
acid rain   118
activities
 chemopreventive   227, 228
 enzymatic   160
 microbial   5, 128, 130, 132, 133, 

135, 198, 202, 208, 270
 oxidative   3, 5, 21, 22, 27, 31, 47, 

48, 54, 58–60, 69, 70, 72, 73, 
75, 82–85, 87–89, 92, 93,  
96–98, 117, 118, 145, 156, 
173, 189, 269

 peroxidase   3, 53, 60, 97, 98, 
173

 photocatalytic   145
 photosynthetic   110, 143, 145, 

146
 radical scavenging   5, 70, 73, 79, 

80, 90, 173
agents
 acidifying   199
 anti-angiogenic   5, 96
 antibacterial   170
 anti-cancer   226
 biomonitoring   37, 39, 108, 109
 chelating   25
 chemopreventive   227, 228
 chemotherapy   38
 emulsifying   199
 oxidizing   13, 23, 55
 pro-oxidative   87
 radioactive   5, 70, 73, 79, 80, 90, 

173, 268
 radiopharmaceutical   13
 reducing   5, 15, 23, 38, 53, 73, 

89, 157, 189, 211, 263
 retino-protective   173
 therapeutic   5, 28, 37, 54, 60, 72, 

87–89, 96, 174, 240, 254, 269

Index

albino rats   87, 88, 98
algae   5, 6, 143–149, 188, 200
algal bioassays   144, 145
alloys   12–15, 35, 47, 172
 dental   13, 37
 magneto-restrictive   15
antioxidant   3–5, 13, 38, 49, 58, 60, 

69, 70, 72, 83, 85, 90, 97, 98, 
111, 116–118, 135, 156, 158, 
173, 188, 189, 269

 dietary   70, 161, 198, 199
antioxidant systems   111, 117, 118
apoptosis   26–28, 32, 84, 97, 99, 

117, 118, 173, 226
application
 biological   70, 100
 biomedical   13
 industrial   13, 37, 70, 108, 171, 

267
 nanotechnology   37, 161, 163, 

171
 nuclear industry   14, 15
 nuclear medicine   15
 ophthalmic   5, 92
 radioactive   14
 therapeutic   5, 37
aquatic ecosystems   107, 117, 200
aquatic macrophytes   200
aquatic plants   108, 117
assays
 biochemical   22
 methyl violet   53, 80
 multi-model   149

batteries   11–14, 32, 39, 171
 nuclear   14
bioaccumulation   1–5, 22, 47, 54, 

58, 108, 110, 131, 132, 143, 
144, 147–149, 267, 268



274 Index

biogeochemical cycles   38, 128, 
204

 global   204
 natural   198
biosorbent    5, 130, 133
biota   2, 4, 6, 108, 157, 158, 160, 

174, 208, 211, 271
 benthic   271
 planktonic   208
blood   23, 24, 35, 37, 39, 55, 56, 

89, 161, 204, 268
bone   4, 24, 30, 31, 34, 172, 196, 

198, 204
bone metabolism   196
bone repair   30
brain   22, 89, 160, 172, 173

calcium
 intra-nuclear   223
 ionic   220
 plasma   221, 229
 sub-optimal   225, 232
calcium channels   238
calcium signaling   223, 226
calcium supplementation   203, 

229
cancer   38, 60, 76, 82, 87, 92, 93, 

185, 226, 228, 240
carbon arc rods   13–15
carbonates   205, 208
catalase   3, 53, 59, 70, 77, 79, 84, 

97, 173, 230
catalysts   13, 14, 32, 37, 39, 48, 

53, 81
catalytic activities   70, 72, 74–77, 

79, 80
catalytic converters   13, 172
cell culture   5, 59, 70, 80, 82, 83, 

85, 92, 93, 118, 161, 228
cell death   38, 59, 83, 89, 93, 94, 

173, 226, 227
cell line   22, 83–85, 92, 97, 227
cell membrane   60, 222, 231
cell number   88, 226, 238

cell phones   14, 15
cell proliferation   60, 186, 221, 

223, 225
cell   3–6, 12–15, 22, 26–28, 32, 35, 

37, 38, 48, 59,  60, 69,  70, 72, 
73, 76, 79, 80, 82–89, 91–94, 
96–100, 111, 117, 118,  
128–135, 144–147, 161, 170, 
173, 186, 188, 189, 191, 196, 
198, 200, 220–241

 algal   147
 anchorage-dependent   222
 animal   3
 bone marrow   4
 bundle sheath   59
 leukemia   60
 lung-derived   230
 melanoma   92
 microbial   132
 mononuclear   32
 nerve   5
 parathyroid   225
 retinal   91, 92
 smooth muscle   198
 stele   111
 tissue culture   69
 tumor   38
 yeast   132
cell types   84, 86, 96, 100, 223, 

233, 240
cellular effects   76, 84, 86, 93
cell wall   26, 111, 117, 132, 133, 

135, 144
CeNPs see cerium oxide 

nanoparticles
CeNPs
 catalytic activity of   70, 71, 77, 

93, 94
 dextran-coated   92, 96
 injected   92
 low dose   89
 molecular mechanisms of   72, 

97, 98, 100
 monodispersed   81



275Index

 nonstoichiometric   71
 redox-active   87
 unlabeled   85
cerium   2, 5, 13, 23, 29, 49–55, 58, 

60, 69, 70, 73, 74, 78, 81, 82, 
116, 117, 128, 145, 155, 162, 
172, 189, 226, 230, 234–236, 
239, 256, 263

cerium oxide nanoparticles 
(CeNPs)   2, 52, 53, 59, 60, 
69–89, 91–100

chelate   51, 57, 230–232, 238, 239, 
258, 259

chloride salt   162, 163, 226, 231, 
233

chronic kidney disease (CKD)   198
clays   204–211
colon cancer   228
complex   18, 36, 51, 61, 129, 149, 

203, 206, 209, 222, 223, 235, 
252–256, 258–260, 262, 263

 aluminum–phosphorus   206
 bidentate   258, 259
 carbonate   37, 51, 203–205, 

208, 231, 232
 citrate   21, 23, 55, 263
 halide   13, 15, 49, 51
 multimeric protein   223
 neutral   17, 51, 75, 84, 96, 147, 

254, 258, 271
 polynuclear   255, 256
contrast agent   4, 25, 30, 57, 58, 

230, 235
crops   111, 113–115, 127, 128, 

136, 198

damage
 astrocytic   26
 cardiovascular   23, 55, 198, 203, 

229
 cytogenetic   4, 21, 34, 59, 156
 neuronal   26, 82, 88, 97, 98
 oxidative   3, 5, 21, 22, 27, 31, 47, 

48, 54, 58–60, 69, 70, 72, 73, 

75, 82–85, 87–89, 92, 96–98, 
117, 118, 145, 156, 173, 189, 
269

 respiratory   4, 20, 28, 34, 35, 37, 
58, 267, 268

dermal fibroblasts   92, 96, 224, 
231, 233, 236, 237

device   1, 14, 15, 48, 127, 129, 156
diesel exhaust particles (DEPs)   13
disease
 bone   198
 chronic kidney   198
 end-stage renal   235
 granulomatous   28, 32, 156, 230
 lung   21, 23, 55, 230, 238
 retinal blinding   92
dose–response relationships   89, 

113, 133, 183–191, 211, 231, 
236

dust   17–21, 23, 24, 28–31, 36, 
55–58, 70, 230, 236, 239, 268

 erbium   15, 25, 31, 50, 57, 128, 
226

 fibrogenic   22, 29
 radioactive   14, 20, 21, 24, 28, 

37, 56, 219, 268
 ytterbium    15, 21, 25, 31, 50, 

57, 128, 162, 226

ecosystem   59, 107, 117, 130, 174, 
200, 204, 206, 270, 271

endpoint   3, 6, 34, 37, 58, 143, 
146–148, 156, 159–161,  
164–170, 173, 186, 188, 237, 
268

europium   14, 24, 30, 50, 51, 56, 
128, 226

eutrophication   200, 205, 209–211

feces   22, 160, 201, 203, 204
fern   107, 108, 110, 111, 129
fertilizer   34, 107, 108, 113–115, 

127–129, 136, 196, 198, 200, 
201, 270



276 Index

fibroblast   92, 96, 220, 221–224, 
229–241

food chain   25, 129, 130, 158
function
 dose–response   185–187
 mitochondrial   59
 nervous system   158
 ribosomal   134
fungi   108, 129–132

gadobenate   231, 232
gadodiamide   231, 232, 238
gadolinium   4, 15, 21, 25, 30, 50, 

57, 58, 128, 155, 162,  
225–227, 230–233, 235–239

gene expression   32, 98, 135
gene   3–5, 13–15, 21, 23, 26, 27, 

28, 30, 32–34, 59, 84, 86,   
96–99, 134, 135, 161, 173, 235

genotoxicity   4, 34, 93
germination   60, 111, 112, 116
growth   3, 5, 21, 26, 34, 60, 72, 86, 

89, 92, 97, 110, 112, 114–116, 
127, 129, 131, 134, 135,  
143–149 156, 158, 170, 186, 
188, 189, 200, 219–228,  
231–234, 239, 240

harmful algal/cyanobacterial 
blooms (HABs)   200

health effects   18, 21, 34, 37, 54, 
144, 155, 160, 269, 271

holmium   15, 25, 31, 50, 57, 128, 
226

hormesis   5, 6, 54, 73, 87, 89, 96, 
133, 134, 143, 146,  147, 149, 
185–191, 269

immediate early genes (IEGs)   26
invertebrate   155–160, 162, 163, 

170, 174, 188, 269

keratinocyte   220–224, 226, 233
kidneys   22, 24, 27, 31, 56, 156, 

160, 195, 198, 199, 202, 229

lanthanides   25, 30, 34, 38, 108, 
113, 118, 128–130, 133, 135, 
136, 157, 173, 233, 253, 271

lanthanum   13, 23, 29, 50, 55, 58, 
112, 128, 155, 157, 162, 190, 
202–204, 206, 208, 209, 211, 
225, 226

lasers   12–15
lenses   13, 14, 48, 171
lesions   239
 fibrotic   234
 fibrotic lung   239
 hepatic   173
 premalignant   228
 skin    29, 55
lichen   107–110, 119, 132
ligand   6, 148, 149, 222, 223, 227, 

251–254, 258, 259, 262, 263
lipid peroxidation   3, 58, 83, 91, 

145, 160, 173, 230
liquid crystal displays (LCDs)   14
liver   20–24, 27, 30, 31, 35, 37, 38, 

52, 55, 56, 156, 160, 161, 173, 
204, 205, 224, 229, 268

lung   21–23, 27, 30, 32, 37, 38, 55, 
56, 83, 89, 90, 97, 156, 230, 
236, 239, 268

magnetic resonance imaging (MRI)   
4, 57, 58, 230, 254

magnet   11–16, 30, 32, 34, 38, 39, 
48, 171, 172

metabolism   31, 57, 98, 107, 110, 
112, 114, 130, 134, 135, 160, 
172, 173, 189, 196, 199, 204, 
234

metal   13, 15, 17, 18, 21, 24, 30, 
31, 33, 35, 36, 48, 49, 51, 73, 
109, 115, 130, 132, 133, 144, 
147–149, 157, 159, 160,  
171–173, 186, 190, 191, 206, 
235, 236, 252–254, 258, 259

mice   4, 25, 27, 31, 32, 52, 57, 58, 
92, 96, 99, 162, 166–169, 228, 
229



277Index

microorganisms   4–6, 127–130, 
132, 135, 136, 185, 188, 201, 
202, 270

mining   2, 16, 17, 18, 21, 28,  
34–37, 39, 47, 48, 54, 58, 113, 
157, 158, 174, 196, 198, 267, 
268, 270, 271

mitochondria   3, 26, 27, 58, 59, 
189

molecule   27. 53, 70, 71, 82, 129, 
222, 224, 225, 227, 235, 237, 
238, 258

mortality   158, 161, 170, 174, 190, 
198, 203, 269

mosses   107–110, 119

nanoceria (CeNPs)   13, 22, 70, 74, 
75, 77, 79, 81–83, 85, 87,  
89–91, 93, 95–97, 99, 268, 269

nanomaterials   70, 76,  80,  144, 
158, 161, 163, 172, 174, 186

nanoparticles   2, 5, 6, 13, 52, 60, 
69, 70, 73, 74, 77, 78, 81, 82, 
86, 97, 111, 112, 116, 143, 
145, 149, 156, 171–173, 189, 
263, 269, 271

nephrogenic systemic fibrosis 
(NSF)   4, 58, 230, 234, 239

NIDDM see non-insulin dependent 
diabetes mellitus

non-insulin dependent diabetes 
mellitus (NIDDM)   52

NSF see nephrogenic systemic 
fibrosis

occupational exposures   27–29, 
54, 58, 171, 172, 191

occupational health   11, 12, 18,  
28–31, 33–35, 37–40, 55–57

oral phosphate binders (OPBs)   
202–205, 209, 211

organic acid   111, 132, 253
organic matter   130, 149, 200, 

202, 208

organism   4–6, 31, 49, 107–109, 
118, 129, 130, 131, 158, 159, 
172, 173, 183–185, 187, 189, 
195, 202, 211, 252, 267, 270

 benthic   202, 211, 271
 pelagic   211
 terrestrial   19, 38, 49, 107–109, 

113, 118, 158
oxidation state   49–53, 74, 76, 94, 

96, 252, 258
oxidative damage   3, 27, 60, 72, 73, 

83, 84, 87, 97, 118, 156, 269
oxidative stress   5, 21, 22, 27, 31, 

47, 48, 54, 58, 60, 69, 72, 73, 
82–85, 87–89, 92, 96–98, 117, 
173, 189

oxygen defect   53, 70, 72
oxygen level   82, 86, 87, 100

pathway   26, 27, 32, 36, 97, 158, 
173, 186, 223, 237

 growth-regulating   223
 mitochondrion-mediated   173
 stress-induced   26
 transcription   134
patient   4, 83, 85, 202–204, 230
 dialysis   4, 202
 renal disease   204
phosphate   37, 53, 80, 113,  

130–133, 195–199, 202, 203, 
205, 207, 209, 210, 231, 232

 creatine   196
 dietary   198
phosphors   12–15
 color television   14
 X-ray   13–16, 35, 48, 77, 96
phosphorus   113, 195–198,  

201–204, 206
phosphorylation   26, 196, 225, 

237, 238
photosynthesis   148, 189, 196
plant metabolism   107, 110, 112, 

114



278 Index

plant   3, 37, 48, 54, 58–60, 89, 
107–114, 116–118, 129, 135, 
144, 185, 188, 189, 191, 270

 REE-sensitive   113
 soybean   60, 116, 118
 tomato   112, 116
 wheat   52, 113, 114, 118, 189
pneumoconiosis   28, 29, 35, 55, 

58, 267
pneumonitis   21, 28, 35
point of departure (POD)   184, 

186, 187, 190
pollutant   17, 83, 108, 109, 149, 

198, 270, 271
praseodymium   14, 23, 29, 50, 56, 

128, 226
process   17–20, 28, 36, 47, 48, 51,  

52, 59, 61, 74, 76, 85, 96, 113, 
116, 118, 127, 131, 157, 158, 
183, 184, 195, 198, 205, 206, 
209, 219, 220, 222, 224, 225, 
229, 234, 237, 251, 253, 263

 apoptotic   59
 biodistribution   51
 biogeochemical   205
production   3, 5, 12, 16, 18, 27, 28, 

32, 38, 48, 59, 60, 71, 98, 111, 
116, 118, 128, 132, 134, 156, 
158, 160, 172, 173, 189,  196,  
197, 209, 211, 235–239

 chlorophyll   3
 crop   111
 dopamine   98
 egg   5
 milk   5
 phosphate rock   197
 plant biomass   116
 procollagen   235, 239
 tomato   116
proliferation   60, 85, 220,  

221–225, 227–240
promethium   14, 21, 24, 30, 50, 56, 

128, 219

proteins   26, 27, 59, 83, 89, 98, 
147, 160, 161, 173, 196, 223, 
225, 234

 cAMP response element binding   
26

 heat shock   59, 98, 173
 tight junction   83
pulmonary edema   21, 23, 55
pulmonary fibrosis   22, 28, 230

radioactivity   24, 56
radionuclide   18, 20, 36, 49
rare earth element (REE)   1–6, 

11–22, 28–30, 32–40, 47–52, 
54–56, 58–61, 107–119, 
127–136, 146–150, 155–174, 
195–198, 208–212, 224–230, 
236–238

rare earth metal (REM)   35, 159
rats   21–23, 26, 27, 31, 55, 58, 59, 

87–89, 95, 98, 162, 234
reaction   25, 32, 33, 51, 53, 70, 71, 

156, 157, 160, 173, 195, 196, 
205, 211, 252–256, 259, 260, 
263

 granulomatous   32, 156
 inflammatory   32, 156
reactive oxygen species (ROS)   3, 

4, 27, 38, 58–60, 80, 82, 83–87, 
89, 90, 92, 96, 98, 117, 146, 
147, 160, 172, 173

receptor   19, 89, 186, 190, 196, 
222, 223, 225, 237, 238

 calcium-sensing   223
 cell surface   222
 low-affinity/high-capacity   190
recycling   17–19, 32–34, 36, 39, 

47, 209
REE accumulation   54, 114, 129, 

131, 173, 271
REE application   12, 61, 108, 111, 

114, 115, 129, 136, 269
REE-associated health effect   1, 3, 

21, 34, 61



279Index

REE-associated toxicity   4, 6, 58, 
144, 149

REE bioaccumulation   1, 4, 5, 47, 
58, 144, 148, 267

REE effects   107, 111, 117, 118, 
143, 240

REE-enriched fertilizers   34, 129
REE-exposed workers   12, 37, 267
REE exposure   4, 21, 28, 34, 35, 37, 

47, 48, 54, 158–161, 172, 174, 
226, 229, 230, 234, 236, 237, 
241, 267–269

 environmental   268
 long-term   4, 269
 occupational   4, 21, 34, 37, 267, 

268
REE industries   12, 35, 38
REE mining   16–18, 28, 39
REE mixture   37, 109, 111, 112,  

131, 134, 146, 149
REE nanoparticle   5, 143, 144, 

149, 156, 269
REE see rare earth element
REE speciation   6, 51, 52, 271
REE toxicity   3, 37, 107, 115, 117, 

144, 145, 170, 254
REE uptake   107, 110, 130, 147, 

148
REM see rare earth metal
response   21, 22, 26, 27, 31, 32, 

52, 59, 73, 80, 84, 87, 89, 96, 
100, 107, 109, 111, 113, 114, 
116–118, 173, 174, 183–191, 
205, 210, 211,  223–225, 227, 
229, 231–233, 236–240

 adaptive   189
 adaptive intracellular   27
 adaptive stress   73, 89
 adverse   184
 antioxidant system   117
 biphasic   189, 191
 chronic inflammatory   31
 fibro-proliferative   239
 growth-inhibiting   227

 high-dose inhibitory   186
 hormetic   73, 185, 188, 191
 hyper-proliferative   231, 232
 hypertrophic   31
 immune   21
 inflammatory   21, 31, 32, 196
retina   5, 72, 81, 87, 88, 89, 91, 92, 

94–96, 98–100
 degenerating   94
risk   12, 16, 18, 20, 28, 35, 36, 38, 

39, 48, 119, 144, 157, 158, 
184, 185, 191, 211, 229, 268, 
270

 ecological   36, 144
 environmental   16
ROS see reactive oxygen species

safety issues   29–31, 55–57
salts   24, 56, 57, 155, 226, 231
 lutetium   57
sediments   48, 52, 202, 205–208, 

210, 211, 271
 marine coastal   271
seed germination   111, 112, 116
seed plants   107, 108, 111, 113, 

115, 117
seeds   93, 111, 112, 116
signaling   234, 238, 239
signaling pathways   85, 93, 96
skin   20, 21, 24, 25, 28, 56, 57, 

204, 220–222, 224, 234, 236
 abraded   230
 gadolinium-exposed   235
skin fibrosis   4, 230
skin lesions   29, 55
soils   19, 35, 38, 52, 54, 59, 108, 

110, 112–115, 117, 119,  
127–130, 198, 201, 230

 acidic   111
 agricultural   270
 arable   115
 contaminated   113
 cultivated   114
 red   114



280 Index

species   49, 109, 112–114, 117, 
130, 134, 146, 160, 164–169, 
224, 251, 252, 254, 256

 fern   110
 fish   163
 gymnosperm   117
 microbial   128, 133, 135
 moss   109
stress   118, 148, 237, 262
 nutrient   148
 osmotic   118
 toxicant-induced   156
systems   20, 190, 191, 252, 255, 

256, 258
 agricultural   129
 aquatic   204
 aqueous   51
 environmental   127
 intestinal   204
 nervous   156, 204, 268
 plant defense   60
 respiratory   37
 sewage   210

terbium   15, 25, 30, 50, 56, 58, 
128, 226

thulium   15, 25, 31, 128, 226
tissue   16, 22, 24, 69, 83, 89, 90, 

93, 96, 108, 113, 116, 132, 
160, 164–170, 172, 188, 203, 
204, 220, 223, 224, 229, 230, 
234–237, 240, 252

 adipose   172
 bone   24
 fungal   132
 heart   89, 234
 soft   203, 204
toxicity   2–4, 6, 15, 17, 21–25, 27, 

28, 31, 32, 34–38, 54, 56–59, 
76, 79, 83, 88, 108, 110,  
112–115, 117, 132, 143–146, 
149, 156–164, 170–174, 185, 
190, 203, 211, 226, 252, 254, 
268, 270, 271

 acid   2
 aluminum   203
 environmental   144
 extrapulmonary   31
 inhalation   32
 occupational   15
 oral   24, 56
 reproductive   32
 systemic   38
treatment   33, 35, 49, 60, 72, 92, 

116, 133, 203, 209, 210, 235
tumor   34, 38, 60, 72, 92, 93, 229, 

234

uptake   5, 22, 52, 84, 107, 108, 
110, 113, 116, 117, 129, 130, 
132, 134, 147–149, 160, 198, 
207

 microbial   198
 neutral red   147
 xenobiotic   160
vascular endothelial growth factor 

(VEGF)   86, 89, 100

VEGF see vascular endothelial 
growth factor

VEGF upregulation   86, 100
vehicle   13–15, 157, 263
 electric   14, 15
 hybrid   157

waterbody(ies)   2, 198, 200, 201, 
205, 207, 208, 210, 211

water systems   119, 128, 208
wind turbines   11, 13, 157

ytterbium   15, 21, 25, 31, 50, 57, 
128, 162, 226

yttrium   5, 13, 23, 29, 47, 48, 50, 
55, 58, 70, 82, 128, 157, 219

ZEP see zero equivalence point
zero equivalence point (ZEP)   188



CIndex“Rare earth elements are involved in a number of essential technological applications. Their 
effects raise a number of challenges in environmental sciences and in human health. The present 
book provides an extensive and balanced survey of the manifold—adverse and favorable—effects 
associated with rare earth elements.”

Prof. Dr. José L. Domingo
Rovira i Virgili University, Spain

“The present book is a valuable tool to gain insight into the complex and sometimes surprising 
health effects of rare earth elements. Especially interesting—due to my field of research—are the 
chapters addressed to the study of the changes in redox endpoints in a number of organisms and cell 
systems. This carefully edited book, with a multidisciplinary view of rare earth elements, is really an 
important scientific contribution.”

 Prof. Dr. Federico V. Pallardó
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“I congratulate the authors for this timely production of an extensive overview of an important 
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an important resource for scientists, engineers, and decision makers who understand the need of a 
sensible exploitation of this resource.”
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This book presents the multifaceted aspects of rare earth elements (REEs), focusing on both 
their potential benefits and adverse health effects. The adverse impacts of REEs on human 
and environmental health raise a growing concern not only in the scientific community but 
also among a number of stakeholders, potentially including students, media workers, and 
decision makers. The recognized and potential benefits arising from REE-related technological 
applications may envisage their further advantages.

A limited number of books have been devoted so far to REEs, and they mainly focus on REE-
related chemistry, mineralogy, economy, and developing technologies for these elements. 
This book presents recent research achievements in REE-associated health effects, which have 
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information as stated in the title “At the Crossroads between Toxicity and Safety,” with particular 
emphasis on the hormesis phenomenon.
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