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Vitamin B12 is known to be involved in methyl group

transfer to homocysteine by the 5-methyltetrahydrofolate-

tetrahydrofolate pathway in animals. Since the methylation

of inorganic selenium and arsenic is considered a

detoxification mechanism in animals, the effect of vitamin

B12 status on inorganic selenium and arsenic metabolism was

investigated in vitamin B12 deficient and supplemented rats.

It was found that vitamin B12 protects against selenium

toxicity as shown by growth performance, liver gross damage,

and spleen and kidney enlargements. Vitamin B12 deficiency

increased tissue retention of selenium in liver and kidney.

Vitamin B12 deficiency decreased the amount of

dimethylselenide expired (3X) and trimethylselenonium

excreted (1.5X) in urine, resulting in higher tissue

retention in rats injected with selenite. In vitro

methylation experiments indicated 2 to 3 times less

dimethylselenide production by liver extracts from vitamin

B12 deficient rats.

In contrast to selenium, vitamin B12 deficiency had

little effect on arsenic methylation in rats. Swiss Webster

mice were used to confirm this finding in a different

species. Rats fed diets with or without vitamin B12 and

arsenate excreted 94% and 90% as dimethylarsinic in urine

respectively. Also lower kidney and urinary arsenic levels



were shown in pair-fed vitamin B12 deficient rats. When

injected with arsenite, both vitamin B12 deficient and

supplemented rats excreted 3% as dimethylarsinic in 18

hours. When injected with 5 mg arsenic as arsenite/kg body

weight, mice from both diet groups excreted 60% as

dimethylarsinic in 18 hours. In vitro methylation

experiments using liver extracts from vitamin B12 deficient

or supplemented rats showed about the same ability to form

dimethylarsinic in cytosolic and 9000 x g supernatant

fractions.

Selenium and arsenic were found to bind metallothionein

based on spectral changes in vitro. However, there is no

evidence to indicate binding of these two elements to

metallothionein in vivo.
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THE EFFECT OF VITAMIN B12 ON SELENIUM AND ARSENIC

METABOLISM

CHAPTER I: INTRODUCTION

Inorganic selenium such as selenite and selenate, as

well as inorganic arsenic such as arsenite and arsenate, are

very toxic chemicals to animals. Selenium is known to
function as a component of the enzyme-glutathione

peroxidase. Selenium also has been proven to be present as

selenocysteine in selenoprotein P, and may be required for

5'-deiodinase. At higher level, selenium is known to cause

selenosis in animals and in humans in high selenium areas

such as China. Arsenic has no known established nutritional

value. On the other hand, it has been used as a poison since

ancient time.

Metabolism of both inorganic selenium and arsenic

involves reduction and methylation of the elements in

animals. Since the biomethylation products are less toxic

and more readily excreted than their parent compounds, this

part of the metabolism of selenium and arsenic is considered

as a detoxification mechanism.

Selenium toxicity is alleviated by increased dietary

methionine, choline and betaine intake (McConnell 1952). No

such relationship has been shown for arsenic. However,

choline, methionine and protein deficiency have been shown

to decrease arsenic methylation in rabbits (Vahter and

Marafante 1987). But choline deficiency did not cause a

decrease in selenium methylation in rats (Ziesel et al 1987,

Galambos 1966). On the other hand, vitamin B12 has been shown

to increase arsenic methylation in vitro (Buchet and

Lauwerys 1985). No relevant study has been done in selenium

methylation. However, it has been shown that cobalt

deficiency will aggravate selenium toxicity in sheep

(Gardier 1966). These findings suggest a possible
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interaction between these two elements and vitamin B12.

Similar to other methylation reactions in the body, the

methyl group for selenium and arsenic methylation are known

to come from S-adenosylmethionine (Hsieh and Ganther 1977,

Hoffman et al 1988). Vitamin B12 is a cofactor in methionine

synthetase, which transfers a one carbon moiety from 5'-

methyltetrahydrofolate to homocysteine. Methionine is also

synthesized from homocysteine by betaine demethylation and

directly from hydrolysis of protein. When methyl group

(methionine, choline) intake is low, the remethylation rate

of homocysteine to methionine will increase. The methyl

group balance is well maintained in the body by various

control mechanisms to maintain a high ratio of S-

adenosylmethionine to S-adenosylhomocysteine.

Does vitamin B12 status affect selenium and arsenic

toxicity? How important is vitamin B12 in these methylation

reactions in selenium and arsenic metabolism? Does vitamin

B12 have the same effect on selenium and arsenic methylation

and detoxification? Answers to these interesting questions

would allow us to better understand methyl group balance in

the body. This also provides a good example of toxicant-

nutrient interactions in toxicology.

Metallothionein is a small protein and contains 20

sulfhydryl groups per molecule. It binds many metal ions and

is easily induced by certain metals such as zinc or cadmium

in the body. Metallothionein synthesis is considered a

detoxification mechanism for metals. Selenium and arsenic

are known to bind to sulfhydryl groups. The binding of this

protein with selenium and arsenic was studied to determine

whether metallothionein might be involved in selenium and

arsenic toxicity.

This thesis consists of eight chapters. Chapter I is an

introduction. Chapter II is a literature review of selenium

and arsenic methylation. Five chapters (chapter III to VII)
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are concerned with relevant experiments conducted. Chapter

III and IV are studies of the effects of vitamin B12 on

selenium metabolism. Chapter V is concerning the effects of

vitamin B12 on arsenic metabolism. Chapter VI is concerned

with interactions of metallothionein with vitamin B12,

selenium and arsenic. Chapter VII presents a preliminary

study on the effect of vitamin B12 on selenium and arsenic

toxicity to cultured Hep G2 cells. A summary and discussion

are presented in chapter VIII.
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CHAPTER II: LITERATURE REVIEW- METHYLATION OF SELENIUM AND

ARSENIC AS DETOXIFICATION MECHANISM IN ANIMALS

This review discusses various in vivo and in vitro

studies conducted on the methylation of these two elements.

Methylation reactions in animals involve complex methyl

group donor balance so the influence of each factor is

discussed separately. Also, the evidence indicate different

methyltransferases which are involved and are located in

different subcellular organelles in various tissues. There

is little information concerning the characterization of the

methyltransferases involved in the methylation of selenium

and arsenic. The control mechanisms are not clear and
further study is needed to clarify it.

SELENIUM TOXICITY

It was found in the nineteenth century that animals

expire garlic odor dimethylselenide (DMSe) from breath after

administration of toxic levels of selenium compounds

(McConnell 1952). Trimethylselenonium (TMSe) was identified

as a major metabolite in urine of animals given toxic levels

of selenium compounds in 1969 (Palmer et al 1969, Byard

1969). These methylation reactions are considered

detoxification mechanisms for these elements. McConnell

(1952) gave various methyl donors including choline,

methionine and betaine to rats fed 17.5 ppm selenium and

treated rats showed better growth and fewer death in 60 days

than controls. Hoffman (1987) treated mice with 4 mg

selenium /kg body weight along with periodate oxidized

adenosine (PAD), an inhibitor of S-adenosylhomocysteine

hydrolase, and this treatment caused death within 48 hours

while no death occurred in 4 days when the same selenium
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level was given to mice without PAD treatment.

Both DMSe and TMSe are much less toxic than selenite or

selenate. DMSe has an LD50 of 1600 mg selenium/kg body

weight in rat, which is more than a thousand fold less toxic

than selenite. The LDm of TMSe is more than 10 times higher

than selenate or selenite (Table II.1). TMSe is a water

soluble cation. When TMSe was injected into rat, it was

found to be excreted in the urine in the original form and

TMSe could not protect animals from selenium deficiency

(Tsay 1970). TMSe is thus considered to be biologically

inert.

SELENIUM METABOLISM

The efficiency of selenium absorption in animal

gastrointestinal tract is very high and considered to be by

passive diffusion. Brown (1972) found 95%-100% was absorbed

by the small intestine of rats given selenite. The rate of

absorption of selenium is consistent over a wide range of

concentrations (Wolffram et al 1985, Humaloja and Mykkanen

1986). Excretion of selenium is mainly through the urine.

There are two major methylated compounds found in

animals dosed with inorganic selenium. DMSe is exhaled from

breath when a subtoxic dose of selenium is given (McConnell

et al 1952). The other compound, TMSe ion, is found to be

the major metabolite in urine at higher dose ( Palmer et al

1969, Byard 1969, Hoffman 1988 ). There is a dose response

at lower selenium intake (Ziesel 1989).

Ganther and his group greatly increased our knowledge

of the mechanism of selenium metabolism in animals. As early

as 1960, Bremer found rat liver microsomes in the presence

of S-adenosylmethionine (SAM) can methylate H2Se and CH3SeH.

Initial studies of selenide formation from selenite in cell-

free systems from livers provided important clues to the
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process of selenite reduction (Hsieh and Ganther 1975,

1977). GSH, NADPH and anaerobic conditions were found to be

essential. Selenite is first reduced and then methylated.

The series of reactions can be shown as below:

NADPH N6DP NADPH....,11ADP SAM CH3SeH
-.._

H2SeO3-->GSSeSG -->GSSeH >H2Se >(CH3)2Se
+4GSH -GSH -GSH (CE13)3Se
-GSSG

Mas et al (1987) found that selenite does not bind to

plasma proteins either in vitro or in vivo as demonstrated

by Sephadex G-150 gel filtration. They found incorporation

in proteins occurred after selenite internalization by the

erythrocytes. They suggested reduction of selenite occurred

in erythrocytes.

Diplock (1973) used liver homogenates and microsomes

from rats injected with radioactive selenite to study the

production of acid labile selenium which can be trapped with

either silver nitrate or nitric acid. Since most of the

radioactivity was trapped by silver nitrate, it was

concluded that the selenium compound was probably H2Se.

These results provided evidence that selenite reduction

precedes methylation.

Most studies of selenium metabolism were done with

selenite. However, some studies with selenate indicated the

same metabolic pathway of selenate after its reduction to

selenite. Nakamuro (1977) gave selenate to rat and found

smaller amount of DMSe formed compared to selenite. Hirooka

and Galambos (1966) injected radioactive selenate in rats

and found less body retention, more urinary excretion and

less exhaled in breath compared to selenite injection.

Evenson et al (1991) gave selenate to rats and found the

same 75Se incorporation patterns of SDS/PAGE profile in all

tissues compared to selenite but lower tissue retention.
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These studies provide evidence that reduction of selenate to

selenite took place in the body then followed the same

metabolic pathway as selenite.

Hsieh and Ganther (1977) found that the rat liver
microsomal component played an important function in

methylation, while the cytoplasmic fraction possessed both

reducing and methylating activities. SAM was shown to be the

methyl donor and the overall reduction-methylation process

required both a microsomal component and the cytoplasmic

fraction for optimal activity. The product of this system

could be trapped by 8 N nitric acid and contained carbon and

selenium in a molar ratio of close to 2:1. This was shown

by means of 14C-labeled SAM and 75Se-labeled selenite,

indicating dimethylselenide was the major product. They

suggested different methyltransferases were involved since

microsomal activity but not cytoplasmic activity was

inhibited by very low level of arsenite.

The cytosolic Se-methyltransferase was readily purified

from rat liver or kidney as a fairly stable protein of

approximately 30,000 molecular weight and had an optimum pH

of about 6.5 (Hsieh and Ganther 1977). It is not known if it

is a new enzyme specific for selenium or a methyltransferase

that can methylate sulfur or oxygen as well.

Hoffman et al (1988) purified and characterized an
enzyme called S-adenosylmethionine:thioether S-

methyltransferase from mouse lung and liver cytosol but it

was not found in other subcellular site. This enzyme is

responsible for the methylation of DMSe to produce TMSe. The

methyl donor is SAM. This enzyme can also methylate dimethyl

telluride and dimethyl sulfide and many other thioethers.

It's molecular weight is 28,000 dalton and has a pI of 5.3.

The pH optimum was 6.3 and Km values for DMSe and SAM were

0.4 and 1.0 AM respectively. It was shown to be unable to

methylate methane selenol nor methane thiol.
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Testing of sodium selenide and sodium sulfide were

unsuccessful because of nonenzymatic methylation by SAM. It

was suggested as unlikely that this enzyme would methylate

these compounds. Mozier and Hoffman (1990) suggested the

physiological role of this enzyme as methylating seleno-,

telluro-, and thioethers to soluble onium ions suitable for

urinary excretion. The rat liver microsomal selenium

methylation component is more unstable and was not purified

by Hsieh and Ganther (1975). This microsomal enzyme is known

to be very sensitive to arsenite inhibition, and is probably

a disulfhydryl protein. Also the optimum pH of microsomal

activity is about 7.5. It was shown that liver microsomal

fraction from rats fed stock diet showed 4 times higher

activity compared to rats fed purified diet (Hsieh and

Ganther 1976). The presence of an inducing agent in the

stock diet was suggested to be responsible for this effect.

Bremer (1960) showed that mice liver microsomes could

methylate H2S, H2Se and CH3SeH. Borchardt and Cheng (1978)

have studied the subcellular distribution of thiol S-

methyltransferase in the rat liver, heart and brain. Most

activity was in microsomes and very little was in the
cytosolic fraction. Microsomal thiol-S-methyltransferase

activity has also been observed in livers of mice, rabbit,

sheep, guinea pig, beef and chicken. It has broad substrate

specificity. Substrates include hydrogen sulfide,

methanethiol and other thiols. However, no studies on
selenium compounds were conducted. The molecular weight is

about 28,000 dalton and it is specific for SAM as the methyl

donor. This enzyme is very sensitive to S-

adenosylhomocysteine (SAH) inhibition. These results suggest

the same microsomal methyltransferase may be involved in

sulfide and selenide methylation. It is clear there are more

than one methyltransferase involved in selenium methylation
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and these methyltransferases are present in different
subcellular organelles of various tissues.

GLUTATHIONE

Reduced glutathione (GSH) was found to be required for

the reduction of selenite which cannot be substituted by

other thiols (Ganther 1966). At 4:1 ratio, GSH can non-

enzymatically bind to selenious acid and form a moderately

stable GSSeSG compound (Ganther 1968) with selenium. The

latter can be reduced by glutathione reductase to form H2Se

(Hsieh and Ganther 1975).

S-ADENOSYLMETHIONINE (SAM)

Bremer (1960) incubated rat liver microsome and SAM

with H2Se or CH3SeH and found them to be good methyl

acceptors. Ganther (1966) showed that selenite methylation

by a mouse liver homogenate system required SAM as the

methyl donor. Hoffman (1977) gave toxic doses of selenite

(25 nmole/g) to mice and found a rapid decrease of liver SAM

and increase of SAH. This is indicative of an increased rate

of transmethylation. However, SAM level remained depressed

beyond the time when DMSe synthesis ceased, suggesting that

selenite may inactivate methionine adenosyltransferase.

Liver homogenates from mice injected with 25 nmole

selenite/g body weight were found to have less than 50% of

the methionine adenosyltransferase activity of saline-

injected controls. Hoffman and McConnell (1987) used

periodate-oxidized adenosine (PAD) to inhibit DMSe and TMSe

production in mice. At the same time, a 200-fold increase of

SAH in the urine was found. These results showed SAM is the

methyl donor for selenium methylation.
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SAM is considered to be the methyl donor for a host of

biological methylation reactions. It is synthesized from

methionine by many enzymes with different Km values (Mudd

and Levy 1983). SAM is a key element in the labile methyl

group balance in the body as shown in Fig II.1. SAM also

inhibits 5,10-methylene tetrahydrofolate reductase in a

feedback inhibition mechanism. Excess SAM can be used to

methylate glycine to produce sarcosine by glycine N-
methyltransferase. This reaction is inhibited by 5-

methyltetrahydrofolate.

SAH, a product of all transmethylation reactions

involving SAM, acts as a competitive inhibitor with respect

to SAM. Many methyltransferases including those that

catalyze the methylation of tRNA's, glycine, histones, DNA,

phosphatidylethanolamine, histamine, acetylserotonin,

phenylethanolamine, L-epinephrine, and N-methyltryptamine,

have a higher affinity for SAH than SAM. Consequently,

investigators have proposed that SAH acts as a bioregulatory

compound (Hoffman et al 1979). Hoffman (1979) found rat

liver SAH to be from 3 to 7 and from 10 to 15 nmol/g in

young and adult rats, respectively. The SAM was 60 to 90

nmol/g liver from rats of the same age and sex. Thus there

is a high ratio of SAM to SAH in the liver. The SAH is

hydrolyzed by S-adenosylhomocysteine hydrolase to form

homocysteine which either is remethylated to methionine or

forms cysteine by transsulfuration.

It is postulated that glycine methyltransferase, an

ubiquitous enzyme found in all eucaryotic species, serves a

role in regulating the relative levels of SAM and SAH. This

exerts some control over those methyltransferases whose

activity is more sensitive to the action of SAH (Kerr 1972).

Cook (1988) studied the effect of methyl-deficient (no

choline and methionine substituted with homocysteine) , amino

acid defined diets on glycine N-methyltransferase (GNMT)
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activity and SAM levels in rat liver. The GNMT activity in

livers of methyl-deficient rats decreased rapidly, but there

was no difference in amount of GNMT protein as measured

immunologically. The levels of SAM were maintained but the

levels of SAH were rapidly elevated compared to control

values. At the same time, a marked decrease in total liver

folate level showed increased use of folate for methyl group

biosynthesis. Wagner (1985) found a folate derivative,

5-methyltetrahydropteroylpentaglutamate, would inhibit GNMT

strongly. In addition, SAM is an inhibitor of 5,10-methylene

tetrahydrofolate reductase. In methionine deficiency, lower

levels of SAM synthesis decreased its inhibition of 5,10-

ethylenetetrahydrofolate reduction. More 5-

methyltetrahydrofolate is synthesized to be used for

methionine synthesis. Also 5 -

methyltetrahydropteroylpentaglutamate would inhibit glycine

methylation by GNMT to conserve methyl groups for other

reactions. Thus all these combined mechanisms maintain

methyl balance in the body.

CHOLINE, BETAINE, and METHIONINE

Choline, betaine and methionine are all potential

methyl group donors for SAM, the universal methyl group

donor. Choline after oxidation to betaine, serves as

substrate for betaine-homocysteine methyltransferase to form

methionine. This is a vitamin B12 independent pathway.

Methionine is the substrate to form SAM. Also, methionine

can be regenerated from remethylation of homocysteine in

which methylcobalamin is involved (Mudd 1980). At lower

methyl group intake, the rate of remethylation of

homocysteine is increased (Mudd 1983). It is interesting

that Nakamuro (1977) showed male rats formed twice the

amount of DMSe than female rats in the liver from selenate
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over a range of levels given. Since creatine synthesis uses

the major amount of methyl groups in the whole body, this is

consistent with higher transmethylation requirement for

creatine synthesis in the male than female because

remethylation of homocysteine to methionine occurs at a

higher rate in the male rat.

McConnell (1952) studied the protective effect of

choline, betaine and methionine on the toxic action of

sodium selenite in the rat. A level of 17.5 ppm selenium was

used in the diet as one of the factors. From growth and

mortality data gathered in 60 days, the author concluded

choline, betaine or methionine afford partial but not

complete protection against the toxic effects of selenium.

At this level of selenium intake, expiration of DMSe in

breath of rats should be a major part of selenium

metabolism. Presumably the methylation of selenium and thus

detoxification was greater when choline, methionine and

betaine were supplemented.

Zeisel et al (1987) found choline deficiency had no

effect on the amount of TMSe excreted in the urine after

rats were given 0.5 gg selenium /kg body weight. Galambos

(1966) injected choline deficient rat with 1.4 mg selenium

as selenate and found 27.8% of the dose expired from breath

compared to 17.8% in the control rats after 24 hours. This

showed that choline deficiency did not inhibit selenium

methylation. As discussed above, choline deficiency caused

decreased GNMT activity, decreased folates, and increased

SAH in the liver, but SAM level remained unchanged (Cook

1988). If this methyltransferase is less sensitive to
inhibition by SAH, or has a low Km value for selenium

methylation, relatively stable amounts of TMSe and DMSe

could be synthesized because SAM is still available.
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CORINOIDS

Thompson-Eagle (1989) studied the methylation of

selenium by soil microorganism- Alternaria alternata and

found methylcobalamin and L-methionine stimulated DMSe

production. However, no similar mechanism present in animal

has been shown.

It has been found in New Zealand that cobalt deficient

sheep were more sensitive to selenium toxicity than those

receiving adequate cobalt (Gardiner 1966). Andrews (1964)

showed cobalt deficient sheep on average accumulated more

selenium in their kidneys than did animals in which cobalt

deficiency had been prevented. Since methylcobalamin is the

cofactor needed in methionine synthetase, vitamin B12 status

can affect the methyl pool balance and presumably affect the

methylation of selenium. Vitamin B12 has been suggested to

be involved in selenium metabolism in the lamb (Wise 1968).

Selenium deficient lamb which showed white muscle disease

symptoms had significantly lower kidney cobalt

concentration. However, selenium deficient lamb without

white muscle disease symptoms did not show this.

In animals, vitamin B12 is present as a cofactor in

methionine synthetase. This enzyme synthesizes methionine

with methyl groups from 5-methyltetrahydrofolate. Synthesis

of methionine with methyl groups from choline or betaine is

vitamin B12 independent. As shown above, choline deficiency

does not interfere with DMSe or TMSe formation in animals,

and thus vitamin B12 dependent methionine synthesis

presumably plays an important role in selenium methylation.



14

INHIBITION STUDIES

PERIODATE OXIDIZED ADENOSINE (PAD)

Hoffman (1987) demonstrated that periodate-oxidized
adenosine (PAD) inhibited the methylation of inorganic
selenite in vivo and increased its toxicity to mice. Since
PAD inhibits the activity of adenosylhomocysteine hydrolase,
his study suggests that SAM is the methyl donor in these
methylation reactions. However, his study also showed there
might be more than one methyltransferase involved since 100

Amole PAD/kg body weight only partially inhibited DMSe
synthesis in mice injected IP with 0.4 mg selenium/kg body
weight but the synthesis of TMSe was totally inhibited.

MERCURY

Tandon (1986) found that the administration of

methylmercury (1.5-24 Amole/kg) to rats given Na275SeO3 (0.25

or 24 Amole/kg) caused a dose-dependent increase in the
exhalation of DMSe. Ethylmercury increased the exhalation
and decreased the liver and kidney contents of 75Se

approximately to the same extent as an equimolar dose of
methylmercury. The author suggested methylmercury affects
the methylation enzyme system by competition for protein
sulfhydryl groups, and thus increases the availability of
the intermediary selenide anion.

ARSENIC

Ganther (1962) found that injection of 2.5 to 2.9 mg
As/kg in rats 10 minute after injection of H275Se03 will

change the distribution of selenium in the body and its
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route of elimination. Elimination of selenium via the lungs

was greacly diminished by arsenic which markedly increased

the excretion of selenium into the gut and caused marked and

consistent decrease in the amount of selenium present in the

blood and liver at 10 and 24 hours after selenite injection.

It is known that arsenic decreases selenium toxicity in many

species of animals but the mechanism is unclear (Ganther

1962).

Ganther (1966) found that 10-6 M arsenite will inhibit

DMSe formation by 50% in a crude liver extract. Hsieh and

Ganther (1977) found that the partially purified microsomal

methyltransferase from rat liver was very sensitive to

arsenite inhibition. They suggested that this Se-

methyltransf erase was probably a disulfhydryl protein.

Ganther (1975) showed that 104 M arsenite completely

inhibited H2Se formation by glutathione reductase in an in

vitro system. Since this concentration of arsenite does not

inhibit glutathione reductase, this inhibition probably is

due to a reaction between arsenite and a product of selenite

reduction.

OTHER FACTORS

Ganther's group found that the amount of pulmonary'

selenium excretion in rats was affected by previous exposure

to selenium, and by protein and methionine content of diets

(Ganther et al 1966). Magos (1987) also found pre-exposure

to selenium increased the exhalation of 75Se. Three days

pretreatment with 1.2 Amo1/100g unlabelled selenite

increased exhalation of 75Se from 0.1 ( 2.5% to 9.9%) to 1.2

Amo1/100 g Na275SeO3 (11.1% to 37.3%) and decreased the

retention of 75Se in blood and liver at the higher dose. This

could be due to preoccupation of available sites for

selenium binding in prior exposure conditions.
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The activity of the liver microsomal system was
increased fourfold by feeding rats a stock diet rather than
a purified diet (Hsieh and Ganther 1976). The presence of
inducing factor(s) in the stock diet was suggested.
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ARSENIC TOXICITY

Arsenic compounds have been used as poisons and

medicines since ancient time. The toxicity of some of these

compounds are listed in table 11.2. Inorganic arsenic
compounds are more toxic than the methylated arsenic

compounds. Arsine gas is the most toxic form. The mechanism

of its action is through hemolysis. In the early 20th
century the mechanism of trivalent arsenic toxicity was

found to be reaction with sulfhydryl groups (Squibb and
Fowler 1983). This reaction has important implications
concerning the effect of arsenic compounds on thiol

containing enzymes. It is relatively recently that arsenic

was found to be methylated by animals. In 1973, Braman and

Foreback reported that arsenic in human urine consisted of

dimethylarsinic acid (DMAA), methylarsonic acid (MMAA) and

inorganic arsenic. Actual in vivo methylation of inorganic

arsenic was demonstrated a few years later when Lakso and

Peoples (1975) showed that the concentration of methylated

arsenic in urine of dogs and cows increased considerably

after administration of arsenite or arsenate (Vahter and

Marafante 1988). Methylated arsenic compounds are less

toxic, have less affinity for tissues, and are more readily

excreted in urine.

ARSENIC METABOLITES IN ANIMALS

MMAA and DMAA are the two major metabolites found in

animals after administration of inorganic arsenic. Odanaka

et al (1980) studied metabolism of arsenic acid in mice,

hamster, rats, rabbit and cats. The animals were given
either 5 mg/kg arsenic acid orally or 1 mg/kg IV. Most of

the arsenic is methylated into MMAA and DMAA in 48 hours.
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DMAA was the major methylated arsenic form in the examined

tissues; blood, liver, kidney and urine. Urinary excretion

of total arsenic accounted for 17.2, 48.5 and 43.8%, and

fecal elimination for 33.0, 48.8 and 44.1% of the orally

administered dose within 48 hours respectively in rats, mice

and hamsters. Only about 50% was excreted by the rats,

presumably because rat red blood cells have a strong
affinity for DMAA, causing decreased excretion. DMAA is the

major metabolite found in most animals. MMAA was found to be

a major metabolite in rat bile only. The DMAA was also found

but in lower concentrations.

Yamauchi (1988) studied MMAA metabolism in Hamster. He
gave a single oral dose of 5, 50, 250 mg/kg MMAA and
examined blood, brain, hair, liver, muscle, skin, spleen,

urine and feces. The major metabolite found were MMAA, the

next was DMAA, only small amount of trimethylarsinic acid

(TMA) was found in the urine, and was not detected in other

tissues. Buchet et al (1988) incubated rat liver cytosol and

MMAA or DMAA in the presence of 5 mM GSH. He failed to find

TMA.

ARSENIC METABOLITES IN HUMAN

Yamato (1988) found greatly varied concentrations of

arsenic species in 100 samples of human hair and urine. The

concentrations of mean inorganic arsenic, MMAA, DMAA, TMA to

be 12.7, 4.07, 38.5, 75.4 ppb in the urine. Only inorganic

arsenic and DMAA were found in hair. The mean concentrations

found were 0.056 and 0.020 ppb each. It is possible that TMA

found could be taken in from food rather than methylated in

the body. Fishes and shellfishes are rich in TMA. Yamauchi

(1984) found that TMA has a short biological half-life of

about 6 hours and is excreted in urine after ingestion by
man.
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Buchet (1984 )investigated the capacity for inorganic

arsenic methylation in patients with different types of

liver disease. The 5 healthy control subjects excreted 30%

of the dose in urine in 24 hours after IV injection; 63% as

inorganic arsenic, 13% as MMAA and 24% as DMAA. The 15
patients with miscellaneous liver diseases were grouped as

alcoholic cirrhosis, postnecrotic cirrhosis,
hemochromatosis, biliary cirrhosis and steatosis. The

percentage of each arsenic species excreted in the urine

varied within each group, the average total arsenic excreted

in 24 hours was 32% of dose, which was similar to the

control group. There was 53% as inorganic arsenic, 6% as

MMAA and 41% as DMAA. There was a significant decrease in

MMAA and an increase in DMAA content in the patients.

ARSENIC METABOLISM

There are a number of studies on arsenic metabolism

which shows general similarity to selenium. Arsenate is

first reduced to arsenite then methylated to monomethyl and

dimethyl arsenic (Squibb and Fowler 1983). Rowland (1982)

analyzed the forms of arsenic in portal blood after
administration of gg levels of arsenate via the small
intestine. He found a rapid reduction of arsenate to

arsenite, followed by linear rates of production of MMAA and

DMAA. The source of the electrons in the reduction steps of

arsenic methylation in mammals has not yet been determined

(Vahter and Marafante 1988). Since the marmoset monkey does

not methylate trivalent inorganic arsenic, this animal has

been used to study the fate of inorganic arsenic prior to

methylation. Following injection of arsenate at 0.4 mg/kg

IV, only about 20% of the dose was excreted in the urine in

unchanged pentavalent form. Another 20% was excreted in the

urine in trivalent form, because the remaining part of the
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injected dose was bound to tissues, most likely in the

trivalent form since the tissue distribution is similar to

that produced by giving arsenite. This result showed that a

major part of absorbed arsenate is rapidly reduced to

trivalent arsenic, probably directly in the blood (Vahter

and Marafante 1985). Marafante et al (1985) studied the

methylation of arsenate in the rabbit. They found only 30%

of arsenic as arsenate in the urine and suggested that most

arsenate was reduced to arsenite and then methylated. In

blood, liver and spleen, arsenic accumulates predominantly

in the methylated form with less than 15% of the total
arsenic remaining in the inorganic form after 1 hour. In the

kidney and lung, however, inorganic arsenic (in the form of

arsenite) contributed almost 50% of the total. Liver could
be the main site of methylation ( Marafante et al 1985),

since rabbits given inorganic arsenic, DMAA appeared first

in the liver and then in other tissues. Lerman (1983) used

74As to study the metabolism of arsenate and arsenite in

infused rat. The level of arsenic used was in the nmole

level. When rats were infused through the jugular vein, for

3 hours, more than half of the dosed arsenate was excreted

in the urine as inorganic arsenic and 3% as DMAA. In

contrast, only 5% of the dosed arsenite was excreted in the

urine of the infused rats as inorganic arsenic and 5% as

DMAA. He also showed liver and kidney arsenic concentrations

increased a few minutes after infusion then their

concentrations decreased but the level in blood increased.

It is interesting that after arsenate infusion, the liver

arsenic level did not increase much. The increase in blood

level of arsenic after arsenate infusion was also much lower

than after arsenite infusion.

Lerman (1983) studied arsenic uptake and metabolism by

liver cells. When dosed with arsenite, the amount of DMAA in

the medium increased with dose from 0.24 AM to about 0.012
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mM. DMAA appeared in the medium by 30 min. and increased

during the remainder of the experiment. By 4 hr, as much as

58% of the initial dose of arsenite had been converted to
DMAA. However, very little arsenate was associated with the
cells at any time in the cultures. There was little

production of DMAA in these cultures. He suggested that
arsenite was unionized at physiologic pH (lowest pKa=9.23)

while arsenate (pKa=2.20) is charged and not taken up by the

cells. However, Lerman (1983) using kidney slices found DMAA

produced in the medium. Phosphate was found to inhibit the

uptake and metabolism of arsenate by kidney slices.

Buchet (1985) has conducted a series of studies on the

metabolism of arsenic. He found that methylation capability

exists totally in the cytosolic fraction of the rat liver.

This is different from selenium where there is methylation

ability in the microsomal fraction. The liver has the
highest methylation activity compared to other tissues. GSH,

SAM are needed for arsenic methylation. NAD, NADP, ATP,

succinate, folate or 5-methyltetrahydrofolate had no effect

on methylation at 1 mM concentration. In a later paper

(1988), Buchet showed an effect of varied concentrations of

GSH and substrate on the amount of MMAA and DMAA produced.

He found the first methylation reaction is rate limiting,

can be stimulated by GSH and is catalyzed by an enzyme

different from that which transfers the second methyl group.

The latter is sensitive to inhibition by inorganic arsenic

which results in the accumulation of MMAA.

FACTORS AFFECTING ARSENIC METHYLATION ABILITY

SUBSTRATE

Buchet (1988) studied the effect of different

concentrations of arsenite in an in vitro rat liver system.
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At five gM arsenite, DMAA was the main product; but at 20 gM

and above, MMAA seemed to reach the highest production. He

suggested different methyltransferases may be involved since

the second methylation reaction is inhibited by arsenite.

GSH was found to be required for arsenic methylation in in

vitro system (Buchet 1985). Buchet (1988) found that GSH at

1 mM increased the amount of DMAA produced but not MMAA in

the in vitro rat liver cytosol model system. Buchet (1987)

injected rats with phorone to decrease the GSH amount in the

liver. When reduction exceeds 90% of the control value, it

lead to a decreased urinary excretion of MMAA and DMAA and

an increased urinary excretion of inorganic arsenic. This

was also associated with increased accumulation of inorganic

arsenic in the liver. When GSH depletion was less severe,

the total amount of arsenic excreted in urine after a

challenge dose of arsenite was not significantly different

from that found in unpretreated animals but the proportion

of the three metabolic forms was different: MMAA decreased

whereas inorganic arsenic and DMAA tended to increase.

VITAMIN B12

Since methylcobalamin is the cofactor required by

methionine synthetase, vitamin B12 status may affect the

methyl pool balance and presumably affect the methylation of

arsenic. Some work has been done to support this idea.
Buchet et al (1985) studied the effect of corrinoids on

arsenic methylation in vitro. He examined the effect of

vitamin BIZ, methylcolbalamin and coenzyme B12 on in vitro

methylation of arsenic. All three have synergistic effects

when added with SAM in the incubation mixture but had no

effect without SAM. Vitamin B12 deficiency will cause marked

depletion of liver folate stores in rats and sheep. This can
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be restored by vitamin B12 or methionine treatment (Smith

1987).

POLATE

5-Methyl tetrahydrofolate is the methyl donor for

methionine synthesis catalyzed by methionine synthetase with

vitamin B12 as a cofactor. Folate deficiency could also

affect methylation and detoxification of arsenic. However,

folate deficiency can be caused by vitamin B12 or methionine

deficiency. In rats fed a methyl-deficient diet, there was

a marked decrease in total liver folate levels (Horne 1988).

The percent of the total folate pool made up by 5-CH3-H4

folate did not change, however, until after the rats had

been fed the methyl-deficient diet for 4 weeks. It is
concluded that the increased use of folate for methyl group

biosynthesis may be responsible for the loss of folates from

the liver.

Stokstad (1988) studied the vitamin Bu-folate

interaction and found that the histidine oxidation rate of

rats fed vitamin Bu deficient soy diet to be 0.34% in two

hours and the liver folate level was 1.33 µg /g. With vitamin

B12 in the diet, the histidine oxidation was 5.4% in 2 hr and

the livers contained 3.49 Ag folate/g. However, the red

blood cell folate level was the same with and without

vitamin B12, which is in contrast to the markedly lower liver

folate levels in vitamin B12 deficiency. Supplementing folate

to vitamin B12 deficient rats does not increase histidine

oxidation but does increase the liver folate level to about

normal.
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CHOLINE, BETAINE, AND METHIONINE

Vahter (1987) has studied the effects of diets low in

methionine (1.3 g/kg), choline (without adding 1.0 g choline

chloride/kg), or proteins (86 g/kg) on the biotransformation

and retention of 76As-labeled arsenite (0.4 mg/kg) in

rabbits. He found a significant decrease (about 80% of
control) in the 72 hr urinary excretion of dimethyl[76As]-

arsinic acid, the main metabolite of inorganic arsenic, and

a decrease in the total arsenic excretion. Also increased

retention of arsenic in the tissues, especially liver and

lung, was observed. This differs from selenium metabolism in

that methylation was not decreased by choline and methionine

deficiency (Zeisel et al 1987, Galambos 1966). Linnell

(1983) studied the tissue distribution of methylcobalamin in

rats fed amino acid-defined, methyl-deficient diets. He

found that cobalamin, methionine and choline exert quite

different effects on tissue levels of the cobalamins in

rats. Total cobalamin levels of all tissues studied were

altered by cobalamin deprivation alone or in conjunction

with methionine and/or choline deprivation. Methylcobalamin

level was more resistant to dietary alteration. Choline

deprivation always decreased the proportion of

methylcobalamin in the liver.

INHIBITORS

PERIODATE OXIDIZED ADENOSINE (PAD)

Marafante et al (1984, 1985) studied the effect of

methyltransferase inhibition on the metabolism of 74As-

arsenite and arsenate in mice and rabbits. He found PAD (100

gmole/kg) injected 15 min. prior to the injection of



25

arsenite resulted in a 25-70% decrease in the production of

DMAA. The PAD treated animal also had higher tissue arsenic

levels. There were similar results with arsenate injection.

Liver subcellular distribution was similar between arsenite

and arsenate. Both arsenite and arsenate increased tissue

74As retention 1.5 to 4 times, suggesting rapid reduction of

arsenate to arsenite in the animal.

MERCURY

Buchet (1985) studied the effect of mercury on the

methylation of arsenic in rat liver cytosols. He found

HgC12 between 0.01 and 0.1 mM was without inhibitory action

on the monomethylation reaction; at higher concentrations,

however, MMAA production fell progressively due to the

denaturation and precipitation of proteins. Conversely, the

arsenic dimethylation reaction was highly sensitive to

mercuric ions. More than 90% of the original activity was
lost at a Hg+2 concentration of 0.1 mM. This caused

accumulation of MMAA in the incubation. The inhibition of

mercury is similar to arsenite and suggestive of different

methyltransferases for arsenic methylation.

SELENIUM

Buchet (1985) found that 50 gM selenium and pyrogallol

will completely inhibit arsenic methylation in his in vitro

system while pyrogallol inhibited it by only 60%.

RADICAL SCAVENGER

Fanchiang (1979) proposed that vitamin B12- dependent

methyl-transfer reactions with metals or metalloids occur

mostly through electrophilic attack on the Co-C bond of
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methylcobalamin or free radical attack on the Co-C bond

depending on the reduction potential of the element. Arsenic

and selenium could be methylated through the radical attack

pathway according to their reduction potentials. It was

found that radical scavenger sodium diethyldithiocarbamate

at 1 mM inhibited MMAA production 20% and DMAA production by

60% (Buchet 1985).

Trichloroacetonitrile completely prevented arsenic

methylation (Buchet 1985). Since methylcobalamin is known to

not methylate arsenic directly in animals, the inhibition by

radical scavenger of arsenic methylation could be indirect.

METABOLIC CHANGES IN VITAMIN B12 DEFICIENCY

The enzyme methylmalonyl CoA mutase requires a coenzyme

form of vitamin B12, adenosylcobalamin, for its activity to

form succinyl CoA. In vitamin B12 deficiency, methylmalonic

acid (MMA) was shown to accumulate in the body and was

excreted in the urine (Smith 1987). A systemic folate

deficiency develops in vitamin B12 deficiency and increased

urinary formiminoglutamic acid excretion can be seen as a

result of the lack of available folate.

There are many studies showing the relationship between

vitamin B12 deficiency and MMA or formiminoglutamate

production in animals (Gawthorne 1968, Stokstad et al 1988,

Specker et al 1987, Williams et al 1969, Cullen 1978). MMA

excretion in urine has been used as an indicator of vitamin

B12 deficiency in animals. Formiminoglutamic acid formation

in vitamin B12 deficiency is through a more indirect pathway

and thus has not found general acceptance as a diagnostic

tool.
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Fig. II.1: Some of the metabolic relationships important to a consideration

of labile methyl-group balance. (From Mudd and Poole, 1975.)



28

TABLE II.1: ACUTE TOXICITY OF SELENIUM COMPOUNDS

compound species route test mg/kg

Na2SeO3 mice oral LD50 3.2-3.5
rat oral LD" 4.8-6.0
rabbit oral LD50 2.25
chick embryo Inj LD50 0.1

Na2SeO4 rat IV LD50 4.3
rabbit oral LD50 1.8
chick embryo Inj LD50 0.13

CH3SeO2H chick embryo Inj LD50 0.052
(CH3)2Se rat IP LD50 1600
(CH3)2Se =O chick embryo Inj LD50 6.53

mice IP LD50 1300
(CH3)3SeC1 rat IP LD50 49.4

chick embryo Inj LD50 15.7

( OLSON 1986 )
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TABLE 11.2: ACUTE TOXICITY OF ARSENIC COMPOUNDS

compound species route test mg/kg

Arsine mice inhale LC5o 0.5
Arsenite rat, mice oral LD50 10
Arsenite mice IP LD5o 5-10
Arsenate rat, mice oral LD50 75
Arsenate mice IP LD5o 20-30
MMAA mice IP LD50 600-700
MMAA mice oral LD5o 2800
DMAA mice IP LD50 300-500

Fowler 1983 and Maitani 1987
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CHAPTER III: THE EFFECT OF VITAMIN B12 STATUS ON GROWTH,

SELENIUM ABSORPTION, AND SELENIUM TISSUE DISTRIBUTION IN

RATS GIVEN SODIUM SELENITE

ABSTRACT

Vitamin B12 is known to be involved in methyl group transfer

to homocysteine by the 5-methyltetrahydrofolate-

tetrahydrofolate pathway in animals. Since the methylation

of selenium is considered a detoxification mechanism in

animals, the effects of vitamin B12 status on growth and

tissue selenium distribution were studied in Sprague-Dawley

rats fed a subtoxic level of selenite. Rats were depleted of

vitamin B12 by feeding 10% pectin in a soybean protein based

diet. The degree of vitamin B12 depletion was monitored by

urinary methylmalonic acid excretion, and liver and plasma

vitamin B12 levels. Using intestinal perfusion, no difference

was found in absorption of selenite between vitamin B12

deficient and control rats. A significant (p<0.05)

interaction of vitamin B12 and selenium was found on growth

of rats fed vitamin B12 deficient or control diets. Vitamin

B12 provided protective effect against gross liver damage,

rough surface and atrophy, spleen enlargement and kidney

enlargement in rats pair-fed 9 ppm selenium. Rats pair-fed

9 ppm selenium with vitamin B12 had significantly lower

liver(p<0.05) and kidney(p<0.01) selenium levels and

higher(p<0.1) blood selenium levels compared to rats fed the

diet without vitamin B12. These results are consistent with

the hypothesis that vitamin B12 deficiency limits selenium

methylation and excretion, resulting in higher tissues
selenium levels when toxic levels of selenite are given.
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INTRODUCTION

Selenium is methylated in animals to produce less toxic

compounds. These methylated selenium compounds are exhaled

as dimethylselenide (McConnell and Portman 1952) and

excreted as trimethylselenonium (TMSe) in the urine(Palmer

et al 1969, Byard 1969).

Cobalt deficient sheep have been shown to be more

sensitive to selenium toxicity (Gardiner 1966). They also

accumulated more selenium in the kidney (Andrews et al

1963). Thus, it was hypothesized vitamin B12 could play a

role in selenium detoxification. Vitamin B12 is known as a

cofactor in the enzyme homocysteine methyltransferase which

is involved in the synthesis of methionine from

homocysteine. Methionine is the precursor of S-

adenosylmethionine, the universal methyl donor, which is

responsible for selenium methylation (Ganther 1979, Hoffman

and McConnell 1987).

The purpose of this study was to examine the vitamin B12

status on growth, selenium absorption and tissue selenium

distribution when subtoxic levels of selenium were given to

rats in order to determine the significance of vitamin B12 in

selenium metabolism.
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MATERIALS AND METHODS

RATS AND TREATMENTS

Sprague-Dawley rats purchased from Bantin & Kingman

Inc., Fremont, CA, were used for all experiments. Rats were

kept in a temperature controlled room at 22 °C, with a 12

hour light-dark cycle.

A preliminary experiment was conducted to determine the

range of selenium concentrations needed to obtain the

desired effects. A casein-based diet (AIN 1977) with 2, 4 or

6 ppm selenium as selenite was investigated. This diet

contained 200 g vitamin-free casein, 3 g DL-methionine, 500

g sucrose, 5 g solka-floc, 15 g corn starch, 5 g corn oil,

2.3 g choline dihydrogencitrate, 35 g AIN-76 (AIN 1977)

mineral mix and 10 g AIN-76 vitamin mix without

cyanocobalamin. Vitamin B12 was added at 10 µg /kg diet for

the supplemented diet.

After the preliminary experiment, a soybean based diet

was chosen for the other experiments in which 10% pectin was

added (Cullen and Oace 1978). Pectin increases fecal

excretion of the vitamin resulting in faster depletion of

vitamin B12 (Cullen and Oace 1989). AIN-76 vitamin mixture

without cyanocobalamin was used in the diet and vitamin B12

was added at 100 µg /kg diet for the vitamin B12 supplemented

rats. The basal diet composition is shown in Table III.1.

In a second experiment, forty weanling male rats were

divided into 8 dietary groups, and fed diets containing 0.2

(no added selenium), 5, 7, or 9 ppm selenium as sodium

selenite with or without vitamin B12 to study the influence

of vitamin B12 status on selenium metabolism (Table 111.2).

The rats were fed these diets ad libitum for 8 weeks.

Urinary methylmalonic acid (MMA) has been used as
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indicator of vitamin B12 deficiency in humans (Cooper and

Rosenblatt 1988) and animals (Andrews et al 1963, Brink et

al 1980, Gawthorne 1968).Rat weights and urinary MMA
excretion were monitored during this feeding period on a

biweekly basis. After 8 weeks, the rats were killed by heart

puncture while under ether anaesthesia and liver, kidney,

heart, spleen, muscle and testis taken for selenium

analysis. Vitamin B12 content of plasma and liver samples

were determined. All tissue samples were kept frozen at -

20 °C until selenium and vitamin B12 analysis were performed.

In a further experiment, ten weanling Sprague-Dawley

rats were divided into 2 groups and each group of rats fed

diets with 9 ppm selenium as selenite with or without added

vitamin B12 for 6 weeks. Feed provided to the rats fed the

diet with vitamin B12 was restricted to that consumed by rats

fed the diet without vitamin B12. Rats were weighed every 2

weeks. Biweekly urine and feces were collected for 24 hours

from each rat. Urinary MMA was analyzed to monitor the

depletion of vitamin B12 in rats. Selenium content in the

urine and feces were determined to assess the effect of

vitamin B12 on the excretion of this elements. At the end of

6 weeks, the rats were killed under ether anaesthesia, blood

was drawn by heart puncture with a vacuum tube containing

EDTA, and liver, kidney, heart, spleen, testis, lung and

muscle removed, weighed and analyzed for selenium. Vitamin

B12 of plasma and liver samples were determined.

ABSORPTION EXPERIMENT

An in vivo perfusion method similar to Wolffram et al

(1985) was used to study selenium absorption by rats fed

vitamin B12 supplemented or deficient diets with 0.2 ppm

selenium for 8 weeks. They were anaesthetized with

pentobarbital (8 mg/100 g body weight) and the abdomen
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opened to expose the gastrointestinal tract. The small
intestine was incised at about 2 cm from each end and
connected with Tygon tubing. The ends of the

gastrointestinal tract were tied off. After washing the
section of small intestine with warm saline, it was emptied

by pushing 25 ml air through it. The intestine was perfused

from the duodenal end with solution containing radioactive

selenite at concentrations of 1, 2, 20, or 200 AM, in

Earle's (1943) balanced salt solution. Radioactive selenite

was added at about 0.4 ACi per rat. The perfusate contained

phenol red as a non-absorbable dye so that the fraction of

water absorbed could be calculated. After rapidly filling

the intestine with perfusate, the peristaltic pump was used

to pass the perfusate through the small intestine at 0.4

ml/min for 3 hours. Fractions were collected with a fraction

collector from the outlet tubing inserted at the ileal end.

The fractions collected were counted for selenium-75

radioactivity by a gamma counter and the amount of selenium

absorbed calculated from the disappearance of selenium from

the perfusate during the later 2 hours of perfusion. The

perfusate was kept warm in a water bath and rats were under
a heat lamp to keep them warm during the perfusion
experiment.

URINARY METHYLMALONIC ACID (MMA) ANALYSIS

Each rat was placed in a metabolic cage for 24 hours

every 2 weeks to collect excreted urine. Three drops of

concentrated HC1 was added to the collection tube to
preserve the MMA. Total 24 hour urine samples were diluted

to 15 ml and kept frozen until analysis. Urinary MMA
analysis was determined by the colorimetric method of

Giorgio and Plaut (1965) as modified by Williams and Spray
(1969).
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SELENIUM ANALYSIS

Rat tissues, urine and feces samples were digested with

nitric acid and perchloric acids before selenium

determination. Selenium were analyzed by a fluorometric
method (Watkison 1966) using an Alpkem semi automated
system. The detection limit was about 5 ppb.

VITAMIN B12 ANALYSIS

Vitamin B12 in rat plasma, liver and casein based diet

was determined by a vitamin B12[57Co] radioassay method

(Corning Co, Medfield, MA 02052). The detection limit was
about 17 pg/ml. Tissue samples were kept frozen until
analysis. Blood was collected into EDTA-vacuum tube by heart

puncture while rats were under ether anaesthesia. Plasma was

taken after centrifugation of the blood. Liver and diet

samples were homogenized in 0.1 M acetate buffer PH 4.8 and

incubated with papain and KCN at 60 °C for 1 hour (Van
Tonder et al 1975); 100 Al of the properly diluted
supernatant was taken for the assay.
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RESULTS AND DISCUSSION

THE DEPLETION OF VITAMIN B12 IN RATS

Urinary MMA excretion varied among individual rats.

Average MMA only increased slightly in the vitamin B12

depleted rats compared to the supplemented rats (17 vs 5

mg/kg/day) when fed a casein diet without vitamin B12 for 20

weeks. Rats fed the diet without vitamin B12 still had

detectable plasma vitamin B12 levels and had considerable

vitamin B12 in their liver (11 ng/g) after 20 weeks (Table

111.3). No effect on growth depression was found in rats fed

casein without added vitamin B12 for 20 weeks (Figure 111.1).

The casein used in the diet was subsequently found to

contain 3.7 pg vitamin B12 per gram. This diet was not used

in subsequent studies.

When rats were fed a soybean based diet with 10% pectin

( Cullen and Oace 1978), the depletion of vitamin B12

occurred much faster. Urinary MMA excretion for all rats fed

vitamin B12 deficient diets was 341 mg/kg/day as compared to

5.5 mg/kg/day for the vitamin B12 supplemented rats when fed

these diets ad libitum for 8 weeks (Table 111.4). When rats

were pair-fed (Table 111.5), an average of 94 µg /kg /day MMA

was excreted in the vitamin B12 depleted group as compared to

4.8 mg/kg/day for the supplemented group. Urinary MMA
excretion is affected by food intake and valine and

isoleucine present in food (Betra et al 1979). The lower MMA

excretion for rats fed diet with higher selenium could be

explained by lower food intake. Plasma vitamin B12 levels

were below the detection limit of 17 pg/ml in pair-fed rats

given the diet with 9 ppm selenium without vitamin B12 for 6
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weeks. The average liver vitamin B12 level was less than 10%

of supplemented control values (Table 111.6).

SELENIUM ABSORPTION

The typical cumulative absorption curve of selenite is

shown in Figure 111.2. Since it takes about an hour for

perfusate to flow through the intestine, the last 2 hours

were used to calculate absorption rate of selenite. The rate

of selenite absorption by rat small intestine was linear

over the range of concentrations used ( 1, 2, 20, 200 AM )

as shown in Figure 111.3. The dose of selenium for each rat

was calculated based on body weight because vitamin B12

deficient rats were generally smaller than vitamin B12

supplemented rats. The correlation coefficient of selenium

perfused vs. absorption was 0.992 for vitamin B12 depleted

rats and 0.947 for vitamin B12 supplemented rats. These

results are consistent with the general hypothesis that

selenium absorption occurs by passive diffusion (Brown et al

1972, Humaloja and Mykkanen 1986, WHO 1987). The rate of

absorption (slope of 0.0451 vs 0.0386) over the entire range

of selenium used was not significantly different between

deficient and supplemented rats. These results exclude the

possibility that difference in absorption rate may affect

tissues selenium levels and amount of selenium excreted.

GROWTH, TISSUE WEIGHT, SELENIUM TISSUE DISTRIBUTION, AND

SELENIUM EXCRETION

The growth curve of rats fed ad libitum different

levels of selenium in the diet with or without vitamin B12 is

shown in Figure 111.4. One rat in the group fed the 9 ppm

selenium diet without vitamin B12 died before the end of 8

week. High selenium in the diet reduced rat feed intake and
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thus could contribute to reduced growth. The average feed

intake for rats fed 5, 7, and 9 ppm selenium without vitamin

B12 was 10, 12, and 8 g/day/rat, while it was 15, 12, and 12

g/day/rat when fed diets with vitamin B12. Starting the

second week, with 5, 7, and 9 ppm selenium in the diet, rats

showed significantly slower growth compared to those fed 0.2

ppm dietary selenium. Depletion of vitamin B12 also reduced

growth. The growth rates of rats fed vitamin B12 was

significantly (p<0.05) faster than without vitamin B12

starting in the 4th week for the 5 ppm selenium group, in

the 6th week for the 7 ppm selenium group and in the 8th

week for the 9 ppm selenium group. This growth effect

followed the increase of MMA excretion from urine and

vitamin B12 depletion in the liver as shown in chapter IV.

The effect of dietary vitamin B12 on MMA excretion and liver

vitamin B12 level was apparent starting the second week.

Table 111.7 gives the analysis of variance of vitamin B12 and

selenium effects on growth. There was a significant (p<0.05)

interaction of selenium and vitamin B12 on rat growth, which

suggests vitamin B12 status effects selenium toxicity.

Table 111.8 shows the tissue weights of each group of

rats. Vitamin B12 depleted rats had larger livers compared to

vitamin B12 supplemented rats. The livers of rats fed higher

selenium levels had a rough surface and were more fragile.

This was more serious in vitamin B12 deficient rats. Kidneys

of rats fed diet without vitamin B12 were larger than in rats

fed diet with vitamin B12. This trend was also apparent in

testis, except at 9 ppm selenium level. In this experiment,

vitamin B12 appeared to have protective effect on liver

damage, and in kidney and testis enlargement.

Dietary vitamin B12 affected the tissue distribution of

selenium when rats were fed diets with different subtoxic

levels of selenium for 8 weeks (Table 111.9). At all three
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levels of selenium used ( 5, 7, and 9 ppm ), vitamin B12

supplemented rats had significantly higher blood (p<0.01)

and heart (p<0.05) selenium concentrations than in vitamin

B12 depleted rats. In contrast, vitamin B12 supplemented rats

fed diets with 7 and 9 ppm selenium had significantly lower

liver (p<0.01) selenium concentration. This difference was

greater at 9 ppm than at 7 ppm selenium. Presumably this

difference in livers between deficient and supplemented rats

was due to greater ability of liver from supplemented rats

to methylate selenium (chapter IV). The urinary excretion of

selenium was dependent on dietary intake but showed no

difference between vitamin B12 supplemented and depleted

groups with the same selenium level (Table III.10). When

selenium excretion at 2, 4 and 8 weeks were compared, a

corresponding increase of average selenium excretion in the

vitamin B12 depleted groups occurred with dietary selenium

levels. In contrast, there was a decrease in average

selenium excretion in rats fed 9 ppm selenium as compared to

those fed 7 ppm selenium, both at the 4th and 8th week in

the vitamin B12 supplemented rats. The same trend was noted

in kidney selenium concentration (Table 111.9).

From liver, kidney and urine selenium levels shown,

there was a good possibility that part of the selenium was

expired in breath from rats fed the vitamin B12 supplemented

diet with 9 ppm selenium. Janghorbani et al (1989) gave rats

4 ppm selenium in drinking water for 30 days, and 35% of

the dose could not be accounted for in urine, feces and

tissue. He suspected expiration of DMSe in these rats. Burk

(1972) injected rats with different levels of selenium and

measured retention and excretion of tracer 75Se. He found

that at 0.2 mg selenium (1.4 mg selenium/kg body weight) as

carrier, 35% of the dose was volatilized in 24 hours. This

did not occur at the 20 or 50 gg level. This is consistent

with the present data showing that vitamin B12 supplemented
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rats fed high selenium had higher blood selenium levels,

lower liver selenium content (Table 111.9) but not greater

urinary selenium excretion as compared to the depleted rats.

Figure 111.5 shows the effect of vitamin B12 status on

growth of rats pair-fed 9 ppm selenium diets. Vitamin B12

supplemented rats grew faster than the depleted rats,

starting at the 2nd weeks. At 6 weeks, the average body

weight was 126 grams for the rats given vitamin B12. Rats fed

the diet without vitamin B12 weighed about 114 grams, but

the difference was not statistically significant. This

difference presumably would be greater as feeding time
increases. These results are consistent with an effect of

vitamin B12 on growth, independent of feed intake. Two rats

in the deficient group died during the feeding period; one

at 3 weeks and the other at 6 weeks.

Urinary excretion of selenium by pair-fed rats is shown

in Table 111.11. Urine is the major route of excretion of

selenium. The excretion of selenium in urine was 0.27

mg/kg/day for vitamin B12 depleted rats and 0.24 for vitamin

B12 supplemented rats. This difference was not statistically

significant. Neither was the excretion rate during the 2nd

and 4th week significantly different between the two groups

of rats. Selenium in feces only accounted for about 20% to

25% of the total selenium excreted, and thus is less

important than urine as an excretion route.

Figure 111.6 shows livers of rats fed the diet with 9

ppm selenium with and without vitamin B12. All 5 rats in the

group with no added vitamin B12 had rough surfaced, fragile

livers as shown in the figure. However, the liver looked

smooth and firm in rats fed vitamin B12. Lower liver weights

of rats without vitamin B12 compared to rats with vitamin B12

may be due to liver atrophy (Table 111.12). The rough and
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fragile gross appearance of liver was observed in both ad
libitum and pair-fed experiments.

Vitamin B12 depleted rats also had significantly larger

spleen and kidney than the vitamin B12 supplemented rats.

Splenomegaly has been cited as a symptom of vitamin B12

deficiency (Herbert et al 1980). Vadhanavikit and Ganther
(1988) found the same liver damage, spleen and kidney
enlargement when rats were fed 10 ppm selenium as either

selenite or selenocyanate. This supports these symptoms as

due to selenium toxicity. Since vitamin B12 prevented these

symptoms, the pair-fed experiment demonstrated that vitamin

B12 does alleviate selenium toxicity.

Table 111.13 shows tissue selenium concentrations in

the two groups of rats. Vitamin B12 supplemented rats had

significantly (p<0.1) higher blood selenium concentrations

(2.8 ppm vs 2.2 ppm) than the vitamin B12 depleted rats. In

contrast, the liver (p<0.05) and kidney (p<0.01) selenium

concentrations were significantly lower in vitamin B12

supplemented rats as compared to the unsupplemented ones.

Since the rats were pair-fed, the higher blood and lower

liver and kidney selenium concentrations in vitamin B12

supplemented rats as compared to the depleted rats are the

results of difference in selenium metabolism. Expiration of

selenium in the breath and increased excretion in the urine

are known to occur with excessive selenium intake. The lower

selenium content in liver and kidney of the vitamin B12

supplemented rats is probably due to their greater ability

to form methylated forms of selenium which are more readily

excreted from the body.
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FIGURE III .1 . Growth rate of rats fed casein based diets with 0.2, 2,
4 and 6 ppm selenium with and without Vitamin B12.
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FIGURE 111.2. Typical cumulative absorption curve. The absorption of
the last two hours were used to calculate the absorption rate.



500

400

300

200

100

100

SO
00

0

3

GO

40

SO

0
10 102 314 SU 718 1000

611.811111111 Dose Orse1e/100 0

y gm 0.0451x+3.5793

r-0.992

0 2000

Selenium

A

y = 0.0386x+16.6172
r=0.947

4000 6000 8000

Dose (nmole/100 g)

44

FIGURE 111.3. Absorption of selenium in vitamin B12 supplemented and
deficient rats using the intestinal perfusion technique.
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FIGURE 111.4. Growth of rats fed soybean based diets with 0.2, 5, 7
and 9 ppm selenium with or without vitamin B12.
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TABLE III. 1: MODIFIED DIET FROM STOKSTAD

Soybean protein (Teklad Test Diets, Madison, WI) 200 g
Corn oil 40 g
Glucose monohydrate 613 g
AIN mineral mixture 35 g
AIN vitamin mixture (without cyanocobalamin) 10 g
Choline dihydrogen citrate 2 g
Pectin 100 g

AIN mineral and vitamin mixture (AIN, 1977).

TABLE 111.2: DIETARY TREATMENTS OF Ad Libitum FED RATS

GROUP DIET Se(ppm) DIET VITAMIN 1312(.4g/kg)

1 0.2 0
8 0.2 100
2 5 0
9 5 100
3 7 0

10 7 100
4 9 0

11 9 100

The basal diet is as in Table HU.

There were 5 rats/group.

Selenium was added as sodium selenite.
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TABLE 111.3: VITAMIN B12 IN LIVER AND PLASMA OF RATS FED
CASEIN BASED DIET WITH OR WITHOUT VITAMIN B12 FOR 20 WEEKS

DIET VITAMIN B12 (µg /kg) TISSUE VITAMIN B12 (ng/kg)
LIVER PLASMA

1.4

10

10.8 ± 0.3 (5)

>22 (5)

0.02 ± 0.004 (7)

0.4 ± 0.04 (7)

Values are means ± standard errors for number of rats shown in ( ).

The method used is a protein binding assay kit produced by Corning Co.

The detection limit for vitamin B12 is 17 pg/ml.



TABLE 111.4: URINARY MMA OF RATS FED Ad Libitum VARIOUS SELENIUM LEVELS IN THE DIET
WITH OR WITHOUT VITAMIN B12

DIET VIT B12
( µg /kg )

DIET Se
(PPm)

MMA ( mg/kg/day )

2 4 8 (week)

0 0.2 40.0 ± 9.7 154.9 ± 29.3 482.8 ± 46.9
100 0.2 17.4 ± 2.6 12.5 ± 1.5 6.2 ± 0.7

0 5 12.8 ± 9.2 72.3 ± 14.6 282.1 ± 49.6
100 5 5.4 ± 3.0 5.0 ± 0.9 4.3 ± 2.5

0 7 3.8 ± 3.8 97.3 ± 28.5 372.2 ± 46.6
100 7 3.8 ± 1.2 6.4 ± 0.8 4.5 ± 0.4

0 9 ND 35.1 ± 7.3 228.0 ± 30.4
100 9 1.3 ± 0.5 6.4 ± 0.9 6.8 ± 1.6

Values are means ± standard errors of 5 rats in vitamin B12 deficient group and 2 to 5 rats in vitamin B12 supplemented group.

Urinary MMA before start of feeding was 8.3 ± 3.1 mg/kg/day.

ND: not detected.



51

TABLE 111.5: URINARY METHYLMALONIC ACID ( MMA) OF RATS PAIR-
FED 9 PPM SELENIUM AS SELENITE

DIET VIT

( µg /kg

B12 MMA ( mg/kg/day )

)
2

Week
4 6

0

100

9.1

5

± 1.1*

±0.6

33

8

± 7*

±0.9

94

4.8

± 21*

± 1.1

Numbers are means ± standard errors for 3 to 5 rats.
*: significant difference between paired numbers at p <0.05.

TABLE 111.6: VITAMIN B12 IN LIVER AND PLASMA OF RATS FED
9 PPM SE- SELENITE, VITAMIN B12 DEFICIENT OR

SUPPLEMENTED DIET FOR 6 WEEKS

DIET VITAMIN B12 ( Ag/kg ) TISSUE VITAMIN B12 ( ng/g )

LIVER PLASMA

0

100

3.4 ± 0.2 ND

41.0 ± 6.4 0.5 ± 0.1

Numbers are means ± standard errors for 3 rats in 0 vitamin B12 group and 2 rats in
100 µg /kg Vitamin B12 group.
ND: not detected, below detection limit of 17 pg/ml.
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TABLE 111.7: THE EFFECT OF VITAMIN B12 AND SELENIUM ON RAT
BODY WEIGHT: TWO FACTOR ANALYSIS OF VARIANCE

EFFECT SUM OF MEAN SIG.
SQUARE D.F. SQUARE F RATIO LEVEL

VIT B 12 38973 1 38973 130.7 .0000
Diet Se 39681 3 39681 44.4 .0000
B12 x Se 3370 3 1123 3.8 .0205*

Vitamin B12 levels of 0 and 100 µg /kg, selenium levels of 0.2, 5, 7, 9 ppm in the diet
were fed to 5 rats per group for 8 weeks. One rat fed 9 ppm selenium without
vitamin B12 died before 8th week.

Rat weights at the end of the feeding period were used.

* p <0.05.



TABLE 111.8: TISSUE WEIGHT OF RATS FED AD LIBITUM VARIOUS SELENIUM LEVELS IN THE DIET WITH OR
WITHOUT VITAMIN B12 FOR 8 WEEKS

DIET
VIT B12

( µg /kg)

DIET
Se
(ppm)

LIVER

TISSUE WEIGHT ( g/100 g BODY WEIGHT )

KIDNEY HEART SPLEEN TESTIS

0 0.2 4.0 ± 0.1* 1.1 + 0.0** 0.40 ± 0.02 0.17 ± 0.00 1.3 ± 0.0*

100 0.2 3.5 ± 0.1 0.8 ± 0.0 0.38 ± 0.02 0.19 ± 0.01 1.1 ± 0.0

0 5 4.3 + 0.2 1.1 + 0.0** 0.39 + 0.03 0.18 + 0.01 1.6 ± 0.1*

100 5 3.7 ± 0.1 0.8 ± 0.0 0.39 ± 0.01 0.23 ± 0.01 1.2 ± 0.1

0 7 5.0 + 0.3* 1.1 + 0.0* 0.42 + 0.01 0.22 ± 0.01 1.7 + 0.2

100 7 3.8 ± 0.2 0.9 ± 0.0 0.39 ± 0.01 0.24 ± 0.01 1.3 ± 0.1

0 9 3.7 ± 0.6 1.0 ± 0.1 0.41 ± 0.01 0.33 ± 0.04 1.0 ± 0.2

100 9 3.4 ± 0.2 0.9 ± 0.1 0.41 ± 0.02 0.30 ± 0.02 1.3 ± 0.1

Values are means ± standard errors of 4 rats in 9 ppm Se without vitamin B12 group and 5 rats in the other groups.

* : p<0.05 for paired values with and without vitamin B12, two tailed t-test



TABLE 111.9: TISSUE SELENIUM CONCENTRATION OF RATS FED DIFFERENT LEVELS OF SELENIUM IN THE
DIET WITH OR WITHOUT VITAMIN B12 FOR 8 WEEKS

DIET Se
(ppm)

DIET
VIT B12
(lig/kg)

LIVER
TISSUE SELENIUM (ppm)

KIDNEY HEART SPLEEN TESTIS MUSCLE BLOOD

0 0.8±0.0 1.6±0.0* 0.4±0.0 0.5±0.0 1.1±0.0 0.18±0.02 0.5±0.0
0.2

100 0.8±0.0 1.4±0.0 0.4±0.0 0.5±0.0 1.0±0.0 0.15±0.02 0.5±0.0

0 4.6±0.4 5.1±0.6 0.6±0.0* 1.7±0.1 1.4±0.1 0.27±0.01 1.4±0.0**
5

100 4.7±0.5 7.7±1.8 0.8±0.0 2.0±0.1 1.3±0.0 0.27" 2.2±0.2

0 10.3±0.5** 10.5±1.3 0.8±0.0* 2.2±0.2 1.4±0.0 0.35±0.02 2.0±0.0**
7

100 5.3±1.0 9.5±0.7 0.8±0.0 2.0±0.1 1.3±0.0 0.28" 2.7±0.1

0 20.3±1.4** 25.3±7.4 0.7±0.0* 2.2±0.2** 1.4±0.1 0.30±0.02** 2.1±0.2**
9

100 7.2±0.9 21.6±4.6 1.0±0.1 2.8±0.1 1.4±0.1 0.36±0.01 3.3±0.2

Values are means ± standard errors of 4 rats in the 9 ppm Se diet groups and 5 rats in all other diet groups.

*,** : Significant difference between vitamin B12 deleted and supplemented rat tissue at 0.05 ( * ) and 0.01 ( ** ) probability level

#: Only one muscle sample was taken.
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TABLE III.10: URINARY SELENIUM EXCRETION BY RATS FED VARIOUS
LEVELS OF SELENIUM WITH OR WITHOUT VITAMIN B12

DIET VIT B12

(µg /kg )
DIET Se
( ppm ) 2

WEEK
4 8

(µg /kg /day)

0 0.2 5.2 ± 0.8 7.2 ± 1.7 4.4 ± 0.8
100 0.2 6.0 ± 0.4 5.2 ± 0.2 4.7 ± 0.3

0 5 179 ± 24 135 ± 15 113 ± 5
100 5 184 ± 21 143 ± 19 116 ± 17

0 7 187 ± 13 193 ± 7 181 ± 13
100 7 174 ± 14 203 ± 13 207 ± 36

0 9 269 ± 21 210 ± 18 208 ± 16
100 9 231 ± 17 194 ± 19 183 ± 44

Numbers are means ± standard errors for 5 rats.

There are no significant differences between paired numbers.
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TABLE III.11: SELENIUM EXCRETION OF RATS PAIR-FED 9 PPM
SELENIUM IN DIET WITH OR WITHOUT VITAMIN B12 FOR 6 WEEKS

DIET BODY WT (g) URINARY MMA SELENIUM (mg/day/kg)
VITAMIN B12 (µg /day /kg) URINE FECES*
( µg /kg )

0 114± 5 94 + 21 0.27 + 0.02 0.12

100 126± 5 4.8± 1.1 0.24 + 0.03 0.06

Values are means ± standard errors of 5 rats fed vitamin B12 supplemented diet and
3 rats in the vitamin B12 deficient group.

* 24-hour feces excreted by 5 rats in the same diet group were pooled for selenium
determination.



TABLE 111.12: TISSUE WEIGHT OF RATS PAIR-FED 9 PPM SELENIUM IN THE DIET WITH OR WITHOUT
VITAMIN B12 FOR 6 WEEKS

DIET TISSUE WEIGHT ( g/100 g BODY WEIGHT )

VITAMIN B12 LIVER KIDNEY HEART SPLEEN TESTIS LUNG GI TRACT
( Ag/kg )

0 3.1 ± 0.3* 1.1 ± 0.1* 0.45 ± 0.03 0.4 ± 0.1* 1.3 ± 0.1 0.6 ± 0.1 9.7 ± 0.4*

100 4.5 ± 0.2 0.9 ± 0.01 0.36 ± 0.02 0.2 ± 0.02 1.5 ± 0.0 0.6 ± 0.0 13.4 ± 0.7

Values are means ± standard errors of 3 rats in 0 vitamin B12 group and 5 rats in 100 µg /kg vitamin B12 group.

* : Paired values are significantly different at p <0.05 for two tailed t-test.



TABLE 111.13: TISSUE SELENIUM CONCENTRATION OF RATS PAIR-FED 9 PPM SELENIUM IN THE DIET WITH
OR WITHOUT VITAMIN B12 FOR 6 WEEKS

DIET TISSUE SELENIUM ( ppm )

VITAMIN B12 LIVER KIDNEY HEART SPLEEN TESTIS LUNG MUSCLE BLOOD
( Aglkg )

0 18.8 ± 3.3** 51.5 ± 2.4*** 0.77 ± 0.04 2.6 ± 0.3 1.6 ± 0.2 1.5 ± 0.1 0.4 ± 0.1 2.2 ± 0.2*

100 5.0 ± 0.4 21.1 ± 2.4 1.0 ± 0.04 2.9 ± 0.4 1.3 ± 0.03 1.6 ± 0.1 0.5 ± 0.0 2.8 ± 0.2

Values are means ± standard errors of 3 rats in 0 fig/kg Vitamin B12 group and 5 rats in 100 fig/kg Vitamin B12 group.

* ** ***
, , Paired values are significantly different at p <0.1 (*), p <0.05 (**), p < 0.01 (***).
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CHAPTER IV: THE EFFECT OF VITAMIN B12 STATUS ON IN VIVO AND

IN VITRO METHYLATION OF SELENIUM BY RATS GIVEN SODIUM

SELENITE

ABSTRACT

Animals convert inorganic selenium to less toxic

methylated compounds such as dimethylselenide (DMSe) and

trimethylselenonium (TMSe) and this is considered a

detoxification mechanism. This experiment investigated the

role of vitamin B12, a cofactor of methionine synthetase, in

selenium methylation in the Sprague-Dawley rat. Vitamin B12

depleted rats excreted >200 mg MMA/kg body weight/day (12 X

control values), had about 7% the liver vitamin B12 level of

controls, and expired 16% of dosed 75Se as compared to 45%

for control rats and excreted less TMSe in the urine (6.1%

dose) than control (9% dose) rats. At the same time, higher

(p<0.05) tissue (liver, kidney, muscle) selenium levels and

lower (p<0.05) blood selenium levels were found in vitamin

B12 deficient rats. In vitro methylation of selenium in liver

supernatant from vitamin B12 deficient rats showed one half

to one third the rate of volatilization of selenium as

compared to control rats. S-Adenosylmethionine (SAM) was

required for this reaction and adding vitamin B12 to the

incubation did not increase the rate of volatilization.

These results show that vitamin B12 deficiency markedly

decreases the ability of rats to methylate selenium. Liver

was shown to be an important organ for selenium methylation.
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INTRODUCTION

It was suggested by Hoeiffineiyer in 1897 and later

proven by McConnell (1952) that animals given large amounts

of selenium will expire a garlic odor compound,

dimethylselenide(DMSe) in the breath. Later

trimethylselenonium (TMSe) was identified by Palmer et al

(1969) and Byard (1969) as a major urinary metabolite of

selenium. The mechanism of methylation of selenium and the

enzymes responsible are not completely understood. However,

studies suggest there are several methyltransferases

involved (Ganther 1966, Hsieh and Ganther 1977, Hoffman and

McConnell 1987, Tandon et al 1986). Results of these studies

also suggested that the universal methyl donor, S-

adenosylmethionine (SAM), is required for selenium

methylation. This was demonstrated using periodate oxidized

adenosine as an inhibitor of adenosylhomocysteine hydrolase

in vivo (Tandon et al 1986, Hoffman and McConnell 1987).

Vitamin B12 could play a role in methylation reactions since

it is a cofactor for methionine synthetase.

Bremer and Natori (1960) demonstrated that rat liver

microsomes in the presence of SAM can methylate H2Se and

CH3SeH to produce (CH3) 2Se. Hoffman (1980) injected periodate

oxidized adenosine in mice and found the liver to accumulate

S-adenosyl homocysteine. This would suggest liver is an

important site for selenium methylation reactions. The

present experiments were conducted to determine whether

vitamin B12 deficiency in rats would affect the pulmonary

excretion of DMSe and urinary excretion of TMSe when a

subtoxic dose of selenite was given. Also, the ability of

livers from rats fed vitamin B12 deficient and supplemented

diets to methylate selenium in vitro was studied.
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RATS

61

Weanling male Sprague-Dawley rats purchased from Bantin

& Kingman Inc., Fremont, CA, were used in all experiments,

and were kept in a temperature controlled (22 °C) room with

12 hour light-dark cycle. The rats were divided into two

groups and were fed either vitamin B12 supplemented (100 mg

vitamin B12 /kg diet) diet or vitamin B12 deleted diets ( as in

table III.1 ). This is a soybean based diet with 10% pectin

added (Cullen and Oace 1978) so that faster depletion of

vitamin B12 would occur (Cullen and Oace 1989). These diets

contained 0.2 ppm selenium and rats were fed ad libitum for

various time up to 8 weeks. The vitamin B12 status of rats

was monitored by determining urinary methylmalonic acid(MMA)

levels and liver and plasma vitamin B12 at various times of

the feeding period.

URINARY METHYLMALONIC ACID ANALYSIS

Urine of five rats fed each of the diets were collected

for 24 hours in five metabolic cages biweekly. Three drops

of concentrated HC1 were added in the collection tube to

preserve the MMA. Urine samples were diluted to 15 ml and

kept frozen until analysis. Urinary MMA was analyzed by the

colorimetric method of Giorgio and Plaut (1965) with the

modification by Williams and Spray (1969).
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VITAMIN B12 ANALYSIS

Rat liver and plasma vitamin B12 was determined by Immo

Phase vitamin B12[57Co] radioassay method (Corning Co.,

Medfield, MA). The detection limit of the test is 17 pg/ml.

Blood was collected into EDTA-vacuum tube by heart
puncture at the end of experiment while the rats were under

ether anaesthesia. Plasma was taken after centrifugation of

the blood. Liver was homogenized in 0.1 M acetate buffer pH

4.8 and incubated with papain and KCN at 60 °C for 1 hour

(Van Tonder et al 1975). Assays were performed on 100 Al of

the properly diluted supernatant.

IN VIVO EXPERIMENT

Four rats each, fed either vitamin B12 supplemented or

deleted diets for 8 weeks were injected IP with 1.5 mg
selenium as selenite/kg body weight and the rats placed
individually in glass metabolic cages. Radioactive selenium

was added to the stable selenium to equal an injection rate

of 14.5 MCi /kg body weight. Expired DMSe was collected for
24 hours by pumping air through the cage to the bottom of a

series of 4 trapping pyrex tubes containing 40 ml 8N nitric

acid each. This method is a modification of Ganther(1966)

and Diplock et al(1973). Urine was collected during the same

time. After 24 hours, blood was collected by heart puncture

while rats were under ether anaesthesia. The rats were
killed and gastrointestinal tract, liver, kidney, muscle,

blood, urine, and a portion of trapping nitric acid were
taken for 75Se radioactivity counting.

The time sequence of selenium expiration, tissue

selenium distribution and TMSe excretion by rats fed vitamin
B12 deleted diet was studied. Four rats fed control or
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vitamin B12 deleted diet were injected at 2, 4, 6, and 8
weeks with 1.5 mg selenium/kg body weight containing

radioactive selenium (14.5 MCi /kg body weight) as selenite.

Rats were placed individually in glass metabolic cages and

DMSe in the breath and TMSe in the urine were collected for

18 hours as above. Trapped DMSe expired in breath was
counted by gamma counter for "Se. Tissue selenium

distributions were determined by counting the tissue for "Se

radioactivity as above. TMSe and inorganic selenium species

in urine was separated by an HPLC method (Kraus et al 1985)

with a strong cation exchange column (Ranin Nucleosil 5A).

Fractions collected from the HPLC were counted for "Se and

compared to standards for identification and quantitation.

All samples were counted for "Se in a Beckman 8000 gamma

counter.

IN VITRO EXPERIMENT

Rats fed either vitamin B12 supplemented or deleted

diets for 4 to 8 weeks were used. The in vitro methylation

conditions described by Ganther (1966) and similar apparatus

described by Diplock et al (1973) was used. Rat liver was

homogenized and centrifuged at 9000 x g for 10 minutes. The

incubation mixture contained 60 Amole glutathione, 2 Amole

SAM, 12 Amole ATP, 0.6 Amole coenzyme A, 40 Amole Mg+2, 3

Amole EDTA and NADPH generating system in 0.1 M phosphate

buffer, pH 6.25. About 0.2 ml of liver extract and 0.1 ml

radioactive selenite ( 0.15 Amole ) was added to make a

total volume of 3 ml. Incubation was carried out under N2 at

37 °C for 30 minutes to 1 hours in a shaking water bath in

the hood. The reaction was stopped by adding 0.5 ml 5N NaOH.

Polystyrene tubes connected with inlet and outlet Tygon

tubing were used for incubation and nitrogen gas was passed

just above the incubation mixture surface. Ganther(1966)
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demonstrated doubly labeled volatile DMSe trapped in nitric

acid was formed from 14C-methyl labeled SAM and '5Se labeled

sodium selenite incubated with liver extract under similar

conditions. The disappearance of radioactive selenium from

the incubation mixture was taken as volatilized selenium,

assumed to be DMSe. Each treatment was conducted in

quadruplicate.
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RESULTS AND DISCUSSION

Urine MMA has been used as an indicator of vitamin B12

status in animals and humans as discussed in chapter III.

Urinary MMA excretion increased with time in rats fed the

vitamin B12 deficient diet (Figure IV.1) . The level of MMA

was significantly higher (p<0.05) in urine from vitamin B12

depleted rats starting at the 2nd week.

Plasma and liver vitamin B12 decreased with time in

vitamin B12 depleted rats (Table IV.1). Rats fed vitamin B12

deficient diet for 4 weeks or longer had no detectable

plasma vitamin B12. The liver vitamin B12 levels of these rats

was significantly lower (p<0.01) than control rats starting

the 2nd week, which coincides with urinary MMA increase.

Livers contained 6.1 ng vitamin B12/ g tissue when fed the

vitamin B12 deleted diet at 4 weeks and decreased to 3.2 ng/g

at 8 weeks. There was an average of 43.2 ng vitamin B12/g
liver in vitamin B12 supplemented rats. These results show

that rats were depleted of most of the vitamin B12 reserve

after 4 weeks of feeding the diet.

Vitamin B12 status had a significant effect upon

selenium distribution in all tissues examined (liver,

gastrointestinal tract, kidney, blood and muscle) and breath

(p<0.05 or less) but not urine. As shown in Table IV.2, an

average of 45% of the dose was expired in 24 hours following

an injection of 1.5 mg selenium/ kg body weight in vitamin

B12 supplemented rats, but only 16% of dose was expired from

the vitamin B12 depleted rats. These results show that

vitamin B12 deficiency decreased the production of DMSe as

the volatile product of selenium in the rats given elevated

levels of selenium but did not affect the total amount of

selenium excreted through urine.
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Table IV.3 shows the tissue 75Se percent distribution

for rats fed the two diets for 2, 4, 6, and 8 weeks and

injected with radioactive selenite. These results are

consistent with previous 24 hour collection experiments but

show the progression with vitamin B12 depletion over the

feeding period. Only breath selenium showed a significant

difference (p<0.05) between rats fed the two diets starting

the 2nd week. Blood (p<0.01), liver (p<0.05) and kidney

(p<0.01) selenium levels shows significant difference by the

4th week. Liver and kidney selenium levels were higher in

the vitamin B12 depleted rats. Blood selenium levels were

lower in vitamin B12 depleted rats. Starting the 4th week,

there was about a 3 fold difference in liver 75Se level and

a 2 fold difference in kidney and blood 75Se levels. Urine

selenium excretion was about 20% of the dose over 18 hours

after injection for both groups at all time points (Table

IV.3). The average urinary selenium level over the time

showed no difference between rats fed diets with or without

vitamin B12. This is consistent with the 24 hour experiment.

The expiration of DMSe in breath of rats fed control

or vitamin B12 deficient diets for various time and injected

with 1.5 mg selenium/kg body weight is shown in Figure IV.2.

Expiration of selenium was significantly (p<0.05) less in

vitamin B12 depleted rats starting at the second week. There

was an increase of DMSe expiration by rats fed vitamin B12

and decrease of DMSe expiration by rats without vitamin B12

from 2nd to 6th week. The maximum difference was during the

6th week (36% compared to 6%).

Although total urinary selenium did not differ between

vitamin fin supplemented and depleted rats, Figure IV.3

showed that the percent TMSe in urine of rats fed vitamin B12

deleted or supplemented diets differed significantly

starting the 4th week. Urinary TMSe decreased from 39% in
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the 2nd week to 22% in the 4th week in vitamin B12 depleted

rats. This percentage remained about the same during the

remainder of the experiment. The percentage of urinary TMSe

from rats fed the vitamin B12 supplemented diet gradually

increased from 39% to 54% during this time. These results

indicate a greater than 2-fold methylation ability for

vitamin B12 supplemented rats as compared to depleted ones.

However, vitamin B12 deficiency does not completely abolish

selenium methylation.

Zeisel et al (1987) fed rats choline deficient diet for

35 days but did not find any changes in urine TMSe excretion

when injected with 0.5 mg selenium/kg body weight. Also

Hirooka and Galambos (1966) fed a choline-deficient diet to

rats and induced fatty liver and cirrhosis but did not find

a decrease in DMSe formation when giving 1.4 mg selenium-

selenate/ kg. This could indicate that selenium methylation

is very efficient and the methyl group availability for

selenium methylation is affected more by vitamin B12

deficiency than choline deficiency.

There was a good correlation (r=0.86) between DMSe and

TMSe formation in each group of rats injected with 1.5 mg

selenium / kg body weight at various periods of feeding

(Figure IV.4). Ganther (1986) injected rats with doubly

labeled selenobetaine and found doubly labeled DMSe and

TMSe. This suggests direct methylation of DMSe to form TMSe

which is consistent with the in vivo correlation between

TMSe and DMSe formation. The regression line has a positive

Y axis intercept which suggests under certain level of

selenite injection, only TMSe but not DMSe will be produced.

This is consistent with the observation that only under high

doses of selenium do animal expire DMSe (Burk et al 1972).

These results suggest that vitamin B12 affects the

ability of the rat to methylate selenium at the dose used,

the major product is DMSe and the predominant route is
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through the breath for vitamin B12 supplemented rats. This

pathway is reduced by vitamin B12 deficiency and the major

route of excretion is through urine. As a consequence of

slower excretion, a greater amount of selenium accumulates

in tissues.

Hoffman(1980) injected periodate-oxidized adenosine in

mice and found liver S-adenosylhomocysteine to increase 50

times within 30 minutes and suggested that the liver was an

important site for methylation. Ganther (1966) used various

tissues of mice to study methylation of selenite in vitro

and found liver to have the highest methylation ability. In

this experiment, liver showed the greatest difference in 75Se

retention between vitamin B12 supplemented and depleted rats.

This is consistent with this organ being responsible for the

methylation of most of the selenium.

The in vitro volatilization of selenium is shown in

Table IV.4. A series of 5 duplicate experiments using

different rat liver supernatants was conducted. Control rat

liver preparations were able to volatilize more selenium

than the liver preparations from vitamin B12 depleted rats.

These differences ranged between 2 to 3 times and the

difference was statistically significant for all incubations

(p<0.01). SAM was found to be required in the reaction. This

is consistent with Hoffman and McConnell (1987) who showed

SAM is the methyl donor for selenium methylation. The

addition of vitamin B12 in the reaction mixture at 67 or 134

µg /ml had no effect on selenium methylation in either diet

group (data not shown). These results show that vitamin B12

deficiency decreases the ability of liver to methylate

selenium to produce DMSe to about 33% of control under the

incubation conditions.
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FIGURE IV.1. MMA excretion of rats fed diets with or without
vitamin B12 for various times. Points are means ± standard errors for
five rats.
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FIGURE IV.2. DMSe exalation after injection with 'Se-selenite into
rats fed vitamin B12 supplemented or deficient diets for various times.
Each point is mean ± standard error for four rats.
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FIGURE IV.3. TMSe excretion after injection with 'Se-selenite into
rats fed vitamin B12 supplemented or deficient diets for various times.
Each point is mean ± standard error for four rats.
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FIGURE IV.4. Correlation between DMSe and TMSe production in rats
injected IP with 1.5 mg/kg selenium as selenite.
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TABLE IV.1: VITAMIN B12 LEVEL IN LIVER AND PLASMA OF RATS FED
CONTROL OR VITAMIN B12 DEFICIENT DIETS

WEEK ON DIET DIET TYPE VITAMIN B12 (ng/g)

LIVER PLASMA

2 8 CONTROL 43.2 ± 2.1 1.1 ± 0.1

2 Vit B12 DEFICIENT 14.5 ± 1.6

4 Vit B12 DEFICIENT 6.1 ± 0.6 ND

6 Vit B12 DEFICIENT 4.2 ± 0.4 ND

8 Vit B12 DEFICIENT 3.2 ± 0.3 ND

Values are means ± standard errors.

The control diet is soybean based and contains 0.1 mg/kg vitamin B12 with 10%
pectin.

There were 4 rats in each vitamin B12 deficient group and 16 rats in the control
group.

--: not determined
ND: below detectable level ( less than 17 pg/ml )



TABLE IV.2: PERCENTAGE DOSE OF 75Se FOUND IN RAT TISSUES, BREATH AND URINE 24 HOURS AFTER IP
INJECTION OF 1.5 mg/kg 75Se-SELENITE

DIET VIT B12 WEIGHT BREATH URINE GI LIVER KIDNEY BLOOD MUSCLE
( itglkg ) ( g ) ( % dose )

0 233± 3** 15.9±5.2** 34.3±2.5 14.6±3.1* 23.0±2.5** 3.1±0.4* 7.0±0.9* 4.6±0.3*

100 288±11 45.1±1.9 23.4±4.0 6.3±0.5 7.8±0.5 1.5±0.1 9.9±0.6 3.3±0.2

Values are means ± standard errors for four rats.

Each rat was injected with 14.5 ACi/kg 'Se-selenite.

Within each column, values between the two dietary groups are significantly different at *:p <0.05; **:p < 0.01 level for one tailed
t-test.
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TABLE D/.3: PERCENTAGE DOSE OF 75Se FOUND IN RAT TISSUES,
BREATH AND URINE 18 HOURS AFTER IP INJECTION OF

1.5 mg/kg RADIOACTIVE SELENIUM AS SELENITE

DIET VIT B12 TISSUE
(i.cg/kg) 2

WEEKS ON DIET
4 6 8

0 23.9 ± 3.5 30.5 ± 4.6* 32.9 ± 2.3** 27.6 ± 1.9**
LIVER

100 13.8 ± 1.2 11.9 ± 0.5 12.0 ± 1.1 10.1 ± 0.8

0 5.3 ± 0.3 6.5 ± 0.7** 5.3 ± 0.1** 5.4 ± 0.3**
KIDNEY

100 4.5 ± 0.3 2.6 ± 0.1 2.9 ± 0.2 2.6 ± 0.2

0 11.0 ± 0.5 7.0 ± 0.4** 8.0 ± 0.7** 9.9 ± 0.9*
BLOOD

100 13.1 ± 1.0 13.4 ± 0.8 15.9 ± 0.9 14.3 ± 0.5

0 12.6 ± 0.7 10.9 ± 2.8 13.8 ± 1.4** 10.2 ± 0.8**
GI

100 10.9 ± 1.7 5.9 ± 0.5 6.0 ± 0.2 5.8 ± 0.4

0 21.6 ± 0.8 22.2 ± 0.8* 23.6 ± 2.8 17.2 ± 1.8
URINE

100 20.4 ± 0.8 17.0 ± 0.9 20.4 ± 2.0 19.0 ± 1.4

0 15.2 ± 1.8* 6.8 ± 1.5** 5.8 ± 1.2** 8.0 ± 2.4**
BREATH

100 22.0 ± 0.8 30.0 ± 0.9 36.3 ± 3.0 30.3 ± 0.9

Values are means ± standard errors for 4 rats.
* significant difference between paired tissue values at p < 0.05.
** significant difference between paired tissue values at p <0.01.
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Table IV.4. 'Se-SELENITE VOLATILIZED BY LIVER EXTRACTS OF RATS
FED CONTROL OR VITAMIN B12 DEFICIENT DIET

NO OF EXPERIMENTS DIET TYPE % VOLATILIZED

1

2

3

4

5

Control
Vitamin B12 deficient

Control
Vitamin B12 deficient

Control
Vitamin B12 deficient

Control
Vitamin B12 deficient

Control
Vitamin B12 deficient

7.7 ± 0.9
4.5 ± 0.4

14.4 ± 1.9
7.9 ± 1.3

11.4 ± 0.6
5.5 ± 1.5

33.8 ± 3.7
10.9 ± 1.8

26.1 ± 2.6
8.8 ± 0.9

Combined difference° 9.2 ± 2.4*

Values are means ± standard errors for 4 replicates.

Rats fed either control or vitamin B12 deficient diets for 4 to 8 weeks were used to
compare the ability of the liver to methylate selenium to dimethylselenide.

The incubation mixture contains glutathione, S-adenosylmethionine, ATP, CoA,
Mg+2, EDTA, NADPH generating system, liver 9000 x g supernatant and radioactive
selenite in phosphate buffer. Incubation was carried out under N2 at 37°C for 20
minutes to 3 hours. The 'Se disapeared from incubation is considered as volitilized
dimethylselenide.

°,*: Combined difference after transformation by sin-V% is significant at p <0.01 for
a transformed paired t-test.
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CHAPTER V: THE EFFECT OF VITAMIN B12 STATUS ON GROWTH,

ARSENIC TISSUE DISTRIBUTION, AND ARSENIC METHYLATION IN

RATS AND MICE GIVEN ARSENIC

ABSTRACT

Vitamin B12 is known to be involved in methyl group

transfer to homocysteine by the 5-methyltetrahydrofolate-

tetrahydrofolate pathway in animals. Since the methylation

of arsenic is considered a detoxification mechanism by

animals, this study was conducted to determine if vitamin Bu

status would affect the ability of rats and mice to

methylate arsenic. Rats were fed vitamin Bu deficient

soybean based diets with 50, 100, or 150 ppm arsenic for 6

weeks. Rats were determined to be vitamin B12 depleted as

indicated by urinary methylmalonic acid(MMA) level increases

of 45 to 89 fold, no detectable vitamin Bu in plasma and

liver vitamin BIZ at 7% of vitamin 812 supplemented rat

values. No antagonistic effect of vitamin B12 to arsenic

could be shown in growth of rats by multifactorial

statistical analysis. Rats pair-fed 150 ppm arsenate with

vitamin B12 had slightly more arsenic in feces and urine, and

slightly higher kidney(p<0.05) (69 vs 25 ppm) and blood (363

vs 318 ppm) arsenic levels than rats fed diet without

vitamin B12. Urinary arsenic was mainly in the dimethylated

form for both diet groups (94% for vitamin B12 supplemented

vs 90% for vitamin B12 deficient rats). Vitamin B12

supplemented and deficient rats injected with 5 mg arsenic

as arsenite/kg body weight retained respectively 59% and 46%

of the dose in the blood after 24 hours, with 99% and 94% in

the dimethylated form, and 14% and 19% of dose was excreted

in the urine with 21% and 16% in the dimethylated form.
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There was no difference in arsenic methylation ability of

cytosolic and microsomal fractions of liver from both
deficient and supplemented rats. Mice fed the vitamin B12

deficient diet for 12 weeks showed a 10-fold increase in

urinary MMA excretion, 187-fold decrease in plasma vitamin

B12 level(0.1 vs 18.7 ng/g) and 155-fold decrease in liver

vitamin B12 level(16 vs 2472 ng/g). After IP injection with

5 mg arsenic as arsenite/kg, both groups excreted about 60%

of the dose in urine and about 60% of the arsenic in the

urine was in the dimethylated form and no effect of vitamin

B12 status was shown. It is concluded that vitamin B12

deficiency does not inhibit arsenic methylation to any

significant extent in rats or mice under the conditions

examined.



79

INTRODUCTION

Inorganic arsenic is known to be converted into

monomethylated (MMAA) and di methylated (DMAA) compounds by

animals (Vahter and Marafante 1983) and humans (Crecelius

1977). These organic arsenic compounds are less toxic than

arsenate or arsenite. Also they have less affinity for

tissues and are excreted more rapidly in the urine. The

major metabolite of inorganic arsenic is DMAA (Crecelius

1977, Tam 1979) Methylation of arsenic is thus considered to

be a detoxication mechanism. Periodate oxidized adenosine

(PAD) has been used to study the inhibition of arsenic

methylation in mice and rabbit (Marafante and Vahter 1984,

Marafante et al 1985), which indicate S-adenosylmethionine

(SAM) is the methyl donor for arsenic methylation. Reduced

glutathione (GSH) is also required for arsenic methylation

(Buchet and Lauwerys 1985). Vitamin B12 has been shown to act

synergistically with SAM in the synthesis of DMAA in vitro

(Buchet and Lauwerys 1985). It is proposed that vitamin B12

might play a role in the detoxification of arsenic by

animals. Vitamin Bu deficient or supplemented rats and mice

were fed or injected with arsenic to determine whether

vitamin B12 status would affect arsenic toxicity and the

ability to methylate inorganic arsenic compounds in vivo and

in vitro.
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Sprague-Dawley rats purchased from Bantin & Kingman

Inc., Fremont, CA, were used for all experiments and kept in

a temperature controlled rooms (22°C) with a 12 hour light

dark cycle.

A preliminary experiment was conducted using 0, 200,

400, or 600 ppm arsenate in a casein based diet. This diet

contained 200 g vitamin-free casein, 3 g DL-methionine, 500

g sucrose, 5 g solka-floc, 15 g corn starch, 5 g corn oil,

2.3 g choline dihydrogencitrate, 35 g AIN-76 mineral mix and

10 g AIN-76 vitamin mix without cyanocobalamin (AIN 1977).

Vitamin B12 was added at 10 µg /kg diet for the supplemented

diet.

The diet chosen for all the subsequent experiments was

a soybean protein-based diet (diet composition shown in

Table III.1) containing 10% pectin to promote vitamin B12

depletion as indicated by Cullen and Oace (1989). AIN-76

vitamin mixture without cyanocobalamin (AIN 1977) was used

for vitamin B12 deleted diet. A level of 100 µg /kg of

cyanocobalamin was added for vitamin B12 supplemented diet.

The arsenic level used for all experiments with the soybean-

based diet was 0, 50, 100, or 150 ppm arsenic as arsenate.

A total of 40 rats were divided into 8 groups and fed

ad libitum 0, 50, 100 or 150 ppm arsenic as arsenate with or

without vitamin B12. This 2x4 factorial treatments is shown

in Table V.1.

Rats were weighed and urine collected biweekly. Each

rat was put in a metabolic cage and urine samples collected

for 24 hours, and three drops of concentrated HC1 was added

in the collecting tube to preserve MMA. Urine samples were



81

diluted to 15 ml and kept frozen at -20°C until analysis for

MMA. Urinary MMA excretion was monitored to follow the

depletion of vitamin BIZ. Urinary arsenic was analyzed to

study the excretion of this element. After 8 weeks, rats

were killed while under anaesthesia by heart puncture and

tissues analyzed for arsenic concentrations. Plasma and
liver samples from rats in each dietary group were taken for

vitamin B12 analysis to provide supporting data for the
urinary MMA.

In the second experiment, 5 rats each were placed on

either vitamin B12 supplemented or deleted diets with 150 ppm

arsenic added as arsenate. The vitamin B12 supplemented group

was pair-fed to the vitamin B12 depleted group for 6 weeks.

Rats were weighed and urinary excretion of MMA was monitored

biweekly. After 6 weeks, rats were anaesthetized with sodium

pentobarbital (8 mg/100 g body weight), and blood taken by
heart puncture. Blood has a much higher arsenic

concentration than other tissues after rats are exposed to

high levels of arsenic. To remove the interference from

blood, rats fed arsenic were perfused with warm saline while

under anesthesia through the aorta to remove blood from the

tissues before they were killed. The tissues were removed,

weighed and saved for arsenic analysis. Plasma and liver

samples from each rat were frozen at 20 °C until analyzed

for vitamin B12 level. Urine and feces were collected for

arsenic analysis. Urine arsenic speciation was performed

according to the method of Tam et al (1978).

In the third experiment, rats each were fed either

vitamin B12 supplemented or deleted diets for various times.

The basal diet is vitamin B12 free soybean based with 10%

pectin added as noted earlier.

Each of five rats fed diets with or without vitamin B12

for 5 weeks were injected IP with 5 mg arsenic as arsenite
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in 0.9% saline/kg body weight. Rats were then kept

separately in metabolic cages for 18 hours to collect urine

and feces. Total arsenic excreted during this time and

arsenic speciation in urine and blood of these rats were
determined.

In the fourth experiment, two rats each fed diets with

or without vitamin B12 for 8 weeks were used for in vitro

methylation experiments. Rats were killed and livers taken.

Livers were homogenized with equal weight of tissue from

each of the two rats in 0.25 M ice cold sucrose (1 g/9 ml)

containing 0.01 M Tris-HC1 buffer, pH 7.6. Supernatant was

prepared by centrifugation at 9000 x g for 10 minute.
Microsomal preparation was obtained by subsequent

centrifugation at 145,000 x g for 90 minutes. The microsomal

fraction was suspended in the same buffer at 10 times

original concentration. The supernatant was used as the
cytosolic preparation. All the preparations were carried out

at 4°C. The incubation system was the same as that of Buchet

and Lauwery (1985) using 0.05 M Tris-HC1 buffer, pH 7.6, 1

mM SAM, 10 mM GSH, and 1.2 mM Mg2+. Sodium arsenite was

added at 0.01 mM to 2 ml liver preparation in a final volume

of 4.2 ml. The incubation was carried out at 37°C in a

shaking water bath for 90 minute in stoppered glass flasks

equipped with a side arm containing 2 ml 15% trichloroacetic

acid, which was poured into the main compartment at the end

of incubation. Incubations were done in triplicate. Species

of arsenic in the supernatant after centrifugation of TCA

precipitated protein was separated by cation exchange method

described by Tam et al (1978). Precipitated protein from

incubation containing liver 9000 x g supernatant was

dissolved with NaOH then extracted with benzene then back

extracted with HC1 according to Odanaka(1978). The

speciation of arsenic in the extract was determined. PAD was

prepared according to Hoffman (1980), and was added to the
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9000 x g supernatant incubation system at 0.115, 1.15, or

11.5 nmole/ml to study its inhibition on arsenic

methylation. Each incubation was performed in duplicate.

MICE

Since rats are known to retain a large portion of

arsenic in blood (Fuentes et al 1981), which is different

from other animals such as the mouse, hamster, rabbit and

cat (Odanaka et al 1980), mice were used in a experiment to

examine the effect of vitamin B12 on arsenic methylation.

This was done to determine whether the results obtained with

the rats were unique to this species of animal.

In the fifth experiment, a total of 20 Swiss Webster

mice were divided into two groups and fed either vitamin B12

supplemented or deleted diets ad libitum for 12 weeks. Body

weights and urinary MMA excretion were monitored every 2

weeks as was done for the rats. At the end of feeding

period, each mouse was injected IP with 5 mg arsenic as

arsenite in 0.9% saline/kg body weight and two mice were

placed together in a metabolic cage to collect urine and

feces for 18 hours. Mice were then killed by heart puncture

while under ether anaesthesia. Liver, kidney, blood, urine

and feces were collected for arsenic analysis. Arsenic

speciation of mice urine were done as for rat urine. Plasma

and liver samples from each mouse were kept frozen at -20°C

until analyzed for vitamin B12 content.

METHYLMALONIC ACID(MMA) ANALYSIS

Urinary MMA analysis was done with a spectrophotometric

method according to Giorgio and Plaut (1965) as modified by

Williams and Spray (1969).
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VITAMIN B12 ANALYSIS

Liver and plasma vitamin B12 levels in rats and mice

were determined by the Immo Phase vitamin B12 [57Co] radioassay

method (Corning Co., Medfield, MA). The detection limit of

the test is 17 pg/ml.

At the end of experiment blood was collected into

vacuum tubes containing EDTA by heart puncture while the
animals were under ether anaesthesia. Plasma was taken after

centrifugation of the blood at 900 x g for 15 minutes. Liver

was homogenized in 0.1 M acetate buffer PH 4.8 and incubated

with papain and KCN at 60 °C for 1 hour (Van Tonder 1975 et

al). Samples (100 Al) of the properly diluted supernatant

were taken for assay.

ARSENIC ANALYSIS

Rat and mice urine,feces and tissue samples were acid

digested with nitric acid and perchloric acids. The digested

samples were diluted to approximately 50 ml for arsenic
determination. A Perkin Elmer atomic absorption

spectrophotometer with a Zeeman background corrector (model

3030) was used for arsenic concentration determination,

using nickel nitrate as the matrix modifier. A 1000 ppm

arsenic atomic absorption standard from Sigma Chemical
Company, St. Louis, MO, was diluted to various

concentrations to obtain a set of standards.

URINARY AND BLOOD ARSENIC SPECIATION

Inorganic arsenic, MMAA and DMAA species in the urine

of arsenic treated mice and rats were separated directly by

a cation exchange resin AG 50W-X8 column according to the

method of Tam et al (1978). Blood samples were dissolved
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first with NaOH, extracted with benzene first then back
extracted with HC1 according to Odanaka et al (1978). The

extractant in water was then subjected to the same cation

exchange column chromatography. Twenty ml of 0.5 N HC1, 10

ml of water, 10 ml of 5% NaOH and 40 ml of 20% NaOH were

sequentially eluted through the column. The fractions were
collected at a rate of 2 ml /2 min for a total of 80 minutes.

Fractions were analyzed directly for arsenic by Zeeman

atomic absorption spectrophotometry. Cacodylic acid (Sigma

chemical Co.), sodium methylarsonate was kindly provided by

Dr. Crecelius at Battelle Marine Research Lab., reagent

grade arsenate and arsenite were used as standards and
treated the same way as samples.
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In the preliminary experiment using casein based diet,

all rats fed 600 ppm arsenic with or without vitamin B12

died before the 2nd and 3rd week respectively. Rats fed 400

ppm arsenic without vitamin B12 died by the 4th week, but all

the rats fed 400 ppm arsenic with vitamin B12 were still

alive at the end of the 20-week feeding period. They grew

poorly, howeve.r. Since the rats fed 200 ppm arsenic grew

slowly, the level of arsenic in the diet was decreased to

100 ppm during the 4th week. Rats fed this diet with or

without vitamin B12 survived 20 weeks, but vitamin B12

supplemented rats showed significantly better growth

starting at the second week compared to the deficient rats

as shown in Figure V.1. There was significant (p<0.01)

growth in the rats fed diet with vitamin B12 but almost no

growth for the rats fed the diet without vitamin B12 until

the arsenic level was lowered. The casein-based diet used in

this preliminary experiment was subsequently found to
contain a small amount of vitamin B12 (1.4 ng/g). The rats

fed this diet without addition of vitamin B12 were only

slightly deficient in vitamin B12 after the 20 week feeding

period as indicated by urinary MMA levels (14 mg/kg/day),

and liver and plasma vitamin B12 content (10 and 0.02 ng/g).

This suggests that under a toxic arsenic challenge, vitamin

B12 supplementation may prevent death or maintain better

growth of rats.

Figure V.2 shows the growth of rats fed ad libitum the

soybean based diet containing different levels of arsenic

with or without vitamin B12 for 8 weeks. The levels of
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arsenic used, 50, 100 and 150 ppm, decreased growth
throughout the feeding period. However, vitamin B12

deficiency caused growth inhibition after 4 weeks (p<0. 05) as

shown by comparing groups with the same level of arsenic.

The growth of four vitamin B12 depleted groups of rats fed

various levels of arsenic reached a plateau at about 6
weeks. The analysis of variance for vitamin B12 and arsenic

is shown in Table V.2. Statistical analysis indicated no

interaction of arsenic and vitamin B12 on rat growth.

The effect of vitamin B12 on growth is shown also in

pair-fed rats. Rats were pair-fed a 150 ppm arsenic as
arsenate diet with or without vitamin B12 supplemented. Rats

fed the vitamin B12 supplemented diet showed significantly

(p<0.05) better growth than the deficient group after 6

weeks on the diet (Figure V.3).

VITAMIN B12 STATUS

All groups of rats fed ad libitum the vitamin B12

supplemented soy protein based diets with various arsenic

levels excreted small amount of MMA in the urine (5-17
mg/kg/day) during the feeding period. MMA excretion of

vitamin B12 deficient rats increased to 20 to 40 mg/kg/day at

week 2 (Table V.3). The MMA excretion increased at 4th week,

After 8 weeks, vitamin B12 depleted rats fed the diets

containing 50, 100, and 150 ppm arsenic excreted an average

of 295, 279, 515 mg MMA/kg/day respectively. Since MMA

excretion correlates inversely with tissues vitamin B12

levels (Stokstad and Nair 1988, William and Spray 1969),

also Brink et al (1980) showed rats started to excrete more

MMA when liver vitamin B12 decrease to 84% of control rats,

these results showed that rats became vitamin B12 depleted

over time.
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In the pair-fed rats fed 150 ppm dietary arsenic,

vitamin B12, there was 12 times more urinary MMA excretion in

vitamin B12 deficient rats(108 vs 9 mg /kg /day) (Table V.4).

The MMA excretion was comparable to the rats fed 9 ppm

selenium in the diet and thus seems to be independent of

dietary arsenic intake. The variability of food intake is

considered to be the reason that less MMA was excreted by

these pair-fed rats in comparison to the rats fed ad
libitum.

Table V.5 shows the plasma and liver vitamin B12 levels

of the pair-fed rats. Rats fed the vitamin B12 deficient diet

for 6 weeks had no detectable vitamin B12 in the plasma and

liver vitamin B12 level in the liver was 8% of pair-fed

vitamin B12 supplemented rats. Compared to the result of

Williams and Spray (1969), liver and plasma of rats fed on

vitamin B12 deficient soy protein diet for 64 weeks contained

0.09 and 10 ng/kg vitamin B12 respectively. Brink et al

(1980) calculated biological half-life of vitamin B12 in rat

liver and plasma to be about 14 weeks. These results showed

that feeding the vitamin B12 deficient with 10% pectin to

rats depleted the body's vitamin B12 reserve very quickly.

TISSUE WEIGHT, ARSENIC DISTRIBUTION AND EXCRETION

At all four levels of dietary arsenic, vitamin B12

depleted rats had enlarged liver and kidney (Table V.6).

This effect was not seen in heart, spleen or testis. Liver

swelling has been indicated as a symptom of arsenic

poisoning in humans (Pershagen 1983). Pair-fed vitamin B12

depleted rats also had enlarged livers (p<0.05) and kidneys

(p<0.01) (Table V.7). Vitamin B12 seems to provide some

protection against arsenic toxicity.
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Table V.8 shows blood and urine arsenic concentrations

of rat in each dietary group at the end of 8 weeks. Although

not all differences are significant, there is the general

trend of lower blood and urine arsenic levels in vitamin B12

deficient rats. Rats fed 50 ppm arsenic with vitamin B12 had

significantly (p<0.05) higher arsenic concentrations in

blood and urine. However, the average feed consumption for

rats fed 50, 100, 150 ppm arsenic without vitamin B12 were

13, 12, 11 g/day/rat respectively, and 17, 15, 14 g/day/rat

respectively for those with vitamin B12. This difference in

feed intake might have affected the results.

Tissue arsenic concentrations of rats fed ad libitum

50-150 ppm arsenic are shown in Table V.9. Rats fed vitamin

B12 had significantly (p<0.05) higher kidney arsenic

concentration than rats fed diet without vitamin B12.

However, it is considered that high concentration of arsenic

present in blood could interfere with the determination of

tissue arsenic concentration. This could have contributed to

the high standard errors and thus mask a possible difference

between groups. To investigate this, experiments with pair-

fed vitamin B12 supplemented and depleted rats were

conducted. The excretion of arsenic in urine of vitamin B12

supplemented pair-fed rats (0.88 mg/rat/day) was

significantly higher (p<0.05 two tailed, paired t-test)

than in vitamin B12 depleted rats (0.61 mg/rat/day) (Table

V.10). However, there was no difference at 2 or 4 weeks.

Vitamin B12 deficiency affects excretion of arsenic in the

rat only slightly and only after 6 weeks on diet.

In the pair-fed experiment, blood contains the highest

arsenic concentration among all tissues examined (Table

V.11). Arsenic levels were 318 ppm for vitamin B12 depleted

rats and 363 ppm for vitamin B12 supplemented rats, but this

difference was not statistically different. The arsenic
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concentrations of other tissues were much lower than blood

and thus the values could vary depending on the completeness

of perfusion. Kidney and testis were found to have

significantly higher (p<0.05) arsenic concentration in rats

fed vitamin B12.

Table V.12 shows the speciation of arsenic in urine of

rats fed ad libitum. Most of the arsenic was present as the

dimethylated form (90%), about 9% in the inorganic form, and

very little (1%) in the monomethylated form. Speciation of

arsenic in urine from pair-fed rats is shown in Table V.13.

Similar to ad libitum rats, about 90% of urinary arsenic is

in the dimethylated form, less than 10% in the inorganic

form, and about 1% in the monomethylated form. However,

since the total arsenic excretion in urine was higher in
vitamin B12 supplemented than depleted rats, there was

slightly greater excretion of dimethylated arsenic from rats

fed the vitamin B12 supplemented diet.

Arsenic in the feces accounted for about 30% of arsenic

eliminated in the pair-fed rats. There was more arsenic in

the feces of vitamin B12 supplemented compared to depleted

rats during the 2nd week (0.30 vs 0.28 mg/kg/day); 4th week

(0.44 vs 0.32 mg/kg/day) as well as in the 6th week (0.40 vs

0.31 mg/kg/day) (Table V.10). Klaassen (1974) studied bile

excretion of arsenic in Sprague-Dawley rats with bile duct

cannulation. He found that less than 10% of an IV dose was

excreted into feces in ten days, which is similar to those

of Odanaka et al(1980).

Marafante et al (1985) showed that rabbits given

arsenate showed a lag period of 1 hour in appearance of DMAA

when given arsenite, but arsenite appeared in the plasma

after 15 minutes. They suggested reduction of arsenate is

the first reaction in arsenic biotransformation, probably

taking place directly in the blood. Lerman et al (1983)

found liver cell did not methylate arsenate in vitro which
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supports the hypothesis that arsenate is first reduced in

vivo to arsenite.

Based on these results, rats were fed diets with or

without vitamin B12 for 5 weeks and injected with 5 mg/kg

arsenic as arsenite. Urine and blood arsenic concentrations

were determined and the species of arsenic analyzed and used

to calculate percentage of dose as shown in Table V.14.

Levels of 48% and 41% respectively of the injected arsenic

bound to RBCs and stayed in the blood 18 hours after IP

injection in deficient and supplemented rats. Slightly more

(p<0.01) arsenic was present in vitamin B12 supplemented rats

blood. Only 15% and 19% respectively was excreted in the

urine by rats fed diets with and without vitamin Bn. There

was no difference between urinary arsenic concentrations for

the two diet group. Results in Table V.14 show most of the

arsenic in the blood was in the form of DMAA. This is

consistent with results of Odanaka et al (1980). However,

most of the arsenic was inorganic in urine. Vitamin B12

status apparently only has slight effect upon the

methylation of arsenic in rat blood. These results on the

feeding and injection experiments showed that rats can

methylate inorganic arsenic to produce dimethylated form and

vitamin B12 deficiency had no significant effect on arsenic

methylation in the rat.

IN VITRO METHYLATION

Figure V.4 shows that rat liver 9000 x g supernatant

incubation system can convert arsenite to the dimethylated

form but there was no.difference between liver preparations

from rats fed diets with or without vitamin B12. Similar

results were obtained with liver cytosolic preparations

where no difference were found in DMAA formation (Figure

V.5). The cytosol, however, exhibited lower methylation
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activity as the DMAA peak was lower compared to the
supernatant. The cytosol also produced MMAA which was absent

or very low in supernatant preparation. The microsomal

preparation of rat liver showed the ability to produce DMAA

(Figure V.6). However, this microsomal preparation is about

10 times more concentrated as in the original 9000 x g
supernatant, so the DMAA formation rate of microsomal

portion of rat liver was a small portion compared to the

supernatant. Buchet and Lauwerys (1985) stated that in the

rat liver all arsenic methylation activity was found in the

cytosolic portion. This is different from the present
results.

Figure V.7 shows the inhibition of DMAA formation by

PAD in the 9000 x g supernatant preparation of rat liver.

This result is consistent with other in vivo methylation

experiments which showed PAD inhibits arsenic methylation

(Marafante and Vahter 1984; Vahter and Marafante 1989).

Figure V.8 shows arsenic species present in the TCA
precipitate portion of incubation system when rat liver 9000

x g supernatant was used. Most arsenic was present as

inorganic arsenic with a small portion as MMAA. No DMAA was

found in the precipitate. This shows that inorganic arsenic

has a high affinity to tissues and less soluble than the

dimethylated arsenic which is consistent with other studies

(Vallee et al 1960, Yamauchi 1983, Tam et al 1979). These

studies shows that the major part of arsenic methylation

abilities is present in both cytosolic and microsomal

portions of rat liver. It can be inhibited by PAD as low as

0.12 AM which imply the methyl donor is SAM.

ARSENIC TREATED MICE

Mice fed the vitamin B12 supplemented diet grew faster,

with the difference becoming significant (p<0.05) in the 4th
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week (Figure V.9). At the end of 12 weeks, vitamin B12

supplemented mice weighed an average of 42 gram as compared

to 38 grams for vitamin B12 depleted mice.

VITAMIN Bu STATUS

MMA in urine varied widely among the mice. Five mice

were put in each cage so two urine samples were collected

for each diet group from 0 to 10 weeks. Two mice were placed

in each cage to collect urine at 12 weeks. Table V.15 shows

that MMA excretion for the 10 mice fed the vitamin B12

deleted or supplemented diet was different beginning at 6

weeks. It was 9 mg/kg/day for vitamin B12 supplemented mice

and 17 mg/kg/day for vitamin B12 depleted mice. In the 12th

week, it was 12 mg/kg/day for vitamin B12 supplemented mice

but 101 mg/kg/day for vitamin B12 depleted mice. These values

for vitamin B12 depleted mice were low compared to rats fed

the same diet. Mice fed the same vitamin B12 deficient

soybean based diet for 12 weeks also had higher vitamin B12

levels in both liver and plasma as compared to rats (Table

V.16). However, this deficient diet reduced mice liver and

plasma vitamin B12 levels about 170-fold in 12 weeks in

comparison to control mice fed the vitamin B12 supplemented

diet.

TISSUE ARSENIC DISTRIBUTION

Arsenic concentrations in the liver, kidney, blood,

urine and feces were examined 18 hours after injection

(Table V.17). Mice supplemented with vitamin
B12 12

had

significantly lower (p<0.05) liver arsenic concentration

(1.18 ppm) then vitamin B12 depleted mice (1.58 ppm). Feces

accounted for only about 1 to 2% of the arsenic excreted.
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However, vitamin B12 supplemented mice excreted more arsenic

in feces than the vitamin B12 depleted mice.

Vitamin B12 depleted and supplemented control mice

excreted respectively 56% and 60% of dose in urine 18 hours

after arsenic injection. The species of arsenic in the urine

is shown in Table V.18. Major arsenic species in urine
include DMAA and inorganic arsenic, which accounted for

about 60% and 40% respectively for total urinary arsenic in

both groups of mice. MMAA accounted for less than 0.5% of

total arsenic in the urine. The results indicate that

vitamin B12 deficiency does not limit the ability of mice to

methylate subtoxic level of arsenic.

From both rat and mice data, it is concluded that the

majority of the inorganic arsenic given is methylated in

vivo to produce DMAA. Vitamin B12 deficiency does not inhibit

arsenic methylation to any significant extent in vivo. Only
slight effects could be seen with decreased arsenic

excretion in urine, decreased percentage of urinary DMAA and

increased percentage of urinary inorganic arsenic excretion

in vitamin B12 deficient rats and mice. The in vitro
experiment with rat liver also showed about the same DMAA
formation between vitamin B12 deficient and supplemented rats

which is consistent with in vivo results.

It is interesting that vitamin B12 deficiency was found

to decrease kidney and testis arsenic concentrations in rats

and decrease liver arsenic concentration in mice liver, only

a slight decrease of urinary arsenic was shown in rats, but

no difference on arsenic methylation could be shown in rats

and mice in vivo and in rats in vitro. Buchet and Lauwery

(1985) showed vitamin B12 had a synergistic effect on DMAA

synthesis with SAM in his in vitro rat liver system. Also

Vahter and Marafante (1987) showed methyl group deficiency

(methionine, choline, protein deficiency) decreases urinary

DMAA excretion to about 80% in rabbits. These studies would
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suggest arsenic methylation depends on both vitamin B12

dependent and independent pathways. However, very little
information on arsenic methyltransferases are available and

further studies would help in understanding the methylation

of arsenic in the animals.
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FIGURE V.7. Effects of periodate oxidized adenosine on methylation
of arsenic by liver supernatants from rats fed vitamin B12 deficient or
supplemented rats.
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TABLE V.1: DIET TREATMENT OF RATS

GROUP DIET ARSENIC (ppm) DIET VITAMIN B12 (µg/kg)

1 0 0
5 50 0
6 100 0
7 150 0
8 0 100

12 50 100
13 100 100
14 150 100

TABLE V.2: THE EFFECT OF VITAMIN B12 AND ARSENIC ON RAT BODY
WEIGHT: TWO FACTOR ANALYSIS OF VARIANCE

EFFECT SUM OF D.F MEAN F RATIO SIG.
SQUARE SQUARE SQUARE LEVEL

VIT B12 56206 1 56206 59.6 .0000
Diet Se 16069 3 5356 17.1 .0000
B12 x Se 3370 3 131 0.4 .7418

Vitamin B12 levels of 0 and 100 µg /kg, and arsenic levels of 0, 50, 100, 150 ppm
were fed to 5 rats/group for 8 weeks. Statistical analysis was done on the weights at
the end of the experiment. One rat fed 150 ppm arsenic with vitamin B12 died before
the 8th week.



TABLE V.3: URINARY MMA OF RATS FED Ad Libitum VARIOUS ARSENIC LEVELS
IN THE DIET WITH OR WITHOUT VITAMIN B12

DIET VIT B12
( Ag/kg )

DIET As
(PPm)

MMA ( mg/kg/day )

4 8 (week)

0 0 40.0 ± 9.7 154.9 ± 29.3** 482.8 ± 46.9**
100 0 17.4 ± 2.6 12.5 ± 1.5 6.2 ± 0.7

0 50 42.8 ± 6.5* 131.9 ± 22.8** 294.9 ± 42.0
100 50 15.8 ± 2.5 10.6 ± 4.0 5.6

0 100 20.3 ± 6.6 144.2 ± 17.3** 278.7 ± 39.1**
100 100 12.0 ± 1.2 7.3 ± 0.7 6.1 ± 1.1

0 150 33.5 ± 6.7* 170.9 ± 18.1** 515.2 ± 58.1**
100 150 4.9± 1.3 10.7 ± 2.0 5.8 ± 0.2

Numbers are means ± standard errors.

Urinary MMA before start of feeding was 8.3 ± 3.1 mg/kg/day.

There were 5 rats in vitamin B12 deficient group and 1 to 5 rats in vitamin B12 supplemented group.

*,**: Paired values are significantly different at * = p<0.05, ** = p<0.01.
rn
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TABLE V.4: URINARY METHYLMALONIC ACID( MMA) OF RATS PAIR-
FED 150 PPM ARSENIC AS ARSENATE

DIET VIT B12 MMA ( mg/kg/day )

( Ag/kg )
2

Week
4 6

0

100

6

7

+ 1

+ 1

64

16

± 14*

± 3

108

9

+ 7**

+ 2

Values are means ± standard errors of 5 rats.
*,**: MMA levels were significantly higher in urine from deficient rats at * =
p<0.05 and ** = p<0.001.

TABLE V.5: VITAMIN B12 IN LIVER AND PLASMA OF RATS PAIR-FED
150 PPM ARSENIC AS ARSENATE WITH VITAMIN B12 DELETED OR

SUPPLEMENTED DIET FOR 6 WEEKS

DIET VITAMIN B12 ( Ag/kg ) TISSUE VITAMIN B12 ( ng/g )

LIVER PLASMA

0 3.5 + 0.3 ND

100 43.2 + 1.2* 0.5 + 0.1

Numbers are means ± standard errors of 2-5 rats.
*: Paired values are significantly higher (p <0.001).
ND: Not Detected. The detection limit is 17 pg/ml.



TABLE V.6: TISSUE WEIGHT OF RATS FED Ad Libitum VARIOUS LEVELS OF ARSENIC AS ARSENATE IN THE
DIET WITH OR WITHOUT VITAMIN B12 FOR 8 WEEKS

DIET
VIT B12
(µg /kg)

DIET AS

( ) LIVER

TISSUE WEIGHT (g/100 g )

KIDNEY HEART SPLEEN TESTIS

0 0 4.0+0.1** 1.1±0.0** 0.4+0.0 0.17+0.01 1.3±0.0*
100 0 3.5 ±0.1 0.8+0.0 0.4+0.0 0.19+0.01 1.1±0.0

0 50 4.1±0.2* 1.1+0.0** 0.4 ±0.0 0.18±0.01 1.2+0.1
100 50 3.5+0.3 0.8+0.1 0.4+0.0 0.18+0.01 1.0+0.1

0 100 4.2 ±0.3 1.0+0.0* 0.3+0.0 0.19±0.01 1.0±0.0
100 100 3.7+0.1 0.8±0.0 0.4+0.0 0.19±0.01 1.1+0.0

0 150 4.6+0.3* 1.0+0.0* 0.3+0.0 0.19±0.01 1.0+0.0*
100 150 3.6+0.1 0.8±0.0 0.4+0.0 0.18±0.01 1.2+0.0

Numbers are means ± standard errors for 5 rats except last row are for 4 rats.

Differences between two paired numbers are significant: * = p <0.05, ** = p < 0.01.



TABLE V.7: TISSUE WEIGHT OF RATS PAIR-FED 150 PPM ARSENIC AS ARSENATE IN DIET WITH OR
WITHOUT VITAMIN B12 FOR 6 WEEKS

DIET TISSUE WEIGHT ( g/100 g BODY WEIGHT )
VITAMIN B12
( µg/kg) LIVER KIDNEY HEART SPLEEN TESTIS LUNG GI TRACT

0 4.8 ± 0.2* 1.2 ± 0.04** 0.4 ± 0.02 0.21 ± 0.03 1.5 ± 0.0 0.6 ± 0.0 15.4 ± 1.2

100 4.0 ± 0.1 1.0 ± 0.01 0.36 ± 0.00 0.17 ± 0.02 1.4 ± 0.0 0.5 ± 0.0 19.2 ± 1.6

Numbers are means ± standard errors for 5 rats.

*,** : significant difference between diet groups at * = p<0.05, ** = p<0.01.
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TABLE V.8: ARSENIC CONCENTRATION IN BLOOD AND URINE OF RATS
FED Ad Libitum VARIOUS LEVELS OF ARSENATE IN THE DIET

FOR 8 WEEKS

DIET VIT B12
(Ag/kg)

DIET As
( )

TISSUE ARSENIC CONCENTRATION
BLOOD URINE
(Pm) (mg/kg/day)

0 0 ND ND
100 0 ND ND

0 50 222+8* 1.2+0.1*
100 50 293 +13 1.7+0.2

0 100 298+13 2.3+0.3
100 100 316 ±15 2.9+0.3

0 150 317+15 3.0+0.2
100 150 356+ 10 3.6+0.3

Numbers are means ± standard errors for 5 rats except the last row are for 4 rats.

ND: not detected, The detection limit of arsenic is 10 ppb.

* Difference between paired numbers significant at P < 0.05.



TABLE V.9: ARSENIC CONCENTRATION OF RAT TISSUE AFTER 8 WEEK FED AD LIBITUM VARIOUS LEVELS
OF ARSENIC AS ARSENATE IN THE DIET

DIET VIT B12

(µg/kg)

DIET ARSENIC

PPIn LIVER

TISSUE ARSENIC CONCENTRATION ( ppm )

KIDNEY HEART SPLEEN TESTIS MUSCLE

0 13.8±1.6 20.6±2.4* 23.7±2.4 57.0±11.4 3.4±0.4 3.7±0.3
50

100 18.2±2.4 37.9±5.0 22.8±3.0 45.4±4.2 3.4±0.5 3.3±0.4

0 19.3±2.3 36.8±3.5 27.4±0.9 58.9±5.5 4.1±0.3 4.8±0.3
100

100 20.3±3.7 49.6±7.8 23.0±0.6 63.6±2.0 4.0±0.4 5.2±0.3

0 22.6±1.8 38.7±3.6* 29.8±1.9 62.1±3.4 3.7±0.2* 5.5±0.4*
150

100 22.5±2.0 62.1±4.2 28.5±2.0 59.1±2.4 5.1±0.6 7.9±0.3

Numbers are means ± standard errors for 5 rats.

* Difference between paired numbers significant at p <0.05.



TABLE V.10: ARSENIC EXCRETION FROM RATS PAIR-FED FOR 6 WEEKS 150 PPM ARSENIC IN THE DIET
WITH OR WITHOUT VITAMIN B12

DIET
VITAMIN B12
( pg/kg )

BODY WEIGHT
( g )

WEEK ARSENIC EXCRETION
Urine Feces

(mg/rat/day)

0 89 + 2 2 0.67 + 0.09 0.28
100 88 ± 1 2 0.64 ± 0.06 0.30

0 123+ 1 4 0.82 ± 0.07 0.32
100 126+ 4 4 0.94 ± 0.04 0.44

0 144± 3 6 0.61 ± 0.09* 0.31
100 157+ 4 6 0.88 ± 0.09 0.40

Numbers are means ± standard errors for 5 rats.

* : Differences between two groups are significant at p < 0.05 level for paired t-test.

Feces was collected for 24 hours for each rat then pooled for 5 rats in the same group for arsenic analysis.



TABLE V.11: TISSUE ARSENIC CONCENTRATION OF RATS PAIR-FED FOR 6 WEEKS WITH 150 PPM ARSENIC
AS ARSENATE IN THE DIET WITH OR WITHOUT VITAMIN B12

DIET VITAMIN B12

( Ag/kg )

TISSUE ARSENIC CONCENTRATION ( ppm )

LIVER KIDNEY HEART TESTIS LUNG MUSCLE BLOOD

0 6.8 ± 0.5 25.0 ± 3.0* 9.0 ± 1.8 2.9 ± 0.4* 16.5 ± 4.5 6.0 ± 0.7 318 ± 25

100 7.6 ± 0.6 69.1 ± 11.8 10.1 ± 1.1 4.1 ± 0.4 18.6 ± 2.7 7.2 ± 1.1 363 ± 10

Numbers are means ± standard errors of 4-5 rats.
*: significant difference between paired values at p <0.05 level.
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TABLE V.12: URINARY ARSENIC SPECIES OF RATS FED Ad Libitum FOR 8
WEEKS 150 PPM ARSENIC AS ARSENATE

WITH OR WITHOUT VITAMIN B12

DIET VIT B12 URINE As ARSENIC SPECIES ( % )
(µg /kg) (mg/kg/day) Asi MMAA DMAA

0 3.0+0.2 8.6 1.4 90.0

100 3.6±0.3 8.5 0.6 90.9

Urinary arsenic values are means ± standard errors for 5 rats.
Pooled urine samples of 5 rats in the same diet group were used for arsenic
speciation.

TABLE V.13: URINARY ARSENIC SPECIES OF RATS PAIR-FED FOR 6
WEEKS 150 PPM ARSENIC AS ARSENATE WITH OR WITHOUT VITAMIN B12

DIET VITB12 URINE As ARSENIC SPECIES ( % )
(µg /kg) (mg/kg/day) Asi MMAA DMAA

0 4.3+0.7 9.2 1.0 89.8

100 5.6+0.6 5.6 0.7 93.7

Pooled urine samples of 5 rats in the same diet group were used for arsenic
speciation.
Asi: inorganic arsenic, MMAA: monomethylarsonic, DMAA: Dimethylarsenic.



TABLE V.14: METHYLATION OF INJECTED ARSENIC BY RATS FED VITAMIN B12 SUPPLEMENTED OR
DEFICIENT DIET

DIET
VIT B12

(µg /kg)

TISSUE CONCENTRATION
(ppm)

% DOSE ARSENIC SPECIES ( % TOTAL )
Asi MMAA DMAA

0 BLOOD 29.5 ± 0.5* 41 3.1 3.3 93.5

100 BLOOD 34.1 ± 0.4 48 1.3 ND 98.7

0 URINE 8.8 ± 1.4 19 82.3 1.7 16.1

100 URINE 13.1 ± 3.8 15 78.2 ND 20.8

Numbers in the concentration column are means ± standard errors in ppm, urine samples were collected for 18 hr and diluted
to 15 ml for each rat.
Pooled urine samples from 5 rats and pooled blood samples from 4 rats were used for arsenic speciation.
* P <0.01.
Rats were on diets for 5 weeks.
ND: Not Detected.



TABLE V.15: URINARY METHYLMALONIC ACID(MMA) EXCRETION OF MICE FED VITAMIN B12
SUPPLEMENTED OR DEFICIENT DIET

DIET WEEK
VITAMIN B12 0 2 4 6 8 10 12

( Ag/kg ) ( mg/kg/day )

0 42.9+0.3 24.2±3.2 19.7 ±0.8 17.1 ±3.1 13.0±9.4 22±2.8 101 ±63

100 42.9±0.3 23.8+5.8 19.9+0.5 8.8±0.2 4.6±0.6 7+2.1 11.6+1

Numbers are means ± standard errors of 10 mice.
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TABLE V.16: VITAMIN B12 IN LIVER AND PLASMA OF MICE FED
VITAMIN B12 DEFICIENT OR SUPPLEMENTED DIET FOR 12 WEEKS

DIET VITAMIN B12 TISSUE VITAMIN B12 ( ng/g )
(µg /kg)

LIVER PLASMA

0 15.7 ± 3.4 0.1 + 0.04

100 2472 ± 113 18.7 ± 2.7

Numbers are means ± standard errors for 4-5 mice.

Five liver and 4 plasma samples from vitamin B12 depleted mice and 2 liver and 4
plasma samples from vitamin B12 supplemented mice were used for analysis.



TABLE V.17: TISSUE ARSENIC CONCENTRATION AND ARSENIC EXCRETION OF MICE FED
VITAMIN B12 SUPPLEMENTED OR DELETED DIET FOR 12 WEEKS AFTER INJECTED WITH ARSENIC

AS ARSENITE AT 5 MG/KG BODY WEIGHT

DIET
VIT B12

( µg /kg )

TISSUE ARSENIC ( ppm )
LIVER KIDNEY BLOOD

ARSENIC EXCRETION ( mg/kg/18 hr )
URINE FECES

0 1.58 ± 0.07* 0.97 ± 0.15 0.67 ± 0.11 2.8 ± 0.1 0.039 ± 0.007

100 1.18 ± 0.08 1.07 ± 0.21 0.48 ± 0.11 3.0 ± 0.1 0.069 ± 0.010

Numbers are means ± standard errors of 10 mice.

*: Significant difference at p <0.05 level for the paired numbers for a one tailed test.
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TABLE V.18: ARSENIC SPECIATION OF MICE URINE COLLECTED FOR
18 HOURS AFTER IP INJECTION OF 5 mg ARSENIC AS ARSENITE

PER kg BODY WEIGHT

DIET VIT B12 % URINE ARSENIC

( µg /kg ) Asi MMAA DMAA

0 39.9 ± 2.2 0.46 ± 0.05 59.6 ± 2.2

100 40.0 ± 3.8 0.18 ± 0.02 59.8 ± 3.8

Numbers are means ± standard errors of 10 mice which were caged in five groups
of two mice each/metabolic cage. Urine was collected for 18 hours.

Asi: inorganic arsenic,
MMAA: monomethylarsonic,
DMAA: dimethylarsenic.
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CHAPTER VI: INTERACTION OF SELENIUM, ARSENIC, AND VITAMIN

B12 WITH METALLOTHIONEIN

ABSTRACT

The effects of vitamin B12, selenium and arsenic on

metallothionein (MT) levels were studied by examining MT

levels of rats given selenium and arsenic, also binding

between these two elements with MT in vitro and in vivo was

investigated. Sprague-Dawley rats fed a vitamin B12 deficient

diet showed a significant (p<0.05) increase of liver MT

level as compared to vitamin B12 supplemented rats. Rats fed

5-9 ppm selenium as selenite or 50-150 ppm arsenic as

arsenite showed no significant increase of MT level in the

liver. However, significant increase in MT levels in liver

(p<0.01) and kidney (p<0.05) were seen when rats were

injected with 1.5 mg selenium as selenite, and increase of

liver MT level (p<0.05) was shown when injected with 5 mg

arsenic as arsenite/ kg body weight. In comparison to zinc,

injection of selenium or arsenic caused only a slight
elevation of liver MT levels. Liver cytosol Sephadex G-75

pattern of rats injected with both zinc and arsenic showed

separate peaks for arsenic and zinc which suggests in vivo

arsenic binding to MT may be insignificant.

Spectrophotometric absorption changes at 255 nm with various

levels of selenium or arsenic additions to a MT solution

were used to show that selenite gave a maximum absorption

increase at a 1:1 molar ratio, but maximum absorption change

occurred with arsenite at a molar ratio of 9:1.
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INTRODUCTION

Metallothionein (MT) is a small, inducible metal

binding protein present in liver, kidney and other tissues

of animals (Kagi et al 1960, 1961, 1974). The binding
involves sulfur of the 20 cysteines in the MT molecule

(Kojima et al 1976). Most metals bind to MT at a 7 to 1
ratio . These includes Cd(II), Bi(III), Co(II), Hg(II),

In(III), Ni(II), Pb(II), Pt(V), Re(V), Rh(III), Fe(II or

III) and Zn(II), however, Cu(I) and Ag(I) bind to MT at a 12

to 1 ratio. This indicates a difference in geometry for

metal binding for these two groups of metals (Neilson et al

1985).

It has been reported that arsenic will increase the MT

level in mice (Maitani et al 1987). Arsenite is also known

to bind to the sulfhydryl groups of proteins, which is a

major mechanism of enzyme inactivation causing toxicity

(Squibb and Fowler 1983, Reichl et al 1988). Waalkes et al

(1984) further showed that arsenic can replaced some zinc in
MT in vitro. These studies suggest an arsenic-MT
interaction.

Ganther studied the binding of selenium to sulfur-

containing compounds such as reduced glutathione, 2-

mercaptoethanol and coenzyme A (Ganther 1966, 1968). The
reduction of selenite involves the formation of

selenotrisulfide with glutathione. Therefore, it was of
interest to see if selenium and arsenic bind to MT in vitro

and to determine their effects upon MT levels in vivo.

This experiment was conducted to determine the effects

of selenium and arsenic on MT levels and their deposition

with this protein in liver and kidney of rats. Also,

spectrophotometric absorption changes were used to study the

in vitro interaction between MT and arsenic or selenium.



MATERIALS AND METHODS

RATS
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Weanling and adult Sprague-Dawley rats purchased from

Bantin & Kingman Inc., Fremont, CA were used for all the

experiments.

Three sets of experiments were conducted. In the first

experiment, Sprague-Dawley rats were fed various levels of

selenium or arsenic. Rats were injected with selenium or

arsenic in the 2nd experiment. Rats were injected with zinc

and then arsenic in the 3rd experiment. MT levels and its

relationship with selenium or arsenic were examined in each

experiment.

A total of 70 weanling rats were fed diets for 8 weeks

containing either selenium as selenite at 0.2, 5, 7, or 9

ppm or arsenic as arsenate at 0, 50, 100, or 150 ppm with or

without vitamin B12. Five rats were fed each of these 14

diets. Liver MT levels were determined at the end of the

feeding period.

Fifteen Sprague-Dawley rats weighing 400 to 470 gram

were used to determine the effects of selenium or arsenic

injection on MT levels in tissues. Five rats each were

injected IP with either saline, 1.5 mg selenium as selenite

or 5 mg arsenic as arsenite per kg body weight. Rats were

killed by heart puncture 24 hours after injection. Liver and

kidney MT levels were determined. The above experiment was

repeated again with 15 additional rats and the data obtained

from both experiments combined. To obtain supporting data,

a sample of liver from 5 rats within the same treatment

group were pooled, and the cytosolic portion was obtained

(Chen et al 1975). Liver was homogenized in ice cold saline

Tris buffer (0.85% NaCl, 0.05 M Tris-C1, pH 8.4) with a
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Potter Elvehjem homogenizer. The homogenate was fractionated

by successive centrifugation at 1475 x g for 10 minutes and

then at 160,000 x g for 90 minute to obtain the cytosolic

portion. About 7 ml of the supernatant was loaded onto a

column of Sephadex G-75 (2.5 x 100 cm). About 4 ml/fraction

was collected at a flow rate of 12 ml/hr. These fractions

were subjected to zinc analysis to locate the zinc-MT peaks.

Two rats were injected IP with 1.5 mg zinc as zinc

sulfate in saline/kg body weight and an other two were

injected with saline to serve as controls. Two hours later,

each rat was injected IP with sodium arsenite in saline at

5 mg arsenic/kg body weight. The rats were killed 18 hours

later and liver taken for arsenic and MT analysis. Rat liver

cytosols were subjected to Sephadex G-75 column

chromatography as indicated above to separate the fractions.

Arsenic and zinc content were determined on the eluted
fractions.

ARSENIC AND ZINC ANALYSIS

Arsenic analysis was determined with a Perkin-Elmer

atomic absorption spectrophotometer, model 3030 with Zeeman

background correction. Zinc analysis was done using a
Jarrell-Ash flame atomic absorption spectrophotometer.

Standards of 1000 ppm zinc from Varian Techtron Co. and 1000

ppm arsenic from Sigma Co. were used. These standards were

diluted to various concentrations to obtain a set of
standards within the concentration of the test samples.

METALLOTHIONEIN DETERMINATION

The MT level of each tissue sample was determined by

the silver-saturation method (Schuhammer and Cherian 1986).

Silver ion was added to tissue extract to bind cytosolic
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proteins and other ligands including MT. Hemoglobin was

added and samples boiled afterwards to precipitate excess

silver. Only silver bound to MT is left in supernatant after

repeated hemoglobin-boiling treatments. MT concentration is

calculated from silver concentration in the supernatant as

determined by flame atomic absorption using the Jarrell-Ash

atomic absorption spectrophotometer. The detection limit is

about 5 gg MT/ g wet tissue.

BINDING ASSAY

Zinc-MT purified from liver of steers fed elevated

dietary zinc levels was used in this experiment (Whanger et

al 1981). Selenious acid was used to study the binding of

selenium to MT similar to that described by Ganther (1968)

in his study of thiols with selenious acid. An absorption

spectrum from 230 to 330 nm was scanned for the preparation

with a high amount of selenium to find the wave length with

the maximum change of absorption. The addition of selenium

resulted in an increase of absorption at about 255 nm

(Figure VI.1). Selenious acid was added at 0, 0.05, 0.1, 0.2

and 0.5 mM concentrations in 0.1 M Na acetate buffer, pH
4.0, containing 0.1 mM MT.

Arsenic was used in a similar binding assay involving

0.1 mM MT in 0.1 M acetate buffer, pH 4.0 with 0, 0.02,

0.05, 0.08, 0.1, 0.2, 0.5 and 1.0 mM arsenic concentrations.

The absorption was measured at 255 nm, since the absorption

spectrum of arsenic and MT also generated a peak at this

wavelength (Figure VI.1), The absorption studies with both

arsenic and selenium were performed with a Varian Cary 219

recording spectrophotometer for the wave length scanned. The

absorption change with different concentrations of selenium

or arsenic was performed on a Beckman DU-64

spectrophotometer.
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RESULTS AND DISCUSSION

Rats fed 5, 7, or 9 ppm selenium as selenite or 50,

100, or 150 ppm arsenic as arsenite for 8 weeks have about

the same level of MT in the liver compared to control rats

(Table VI.1). This indicates that feeding selenium or

arsenic at the levels used does not cause significant

increases of MT level in liver of rats. A higher average

value (46.0 µg /g) was found in rats fed 9 ppm selenium

without vitamin B12 but the difference was not significant

compared to other groups probably because of the large

standard error. A significant difference (p<0.05), however,

was found between rats fed with or without vitamin B12.

Rats showed an increase of liver MT level (p<0.01)

after injection with selenium (Table VI.2) and after

injection with arsenic (p<0.05). Significantly higher MT

levels were seen also in kidneys of rats injected with

selenium compared to control rats but not in arsenic
injected rats.

The Sephadex G-75 elution patterns of zinc in rats

liver supernatants are shown in Figure VI.2. There was a

increase of zinc in the MT peak (about fraction 58) for both

selenium and arsenic treated rats. This is consistent with

MT levels determined by silver-saturation method.

Zinc is known to induce MT in liver and this should

cause arsenic to accumulate in this protein. Elution pattern

of arsenic in liver cytosol was checked by Sephadex G-75

column after zinc injection. Figure VI.3 and Figure VI.4

respectively show the zinc and arsenic levels in the eluted

fractions. The MT (fraction 58) level in rats injected with

zinc was significantly elevated. In contrast, zinc injection

did not cause an increase of arsenic level in MT fractions.

Instead, arsenic eluted in the fractions between 35 and 45
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(Figure VI.4). This result suggests that arsenic does not

significantly bind to MT in vivo. Very little copper is

bound to MT when given at high dietary levels to steers, but

when elevated zinc was also included in the diet copper was

deposited with MT (Whanger and Deagen 1991). The same

approach was used in the present study with zinc and
arsenic.

Absorption change at 255 nm was used to study the

binding of arsenic and selenium to MT. The selenium-MT

interaction is shown by spectrophotometric changes in

absorption when selenious acid was added to buffered MT

solution (Figure VI.5). The maximum increase of absorption

was obtained at 0.1 mM concentration each of selenious acid

and MT. The absorption decreased as more selenious acid was

added. This implies a maximum interaction of these two

molecules occurs at a 1 to 1 ratio. This change in

absorption was small and the ratio was different compared to

other thiols (Ganther,1968). Thiols such as cysteine, 2-

mercaptoethanol, glutathione and coenzyme A have maximum

absorption at 4:1 thiol:selenious acid ratio. This is also

different from the other metal binding ratios with MT.

The spectrophotometric change due to arsenic is

different from that found with selenium (Figure VI.6). There

was a greater increase of absorption of 0.2 unit when 0.02

mM arsenic was added. A plateau in absorption was reached at

0.9 mM arsenic. These results indicate a binding ratio of

about 9 to 1 of arsenic to MT. Arsenite is known to bind to

sulfhydryl groups in protein. Trivalent arsenic has been

used as a probe to study many enzymes because it binds to

the SH group of the enzyme and results in inhibition of its

activity. It can form very stable compounds with dithiols

when the SH groups are arranged so that a 5- or 6-membered

ring can be formed (Squibb and Fowler 1983). Since there are

20 cysteine-SH groups in one MT molecule, and with these
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cysteine-SH groups present in clusters, there could be a

very complex interaction between arsenic and MT. Waalkes et

al(1984) showed that arsenic even at a very high

concentration of 1 mM can only partially ( 36% ) replace

zinc in MT in vitro while Cd, Pb, Cu, Hg, Zn, and Ag could

replace over 90% of the zinc in MT. This suggests that there

is not a strong binding between arsenic and MT. This is

consistent with our in vivo results.

Other workers have shown that arsenic does not induce

the synthesis of MT (Cherian, University of Western Ontario,

Canada, personal communication). This was based on a lack of

effect upon mRNA levels and upon 14C-cysteine incorporation

studies. Evidence was obtained to indicate that arsenic

decreases the degradation of MT, thus resulting in an

apparent increase of this protein. It is hypothesized that

selenium causes an increase of MT by also decreasing the

rate of degradation of this protein.
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FRACTION NO.

FIGURE VI.2. Effect of selenium or arsenic injected IP on rat liver

metallothionein level.
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FIGURE VI.3. Zn-metallothionein level in rat liver cytosol fraction after
Sephadex G-75 gel filtration.
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FIGURE VI.4. Arsenic level in rat liver cytosol fraction after Sephadex
G-75 gel filtration.
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FIGURE VI.5. Difference absorption spectrum of selenious acid added
to 0.1 mM metallothionein.



0.32

X
C

0.24so

0.16

C
O

C.
00 0.08
.0

0.00
0. 0.1 0.3 0.5 0.7 1.0 1.2 1.4 1.6 1.8 2.1

133

Arsenic concentration ( mM )

FIGURE VI.6. Difference in absorption when various levels of arsenite
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TABLE VI.1: METALLOTHIONEIN IN LIVER OF RATS FED DIETS WITH
SELENIUM OR ARSENIC FOR 8 WEEKS

DIET VIT B12
( µg /kg )

DIET Se
PPIn

DIET As
PPIn

LIVER METALLOTHIONEIN
( ihg/g )

0 0.2 0 9.1 + 0.5
100 0.2 0 7.8 + 0.4

0 5 0 10.4 ± 0.8
100 5 0 6.6 ± 0.5

0 7 0 14.2 + 3.1
100 7 0 6.7 ± 0.4

0 9 0 46.0 + 14.4
100 9 0 14.4 + 3.2

0 0.2 50 12.0 + 3.0
100 0.2 50 7.9 ± 0.3

0 0.2 100 9.6 ± 0.3
100 0.2 100 7.8 ± 0.4

0 0.2 150 9.0 + 0.7
100 0.2 150 7.3 + 0.4

0 0.2 - 9.0 0 - 150 14.9 + 2.6*
100 0.2 - 9.0 0 - 150 8.1 + 0.6

Values are means + standard errors for 4 to 5 rats except for bottom 2 values where
this represents 34 rats from data combined from above.

*: Significant difference between paired values at p< 0.05.

Selenite or arsenite was the form used.
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TABLE VI.2: METALLOTHIONEIN CONCENTRATION IN RAT LIVER AND
KIDNEY 24 HOURS AFTER IP INJECTION OF 1.5 mg SELENIUM AS
SELENITE OR 5 mg ARSENIC AS ARSENITE PER kg BODY WEIGHT

TREATMENT METALLOTHIONEIN ( Ag/g )
LIVER KIDNEY

CONTROL 9.3 ± 0.6 70.6 ± 8.7

SELENIUM 39.5 ± 7.7** 116.1 ± 14.9*

ARSENIC 74.9 ± 24.8* 47.8 ± 19.7

Values are means ± standard errors of 10 rats.

Significant difference between mean value and control value in the same column at *:
p<0.05, **: p<0.01.
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CHAPTER VII: PRELIMINARY STUDIES ON THE EFFECT OF

VITAMIN Bu ON SELENIUM AND ARSENIC TOXICITY

TO CULTURED HEP G2 CELLS

ABSTRACT

Hep G2 cell line (ATCC HB 8065) was chosen in this

experiment because of its ability to grow in serum free

medium without added vitamin B12. Consistent inhibition

effect on cell growth by different levels of selenite was

found in preparations with or without vitamin B12 and no

interaction between vitamin B12 and selenite was found.

However, different levels of arsenite seem to have a more

complicated effect on growth in cell preparations with or

without vitamin B12. Unlike primary hepatocytes, Hep G2 cells

do not methylate selenite to produce volatile

dimethylselenide (DMSe) in cultured medium. It is possible

that Hep G2 cells may lack at least some of the enzymes that

are needed for selenite biotransformation.
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INTRODUCTION

The methylation of selenium and arsenic is considered

to be a detoxification mechanism for these two elements

because the end products, (dimethylselenide(DMSe),

trimethylselenonium(TMSe), monomethylarsonic acid,

dimethylarsinic acid) are less toxic than the inorganic

parent compounds (selenate, selenite, arsenate, arsenite)

(Ganther 1979, Zingaro and Bottino 1983). Vitamin B12 is a

cofactor in methionine synthetase, and thus is important for

methylation reactions (Mudd and Poole 1975). It is

postulated that vitamin B12 should have an antagonistic

effect on selenium and arsenic toxicity to the cells through

the mechanism of methylation. This hypothesis was tested in

this experiment to see if vitamin B12 deficiency will

aggravate selenium and arsenic toxicity to cultured Hep G2

cells. Also the ability of Hep G2 cells to methylate

selenium to produce volatile DMSe was studied by incubation

with radioactive selenite under various treatments.
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MATERIALS AND METHODS

The Hep G2 (Human hepatocellular carcinoma) cell line

was chosen because of its ability to grow in serum free

medium. This makes it possible to construct a culture system

depleted of vitamin B12. The cells were grown in MCDB 402

medium (Shipley and Ham 1981) without vitamin B12 for several

generations and until there was no detectable vitamin B12 in

the culture medium.

Cells were plated in 25 cm2 flask at 1 x 106/flask for

selenite and 0.5 x 106/flask for arsenite with 5 ml MCDB

402-vitamin B12 serum free media. The incubation was carried

out at 37°C, under 95% air and 5% CO2 for 7 days. Vitamin B12

was added in the control group at 11 µg /ml for the selenium

toxicity experiment or 20 µg/ml for the arsenic toxicity

experiment. Various levels of selenium (0-12 AM selenite) or

arsenic (0-15 AM arsenite) were added at the 2nd day of

incubation. At the end of the incubation period, cultured

medium along with floating cells were removed first then

live cells were detached from the incubation bottle by

trypsin treatment. An aliquot was subsequently taken for

counting with a Coulter counter, and total cell numbers in

each flask were calculated. Each treatment was done in

duplicate.

A method similar to Stahl et al (1984) was used on Hep

G2 cells to see if vitamin B12 have any effect on selenite

methylation. Hep G2 cells were incubated in MCDB 402 medium

without vitamin B12 under 95% air and 5% CO2 at 37°C. These

cells were used for the selenite methylation experiment. The

incubation mixture contained 1 x 107 cells in 5 ml medium;

100 AM selenite, 0.07 ACi 75Se-selenite, and methionine at

0.5 mM concentration as a treatment groups. Vitamin B12 at
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20 µg /ml was added for the control group. The incubation was

conducted under 95% air and 5% CO2 aeration, at 37 °C in a

shaking water bath for 10 hours. At 0.5, 2, 4 and 10 hours,

0.5 ml of incubation mixture was taken to determine 75Se

content and calculate the total amount of selenite left in

the incubation mixture.
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RESULTS AND DISCUSSION

The results of vitamin B12 and selenium addition on Hep

G2 cell growth are shown in Fig VII.1. Both selenium and

vitamin B12 had an effect on the growth of Hep G2 cells at

the levels used. The concentration of selenium that inhibit

50% of cell growth was extrapolated and it was about 12 gM

for vitamin B12 depleted cells and 14 gM for vitamin B12 added

cells. ANOVA analysis revealed no significant effect of

vitamin B12 on selenium toxicity to cells based on cell

growth data.

Results for arsenic toxicity are shown in Figure VII.2.

The concentration of arsenic that inhibited 50% cell growth

was about 7 AM for vitamin B12 depleted cells and 4 AM for

vitamin B12 added cells. However, the two lines are not

parallel and further study is needed to identify if there is

an interaction between vitamin B12 and arsenic on cell

growth. Arsenic concentrations higher than 5 gM caused cell

death and resulted in fewer cells than at the start of the

incubation. This is a higher level than used for selenium

which only depressed growth.

Inmon et al (1981) used a viability index of the

toxicity of various chemicals to rat liver cells. They

calculated ECm as 44 AM for arsenite and 72 AM for selenite.

This is consistent with the present experimental results

that arsenite is more toxic than selenite to cells.

The calculated 75Se radioactivity at the end of the 10

hour incubation varied from 96% to 102% of original. Primary

hepatocytes have been shown to methylate selenite to produce

DMSe and volatilize it from the incubation medium (Stahl et

al 1984). In his experiment, approximately two-thirds of the

selenite was lost within 4 hours using selenite and cell

concentrations similar to this experiment. It was concluded
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that there was no loss of 75Se radioactivity from incubation

mixture during the 10 hour incubation period with or without

added vitamin B12. Selenite apparently can not be methylated

by Hep G2 cells to produce DMSe under the conditions used.

Hepatocytes can methylate selenite under similar conditions

(Stahl et al 1984). Vitamin B12 deficiency is known to

inhibit growth of cells by inhibition of DNA synthesis

through interference of normal folate pool balance. The

cells did grow slower without added vitamin B12 in the medium

in the present study. It is suspected that the enzyme system

for selenite reduction and methylation is incomplete in the

Hep G2 cell line.
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FIGURE 'VIM. Growth of Hep G2 cells at different selenium levels
with or without vitamin B12.
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CHAPTER VIII: SUMMARY AND CONCLUSION

Results in chapters III and IV indicate that vitamin B12

deficiency limits the ability of rats to methylate selenium.

Vitamin B12 deficiency caused significantly less expiration

of dimethyl selenide (DMSe) in the breath and less excretion

of trimethyl selenonium (TMSe) in the urine. Since

biomethylation is a detoxification mechanism for inorganic

selenium, this possibly explains the early observations made

with cobalt deficient sheep in New Zealand. Cobalt deficient

sheep were more sensitive to selenium toxicity (Gardiner

1966) and there was greater accumulation of selenium in

tissues of cobalt deficient sheep (Andrews et al 1963). The

present work showed greater accumulation of selenium in

liver and kidneys of vitamin Bn deficient rats, and an

antagonistic effect of vitamin B12 with growth of rats fed

high levels of selenium.

From the studies reported in chapter V, little effect

of vitamin B12 deficiency on methylation of arsenic was

found. Since deficiencies of protein, methionine and choline

have been shown to reduce the methylation of arsenic (Vahter

and Marafante 1987), and vitamin B12 has been shown to have

synergistic effect on DMAA synthesis in an in vitro rat

liver system (Bucket and Lauwerys 1985), this makes this

lack of effect of vitamin B12 even more difficult to

interpret.

Further evidence for differences in the interaction of

vitamin B12 with selenium and arsenic were demonstrated with

growth of the rats, tissue deposition of the elements, in

vitro methylation of selenium and arsenic, and the cell

culture studies. There was a significant interaction of

vitamin B12 with growth of rats fed various levels of

selenium whereas this was not true for the rats fed various

levels of arsenic. Vitamin B12 deficiency resulted in a
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greater selenium content in the liver and kidneys of rats,

but a deficiency for this vitamin did not greatly affect the

arsenic deposition in tissues except for the kidneys. In

vitro experiments showed vitamin B12 deficient rats liver

extract has 2 to 3 times lower DMSe formation activity than

the controls. However, vitamin B12 deficient and supplemented

rat liver extracts showed no difference in amount of DMAA

formed. The growth of the Hep G2 cells decreased at a

parallel rate with each selenium level in the vitamin B12

deficient and supplemented medium. Similar effects were not

observed for the cells grown with arsenic. Since these cells

did not methylate selenium, they are probably not the

optimum ones to use to investigate the interactions of

vitamin B12 with selenium and presumably arsenic. An

extensive investigation of cells which will grow in serum-

free medium but methylate selenium is needed to further

investigate the interaction of vitamin B12 and selenium and

arsenic in tissue cultures.

From literature reviewed in chapter II, selenium and

arsenic methylation share many common features. Both are

reduced and then methylated, both require GSH, both require

SAM as the methyl donor, and more than one

methyltransferases may be involved in both selenium and

arsenic methylation. PAD was shown to inhibit methylation of

both elements. There are also several differences in the

methylation of selenium and arsenic and apparently these may

be contributing factors in the observed results. Arsenic has

been shown to inhibit the methylation of selenium in

microsomes but not in cytosols (Hsieh and Ganther 1977). It

is suggested this microsomal methyltransferase is a dithiol

protein and thus sensitive to arsenite inhibition. Arsenic

has been shown to improve the anticarcinogenic effects of

mono- and di-methyl selenium compounds (Ip and Ganther,

1990) and the postulated effect of arsenic is by inhibiting



146

further methylation of these selenium compounds. Thirdly, it

has been observed that methylation activity of arsenic in

rat liver is present solely in the cytosol (Buchet and

Lauwerys 1985) and there are different methyltransferases

present for the synthesis of MMAA and DMAA synthesis.

Until now, only two methyltransferases concerned with

selenium methylation have been purified. One cytosolic

methyltransferase that can methylate selenite to DMSe has

been purified by Hsieh and Ganther (1974). Another cytosolic

methyltransferase from mouse lung and liver that can

methylate DMSe to TMSe has been purified by Hoffman (1988).

Little is known about the microsomal selenium

methyltransferase except it is sensitive to arsenic

inhibition and has a different optimum pH requirement.

Compared to selenium, very little is known about the

methyltransferases that methylate arsenic. No

methyltransferase that methylates arsenic has been purified.

It is not known if the same selenium methyltransferases

could methylate arsenic. Further characterization of these

methyltransferases would certainly increase our

understanding of the mechanism of selenium and arsenic

biomethylation.

Based on spectral changes shown in Chapter VI, arsenic

and selenium will bind to metallothionein (MT). However, the

ratios of binding of these two elements are different.

Feeding high levels of arsenic or selenium did not cause

significant increases of MT. However, the injection of these

elements caused an elevation of the MT levels in liver.

These increases may be the result of decreased degradation

of this protein. The difference in effect of injected versus

dietary exposure is probably due to the greater

concentration of these elements at the tissue level when

injected. Since various stresses have been shown to elevate

MT levels (Hidalgo et al 1986, Sas and Bremner 1979, Sato et
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al 1984), these effects of arsenic and selenium on tissue MT

could be in part due to these factors. The significant

elevation of MT in tissues of vitamin B12 deficient rats was

surprising and whether the "stress" of the deficiency of

this vitamin caused this will require more experimentation.

There was very little evidence obtained to indicate

that arsenic and selenium bind to MT in vivo. Injected

arsenic did not bind to MT even when zinc was used to

stimulate its synthesis. Instead of binding to MT the

arsenic was bound to higher molecular weight proteins. Thus,

there is no evidence that MT is involved in counteracting

the toxicity of selenium and arsenic in vivo.

In summary, vitamin B12 deficiency decreased the ability

of rats to methylate selenium but had no effect upon the

methylation of arsenic. Vitamin B12 had different effects

upon the growth inhibition of cells in culture by selenium

as compared to arsenic. Even though arsenic and selenium

were shown to bind to MT in vitro, no evidence was obtained

to indicate binding in vivo.
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