduced Ce uptake (Trujillo-Reyes et al., 2013).
The authors suggested that CAc coating decreases nCeO2 toxicity
to plants. One might note that a 1:4 (50–200) concentration range
might prevent these authors from observing any response shift
from stimulatory to inhibitory effects, which might be detected at
higher nCeO2 concentrations. Opposite to the above report, Ould-
Moussa et al. (2014) found that CAc-coated nCeO2 particles, but
not particles coated with poly(acrylic acid), enhanced Ce cell ab-
sorption and caused toxicity and moderate genotoxicity in mouse
fibroblasts at concentrations above 1 mM. As discussed in Section
6, opposite results may conceal the lack of suitably extensive
concentration ranges, which could allow observations of hormetic
trends both including stimulatory and inhibitory effects.

Altogether, the combined environmental spread of REE and
acidic pollution should be regarded-and possibly regulated-as a
serious environmental concern, especially in REE mining areas
where the occurrence both of mining by-products and of acid
pollution are well-established (Grawunder et al., 2014; Olías et al.,
2005).
9. Overview and conclusions

Broadly neglected as xenobiotics up to recent years, REE have
undergone an unprecedented boost of technological utilization in
the last two decades that implies the current-and growing-spread
of REE in environmental and occupational exposures. REE-asso-
ciated action mechanisms have been associated with redox re-
activity, involving ROS formation, lipid peroxidation and modula-
tion of antioxidant activities. In turn, REE exposures involve a
number of endpoints such as cell growth and differentiation,
membrane structure and stability, or some specific functions as
e.g. photosynthetic activity and cell division. The literature from
animal studies and limited data from human occupational ex-
posures suggests REE-induced tissue-specific bioaccumulation and
damage to lungs, liver and brain. An enhanced adverse action has
been found following combined exposures to REE and acidic
pollutants.

A controversy between stimulatory vs. inhibitory REE-asso-
ciated health effects has arisen in the literature, involving en-
vironmental, medical and agricultural sciences. Far from reaching
a dispute matter, this controversy may find substantial re-
conciliation in view of the hormesis phenomenon. This inter-
pretation both relies on some studies of REE-associated effects and
on an extensive body of literature dating back to the 19th century
that established the stimulatory effects of low-level toxicants
(Schulz, 1888; reviewed by Stebbing, 1982).

The currently thriving literature on REE-associated health ef-
fects is mostly confined to three REE (Ce, La and Gd), thus the
information for several REE remains relatively scarce, notwith-
standing their growing industrial utilization and, hence, environ-
mental spread and human exposures. This gap, along with several
open questions in REE health effects, shall be filled in the forth-
coming investigations.
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