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Vanadium - An element both essential and toxic
to plants, animals and humans?
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ABSTRACT

Vanadium was discovered in 1802/1803 by the Spanish mineralogist A. M. del
Rio in Mexico. Vanadium are present in the earth’s crust at an average concentra-
tion of 110 mg/kg. Vanadium is concentrated mainly in mafic rocks (basalt 200-250
mg/kg) and shales (100-130 mg/kg), lowest concentrations were found in limesto-
nes and dolomites (10-45 mg/kg). The average vanadium content of soils world-
wide have been calculated to vary from 18 (peat) and 115 mg/kg (Rotliegende
weathering soils). Burning of fossil fuels caused about 110000 t V/a to enter the
atmosphere globally. With help of indicator plants (wheat, rye, red clover) the local
plant bioavailable vanadium offer is to investigate.

All foodstuffs, rich in starch and sugar and of animals are poor in vanadium (5-
40 pg V/kg dry matter, dm); mushrooms and leafy vegetable contain higher levels
of vanadium (100 to > 1000 pg V/kg dm). Beer and wine (30 to 45 pg/l deliver much
vanadium. In Germany and Mexico women with mixed diet take in 10 to 20 ng V/
day and men 20 to > 35 pg V/day. The high intake results from the higher beer
consumption of men. Vegetarians take in significantly more vanadium. The vana-
dium concentration of organs and milk is not homeostatically regulated. Most
tissues of the fauna reflect the vanadium status.

Faecal excretion of the nutritional vanadium intake amounts to 96% in men
and non lactating women and to 79 in lactating women. On an average, adults of
both sexes and with either form of diet eliminate 4% of the vanadium intake
renally. Lactating women secret 17% of the vanadium intake into the milk.

Vanadium is essential for several species of green algae, fungi and nitrogen-
fixing microorganisms. The inactive apoenzymes of bromoperoxidase, iodoperoxi-
dase and chloroperoxidase can be reconstituted by vanadium to active haloenzy-
mes. The normative vanadium requirement for animals is with < 10 pg/kg feed dry
matter or < 10 pg V/day of man small. Intrauterine vanadium depleted goats de-
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veloped poorly, their conception rate were significant by reduced, they exhibited
a higher rate of spontaneous abortion, increased ratio of female to male kids born
and a higher mortality. Vanadium deficient kids suffered of skeletal deformations
in the forelegs. The size of their pancreas, thymus and thyroid were insignificantly
increased. Vanadium may well be found essential for some halogenperoxidases,
perhaps one, that is involved in thyroid metabolism.

It is to distinguish between nutritional (ng/day), pharmacological (mg/day) and
toxic (mg/kg food dry matter) of vanadium.

Vanadium phytotoxicity (chlorosis and dwarfing) under field conditions is ex-
tremely rare. Intake of feed with 10 to 300 mg V/kg feed dry matter animals
induced black diarrhoea, weakness, spontaneous abortions, decreased milk pro-
duction and high mortality in animals.

Vanadium inhibits the Na* - K* ATPase and open the potassium-channels of the
erythrocyte membrane. In humans, the threshold level for vanadium toxicity is
> 3 mg/day. Higher doses can induces diarrhea, green tongues, haematological
changes and lowered cysteine content in hair and nails.

Key words: Vanadium.— Food chain.— Essentiality.— Pharmacological
effects.— Toxicity.

RESUMEN

El vanadio. ¢Un elemento tanto esencial como téxico para plantas,
animales y seres humanos?

El vanadio fue descubierto por el mineralogista espafiol A. M. del Rio, en
México, en los afios de 1802/1803. La corteza terrestre de 16 km de espesor con-
tiene 110 mg de vanadio por kg. A través de los combustibles fosiles se difunden
anualmente en el medio ambiente 110.000 toneladas de vanadio. Con ayuda de
plantas indicadoras se puede determinar la oferta local de vanadio.

El vanadio es esencial para varias especies de algas, hongos y bacterias fijado-
ras de nitrégeno. La apoenzima de la peroxidasa de bromo, yodo y cloro necesita
el vanadio para la formacién de la holoenzima.

La necesidad normativa de vanadio relativa al ser humano asciende a > 10 pg/
dia y el de la fauna a 10 pg/kg de la materia seca del forraje.

Hay que distinguir entre los efectos farmacolégicos, nutritivos y téxicos del
vanadio. Son raras las intoxicaciones por el vanadio. El vanadio frena la ATP-asa
de Na' - K" y abre los canales de potasio de la membrana de los eritrocitos. Los
10-20 mg/dia se consideran como valor limite del consumo de vanadio. Mayores
dosis provocan trastornos gastrointestinales e implican con frecuencia tinciones
verdes de las mucosas (por ejemplo, de la lengua), alteraciones hematolégicas y
concentraciones reducidas de la cisteina en los pelos y en las unas.

Palabras clave: Vanadio.— Cadena alimentaria.— Esencialidad.— Efecto far-
macolégico.— Toxicidad.
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RESUMEN EXTENSO

El vanadio fue descubierto por el mineralogista espafiol A. M. del Rio, en
México, en los afios de 1802/1803. La corteza terrestre de 16 km de espesor con-
tiene 110 mg de vanadio por kg. A través de los combustibles foésiles se difunden
anualmente en el medio ambiente 110.000 toneladas de vanadio. Con ayuda de
plantas indicadoras se puede determinar la oferta local de vanadio.

Todos los alimentos ricos en almidén y aztcar o de origen animal son pobres
en vanadio (5-40 pg/kg de materia seca). Los hongos y las hortalizas de muchas
hojas pueden contener gran cantidad de vanadio (100-1100 pg de vandio/kg de
materia seca). La cerveza y el vino proporcionan mucho vanadio (30-45 pg de
vanadio/litro).

Las mujeres europeas y mexicanas que se nutren de comida mixta ingieren
como promedio 10-20 pg y los hombres 20->35 pg de vanadio por dia. El consumo
de cerveza y vino aumenta considerablemente la cantidad de vanadio ingerido. Los
vegetarianos ingieren significativamente mas vanadio que las personas que se
nutren de comida mixta.

Las personas de uno u otro sexo excretan el 96 por 100 del vanadio por via fecal
y el 4 por 100 por via renal. Las madres lactantes segregan el 79 por 100 por via
fecal, el 4 por 100 por via renal y el 17 por 100 a través de la leche.

El vanadio es esencial para varias especies de algas, hongos y bacterias fijado-
ras de nitrégeno. La apoenzima de la peroxidasa de bromo, yodo y cloro necesita
el vanadio para la formacién de la holoenzima.

La necesidad normativa de vanadio relativa al ser humano asciende a > 10 pg/
dia y el de la fauna a 10 pg/kg de la materia seca del forraje. Las cabras pobres en
vanadio intrauterino crecen significativamente menos, su tasa de concepciéon es
mas baja y su mortalidad es superior a la de las cabras que cuentan con una oferta
normal de vanadio. Tenian el pancreas, la glandula timica y la glandula tiroides
aumentados de modo insignificante. Puede ser que el vanadio repercuta en el
metabolismo de la glandula tiroides a través de las peroxidasas de hal6geno.

Hay que distinguir entre los efectos farmacolégicos, nutritivos y téxicos del
vanadio. Son raras las intoxicaciones por el vanadio (clorosis, enanismo) en las
plantas. Los animales manifiestan, después del consumo de 10 a 300 mg de vana-
dio por kg de materia seca del forraje, en funcién de su especie, dispepsias, tras-
tornos del esqueleto, una fortaleza mermada y una mortalidad superior. El vanadio
frena la ATP-asa de Na* - K* y abre los canales de potasio de la membrana de los
eritrocitos. Los 10-20 mg/dia se consideran como valor limite del consumo de
vanadio. Mayores dosis provocan trastornos gastrointestinales e implican con fre-
cuencia tinciones verdes de las mucosas (por ejemplo, de la lengua), alteraciones
hematolégicas y concentraciones reducidas de cisteina en pelos y en unas.
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INTRODUCTION

Vanadium (V) was discovered in 1802/1803 by the Spanish mine-
ralogist A. M. del Rio in Mexico. The element was rediscovered in 1831
by the Swedish chemist Selfstréom in iron ore smelting products and
named vanadium in honour of Vanadia, the northern Germanic
goddess of beauty, more commonly known as Freya. In the same year,
the identity of the element was established by Wohler (102).

In 1876, Priestley and Gamgee (100) reported on the toxicity of
sodium vanadate in several species of animals. A classic paper for
the pharmacological and toxicological actions of vanadium appeared
in 1912 (69). At the same time, high vanadium concentrations were
discovered in the blood of ascidian worms (58). During the follow-
ing 50 years it was found that vanadate inhibits ATPase (104), and
in the 1980s vanadium was identified as an insulin-mimetic agent
(113). The first vanadium-containing enzyme, bromoperoxidase, was
isolated some years later from marine algae (128). The most subs-
tantive evidence for vanadium essentiality in higher animals was
found in goats and rats in the 1980s (11, 94).

With an annually world production of about 50000 t V,0, vana-
dium is used in steel production. Small amounts of the element also
occur in fossil fuels (105, 121). The possibly essential, pharmacollo-
gial effective and toxic element is extensively used in industry and
constitutes a factor of environmental pollution.

MATERIAL AND METHODS

Vanadium analyses were carried out after dry ashing the biologi-
cal material by means of sequential ICP OES at the line position of
292, 402 nm (Spectroflame-D, Spectro Analytical Instruments). Ac-
curacy of the measurement was examined with the reference mate-
rials «bush tweigs and leaves (GBWO07602)», APS1075, trace metals
in drinking water and AEA H-G mixed human diet (67, 68, 110).
Daily duplicates of all consumed foods and drinks were collected
from seven men and seven women on seven subsequent days and
their daily urine and faeces were analysed. The vanadium intake was
determined and vanadium balance was calculated. Duplicates and
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foodstuffs were collected or bought in 1988, 1992 and 1996 in Ger-
many and analysed (Table 1).

The effect of a vanadium poor nutrition was studied in 14-fold
repetition with a semisynthetic ration and goats.

Fox Pro (Version 2.6 Microsoft) and SPSS/PC + for Windows
(Version 6.0. SPSS Inc.) were used for data handling and statistics.

TaBLE 1. Number of the anaylsed samples

Kind of samples, table n"
Wheat, rye, red clover, meadow red clover (Table 2) 898
Indicator plants, examination (Table 3) 25
Plant species (Table 4) 236
Seeds, fruits (Table 5) 57
Bulgs of roots, stems, tubes (Table 6) 173
Winter feed of games (Table 7) 83
Plants of different age (Table 8) 96
Insects, mollusc, mammals (Table 9) 130
Animals and man (Table 10) 235
Man (Table 11) 109
Foods (Table 12) 2.090
Duplicates (Table 13) 1.750
Tissues, goats (Table 14) 1.069
Faeces, urine (Table 15) 574
Faeces, urine, milk (Table 16) 105
SUM 7.630
n” = number.

RESULTS AND DISCUSSION
Sources and Uses

Vanadium is present in the earth’s crust at an average concentra-
tion of 110 mg/kg. It exists as a sulphide or in the oxidized form. Of
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the 60 known vanadium minerals, only patronite (V,S;), roscoelite
(K (Al V), [AlSi, O,,] (OH, F),), carnotite (K U O, VO, 1.5 H,0) and
vanadinite [Pb; (VO,), Cl] are commercial sources of vanadium. In
none of these ores, vanadium is present with more than 3%. Vana-
dium is often obtained as a by-product of mining for other valuable
materials. One example is carnotite, a uranium-vanadium ore mined
in Australia and the United States (63, 45, 70).

Small amounts of vanadium also occur in fossil fuels from Ve-
nezuela, Angola, California, Iran, Iraq, and Kuwait (> 0.1% up to
1% V). Indonesian, Libyan and West African oils contain but negle-
gible amounts of vanadium (121). Vanadium is concentrated in the
ash when these fuels are burned.

A major commercial use of vanadium has been in steel produc-
tion. Vanadium steel which contains from 0.1-3% vanadium is tough,
strong and heat-resistant, and withstands strain, vibration and shock.

Another important use of vanadium is as a catalyst in a variety
of reactions. Vanadium pent oxide put on an inert support material
is the principal catalyst used in the oxidation of SO, to SO, in the
production of sulphuric acid, and for the conversion of naphthalene
into phthalic anhydride during the formation of plastics. In addition,
vanadium oxychloride, tetrachloride and triacetylacetonate are used
as polymerization catalysts in the production of soluble copolymers
of ethylene and propylene. In the reaction vessels, these polymers
are viscous liquids, which can trap the vanadium catalysts and result
in a vanadium content of as much as 500 mg/kg in products used for
the packaging of food and pharmaceuticals. Furthermore, the dispo-
sal of spent catalysts could also be a point source for a contamina-
tion of the biosphere and of food with vanadium (28, 22). Further-
more, vanadium is used for the production of yellow pigments and
ceramics.

Distribution in the Environment
The general abundance pattern of vanadium in common rocks

shows that this ultratrace element is concentrated mainly in mafic
rocks (basalt, gabbro; 200-250 mg V/kg) and shales (100-130 mg/kg).
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Lowest concentrations were found in limestones, dolomites (10-
45 mg/kg), sandstones (10-60 mg/kg) and syenites, granites and gneis-
ses (30-100 mg/kg). The geochemical characteristics of vanadium are
strongly dependent on the oxidant state (+ 2, + 3, + 4 and + 5) and
on the acidity of the media. Vanadium does not form its own mine-
rals, but rather replaces other metals (Fe, Ti, Al) in crystal structu-
res. During weathering, vanadium is adsorbed or incorporated into
mineral structures of clay or iron oxides.

Highest concentrations of vanadium in soil are reported in soils
of mafic rocks (150-460 mg/kg), while the lowest (5-22 mg/kg) were
found in peat soils. Loamy and silty soils, as well as some ferralitic
soils (Rotliegende), also contain large amounts of vanadium, which
exceed those of the parent materials. The average vanadium content
of soils world-wide has been calculated to vary from 18 to 115 mg/
kg. The geometric mean of vanadium concentration in soils varied
between 60 and 100 mg/kg.

Industrial processing of certain mineral ores (ore smelters, ce-
ment, and phosphate rock plants) and the burning of coal and oil
will increase the deposition of vanadium residues in soils. Combus-
tion of vanadium-rich fuel oils is an especially serious source of
vanadium in soils (71).

Small amounts of vanadium compounds are found in air where
there is no known anthropogenic contamination (0.02-0.08 ng/m?).
About 65000 t of vanadium per year naturally enter the earth’s at-
mosphere (dust, erosion of soil and rocks, marine aerosols). The
vanadium concentration over populated areas is often greater than
over unpopulated regions (130). During cold periods the concentra-
tions of vanadium are usually higher than in warm weather. The
increases in vanadium have been assumed to be due primarily to fly
ash formed during the burning of fossil fuels. Burning these fuels in
the past caused about 110000 t of V/a to enter the atmosphere glo-
bally (96).

The concentration of vanadium in sea water is in the order of
2 pg/L, but it is about 5 times higher in the deep sea compared to
the surface (27). The vanadium concentration in drinking water in
Germany varies with the geological origin of the site, with levels
between 0.18 p/L (Keuper, slate, phyllite, Bunter) and 1.10 pg/L (Rot-
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liegende, Muschelkalk), with an average of 0.43 pg/L and a median
of 0.28 pg/L. The differences are insignificant (63). In the USA and
Japan, the concentration of vanadium in drinking water varies in the
same range.

Vanadium in plants, animals and humans
Plants

The geological origin of the material for soil formation and, thus,
the natural anthro-pogenic vanadium offer influence the vanadium
content of the flora, depending on species and parts of plants. The
effect of the origin of the soil on the vanadium content was investiga-
ted by way of indicator plants (wheat, rye, red clover). The geological
origin with the highest vanadium content in plants was equated with
100, and the other regions were related to it. The soils of Rotliegende,
loess and granite produce a vanadium-rich flora (Table 2).

TaBLE 2. Influence of the geological origin of the site on the relative vanadium
content of the flora (n wheat 352, rye 235, acre red clover 180, meadow
red clover 131)

Geological origin of the site Relative number
Rotliegende weathering soils 100
Loess 96
Granite, syenite weathering soils 88
Boulder clay 79
Muschelkalk weathering soils 79
Keuper weathering soils 75
Bunter weathering soils 73
Phyllite weathering soils 70
Slate weathering soils 67
Diluvial sands 66
Gneiss weathering soils 63
Moor, peat 61
Alluvial riverside soils 60
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Diluvial sands, gneiss, peat and alluvial riverside soils deliver
only 60% of the vanadium amount found in the vegetation of the
Rotliegende.

The vanadium content of wheat, rye and red clover as a field crop
originating from 25 plots of 1m?2 each correlated with r values between
0.75 and 0.90. This shows the suitability of the three species as indi-
cator plants of the bioavailability of vanadium in the soil (Table 3).

TaBLE 3. Correlations of the vanadium concentration in three plant species
growing in the same place

3n

Species (n)? p> r
Rye: wheat (14) < 0.01 0.75
Rye: red clover (field) (7) < 0.05 0.76
Wheat: red clover (field) (4) > 0.05 0.90
! r = correlation coefficient.
2 p = significance level of the t-test according to Student.

number.

Anthropogenic vanadium emissions are indicated even years af-
ter the closure of the vanadium source, as it was demonstrated in
the vicinity of cement and phosphate factories (table 3) (4).

TaBLE 4. Vanadium contents of several plant species and plant parts from a
normal and a vanadium-polluted area (ug/kg dry matter)

Species resp. part Control
of plants (n; n) area V-polluted area P %'
s? x? X s
Tomato (11;4) 6.0 8.6 24 29 > 0.05 279
Onion (11;13) 22 22 58 89 > 0.05 264
Asparagus (2;5) 12 52 128 60 > 0.05 246
Kohlrabi (12;3) 13 15 35 15 < 0.05 233
Sweet cherry (6;3) 3.0 7.9 14 4.0 < 0.05 177
Cucumber (15;8) 26 35 49 31 > 0.05 140
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TaBLE 4. Vanadium contents of several plant species and plant parts from a
normal and a vanadium-polluted area (nug/kg dry matter) (cont.)

Species resp. part Control
of plants (n; n) area V-polluted area P %
s? x X s
Meadow red clover (15;6) 23 55 75 20 > 0.05 136
Potato peel (18;5) 343 458 606 295 > 0.05 132
Leek (6;7) 28 85 112 91 > 0.05 132
Lettuce (16;9) 250 287 338 172 > 0.05 118
Green wheat (13;18) 16 29 34 16 > 0.05 117
Chive (17;13) 43 94 98 77 > 0.05 104

3

' Control area = 100%, V-polluted area = x%. > s = standard deviation. * x = arith-

metic mean.

Vanadium concentrations in several plant species vary with their
leaf-stalk ratio. Leaves store high vanadium amounts. Seeds and
fruits prove to be particularly poor in vanadium (Table 5).

TaBLE 5. Vanadium contents of several seeds and fruits (ug/kg dry matter)

Species (n) X s Species (n) X s
Wheat (23) 6.2 4.2 Apple (39) 19 15
Rape (8) 8.7 10 Pear (10) 23 17
Morello cherry (8) 9.0 7.8 Rye (21) 23 19
Sweet cherry (9) 9.7 4.0 Dwarf bean (17) 25 17
Tomato (15) 13 16 Strawberry (7) 38 36

Bulges of roots (carrots), stems (kohlrabi) and tubes (potatoes)
are poor in vanadium, with the exception of potato peel (Table 6).
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TaBLE 6. Vanadium contents of several bulges of roots, stems and tubes
(ug/kg dry matter)

Species (n) X s Species (n) X s
Kohlrabi (25) 29 18 Carrot (34) 71 43
Onion (25) 41 66 Asparagus (7) 99 70
Potato without peel (38) 43 107 Leek (14) 118 65
White radish (6) 65 55 Potato peel (24) 471 240

The leaves of all plant species and especially the perennial plants
on which game feeds in winter prove to be extremely rich in vana-
dium (Table 7) (4).

TaBLE 7. Vanadium content of several winter grazing of game (ug/kg dry matter)

Species (n) b s Species (n) X s
Pine bork (29) 690 500 Raspberry (10) 1399 913
Spruce bork (17) 854 407 Pine twigs (5) 1626 552
Spruce twigs (8) 1002 523 Heather (8) 3111 973
Bilberry herb (3) 1020 327 Oak twigs (3) 3136 350

The vanadium porphyrin abundant in oil has formed post mor-
tem from chlorophyll. By measurements of the vanadium content in
tree rings, the yearly increase in atmospheric vanadium from vana-
dium-rich gasoline can be mapped (80).

High concentrations of vanadium are also found in a few species
of the mushroom genus Amanita. The vanadium-containing com-
pound found in mushrooms was named amavadine. The physiologi-
cal function of amavadine is unknown. Wever and Krenn (1990)
(132) suggested that amavadine acts as a cofactor with an oxidase or
peroxidase function. Up to now it remains a mystery as to why just
Amanita species have designed such an efficient chemistry for vana-
dium enrichment (81, 23).

Vanadium in plants decreases significantly with increasing age.
From the beginning of May to the middle of June, vanadium con-
tents were found to abate to a third of the initial level (Table 8).
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TaBLe 8. Variation of the vanadium contents of several plant species with the
stage (age) of vegetation (ug/kg dry matter)

Species (n) 4.5 17.5 31.5 14.6 LSD*> %'
Wheat X 87 41 42 33

31 38
(6; 6; 6; 6) S 16 13 14 30
Rape X 119 107 83 34

66 29
(6; 6; 6; 6) S 31 39 62 19
Field red clover X 105 52 42 34

20 32
(6; 6; 6; 6) S 15 11 5.8 15
Lucerne X 145 79 49 58

42 40
(6; 6; 6; 6) S 46 15 9.4 16

''4.5 = 100%, 14.6 = x%. * LSD = least significant difference.

Animals and Humans

The vanadium concentration in organs and in milk is not ho-
meostatically regulated. This is the case for all species investigated
(Table 9): grasshopper (160 pg/kg dry matter), carrion beetle
(212 ug/kg), spider (429 ug/kg), wood louse (1,674 ug/kg), slug
(449 ug/kg), edible snail (488 pg/kg), earth worm (5,450 ug/kg),
mice, voles and shrews (Sorex araneus, x = 254 ug/V, s = 127). The
vanadium concentrations of their bodies are fixed by the intake of
vanadium and vary extremely.
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TaBLE 9. Vanadium contents of several species of insects, molluscs and mammals
(ng/kg dry matter)

Insects (n 18) Molluscs (n 27) Mammals (n 85)
Tettigonia x 160 Arion 449 Apodemus 56
viridissima s 131 rufa 231 flavicollis 21
Silpha x 212 Helix 488 Clethrionomys 133
obscura s 157 pomatia 432 glareolus 85
Carabus x 349 Lumbricus 5450 Apodemus 137
hortensis s 351 terrestris 3251 sylvaticus 54
Armadillidium x 1674 Microtus 211
vulgare s 118 arvalis 184

The very high vanadium amounts in wood-lice and earth worms
are caused by the intake of earth. Mice and voles provide the cat
with 50 to 200 pg V/kg dry matter (16). Commercial cat food su-
pplies European cats with 40 to 200 pg V/kg dry matter. The daily
vanadium intake of the cat through commercial food varies between
3 and 12 pg (17). The vanadium concentrations in the organs of
mammals varies depending on the local vanadium offer and is not
species-specific in most cases (Table 9). The variation of vanadium
concentration in the organs of the local populations of wild rumi-
nants is similar. Wild boars with a stomach vanadium content of 350
to 1600 pg/kg dry matter store significantly more vanadium in the
analyzed tissues than wild ruminants (Table 10). Similarly to wild
ruminants, hares accumulate vanadium in ribs and livers.

TaBLE 10. Vanadium contents of several tissues of animals and man
(age 11 to 89 years) (ug/kg dry matter)

TISSUE n KIDNEY LIVER RIBS
ROE DEER (n 18) 60 24 47
RED DEER (n 18) 53 25 52
MOUFLON (n 18) 49 26 58

FALLOW DEER (n 83) 111 57 76
WILD BOAR (n11) 209 119 104
WOMEN (n 44) 28 61 40
MEN (n 43) 25 67 26
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In adult humans (Table 11), the vanadium content of the organs
analyzed was not affected by gender and corresponded to that of the
animal species investigated. However, from babies and toddlers to
people of age 89, the vanadium content in kidneys, prostate glands
and ribs decreases significantly to between 10 and 30% of the amount
registered in babies (Table 11). Both sexes show vanadium depletion
by the time of the onset of puberty. The vanadium content in the
liver has been found the only one not affected by age (from birth till
89 years) (12, 14).

TaBLE 11. Influence of age and sex on the vanadium concentration in human
ribs (ug/kg dry matter)

Age in years Women Men Fp %'
(n; n) s X X s
< 1(4;3) 78 104 416 564 400
1-3(3;8) 23 24 51 34 212
4 -10 (2;6) 6.7 27 32 18 119
11 - 20 (2;5) 20 29 22 7.1 76
21 - 30 (4;2) 44 37 12 15 32
> 0.05

31 - 40 (5;2) 14 18 32 26 178
41 - 50 (5;6) 15 21 23 18 110
51 - 60 (5;7) 14 28 16 13 57
61 — 70 (4;6) 33 42 27 13 64
71 - 80 (8;6) 23 24 29 22 121
> 80 (9;7) 18 26 37 23 142
Fp < 0.05 < 0.01

%" 25 8.9

Fp = significance level in one factorial or multiple variance analysis. ' women =

100%, men = x %. 2
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Vanadium Content of Foods and Beverages

Seeds, cereal products, bread, cake and pastries, tubers and fruits
generally have a low vanadium content (5 to 40 pg/kg dry matter).
Mushrooms, red radish, leafy vegetables (lettuce, spinach) as well as
herbs contain much higher levels of vanadium (100-2,400 pg V/kg
dry matter (Table 12).

TaBLE 12. Vanadium contents of foods and beverages (ug/kg dry matter,
ug/L beverage) (147 different foods and beverages; n 2090)

Plant foods (range) Animal foods (range) Beverages
Bread, cake (6-23) 13 Formula milk (3-17) 9.1 Drinking water 0.43
Flours, pulses (1-77) 14 Dairy products (2-31) 9.3  Whisky, brandy 0.48
Sugar-rich foods (8-31) 17 Meat, sausage (10-95) 31 Coke, lemonade 0.83
Fruits (9-55) 23 Breast milk 34 Advocaat, juice 6.2
Vegetables (7-625) 41 Fish, tinned fish (16-92) 36 Beer 28
Spices (16-2356) 218 Eggs 75  Wine, sparkling wine 45

The investigation of European vegetable foodstuffs based on con-
ventional and organic farming showed that, as a rule, organically
produced wheat flour, bread, fruits and vegetables delivered less
vanadium than conventionally produced ones. The missing of phos-
phate fertilization which delivers vanadium to the plants becomes
noticeable in organic farming production. In contrast to this fact,
brown sugar produced ecologically from sugar cane contained more
vanadium than conventionally refined beet sugar. The use of this
sugar delivers much vanadium to the food chain. Therefore, ecolo-
gically produced chocolate and sweets are richer in vanadium than
conventionally produced brands (15).

The various formulae for the nutrition of babies offer between 4
and 17 pg V/kg dry matter. Like cow’s milk, most formulae in Ger-
many deliver < 10 pg V/kg dry matter. Mother’s milk contains 34 ng
V/kg dry matter, i.e., more than cow’s milk. The vanadium content
in human milk should be subjected to further investigation so that
baby food can be prepared according to physiological principles.
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Varying with species, meat and fish contain little vanadium (20
to 40 pg/kg dry matter). The vanadium content in hen’s eggs varies
extremely. The cause of vanadium accumulation in hen’s eggs may
be a high vanadium content in the calcium carbonate fed to hens, or
the vanadium emission from the burning of fuel oil for heating. A
high vanadium amount accumulated in eggs has no adverse effect
on human health. Organic farming animal foodstuffs may contain
significantly less vanadium than conventionally produced ones.

The main vanadium supplier of man is beer, which contains
between 18 and 36 pg V/L. Vanadium enrichment of beer has been
traced back to filtration with filters containing diatomaceous earth.
White, red and sparkling wines are also very rich in vanadium. The
reason for this could be the use of the unwashed grape, with depo-
sits of dust from the environment and vanadium emissions (vana-
dium steel, silica gel, bentonite) during the different stages of pro-
duction (65, 64, 15, 13, 74) and/or filtration with diatomaceans earth.

Beer and wine have been found to be the main suppliers of va-
nadium to men and women in Europe, supplying 75% and 41% of
the daily intake, respectively. Thus, vegetable food supplies 17 and
43%, and food of animal origin 8 and 16 % of the intake of men and
women, respectively (13).

Vanadium Intake

The vanadium intake of women and men was systematically
investigated by the duplicate portion technique in Germany and
Mexico. 19 test populations at the age of 20 to 69 years collected
duplicates of all consumed foodstuffs, sweets and beverages on 7
consecutive days (Table 13).

In Germany, men with mixed diets take in double the vanadium
amount ingested by women. The high intake results from the higher
beer consumption of men (1 L beer ~ 28 pg V).
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TaBLE 13. Vanadium intake of adult Germans and Mexicans with mixed and
ovo-lacto-vegetarian diets depending on time and sex (ug/day)

Form Country (n; n)® Women Men p? %"
of diet s X x¥ s¥

G® 1988 (196;196) 8.3 9.3 19 16 < 0.001 204
Mixed G 1992 (294;294) 3.3 25 36 3.0 < 0.001 144

(Md) G 1996 (217;217) 15 11 33 35 < 0.001 300
M°® 1996 (98;98) 11 20 20 14 > 0.05 100

Veg.” 1996 (70;70) 103 49 39 34 > 0.05 78
G 1988;1996 118 174

% G:M 1996 182 61 -
Md:Veg. 1996 445 118

' Women = 100%, men x %; * p = significance level of the t-test according to

Student; * s = standard deviation; * x = arithmetic mean; > G = Germany; * M = Mexico;
" Veg. = ovo-lacto-vegetarian diet; ® n = number.

The vanadium intake shows no normal distribution between the
two sexes (Figure 1). Nearly 40% of the men took in portions with
low amounts of vanadium (< 10 pg/day), while the portions taken in
by 13% of the men had very high vanadium contents (> 88 pg/day),
due to their high consumption of beer (> 2 L/day).

40

35 Statistical parameters -
X=3580 |

30 s=3.0l

25 Minimum: 0,035
Maximum: 433.05

Relative frequency [%]

25 75 125 175 225 275 325 375 425 475 515 515 625 675 725 715 825 <875
) It I 74 I A D G L B O 4 R O O A1 Y I O W 3 139

Vanadium intake [pg/d]
FIGURE 1. Frequency distribution of vanadium intake of men.
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Women do not drink as much beer as men. Accordingly, more
than 55% of women took in < 10 pg V/day, while only 3% had an
intake of > 88 pg V/day (3).

Nursing mothers (12.1 pg/day) consumed the same amount of
vanadium in comparison to non-lactating women (12.2 pg/day).
Mexican women and men with mixed diets took in the same amount
of vanadium as Europeans. Ovo-lacto-vegetarians do not drink much
beer and wine, which are rich in vanadium. They prefer vegetables,
cacao products and nuts, which are rich in vanadium, too. The va-
nadium intake decreases with increasing age (3).

Estimates for the American intake of vanadium (based on a food
intake of 500 g dry weight) are 10 to 60 pg/day (57). This calculation
with a dry matter intake of 500 g is too high. European women take
in 300 g/day and men 380 g/day (mixed diet). Generally, the calcu-
lation of the trace element intake with the help of the market basket
overestimates the intake (3).

Vanadium deficiency has not been investigated in humans. Most
diets, on a weekly average, supply > 10 pg V/day, which suggests that
a dietary intake of 10 pg V/day probably meets any postulated vana-
dium requirement.

Absorption and Distribution of Vanadium

A significant amount of vanadium absorption occurs in the upper
gastrointestinal tract. Most ingested vanadium probably is transfor-
med to VO** in the stomach and passes into the duodenum in this
form (97, 133, 54).

In serum, absorbed vanadium is transported mainly bound to
transferrin (77, 76). Vanadium in rats’ milk was found mainly in
the protein fraction and perhaps in lactoferrin. In this form, vana-
dium is transferred from the mother to the pups. In older rats, va-
nadium is apparently converted into vanadyl-transferrin and ferritin
complexes in plasma and body fluids (42, 107).

The vanadium status of tissues and organs is not homeostatically
regulated. In goats with high (2000 pg V/kg) and low (< 20 ng V/kg)
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vanadium concentrations in the feed dry matter, all parts of the body
reflect the different vanadium intakes significantly (table 14). The
vanadium content of kidneys, uterus, lungs, spleen and ribs of goats
with low vanadium intake is reduced to between 15 and 60 % of the
amount found in the same tissues of goats with high vanadium in-
take. The vanadium contents of hair, serum and milk, which are
easily available, are good indicators of the vanadium offer to ani-

mals and humans (63).

TaBLE 14. Vanadium contents of organs and tissues in goats with high and low
vanadium offer (ug/kg dry matter)

Organ, tissue (n) Control goats V-deficiency P [%]!
goats
s pg/kg peg/kg s
dm dm
Kidney (13;11) 876 1563 234 102 < 0.001 15
Uterus (7;5) 358 603 97 28 < 0.05 16
Lungs (16;10) 146 311 57 17 < 0.001 18
Spleen (7;10) 521 910 184 82 < 0.001 20
Ribs (17;8) 1598 2608 525 231 < 0.001 20
Carpal bones (20;7) 1264 2385 605 489 < 0.001 25
Heart (12;12) 110 277 77 34 < 0.001 28
Liver (7;9) 174 347 105 58 < 0.01 30
Skeletal muscle (12;10) 44 135 48 14 < 0.001 36
Hair (10;14) 91 144 58 40 <0.01 40
Aorta (13;13) 61 159 70 31 < 0.001 44
Pancreas (5;8) 150 247 115 65 < 0.05 47
Cerebrum (3;9) 20 100 47 12 < 0.001 47
Ovary (8;8) 307 832 402 177 < 0.01 48
Blood serum (pg/l) (17;17) 45 50 26 14 < 0.05 52
Milk (444;307) 19 15 8.8 15 < 0.001 59

! Control goats = 100%, deficiency goats = x %.
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The vanadium concentration in children’s hair indicated the va-
nadium pollution very well and better than that in nails (75). For the
identification of the vanadium status, all organs are suitable, and
especially the blood (59, 106). The highest levels of vanadium are
stored in bones, kidneys, spleen and ovary, the lowest in the aorta,
hair, muscle and, especially, in milk (Table 14).

Excretion and Balance of Vanadium

Animals and humans excrete most of the consumed, unabsorbed
vanadium with the faeces (25). The absorbed vanadium is removed
from the body mainly with urine and milk (3) and partly with bile (29).
The biological half-life of vanadium excreted in urine is 20-40 hours.
Animal studies indicate that the elimination of vanadium from the
body following inhalation of vanadium oxides is biphasic, with an
initial rapid elimination (10-20 hours) and a longer terminal phase
(40-50 days) (103, 78). Rats excrete 8 and 10% of injected vanadium
with the faeces and bile, respectively (133, 62). The elimination half-
lives of vanadium in rats were found to range between 11 and 132
hours for soft tissues and 376 hours for the bone. During the first day,
49% of the dosage was eliminated with the urine and 8% with the
faeces (1). The half-life for the elimination of vanadium from the bo-
dies of vanadium-fed diabetic rats was found to be about 12 d (101).

Faecal excretion of the nutritional vanadium intake amounts to
96% in men and non-lactating women, and to 79% in lactating
women (Table 15). Most of this vanadium is not absorbed. The form
of diet (mixed or ovo-lacto-vegetarian) (Table 15) has no influence
on the faecal excretion rate. On average, adults of both sexes and
with either form of diet eliminate 4% of the nutritional vanadium
intake renally (range: 2-6%).

The mean apparent rate of vanadium absorption by adults of
both diet forms amounts to 10%, and the mean vanadium balance is
+ 6%, with a variation between + 23 and — 15%.
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TaBLe 15. Vanadium balance of adult people with mixed and ovo-lacto-vegetarian
diets (n 287;287)

Parameter Women Men
Mixed Vegetarian Mixed Vegetarian
diet diet diet diet
Intake, pg/day 11.3 48.7 32.6 38.6
Faeces, pg/d 11.5 36.7 36.4 34.7
Urine, pg/d 0.7 0.6 0.9 1.7
Excretion Faeces, % 94 98 98 95
Urine, % 6 2 2 5
Apparent absorption rate, % - 33 - 11
Balance pg/day - 0.9 +11.4 -5.0 + 2.2
pe/d % - 8.0 + 23 -15 + 5.7

On average, a nursing mother transfers 17% of her vanadium
intake to her baby through the milk (Table 16) and excretes only 5%
through her kidneys, whereas renal excretion in a young, non-nur-
sing woman amounts to 9%. The apparent rate of vanadium absorp-
tion in non-nursing young women is 8.9%, which corresponds to the
10% registered for adults in general.

The vanadium balance of nursing women is negative. The nega-
tive balance of lactating mothers demonstrates that the stores of
vanadium in the bones are reduced after birth (3, 14). In animals,
the balance of macro-, trace and ultratrace elements during lactation
is mostly negative (49).

981



MANFRED ANKE AN. R. Acap. Nac. Farm.

TaBLE 16. Vanadium balance of non-nursing and nursing women with mixed diet

Parameter (n) Non-nursing Nursing P %
s X X s
Intake, pg/day (49;49) 13 7.9 121 14.0 > 0.05 153
Facces, pg/d (49;49) 6.8 7.2 15.6 19.1 > 0.05 217
Urine, pg/d (49;49) 1.4 0.7 0.8 1.0 >0.05 114
Excretion Milk, pg/d (0;7) - 3.4 2.9
Faeces, % 91 79
Urine, % 9 4
Milk, % - 17
Apparent absorption rate, % 8.9 -
Balance pe/day + 0.0 - 1.7
% + 0.0 - 64

The Essentiality of Vanadium
Essentiality to Plants

The evidence that vanadium is essential for the growth of higher
plants is not yet conclusive, while the essentiality of this element for
algal species is unquestionable. Vanadium is essential for several
species of green algae (Scenedesmus obliquus, Chlorella pyrenoida-
sa), yellow-green algae (Bumileriquisis filiformia) and brown algae
(Fucus spiralis). A very low concentration (0.1-1 pg V/L) of vana-
dium induces growth. At higher concentrations, growth is still sti-
mulated, but chlorophyll formation even more.

In the brown alga Ascophyllum nodosum, the activity of the
enzyme bromoperoxidase is essentially influenced by vanadium (21,
128, 35). By means of vanadate, the inactive apoenzyme can be re-
constituted to active holoenzyme. Vanadium is an essential element
for algae and probably for other organisms. The reactivation of
apoperoxidase by vanadium is inhibited by phosphate. Since vana-
dium-dependent bromoperoxidases have been found in a number of
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marine red algae and terrestrial lichens, vanadium-dependent iodo-
peroxidases have also been detected in brown seaweed, and a chlo-
roperoxidase has been identified in the fungus Curvularia inaequa-
lis. The mechanisms of action of vanadium in the haloperoxidases
has not been firmly established. In the bromoperoxidases, H,O,
reacts with vanadium as V> to form a dioxygenium species which
reacts with bromide to yield an oxidized bromine species, the inter-
mediate that forms the carbon-halogen bond (31, 129, 132, 127, 115).

The conversion of atmospheric nitrogen to ammonia by nitrogen-
fixing microorganisms is catalyzed by the enzyme nitrogenase. Va-
nadium-dependent nitrogenase has been characterized for Azotobac-
ter vinelandii and A. chroococcum (40). This effect of vanadium was
discovered in 1986, when a vanadium-containing nitrogenase was
isolated from mutants of two species of Azotobacter unable to syn-
thesize molybdenum-nitrogenase (41).

Essentiality to Animals

Some ascidians accumulate vanadium (vanadocytes in blood
cells) in amounts that exceed that present in sea water by 4 million
times. Suggested functions for vanadocytes include production of
the cellulose of the tunic, reversible trapping of oxygen under con-
ditions of low oxygen tension, and acting as an antimicrobial agent
(82, 114).

Between 1971 and 1974 four research groups described possible
signs of vanadium deficiency. In 1984 it was realized that these
findings had some shortcomings (87, 88, 95). Many of the findings
may have been the consequence of a high vanadium supply that
induced pharmacological changes in animals fed with unbalanced
diets (91, 86). The most substantive evidence for vanadium essentia-
lity was provided in the nineteen-eighties, from deficiency experi-
ments with goats (11, 94).

In 14 experiments with goats, the animals with < 10 pg V/kg dry
matter of the semisynthetic ration ate 20% less feed during lactation
than the control goats (Table 17) (14).
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TaBLe 17. Influence of vanadium-poor nutrition on feed intake, growth,
reproduction performance and mortality of goats

Parameter Control V- P %
goats deficiency
goats
Feed Non pregnant, g/day 685 598 < 0.001 87
consumption  Pregnant, g/day 595 666 < 0.001 112
Lactating, g/day 646 518 < 0.001 80
Birth, kg 2.6 2.6 > 0.05 100
Growth 91°* day of life, kg 17.5 15.2 < 0.05 87
Undepleted,
101-268" day, g/day 96 95 > 0.05 99
Intrauterine depletion
g/day 96 80 < 0.001 83
Success of first
mating, % 70 48 < 0.001
: Conception rate, % 86 73 < 0.01
R y
eproduction Matings per gravidity 1.5 2.2 < 0.001 -
Abortion rate, % 1 19 < 0.001
Ratio &:%, & = 1 1.60 0.86 < 0.001
Mortality Kids from 7" to
91* day, % 5 24 < 0.001 -

During pregnancy the deficiency animals equalized this deficit (63).
The vanadium deficiency did not influence intrauterine growth,
neither in female nor in male kids (52).

After intrauterine vanadium depletion, the post-natal development
of both sexes was significantly reduced. Kids with normal supply
during intrauterine development grew normally (66).

The vanadium-poor nutrition lowered the success of first mating
and the conception rate of the she-goats significantly. The nanny-
goats with poor vanadium intake needed significantly more matings
for pregnancy, exhibited a higher rate of spontaneous abortion and
an increased ratio of female to male kids born. A quarter of kids
from vanadium-deprived goats died between days 7 and 91 of life
with some of the deaths preceded by convulsions; only 5% of kids
from vanadium-supplemented goats died during the same time.
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The vanadium-deficiency goats produced normal milk, in normal
amounts and with normal milk fat contents (8, 7, 20).

Several blood parameters were estimated with the usual methods
(Table 18). Of these, only the concentrations of creatinine and trigly-
cerides and the activity of y-glutamyl transferase were significantly
higher in vanadium-deficient compared to control animals (52).

TaBLE 18. Influence of vanadium deficiency on the blood parameters of goats

Parameter Control Vanadium- P (%)
goats deficiency
goats
s X X s
Creatinine (pmol/L) 15 87 105 17 < 0.01 121
Triglycerides (nmol/L) 80 180 290 130 < 0.01 161
v-glutamyl transferase
(U/mL) 18 45 58 17 < 0.05 129

FIGURE 2. Newborn kid of a vanadium-deficient goat with skeleton injuries.
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Deficiency goats suffered pain in the extremities, swollen forefoot
tarsal joints, and skeletal deformations in the forelegs (5). In goats
with vanadium deficiency, glandular or glandulocystic hyperplasia
of the endometrium was observed (83). The sizes of the pancreas,
thymus and thyroid of vanadium-deficient goats were insignificantly
increased in comparison to the same tissues of control goats (21).

Already Uthus and Nielsen (125) and Nielsen (90) reported that
a vanadium-deficiency nutrition of rats showed increased thyroid
weights and thyroid-to-body weight ratios, and decreased growth.
This study also showed that stress factors, which change the thyroid
status or iodine metabolism, enhance the response to vanadium de-
privation.

Vanadium may well be found essential for some enzyme reactio-
ns, perhaps one that is involved in thyroid metabolism.

Feeding of the V-deficiency ration reduced life expectancy sig-
nificantly. Within the first year, 43% of the animals of a group
without V supplementation died, compared to only 11% in the con-
trol group. At the end of the experiment, 16% of the control goats
were still alive, whereas only 3% of the V-deficient goats survived
(Table 19).

TaBLE 19. [Influence of vanadium deficiency on the mortality of goats

Period and number Control Vanadium- P
of goats which died goats deficient goats

(n; n) % %

1% year (7;31) 11 43 < 0.001
27 year (17;22) 27 31 > 0.05
3" year (14;10) 21 13 > 0.05
4" year (13;4) 20 6 < 0.05
5% year (2;2) 3 3 > 0.05
> 5 years (1;1) 2 1 > 0.05
Goats surviving (10;2) 16 3 < 0.001
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Vanadium-deficient nanny-goats had only 50% the life-span of
control goats. The normative requirement of vanadium for animals
is very small, amounting to < 10 pg/kg dry feed matter (12, 6, 7, 14,
2,9, 10).

Essentiality to Humans

The same is true for the normative vanadium requirement of
man. A daily dietary intake of 10 pg or less probably would meet any
postulated normative requirement (7, 3, 92, 93). The individual daily
intake of vanadium in Germany and Mexico in every case reached
> 8 pg/day on a week’s average. World-wide, typical diets generally
supply 15 to 30 pg V/day (85, 30, 29, 44, 98).

Pharmacological Effects

To disentangle pharmacological from nutritional observations it
is necessary to identify the essential biochemical function of vana-
dium in higher animals. Both effects demand quite different amounts
of vanadium (pg or mg/kg food). On the other hand it is difficult to
distinguish pharmacological from toxic doses of vanadium. The dif-
ferences are species-specific and dependent on time, mode of admi-
nistration, and the chemical form of vanadium. In the past, the
amounts of vanadium used in in vitro and in vivo experiments were
mostly pharmacological or toxic doses, and much higher (thousand-
fold) in comparison to the nutritional intake of animals and man.

Vanadium and its compounds mimics the actions of insulin in
isolated cell systems, and these compounds produce dramatic de-
creases in blood glucose levels in animal models of both types of
diabetes mellitus (50, 108, 119). In vitro and in vivo studies with
animals indicated that vanadium increases the glucose transport ac-
tivity and improves glucose metabolism (24). The action of vana-
dium is related to the translocation of glucose through the plasma
membrane. Inhibition of phosphotyrosine, phosphatase and protein
tyrosine kinase activation is probably involved in the action of vana-
dium on glucose homeostasis (111). The enhancement of glucose
uptake, glucolysis and glycogen synthesis by vanadate is less than by
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insulin, but vanadate produces greater simulation of lactate and
glucose oxidation than insulin (26).

In addition to the insulin-mimetic effect of vanadium compounds,
vanadium affects signal transduction mechanisms and proto-onco-
gene expression in vitro (118). At concentrations > 5 mM, orthova-
nadate is cytotoxic to proliferating cells, including primary culture
and tumor cell lines (32, 38).

Vanadyl sulphate with doses up to 60 mg/day is a common sup-
plement used by weight lifters, shot-putters and weight trainers to
improve their performance. A 12 week, double-blind, placebo-con-
trolled clinical trial did not detect any haematological abnormalities
at doses of 0.5 mg vanadyl sulphate/kg day (46).

The Toxicity of Vanadium

Toxicity to Plants

Vanadium phytotoxicity under field conditions is extremely
rare (51). However, under man-induced conditions, vanadium
concentrations as high as 0.5 mg/L in the nutrient solution and
140 mg/kg in the soil solution may be toxic to plants. The phytotoxi-
city of vanadium (chlorosis and dwarfing) may appear at about 2 mg
V/kg dry matter (34).

A vanadium amount of 30 mg/kg soil induced a vanadium con-
centration of 170 pg V/kg dry matter in green oats, of 250 png/kg in
green mustard and of 700 pg V/kg dry matter in spinach without
signs of intoxication (84).

Toxicity to Animals

For animals, vanadium is a relatively toxic element (89) (Ta-
ble 20). In young cattle, 10 mg V/kg live mass induced diarrhoea and
weakness (99); heifers and cows with high vanadium intake develo-
ped inappetence, black diarrhoea, lethargy, dehydration, spontaneous
abortions and decreased milk production (47).
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TaBLE 20. Vanadium concentrations in the fodder, or vanadium doses, that
inhibit health and/or performance

Animal Vanadium Effects Literature
species concentration in the
fodder with 88 %
dry mass (mg/kg) or
vanadium dose
(mg/kg live mass)

Cattle Starting at 10 mg/kg Diarrhoea, 99, 47
live mass Weakness
Sheep Starting at 200 mg/kg Reduced fodder intake and (53, 54,
fodder reduction of the development 55, 56)
of live mass
Above 200 mg/kg Diarrhoea, histopathologic
fodder changes of the organs
Above 300 mg/kg Increased mortality
fodder
40 mg/kg live mass Acute intoxication, lethal
effect
Fowl, above 20 mg/kg Damage of the skeletal sys- (18, 112,
laying fodder tem, fewer eggs, fewer hat- 120, 124)
hen chlings, increased mortality
Broiler =~ above 5 mg/kg Reduction in the development
fodder of live-mass

The no-observed-effect level of the reproductive toxicity of vana-
dium in male mice was 40 mg/kg/day (79). 5, 10 and 20 mg V/kg/day
given to adults rats do not influence their reproduction performance,
but produced toxic effects in the offspring (39). A high vanadium
intake decreases the water and food intake of rats and lowers their
body weight. Changes in erythrocyte indices probably result from
direct action of vanadium (134). Vanadium-induced morphological
changes in the kidney were more pronounced with age (36).

The addition of 200 mg Cu/kg feed or 0.5 to 2.0% sodium chlo-
ride lessened the growth-retarding effect of vanadium in chicken
(60, 61).
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Toxicity to Humans

In humans, the threshold level for vanadium toxicity is near 10
(to 20) mg/day. Schroeder et al. (109) administered 4.5 and 9 mg
V/day for 6 to 16 months without apparent detrimental effects; Curran
et al. (33) supplemented 13.5 mg V/day for 6 weeks, with no sign of
intolerance toxicity being found. On the other hand, Somerville and
Davies (116) gave 13.5 mg V/day for 5 months. 40% of the patients
exhibited gastrointestinal disturbances and 40% exhibited green ton-
gues. After intakes of 4.5 to 18 mg V/day over 6 to 10 weeks, the pa-
tients developed green tongues, cramps and diarrhoea (37, 19).

In animals and humans, vanadium generally causes pulmonary
effects of acute vanadium pentoxide inhalation (73, 126), haemato-
logical changes following vanadium exposure (72), and a lowered
cysteine content in hair and nails (122). The coenzyme A content of
the organs is decreased after feeding high doses of vanadium. One
of the compounds involved in the synthesis of coenzyme A is thio-
ethanolamine, which is derived from cysteine by decarboxylation.
Therefore, a decrease in cystine caused by vanadium was presuma-
bly the reason for reduced amounts of coenzyme A. Coenzyme A is
involved in the synthesis of cholesterol, and therefore may affect the
occurrence of atherosclerosis.

In mammals it was shown that vanadium is a strong inhibitor of
Na* - K* ATPases (31). This inhibitation is caused by the substitution
of vanadate for phosphate in the ATP-driven reactions (43, 117).
Vanadium pentoxide also seems to open the K-channels of the ery-
throcyte membrane (48, 131). Hemodialysis patients may exhibit
extremely high levels of serum vanadium (123).

TaBLE 21. Normative requirement and maximial tolerable intake of vanadium in
man (70 pg/body weight; 350 g/day matter intake/day)

Parameters Normative Maximal
requirement | tolerable intake

Vanadium intake, pg/day ~ 10 ~ 3000
Vanadium intake, pg/day body ...., day ~ 0,15 ~ 40
Vanadium, by consumed day matter ~ 30 ~ 1000

990



VoL. 70 (4), 961-999, 2004 VANADIUM - AN ELEMENT BOTH ESSENTIAL AND TOXIC

(1)

(2)

(3)

4)

(5)

(6)

(7)

(8)
)

(10)

(11)

(12)

REFERENCES

AL-BAYATI, A.; RaaBE, G.; GIri, N.; Knaak, J. B. (1991) Distribution of vanadate
in the rat following subcutaneous and oral routes of administration. J Am
College Toxicol 10: 233-241.

ANKE, M. (1991) The essentiality of ultratrace elements for reproduction and
pre- and postnatal development. In: CHANDRA R.K. ed. Trace Elements in
Nutrition of Children - II, Vevey/Raven Press, Ltd., New York, pp. 119-144.
ANKE, M.; DorN, W.; ILLING-GUNTHER, H.; HoLzINGER, S.; JariTz, M.; GLEI, M_;
MULLER, M.; ScHAFER, U.; LoscH, E. (1998) Die biologische Bedeutung des
Vanadiums in der Nahrungskette. 5. Mitteilung: Vanadiumverzehr, Vana-
diumausscheidung und Vanadiumbilanz Erwachsener in Abhingigkeit von
Geschlecht, Zeit, Alter, Gewicht, Jahreszeit, Lebensraum und Leistung.
Mengen- und Spurenelemente 18: 1028-1040.

ANKE, M.; GLEI, M.; JariTZ, M.; MULLER, M.; ScHAFER, U.; HOLZINGER, S.; ILLING-
GUNTHER, H.; Mocanu, H.; HarTMANN, E. (1998) Die biologische Bedeutung
des Vanadiums in der Nahrungskette. 1. Mitteilung: Der Einfluss der geo-
logischen Herkunft des Pflanzenstandortes, anthropogener Vanadiumemis-
sionen, des Pflanzenalters, der Pflanzenart und des Pflanzenteiles auf den
Vanadiumgehalt der Flora. Mengen- und Spurenelemente 18: 985-995.
ANKE, M.; GroprpPEL, B.; ArRNHOLD, W.; LANGER, M.; KrAUSE, U. (1990) The in-
fluence of the ultratrace element deficiency (Mo, Ni, As, Cd, V) on growth,
reproduction performance and life expectancy. In: TOMITA H., ed. Trace
Elements in Clinical Medicine. Springer-Verlag Tokyo, pp. 361-376.

ANKE, M.; GropPPEL, B.; GrunN, K.; Kosta, T.; SziLAcyr, M. (1986) New resear-
ch on vanadium deficiency in ruminants. In: ANKE M. et al., eds. 5. Spu-
renelement-Symposium New Trace Elements, University Leipzig and Jena,
pp. 1266-1275.

ANKE, M.; GropPEL, B.; GrunN, K.; LANGER, M.; ARNHOLD, W. (1989) The essen-
tiality of vanadium for animals. In: ANKE M. et al., eds. 6. International
Trace Element Symposium, University Leipzig, Vol. 1, pp. 17-27.

ANKE, M.; GroppEL, B.; KoNLa, T. (1984) Die biologische Bedeutung des Va-
nadiums fiir den Wiederkduer. Mengen- und Spurenelemente 4: 451-467.
ANKE, M.; GrorpEL, B.; KoNra, T.; Grunn, K. (1988) Investigations on vana-
dium deficiency in ruminants. In: HURLEY LS, ed. Trace Elements in Man
and Animal, TEMA 6, Plenum Press, New York and London, pp. 659-660.
ANKE, M.; GrorpEL, B.; Krausg, U. (1991) The essentiality of the toxic ele-
ments aluminium and vanadium. In: MOMCILOVIC B., ed. Trace Elements
in Man and Animals, - 7, IMI, Zagreb, pp. 11-9 - 11-10.

ANKE, M.; GroppEL, B.; KrRONEMANN, H.; FUHRER, E. (1983) Influence of vana-
dium deficiency on growth, reproduction and life expectancy of goats. In:
ANKE M. et al., eds. 4. Spurenelement-Symposium, University Leipzig and
Jena, pp. 135-141.

ANKE. M.; GroppEL, B.; KroNEMANN, H.; KoNLa, T. (1985) Vanadium deficien-
cy in ruminants. In: MILLS CF et al., eds. Trace Elements in Man and

991



MANFRED ANKE AN. R. Acap. Nac. Farm.

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

(21)

(22)
(23)

992

Animals, TEMA 5, Commonwealth Agricultural Bureau, London, U.K.,
pp. 275-279.

ANKE, M.; ILLING-GUNTHER, H.; DorN, W.; MULLER, M.; GLEI, M.; ARNHOLD, W_;
MOoLLER, E. (1998) Die biologische Bedeutung des Vanadiums in der Na-
hrungskette. 4. Mitteilung: Der Vanadiumgehalt tierischer Lebensmittel und
verschiedener Getrianke. Mengen- und Spurenlemente 18: 1018-1027.

ANKE, M.; ILLING-GUNTHER, H.; GURTLER, H.; HOLZINGER, S.; JariTZ, M.; ANKE,
S.; ScuArer, U. (2000) Vanadium — An essential element for animals and
humans? In: ROUSSEL A et al,. eds. Kluwer Academic/Plenum Publishers,
New York, Boston, 10:221-225.

ANKE, M.; ILLING-GUNTHER, H.; RourIG, B.; GLEI, M.; ScHAFER, U.; LoscH, E.;
MULLER, M.; NEAGOE, A. (1998) Die biologische Bedeutung des Vanadiums in
der Nahrungskette. 2. Mitteilung: Der Vanadiumgehalt pflanzlicher Lebens-
mittel. Mengen- und Spurenelemente 18: 996-1006.

ANKE, M; voN KNORRE, D.; ScHALLER, G.; BAHRMANN, R.; GLEI, M.; HOLZINGER,
S.; JariTz, M.; MULLER, M.; ANKE, S.; SEIFERT, M. (1998) Die biologische Be-
deutung des Vanadiums in der Nahrungskette. 3. Mitteilung: Der Vana-
diumgehalt der Fauna und des Menschen in Abhéingigkeit von Art, Kérper-
teil und Lebensraum. Mengen- und Spurenelemente 18: 1007-1017.

ANKE, S.; ILLING-GUNTHER, H.; ArRNHOLD, W.; TRUPScHUCH, A. (1997) Der Men-
gen-, Spuren- und Ultraspurenelementgehalt des natiirlichen und kommer-
ziellen Katzenfutters. In: GUNTHER W. et al., eds. InCom 97, Instrumen-
talized Analytical Chemistry and Computer Technology, IAS mbH Moers,
Germany, pp. 172.

ANonyMOUS (1996) Maximum immission values for vanadium to protect farm
animals. VDI 2310, VDJ-Handbuch Reinhaltung der Luft im VDI und DIN.
Beuth Verlag GmbH, 10772 Berlin.

ANonyMoUs (1987) MAK Maximum Concentrations at the Workplace, Report
Nr. XXIII, DFG, VCH Verlagsgesellschaft, Weinheim-Basel-Cambridge-New
York.

ArNHOLD, W.; ANKE, M.; MULLER, M.; GLEI, M. (1993) Vanadium: An essential
element for goats. In: ANKE M, MEISSNER D, MILLS CF, eds. Trace Ele-
ments in Man and Animals - TEMA 8, University Jena, Germany, pp. 739-
741.

ARrNON, D.J.; WEssEL, G. (1953) Vanadium as an essential element for green
plants. Nature 172: 1039-1043.

Avtsyn, A.P.; ANKE, M; ZHAvorRONKOV, A.A.; KAKTURSKY, L.V.; GroPPEL, B. (1993)
Pathological anatomy of the experimental hypovanadiosis of goats. Arch
Pathol 1: 121-126.

BarceLoux, D.G. (1999) Vanadium. Clin Toxicol 37: 265-278.

Baver, E. (1995) Amavadin, the vanadium compound of amanitae. In:
SIGEL H and SIGEL A, eds. Metal Ions in Biological Systems. Vanadium
and its Role in Life. Marcel Dekker Inc. New York, Basel, Hong Kong,
pp. 407-421.



VoL. 70 (4), 961-999, 2004 VANADIUM - AN ELEMENT BOTH ESSENTIAL AND TOXIC

(24)
(25)
(26)
(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

BECKER, D.J.; ONGEMBA, L.-N.; HENQUIN, J.-C. (1994) Comparison of the effects
of various vanadium salts on glucose homeostasis in streptozotocin-diabetic
rats. Eur J Pharmacol 260: 169-175.

BocbpeN, J.D.; HicasHiNo, H.; LAvENHAR, M.A.; Bauman, J.W.; Kemp, F.W.; Avivi,
A. (1982) Balance and tissue distribution of vanadium after short-term in-
gestion of vanadate. J Nutr 112: 2279-2285.

Bricuarp, S.M.; HENUIN, J.-C. (1995) The role of vanadium in the manage-
ment of diabetes. TIPS 16: 265-269.

Bruranp, K.W. (1983) Trace elements in seawater. Chem Oceanogr 8: 208.
ByerruM, R.U. (1991) Vanadium. In: MERIAN E, ed. Metals and Their Com-
pounds in the Environment VCH, Weinheim, New York, Basel, Cambridge,
pp. 1289-1297.

ByrNE, A.R.; Kosta, L. (1978) Vanadium in foods and in human body fluids
and tissues. Sci Tot Environ 10: 17-30.

BYrRNE, A.R.; Kucira, J. (1991) New data on levels of vanadium in man and
his diet. In: MOMCILOVIC B, ed. Trace Elements in Man and Animals 7.
Zagreb: IMI 25.18-25.20.

Croms, D.C.; Smee, J.J.; Gaidamaushas, E.; Yang, L. (2004) The chemistry
and bio-chemistry of vanadium and the biological activities exerted by va-
nadium ... Chem. Rev. 104: 849-902.

Cruz, T.F.; MorGaN, A.; MiN, W. (1995) In vitro and in vivo antineoplastic
effects of orthovanadate. Mol Cell Biochem 153: 161-166.

CurrAN, G.L.; AzarNOFF, D.L.; BoHLINGER, R.E. (1959) Effect of cholesterol
synthesis inhibition in normocholesteremic young men. J Clin Invest 38:
1251-1261.

Davis, R.D.; Beckert, P.H.T.; WorrLan, E. (1978) Critical levels of twenty
potentially toxic elements in young spring barley. Plant Soil 49: 395-402.

DE Bokr, E.; vaxn Koovk, Y.; Tromp, M.G.M.; Prar, H.; WEvVER, R. (1986)
Bromoperoxidase from Ascophyllum nodosum: A novel class of enzymes
containing vanadium as a prosthetic group? Biochim Biophys Acta 869:
48-53.

DE LA Torrg, A.; GRANERO, S.; Mayayo, E.; CorBELLA, J.; DominGo, J.L. (1999)
Effect of age on vanadium nephrotoxicity in rats. Toxicology Letters 105:
75-82.

DmvonD, E.G.; Caravaca, J.; BENcaiMoL, A. (1963) Vanadium. excretion, toxi-
city, lipid effect in man. Am J Clin Nutr 12: 49-53.

Dsorpievic, C. (1995) Antitumor activity of vanadium compounds. In:
SIGEL H and SIGEL A, eds. Metal Ions in Biological Systems, Vanadium
and its Role in Life. Marcel Dekker, Inc. New York, Basel, Hong Kong,
pp. 595-616.

DowmiNGo, J.L.; PaternaIN, J.L.; LioBet, J.M.; CorBELLA, J. (1986) Effects of
vanadium on reproduction, gestation, parturition and lactation in rats upon
oral administration. Life Sci 19: 819-824.

Eapy, R.R. (1990) Vanadium nitrogenases. In. CHASTEEN ND, ed. Vana-
dium in Biological Systems, Dordrecht, Netherlands, Kluwer, pp. 99-127.

993



MANFRED ANKE AN. R. Acap. Nac. Farm.

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

994

Eapy, R.R. (1995) Vanadium Nitrogenases of Azotobacter. In: SIGEL H and
SIGEL A, eds. Metal Ions in Biological Systems, Vanadium and its Role in
Life. Marcel Dekker, Inc. New York, Basel, Hong Kong, pp. 363-405.
EpkeL, J.; Saseioni, E. (1989) Vanadium transport across placenta and milk
of rats to the fetus and newborn. Biol Trace Elem Res 22: 265-275.

Evans, J.A.; Morz, G.; GiBeons, I.R. (1986) Activation of dynein I adenosine
triphosphate by monovalent salts and inhibition by vanadate. J Biol Chem
261: 14039-14043.

Evans, W.H.; Reap, J.I.; CaucHLIN, D. (1985) Quantification of results for
estimating elemental dietary intakes of lithium, rubidium, strontium, mo-
lybdenum, vanadium, and silver. Analyst 110: 873-877.

FaLBg, J.; ReGitz, M. (1992) Rompp’s Lexikon der Chemie. Bd. 6, Georg
Thieme Verlag, Stuttgart 9. Aufl.

Fawcetrt, J.P.; FARQUHAR, S.J.; THou, T.; Suanp, B.I. (1997) Oral vanadyl sul-
phate does not affect blood cells, viscosity or biochemistry in humans. Phar-
macol Toxicol 80: 202-206.

Frank, A.; Mabpes, A.; GaLGaN, V.; PETERssoN, L.R (1996) Vanadium poison-
ing of cattle with basic slag. Concentrations in tissues from poisoned ani-
mals and from a reference, slaughterhouse material. Sci Total Environ 181:
73-92.

FuarMANN, G.F.; HotTERMANN, J.; KNAUF, P.A. (1984) The mechanism of vana-
dium action on selective K*-permeability in human erythrocytes. Biochimi-
ca et Biophysica Acta 769: 130-140.

GEORGIEVSKII, V.J.; ANNENKOV, B.N.; SomokLIN, V.T. (1982) Mineral Nutriton
of Animals. Butterworths, London.

Goldfine, A.B.; Smmonson, D.C.; FoLii, F.; Parti, M.-E.; Kaun, C.R. (1995) In
vivo and in vitro studies of vanadate in human and rodent diabetes mellitus.
Mol Cell Biochem 153: 217-231.

GoucgH, L.P.; SuackrLeTTE, H.T.; Case, A.A. (1979) Element concentrations
toxic to plants, animals and man. US Geol Surv Bull 1466: 80-96.
GURTLER, H.; ANKE, M.; GLEI, M.; ILLING-GUNTHER, H.; ANKE, S. (1999) Influen-
ce of vanadium deficiency on performance, health as well as blood and
tissue parameters in goats. In: PAIS J, ed. New Perspectives in the Research
of Hardly Known Trace Elements, Univ. Horticulture and Food Sci. Buda-
pest, Hungary, pp. 84-91.

Hansarp, S.L.; AMMERMAN, C.B.; Fick, K.R.; MILLER, S.M. (1978) Performance
and vanadium content of tissues in sheep as influenced by dietary vana-
dium. J Animal Sci 46: 1091-1095.

Hansarp, S.L.; AMMERMAN, C.B.; HeNry, P.R. (1982b) Vanadium metabolism
in sheep. II. Effect of dietary vanadium on performance, vanadium excre-
tion and bone deposition in sheep. J Anim Sci 55: 350-356.

Hansarp, S.L.; AMMERMAN, C.B.; HENrY, P.R.; PaTTERSON, B.W. (1986) Vana-
dium metabolism in sheep. III. Influence of dietary vanadium on kinetics of
*V administered orally or intravenously and comparison of compartmental
and graphical models. J Anim Sci 62: 804-812.



VoL. 70 (4), 961-999, 2004 VANADIUM - AN ELEMENT BOTH ESSENTIAL AND TOXIC

(56)

(57)

(58)

(59)
(60)
(61)

(62)

(63)

(64)
(65)
(66)

(67)

(68)

(69)
(70)
(71)
(72)

(73)

Hansarp, S.L.; AMMERMAN, P.R.; HENrY, P.R.; Sivmpson, C.F. (1982) Vanadium
metabolism in sheep. I. Comparative and acute toxicity of vanadium com-
pounds in sheep. J Anim Sci 55: 344-349.

Harranp, B.F.; HarDEN-WiLLIAMS, B.A. (1994) Is vanadium of human nutritio-
nal importance yet? J Am Diet Assoc 94: 891-894.

Henze, M. (1911) Untersuchungen iiber das Blut der Ascidien. I. Mitt. Die
Vanadiumverbindung der Blutkorperchen. Hoppe-Saylers Z Physiol Chem
72: 494-501.

HeyporN, K. (1990) Factors affecting the levels reported for vanadium in
human serum. Biol Trace Element Res 26/27: 541-551.

HiLr, C.H. (1990) Interaction of vanadate and chloride in chicks. Biol Trace
Element Res 23: 1-40.

Hir, C.H (1990) Effect of dietary copper on vanadate toxicity in chicks.
Biol Trace Element Res 23: 17-23.

Horxkins, L.L. Jr; Ticton, B.E (1966) Metabolism on trace amounts of va-
nadium* in rat organs and liver subcellular particles. Am J Physiol 211:
169-172.

IiLing-GunTHER, H. (1995) Bestimmung, biologische Bedeutung und Ver-
sorgung des Menschen mit Vanadium. Diss. Biol.-Pharm. Fakultit der Frie-
drich-Schiller-Universitidt Jena, Germany.

ILLing, H.; ANkE, M. (1995) Vanadiumgehalt verschiedener Formulas und
der Muttermilch Zt Erndhrungswissenschaft 34: 66.

ILiNG, H.; ANKE, M.; MULLER, M. (1994) Der Vanadiumgehalt tierischer Le-
bensmittel. Mengen- und Spurenelemente 14: 257-263.

ILLING-GUNTHER, H.; ANKE, M.; MULLER, M. (1995) Vanadiummangel bei der
Ziege. Mengen- und Spurenelemente 15: 435-442.

ILLING-GUNTHER, H.; ANKE, M.; MULLER, M.; GLEI, M.; TruPscHucH, A. (1997)
Die Vanadiumbestimmung mittels ICP-OES in Lebensmitteln. In: LOM-
BECK I, ed. Spurenelemente, Bedarf, Vergiftungen, Wechselwirkungen und
neuere Messmethoden. Wiss. Verlagsgesell. mbH Stuttgart, pp. 153-154.
TLLING-GUNTHER, H.; ANKE, M.; MULLER, A.; TrRUPScHUCH, A.; ANKE, S. (1997)
Biological importance, analysis and supply of vanadium. In: FISCHER MR
et al., eds. Trace Elements in Man and Animals — 9: Proceedings of TEMA.
NRC Research Press, Ottawa, Canada, pp. 179-180.

Jackson, D.E. (1912) The pharmacological action of vanadium. J Pharmacol
3: 477-514.

JakuBkE, H.D.; JEscHkEIT, H. (1987) Brockhaus ABC Chemie, Bd. 2, 5. Aufl,,
Brockhaus Verlag Leipzig.

KaBaTA-PENDIAS, A.; PEnDIAS, H. (1992) Trace Elements in Soils and Plants.
2nd edition. CRC Press, Boca Raton, Ann Arbor, London, pp. 211-215.
KasiBrATLA, U.; Ra1, V. (1993) Haematological changes following vanadium
exposure. Geobios 20: 85-95.

KNecHT, E.A.; MoorMmAN, W.J.; CLARK, J.C.; LyncH, D.W.; Lewis, T.R. (1985)
Pulmonary effects of acute vanadium pentoxide inhalation in monkeys. Am
Rev Respir Dis 132: 1181-1185.

995



MANFRED ANKE AN. R. Acap. Nac. Farm.

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

996

KRrosNIAK, M.; CAPIK, A.; SCHLEGEL-ZAWADZKA, M.; ZAcHWIEJA, Z. (1998) Evalua-
tion of the vanadium content in different stages of beer production. Men-
gen- und Spurenelemente 18: 678-681.

KuckRra, J.; LENER, J.; SoukaL, L.; Horakova, J. (1996) Air pollution and bio-
logical monitoring of environmental exposure to vanadium using short-time
neutron activation analysis. J Trace Microprobe Techn 14: 191-201.
Kustin, K.; RoBinsoN, W.E. (1995) Vanadium transport in animal systems.
In: SIGEL H and SIGEL A, eds. Metal Ions in Biological Systems, Vana-
dium and its Role in Life. Marcel Dekker, Inc. New York, Basel, Hong
Kong, pp. 511-542.

Lacerkvist, B.; NorDBERG, G.F.; Vouk, V. (1986) Chapt. 27: Vanadium. In:
Handbook on the Toxicology of Metals, 2"¢ Edn., Vol. II, Elsevier Amster-
dam, pp. 638-663.

Lauwerys, R.R.; Hoet, P. (1993) Industrial Chemical Exposure. Guidelines
for Biological Monitoring. 2™ Edn. Boca Raton. Florida, Lewis Publishers.
LioBeT, J.M.; CorLomiNa, M.T.; SirvenT, J.J.; DoMmiNGo, J.L.; COrRBELLA, J. (1993)
Reproductive toxicity evaluation of vanadium in male mice. Toxicology 80:
199-206.

Matusiewicz, H.; BarNES, R.M. (1985) Tree ring wood analysis after hydro-
gen peroxide pressure decomposition with inductively coupled plasma ato-
mic emission spectrometry and electrothermal vaporization. Anal Chem 57:
406-411.

MeiscH, H.-U.; Scumipt, J.A.; REINLE, W. (1977) Schwermetalle in héheren
Pilzen. III. Vanadium und Molybdéan. Z Naturforsch 32: 712-718.
Micuisata, H.; Sakural, H. (1990) Vanadium in ascidians. In: CHASTEEN
ND, ed. Vanadium in Biological Systems. Dordrecht, Netherlands, Kluwer,
pp. 153-171.

MiknALEVA, L.M.; ZaavoroNkov, A.A.; KakTtursky, L.V.; ANKE, M.; GrRoPPEL, B.
(2001) Oncomorphology in goats with acquired trace element deficiencies.
In: ERMAKOV VV and KOROBOVA EM, eds. Biogeochemistry and Geo-
chemical Ecology, Russian Academy of Sciences, Biogel. Moscow, Russia,
pp. 190-197.

Mocanu, H. (1999) Die Auswirkungen der Belastung des Bodens von Rositz
in Thiiringen mit Teer und thermischer Dekontamination auf den Blei-,
Cadmium-, Vanadium- und Titangehalt der Flora und den Ultraspurenele-
mentverzehr des Menschen. Diss. Biol.-Pharm. Fak., Friedrich-Schiller-Uni-
versitat Jena, Germany.

MyroN, D.R.; ZimmerMAN, T.J.; SHULER, T.R.; KLEvay, L.M.; LEg, D.E.; NIEL-
sEN, F.H. (1978) Intake of nickel and vanadium by humans. A survey of
selected diets. Am J Clin Nutr 31: 527-531.

NEecHay, B.R.; Naxninca, L.B.; Necuay, P.S.E.; Post, R.L., GranTHAM, J.J.;
Macara, 1.G.; KuBena, L.F.; PuiLrips, T.D.; NieLseN, F.H. (1986) Role of vana-
dium in biology. Fed Proc 45: 123-132.

Nielsen, F.H. (1984) Ultratrace elements in nutrition. Ann Rev Nutr 4:
21-41.



VoL. 70 (4), 961-999, 2004 VANADIUM - AN ELEMENT BOTH ESSENTIAL AND TOXIC

(88)

(89)

(90)

o1

(92)

(93)

(94)

(95)

(96)

97)

(98)
(99)
(100)

(101)

(102)

(103)

NieLseN, F.H. (1985) The importance of diet composition in ultratrace ele-
ment research. J Nutr 115: 1239-1247.

NieLseN, F.H. (1987) Vanadium. In: MERTZ W, ed. Trace Elements in
Human and Animal Nutrition. Vol. 1, San Diego, CA: Academic Press,
pp- 275-300.

NieLseN, F.H. (1991) Nutritional requirement for boron, silicon, vanadium,
nickel and arsenic: current knowledge and speculation. The Faseb Journal 5:
2661-2667.

NieLseN, F.H. (1995) Vanadium in mammalian physiology and nutrition. In:
SIGEL H and SIGEL A, eds. Metal Tons in Biological Systems, Vanadium
and its Role in Life. Marcel Dekker, Inc. New York, Basel, Hong Kong,
pp. 543-573.

NieLseN, F.H. (1997) Vanadium. In: O'DELL BL and SUNDE RA, eds. Hand-
book of Naturitionally Essential Mineral Elements. Marcel Dekker, Inc, New
York, Basel, Hong Kong, pp. 619-630.

NieLseN, F.H. (1998) Ultratrace elements in nutrition: Current knowledge
and speculation. J Trace Elements Exp Med 11: 251-274.

NieLseN, F.H.; UnricH, K.E.; SuuLer, T.R.; Urnus, E.O. (1983) Influence of
vanadium deprivation on hematopoiesis and other biochemical parameters.
In: ANKE M et al,. eds. 4. Spurenelement-Symposium, University Leipzig
and Jena, Germany, pp. 127-134.

NieLseN, F.H.; Utaus, E.O. (1990) The essentiality and metabolism of vana-
dium. In: CHASTEEN ND, ed. “Vanadium in Biological Systems. Physiology
and Biochemistry” Dordrecht, Netherlands: Kluwer Academic, pp. 51-62.
NRriagu, J.O.; Davipson, C.I. (1986) Toxic Metals in the Atmosphere. John
Wiley & Sons, New York.

PatTtErsoN, B.W.; Hansarp, S.L. II; AMmerMAN, C.B.; HENrY, P.R.; ZEcH, L.A.;
FisueEr, W.R. (1986) Kinetic model of whole-body vanadium metabolism:
studies in sheep. Am J Physiol 251: R325-R332.

PeEnNINGTON, J.A.T.; JonEs, J.W. (1987) Molybdenum, nickel, cobalt, vana-
dium, and strontium in total diets. J Am Diet Assoc 87: 1644-1650.
PrantoNow, N.; ABBEY, H.K. (1968) Toxicity of vanadium in calves. Vet Rec
82: 292-293.

PriesTLEY, J.; GAMGEE, A. (1876) On the physiological action of vanadium.
Phil Trans R Soc Lond (Biol) 166: 495-556.

RamanapHAM, S.; HEYLIGER, C.; GRESSER, M.J.; TrAcEY, A.S.; McNEemwL, J.H.
(1991) The distribution and half-life for retention of vanadium in the organs
of normal and diabetic rats orally fed vanadium (IV) and Vanadium (V).
Biol Trace Element Res 30: 119-124.

REHDER, D. (1995) Inorganic considerations on the function of vanadium in
biological systems. In: SIGEL H and SIGEL A, eds. Metal Ions in Biological
Systems, Vanadium and its Role in Life. Marcel Dekker, Inc. New York,
Basel, Hong Kong, pp. 1-43.

Ruoaps, K.; Sanpers, C.L. (1985) Lung clearance, translocation and acute
toxicity of arsenic, beryllium, cadmium, cobalt, lead, selenium, vanadium

997



MANFRED ANKE AN. R. Acap. Nac. Farm.

(104)
(105)

(106)

(107)

(108)
(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

998

and ytterbium oxides following deposition in rat lung. Environ Res 36:
359-378.

RirkiN, R.J. (1965) In vitro inhibition of Na* -K* and Mg** ATPases by mono,
di, and trivalent cations. Proc Soc Exp Biol Med 120: 802-804.

SAAGER, R. (1984) Metallic Raw Materials Dictionary, Bank von Tobel, Zii-
rich, pp. 153-156.

SaBBIONI, E.; Kucera, J.; PIETRA, R.; VESTERBERG, O. (1996) A critical review
on normal concentrations of vanadium in human blood, serum and urine.
Sci Total Environ 188: 49-58.

SaBBioNI, E.; MarAFANTE, E. (1981) Progress in research on newer trace ele-
ments: the metabolism of vanadium as investigated by nuclear and radio-
chemical techniques. In: HOWELL J McC, GAWTHORNE JM, WHITE CL,
eds. Trace Elements Metabolism in Man and Animals (TEMA-4). Canberra:
Australian Academy of Science, pp. 629-631.

Sanural, H. (2002) A new concept: The use of vanadium complexes in the
treatment of diabetes mellitus. The Chemical Record 2: 237-248.
ScHROEDER, H.A.; BaLassa, J.J.; TriproN, I.LH. (1963) Abnormal trace metals in
man - vanadium. J Chron Dis 16: 1047-1071.

SEILER, H. (1995) Analytical procedures for the determination of vanadium
in biological materials. In: SIGEL H and SIGEL A, eds. Metal Tons in Biolo-
gical Systems, Vanadium and its Role in Life. Marcel Dekker, Inc. New
York, Basel, Hong Kong, pp. 671-688.

SeEKAR, N.; L1, J.; SHECHTER, Y. (1996) Vanadium salts as insulin substitutes:
mechanisms of action, a scientific and therapeutic tool in diabetes mellitus
research. Crit Rev Biochem Mol Biol 31: 339-359.

SELL, J.L. (1984) Reevaluation of vanadium influence on interior quality of
eggs. In: Proc. Cornell Nutr. Conf Feed Manufact., pp 109-115.

SHECHTER, Y.; KarrisH, S.J.D. (1980) Insulin-like stimulation of glucose oxi-
dation in rat adipocytes by vanadyl (IV) ions. Nature 284: 556-558.

SmrtH, M.J.; RyaN, D.E.; Nakanisai, K.; Frank, P.; Hobgson, K.O. (1995) Va-
nadium in ascidians and the chemistry of tunichromes. In: SIGEL H and
SIGEL A, eds. Metal Ions in Biological Systems, Vanadium and its Role in
Life. Marcel Dekker, Inc. New York, Basel, Hong Kong, pp. 423-509.
Soepiak, H.S.; BUTLER, A. (1991) A mechanism of dioxygen formation cataly-
zed by vanadium bromoperoxidase from Macrodystis pyrifera and Fucus
districhus: steady state kinetic analysis and comparison to the mechanism
of V-BrPO from Ascophyllum nodosum. Biochim Biophys Acta 1079: 1-7.
SoMERVILLE, J.; Davies, B. (1962) Effect of vanadium on serum cholesterol.
Am Heart J 64: 54-56.

Stankiewicz, P.J.; TRACEY, A.S.; Crans, D.C. (1995) Inhibition of phosphate-
metabolizing enzymes by oxovanadium (V) complexes. In: SIGEL H and
SIGEL A, eds. Metal Ions in Biological Systems, Vanadium and its Role in
Life. Marcel Dekker, Inc. New York, Basel, Hong Kong, pp. 287-324.
STERN, A.; YIN, X.; TsanG, S.S.; Davison, A.; Moo\, J. (1993) Vanadium as a
modulator of cellular regulatory cascades and oncogene expression. Bio-
chem Cell Biol 71: 103-112.



VoL. 70 (4), 961-999, 2004 VANADIUM - AN ELEMENT BOTH ESSENTIAL AND TOXIC

(119)
(120)

(121)
(122)

(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

TuompsoN, K.H. (1999) Vanadium and diabetes. Bio Factors 10: 43-51.
THoussaNT, M.J.; LatsHaw, J.D. (1994) Evidence of multiple metabolic routes
in vanadium effects on layers — ascorbic acid differential effects on prepeak
egg production parameters following prolonged vanadium feeding. Poultry
Science 73: 1572-1580.

Tissot, B.P.; WELTE, D.H. (1984) Petrolium Formation and Occurrence, 2".
Edn. Springer Verlag, Berlin-Heidelberg.

THURAUF, J.; Syca, G.; ScHALLER, K.H. (1979) Felduntersuchungen zur beru-
flichen Vanadium-Exposition. Zbl Bakt Hyg I. Abt Orig B 168: 273-290.
Tsukamoto, Y.; Saka, S.; Kumano, K.; Iwanawmi, S.; IsHipa, O.; Marumo, F.
(1990) Abnormal accumulation of vanadium in patients on chronic hemo-
dialysis therapy. Nephron 56: 368-373.

UeserscHir, K.-H.; Vocrt, H.; MattaEes, S. (1985) Der Einfluss von Vana-
dium-Zusitzen zum Broiler- und Legehennenfutter auf die Leistungen der
Tiere und auf Riickstandsgehalte in den Geweben und Eiern. Arch Gefliige-
lkde 49: 23-30.

Urtnus, E.O.; NieLsen, F.H. (1990) Effect of vanadium, iodine and their in-
teraction on growth, blood variables, liver trace elements and thyroid status
indices in rats. Magnesium Trace Elem 9: 219-226.

VALENTIN, H.; ScHALLER, K.H. (1977) In: HOLZHAUSER KP AND SCHALLER
KH, eds. Arbeitsmedizinische Untersuchungen bei Schornsteinfegern. Georg
Thieme Verlag Stuttgart.

VaN ScHDNDEL, J.W.P.M.; VOLLENBROEK, E.G.M.; WEVER, R. (1993) The chlo-
roperoxidase from the fungus Curvularia inaequalis; a novel vanadium en-
zyme. Biochim Biophys Acta 1161: 249-256.

ViLTER, H. (1984) Peroxidases from Phaephyceae: a vanadium (V)-depen-
dent peroxidase from Asocphyllum nodosum. Phytochemistry 23: 1387-1390.
ViLTER, H. (1995) Vanadium-dependent haloperoxidases. In: SIGEL H and
SIGEL A, eds. Metal Ions in Biological Systems, Vanadium and its Role in
Life. Marcel Dekker, Inc. New York, Basel, Hong Kong, pp. 325-362.
WEenRLI, B. (1987) Vanadium in the hydrosphere. Thesis Nr. 8232. Swiss
Federal Institute of Technology, Ziirich. ADAG Administration & Druck AG.
WEenNnNIG, R.; KirscH, N. (1988) Chapt. 69: Vanadium. In: SEILER HG, SIGEL
H and SIGEL A, eds. Handbook on the Toxicity of Inorganic Compounds,
Marcel Dekker, New York, pp. 749-765.

WEVER, R.; KrRENN, B.E. (1990) Vanadium haloperoxidases. In: CHASTEEN
ND, ed. Vanadium in Biological Systems. Dordrecht, Netherlands: Kluwer,
pp- 81-97.

WiecMmaN, T.B.; Day, H.P.; Patak, R.V. (1982) Intestinal absorption and se-
cretion of radioactive vanadium (*VO;) in rats and effect of AI(OH),. J
Toxicol Environ Health 10: 233-245.

ZAPorROWSKA, H.; WasiLEwskr, W. (1991) Significance of reduced food and
water consumption in rats intoxicated with vanadium. Comp Biochem Phy-
siol 99: 349-352.

999





