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THE EFFECTS OF HUMIC ACID ON THE CHEMICAL AND
BIOLOGICAL PROPERTIES OF SELENIUM IN THE ENVIRONMENT

PENG AN and XU LANGQIU
Instituse of Environmental Chemistry, Academus Sinica, Beijing (China)

ABSTRACT

To shed light on the causes of Kaschin-Beck disease, which can be prevented by supplementa-
tion of the diet with sodi lenite, the i i between i ic selenium
(selenite and selenate) and humic/fulvic acid were investigated. Selenate was foundto be slowly
reduced to selenite by humic acid in acidic solution. Selenite was adsorbed on manganese diaxide
and iren(IIl) oxide from solution to a much greater degree than on kaolin, humic acid, Yongshu
soil. or silicon dioxide. Feeding mice a diet supplemented with sodium selenite increased the
seleniwm concentration in the kidrey, liver, spleen, lung, heart and blood. A diet containing
sodium selenite and fulvic acid caused the selenium cancentrations in the organs, with the
exception of the spleen. to be lower than observed with the selenite-only diet. Selenium and fulvic
acid increase the activity of glutathione peroxidase. Sodium selenite and fulvic acid injected in
¢combination mto the abdominal cavity of mice and rats were less toxic than either substance alone.

Selenite and fulvie acid applied h d the 1 of photab ium phospho-
reum T-3 as low ions but the i at higher i Selenite
and fulvie acid in combination caused a larger enhancement and a smaller depression of the
luminosity than observed with either sub: alone. The h hesis is d that Kaschin-

Beck disease is caused by selenium levels insufficient to prevent the toxic effects of the organic
compounds present in the drinking water of the regions in which the disease is endemic.

INTRODUCTION

People in a region stretching from northeast to southwest China are known
to suffer from the endemic Kaschin-Beck's disease [1]. Environmental inves.
tigations and medical studies carried out during the past three decades iden-
tified selenium deficiencies {2,3], high concentrations of natural organie mat-
erials such as humic acids in drinking water [4], and fungal toxins present in
grain as the causes of this disease. Removing any one of the three causes
(adding extra selenium to the food, reducing the concentration of organic
matter in drinking water, or providing toxin-free grain) reduces the incidence
of the disease [6,7,8]. This observation suggests that selenium, organic matter,
and fungal toxin, act synergystically.

This paper reports the results of an investigation of the effects of humic acid,
the main component of the erganic material in the drinking water of the region
affected by Kaschin-Beck's disease, on the chemical behavior of selenium in the

0048-9697/87/$03.50 © 1987 Elsevier Science Publishers B.V.
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environment and on the biological properties of selenium given to mice and
rats in their food.

EXPERIMENTAL

Humic acids and fulvic acids were extracted as described earlier (9] from the
drinking water of Yongping village and soils collected in Yongshou County,
Shaanxi Province, an area in which Kaschin-Beck’s disease is endemic. Fulvic
acid was extracted from humic acid and then purified [9]. Humic acid samples
were similarly obtained from peat provided by the Institute of Chemistry,
Academia Sinica, Beijing.

To prepare soil water, 100g of air-dried soil from Yongping village, Yong-
shou County, was thoroughly mixed with 101 of distilied water. The clear
supernatant (pH 6.47, E, + 464mV) was used for the experiments.

Standard solutions of Se(IV) and Se(VI) were prepared from A.R. grade
sodium selenite, selenium dioxide, or sodium selenate supplied by Beijing
Chemical Plant. Se(IV) and Se(VI) were determined by gas chromotography
(Lunan Chemical Industry Instrument Factory Model SP-501 GC) with an
electron-capture detector or spectrophotometrically {15] (RF-520 Shimadzu
Spectrofluorophotometer) using 1,2-diamino-4-nitrobenzene as the selenium-
specific reagent [10]. The adsorption of selenium on various materials was
studied with the j-active Se-75 isotope (Beijing 261 Factory Model FH-408
Gamma Counter). The giutathione peroxidase activity in the blood of mice was
determined according to Hafeman et al. [16].

Effect of humic acid on the Se(VI){SefIV) ratio

SBodium selenate and sodium selenite were added to soil water to obtain
solutions containing 100mgl~Se(VI) and 100 mg1~' SeIV). Humic acid (ex-
tracted from drinking water) was then added to aliquots of the Se(VI){Se(IV)
solutzons to achieve concentrations of humic acid in the range of 0-500mg1-".
Each of the humic acid solutions was divided into four parts, each of which was
mixed with acid or base to achieve pH values of 3, 5, 7, or 9. The redox potentials
of these solutions were measured at 25°C using a pHS-3 research pH meter
equipped with a Pt-electrode.

Reduction of selenate by humic acid

Humic acid was dissolved in soil water to obtain solutions with 5.0mg humic
acid per liter. Aliquots of this solution were adjusted with hydrochloric acid or
with sodium hydroxide to a pH of 3.24, 7.95, or 9.01. Sufficient sodium selenate
solution was then added to achieve a Se(IV) concentration of 0.097 mgl™*.
Se(IV) was determined as the selenazole.
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Adsorption of selenite

Humic acid (1000 mg) was added to 11 of & selenite solution in soil water
[0.5 mg Se(IV)1™'] spiked with Se-75 selenite. Aliguots of these solutions were
adjusted to pH values in the range 2-12 using hydrochloric acid or sodium
hydroxide. Quartz test tubes (20m1) with ground-joint caps were charged with
10-50 mg of adsorbent [manganese dioxide iron(II) oxide, kaolin, humic acid,
soil from Yongshou County, or silicon diexide} and 10ml of one of the Se(IV)
solutions. The tubes were sealed, and the mixture shaken for 10h at 25°C. The
phases were then separated in a centrifuge at 10000 r.p.m. The supernatant was
analyzed for dissolved selenium with a y-ray counter.

Effect of sodium selenite and fulvic ecid on mice

Groups of 12 Kunming male white mice provided by the Beijing Medical
College were fed a normal diet of maize for 35 days. The first group then
received the normal diet for 10 days, but the drinking water contained sufficient
sodium selenite to assure that each mouse obtained 5 ug Se per day. The diet of
the second group had the same amount of selenium in the drinking water as the
first group, but received in addition 3 mg of fulvic acid via drinking water. The
third group, fed a normal diet without selenium and fulvic acid, served as
control. The mice were sacrificed after 10 days. The selenium concentrations
were determined in their main internal organs, in their blood, and in their
bones. The glutathione peroxidase activity was determined in the blocd.

Selenium toxicity in mice and rats

Female white rats and mice were reared on a normal diet. Solutions (pH 7)
{0.5ml) of selenium dioxide in water (1-5 ugSefg body weight), salutions of
fulvic acid (20~100 pgfg body weight), or solutions of selenium dioxide and
fulvic acid were injected into the abdominal cavity of the animals. Their
survival or death was noted.

Effect of sodium selenite and fulvic acid on the luminosity of bacteria

The photobacterium phosphoreum T-3 isolated from the Australian fish
Tripterophysics internedus was provided by Dr Y.T. Tchen [14] of the Nanjing
Soil Institute. The bacterial cultures were diluted with 3% aqueous sodium
chloride solution [17]. Aliquets of the diluted culture were placed into ¢ol-
orimeter cuvettes, and the selenium/fulvic acid solutions were added (culture/
Se, FA solution 1:3 to 1:9 v/v), Half an hour after mixing, the luminosity was
determined. The luminosity of a control obtained by diluting the bacterial
culture with 3% sodium chloride was also determined.
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Fig. 1. The effect of the humic acid concentration and the pH on the E, vaiues for Se(VI){Se(IV).

RESULTS AND DISCUSSION
Selenium end humic/fulvic acid

Aqueous solutions containing sodium selenate (37 ug Sel-') and humic acid
at pH 3.24, 7.95, or 9.01 were kept for 7 days. Determinations of the oxidation
state of selenium in these solutions showed that humic acid reduced selenate
to a small degree in the acidic solution but not at all in the neutral and basic
solutions (Fig. 1).

Sodium selenite and sodium selenate were dissolved in soil water. Humic
acid was added to provide humic acid concentrations in the range 0-500 mgl .
Measurement of &, [Se(VI)/Se(IV)] of these solutions indicated that their
reducing ability increased with increasing humic acid concentration (Fig. 2).
The concentration of selenite increases gradually. The dependence of E, on the
pH of the humic acid-containing solutions is the same as for the humic acid-free
solutions [11}.

Adsorption of selenite

The adsorption of selenite was determined by shaking aqueous solutions of
sodium selenite (pH 2-11) with metal oxides, humic acid, and a soil sample from
Yongshou County for 10h. Under these conditions, manganese dioxide and
iron(ll) oxide adsorbed much more selenite than did kaolin, humic acid,
Yongshou soil, and silicon dioxide. A similar sequence has previously been
reported [12]. The absorbability of selenite on these materials decreased with
increasing pH, with a particularly drastic decrease between pH 9 and 11 (Fig.
3). The adsorption of selenite on the hydrous oxides of iron and manganese at
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Fig. 2. The time-dependence of the reduction of selenate by humic acid in acidic and basic aqueous
media.

low pH can affect the bioavailability of selenium. However, the low adsorbabil-
ity of Yongshou soil for selenium makes it unlikely that the low selenium levels
in this region are caused by adsorption of selenium on soil.

Distribution of selenium in mice

Selenium is an essential element that becomes toxic at elevated levels.
Selenium is associated with several diseases, inhibits the activity of some
carcinogens, and acts as an antagonist for elements such as Cd, Hg, Ag and As.
Selenium is present in organs and other parts of the body. The concentration
of selenium in the organs of mice fed a diet without seienium supplementation
is in the range 0.1-0.7ugg™' (Table 1). A diet supplemented with sodium

1500

ug Se/g Adsorbent

73

Fig. 3. The adsorption of selenite by Yongshou soil, humic acid, kaclin, silicon dioxide, iron(llI)
oxide, and manganese dioxide from aqueous solutions of pH 2-12.
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TABLE 1

The distribution of selenjum in mice fed dieta containing sodium selenite or sedium selenite/fulvic
acid

Diet Selenium concentration” (ugg™")

Kidney Liver Spieen FEung Heart Blood Bone

Contzol on 038 0.44 036 029 .38 016

With Na,Se0, 136 137 0.61 0.60 0.45 07 03¢

With NaSeO;and 133 091 0.89 054 032 071 015
fulvie acid

"The organs of 12 mice in each group were combined and digested. The concentrations are
exprassed on a wet weight basis.

selenite to provide a dose of 5 ug Se per day increased the selenium concentra-
tion in the kidney, liver, spleen, lung, heart and blood.” The largest increase
(3.6-fold) occurred in the liver. Such increases have been observed earlier [19].
‘When the mice were fed a diet supplemented with sodium selenite and fulvic
acid, the selenium eoncentrations in the organs were found to be higher than
those of the control group, but lower than those for animals fed a diet sup-
plemented by selenium only. The spleens of mice on the selenium/fulvic acid
diet had a higher selenium concentration than the spieen of mice on the
selenium diet. Fulvic acid did not affect the selenium concentration in bicod.
The selenium level in bone was not changed by selenium or selenium/fulvic
acid (Table 1). The low and constant concentration of selenium in bone obser-
ved in this study agrees with results obtained with autoradiography [18].

Glutathione peroxidase contains selenium, The level of glutathione
peroxidase activity in the blood could be a measure of selenium uptake and
utilization. Mice on the selenium-supplemented diet had a glutathione
peroxidase activity (10.6 Uml™') almost twice the activity in the control group
(6.5Uml™*). With selenium and fulvic acid the activity increased to
138Uml™!. Fulvic acid appears to promote the activity of glutathione
peroxidase.

Toxicity of selenium/fulvic acid

The toxicity of selenite and of fulvic acid was checked by injecting solutions
of these sut into the abdominal cavity of mice and rats. The mice were
alive 7 days after receiving 50 or 200 mg fulvic acid per kg body weight. A dose
of 400mg kg ! fulvic acid caused death within 1 day. Rats receiving 2.94 mg Se
(Se0,) per kg body weight died within 1 day. A similar fatal dose of
3.0mgSekg™! for rats was alsoc found by other investigators [19,20]. When
solutions containing selenium (SeQ,) and fulvic acid were injected at doses
that were fatal when applied singly, the mice and rats survived. The results of
these experiments are summarized in Tabie 2. Mixtures of selenite and fulvic




TABLE 2

Effect of solutions of selenite and fulvic acid injected into the abdominal cavity of female mice and
rats

Animal Weight Dose (mgkg~' body Effect
(&) weight)
Se Fulvic acid

Mouse 80 o 50 Alive after 7 days

Mouse 30 0 200 Alive after 7 days

Mouse 30 0 400 Dead within 1 day

Mouse 28 0 535.7 Dead within 1 day

Mouse 30 0 BOG* Dead within 12h after
the last injection

Mouse 30 47 500 Alive after § days

Mouse 28 51 535.7 Alive after 7 days

Mouse 30 4.0* 800" Alive after 8 days

Rat 170 2.8 0 Dead within 1 day

Rat 200 3.0 1326 Alive after 3 days

Mouse 23 5.4 3383 Alive after 3 days

*Several injections used to reach total with 6h between injections.

acid are clearly less toxic than selenite or fulvic acid alone. Combinations of
elements such as selenium/mercury and selenium/cadmium are known to have
lower toxicity than the individual components. The interactions responsible
for these reductions of toxicity have been investigated [21]. However, the
literature does not appedr to report similar effects for mixtures of fulvic acid
and selenium. The observations described here indicate that carboxylic acids
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Fig. 4. The separate effects of selenite and Yongshou fulvic acid on the luminosity of Photobac-
terium phosphoreum T-3.
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might serve as detoxifying agents for various elements, and suggest that one of
the functions of selenium might be the detoxification of humic and fulvic acids.

Effect of selenite and fulvic acid on the luminosity of photobacterium phospho-
reum T-3

The luminosity of the photobacterium phosphoreum T-3 was used as a probe
for the effects of selenite and fulvic acid on the biclogical processes in this
organism. Sel i < 100 mg 1™’ and fulvic acid concentrations
<120 mgl~! enhance the luminosity. At higher concentrations the luminosity
decreased (Fig. 4). These results are in agreement with the law that an organ-
ism functions best at a restricted range of trace element concentrations as
expressed, by the Bertrand diagram [22). In a medium containing fulvie acid and
selenite {at selenium concentrations one-tenth of those of fulvic acid) the
luminosity of the bacteria was considerably higher than the luminosity in
media containing fulvic acid alone (Fig. 5). Selenite and fulvic acid affect the
bacterium less in combination than singly, as was observed with mice and rats.

Cause of Kaschin-Beck diseese

Organic compounds in the drinking water of the regions in which Kaschin-
Beck disease is endemic damaged the cells of cartilaginous tissues {13]. One can
hypothesize that these organic compounds and other pathogenic factors cause
Kaschin-Beck disease. The observation that selenium reduces the toxicity of
fulvic acid suggests a cause for the disease. When seleniwm levels in the water
are sufficiently high, the toxic effects of the organic compounds are suppressed
and the disease cannot become endemic. However, at low selenium levels,

nsufficient selenium is available to completely interact with toxic organic



