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Effect of cadmium treatment on hepatic
flavin metabolism
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The effect of cadmium on levels of hepatic riboflavin, flavin mononucleotide (FMN), flavin adenine dinucleo-
tide (FAD), as well as the activities of flavokinase and FMN-phosphatase were studied following injection
of cadmium sulfate solution subcutaneously to male Sprague-Dawley rats at a dose of 0.44 mglkg body weight,
every alternate day for 15 days. The body weights and wet weights of liver were found to increase significantly
following cadmium treatment (P < 0.01 and P < 0.001, respectively). The levels of hepatic-free riboflavin
and FAD increased, while the FMN level remained unaltered (P <0.01, P<<0.001, and P > 0.05, respectively).
A significant decrease in activities of hepatic flavokinase and FMN-phosphatase were observed both in in
vivo and in vitro experiments, although the degree of inhibition was found to be more pronounced in case of

flavokinase than FMN-phosphatase (P < 0.001 and P < 0.05, respectively).
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Introduction

The importance of riboflavin (vitamin B,) in human
nutrition has long been appreciated. The metabolic role
of riboflavin largely depends on its conversion to two
coenzymes, flavin mononucleotide (FMN) and flavin
dinucleotide (FAD). The formation of such coenzymic
forms depends on a number of enzymatic reactions that
might be sensitive to metal ions. But, to the best of our
knowledge, no attempt has yet been made to investigate
the role of cadmium on the metabolism of these two
coenzymes. The present investigation was undertaken
to study the effect of cadmium on riboflavin metabo-
lism. Accordingly, the present report deals with the
measurements of hepatic levels of free riboflavin, FMN,
and FAD, and the activities of two of the associated
enzymes, flavokinase and FMN phosphatase.

Methods and materials
Materials

Cadmium sulfate (3CdSO,.8H,0) was purchased from E.
Merck, Darmstadt, Germany. Riboflavin, adenosine triphos-
phate (ATP), and FMN were procured from Sigma Chemical
Company (St. Louis, MO USA). Other chemicals used were
of analytical grade.
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Animals and diet

Male Sprague-Dawley rats, 1.1.C.B. strain, weighing approxi-
mately 150-160 g were used for the present investigation.
They were housed individually in cages in a temperature-
(22-24° C) and light-controlled room (12 hr/day). Water was
fed ad libitum. All rats were allowed to acclimate for at least
7 days and were fed a diet containing 18% protein (casein)
along with other ingredients, which were the same as reported
elsewhere.!'* Thus, the other ingredients—carbohydrate
(Amylum), fat (ground nut oil), and salt mixture—were kept
at 71%. 7%, and 4%, respectively. The composition of the
salt mixture used was as described by Hawk and Oser.* Fat-
soluble and water-soluble vitamins were furnished according
to Berg.” The amounts of fat-soluble vitamins added per 100
g of the diet were: cod liver oil concentrate (Adexolin, Glaxo,
Bombay, India), 0.2 mg; (120 I.U. vitamin A and 20 1.U.
vitamin D), a-tocopherol acetate (Viteolin, Glaxo), 3 mg;
acetomenaphthone (Kapalin. Glaxo), 0.2 mg. Water-soluble
vitamins together with inositol and choline chloride were also
added per 100 g of the diet as follows: vitamin B,,, 0.005 mg;
biotin, 0.06 mg; thiamin hydrochloride, 1.0 mg; folic acid,
1.1 mg; para-aminobenzoic acid, 2.0 mg; riboflavin, 2.0 mg;
nicotinic acid, 4.0 mg; calcium pantothenate, 10.0 mg; inositol.
80.0 mg; and choline chloride 100 mg.

Treatment of animals with cadmium

Before commencement of the treatment, rats were divided
into two groups of equal average body weight. The animals
of one group were injected subcutaneously with a cadmium
sulfate solution at a dose of 0.44 mg/kg body weight every
alternate day for 15 days. This dose of cadmium and the period
of treatment were close to those described elsewhere.® The
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animals of the other group served as pair-fed controls. Under
these experimental conditions, cadmium had no apparent tox-
icity and none of these animals died during this period. The
body weight gain and food intake did not differ between
cadmium-treated animals and their pair-fed controls. How-
ever, when the dose of cadmium was increased to 0.88 mg/
kg body weight, five animals out of seven died in 24 hr.

Removal of liver tissue

The animals were fasted overnight before sacrifice. The rats
were anesthetized with sodium pentobarbitone (50 mg/kg
body weight) and livers were removed, chilled, blotted dry,
and weighed. A portion of these livers were immediately used
for estimation of tissue flavins and the remaining portions
were deep frozen for studying the activities of flavokinase and
FMN phosphatase.

Storage of liver tissue at frozen condition did not alter
flavokinase and FMN phosphatase activities under our experi-
mental conditions.

Estimation of flavins

The fresh liver tissue was homogenized in a glass homogenizer
with 10 mL of ice-cold water per gram of tissue. Thirty percent
of the cold suspension was mixed with an equal volume of
ice-cold 11% TCA, and the mixture was kept undisturbed in
cold (0-4° C) for 15 minutes. The precipitated proteins were
removed by centrifugation at 5,000 rpm for 15 minutes in a
Sorvall Model RC-5B refrigerated centrifuge. The aliquots
of the supernatant thus obtained were employed for the fluoro-
metric estimation of free riboflavin, flavin mononucleotide,
and flavin dinucleotide according to the method of Burch.”
Special care was taken to protect the samples from light be-
cause riboflavin and FMN are sensitive to destruction by light.
The samples were kept in ice during the estimation procedure
to prevent hydrolysis of FAD.

Preparation of supernatant for the assay of enzymes

A 20% homogenate of liver tissue was prepared in a glass-
homogenizer. Sucrose® (0.25 mol/L) and ice-cold water® were
used as homogenizing media for flavokinase and FMN phos-
phatase, respectively. All subsequent operations were per-
formed at 0-4° C. The homogenates were centrifuged at
18,500g for 30 minutes in Sorvall Model RC-5B-refrigerated
centrifuge. The supernatants thus obtained were used as an
enzyme preparation.

Assay of flavokinase

Flavokinase was assayed according to the method of McCor-
mick!® with the exception that the final volume of incubation
mixture was 1.0 mL instead of 5.0 mL. The incubation mixture,
in a final volume of 1.0 mL, contained riboflavin (0.2 mmol/L),
potassium phosphate buffer; pH 8.0 (75 mmol/L), adenosine
triphosphate; pH 8.0, (1 mmol/L) zinc sulfate (0.1 mmol/L),
and appropriate volume of enzyme solution. The reaction was
started by the addition of ATP. Incubation was carried out in
the dark at 37° C for 60 minutes in a shaker incubator. The
reaction was terminated by the addition of 0.4 mL of 17.5%
trichloroacetic acid (TCA). Each time a control was run by add-
ing TCA before the addition of the enzyme, FMN, the product
of the reaction was determined by the differential extraction
method of Burchet al.,'' as modified by Kearney and Englard.*?

Assay of FMN phosphatase

FMN phosphatase was assayed by the method of McCormick
and Russell’ with some modification. Mixtures for determin-
ing phosphatase activity contained FMN (0.2 mmoV/L); so-
dium acetate buffer, pH 5.0 (7S mmol/L); and different
volumes of enzyme solution in a final volume of 2.0 mL.
The reaction was started by the addition of the enzyme. The
incubation was carried out in the dark at 37° C for 30 minutes
in a shaker incubator. The reaction was terminated by the
addition of 0.8 mL of 17.5% TCA. A control was run as
described above. The precipitated protein was removed by
centrifugation. Riboflavin formed during the enzymatic reac-
tion was measured in an aliquot of neutralized filtrate by
Kearney’s adaptation®? of the differential extraction method
of Burch et al.!! Liberation of inorganic phosphate during
hydrolysis of FMN was determined spectrophotometrically at
820 nm in a Pye-Unicam SP-800 UV/VIS spectrophotometer
by Ame’s method. "

In vitro effect of cadmium on flavokinase and FMN
phosphatase

A portion of liver from control animals was homogenized
(20% homogenate) in 0.25 mol/L sucrose for flavokinase, and
ice-cold water for FMN-phosphatase. The 18,000g super-
natant obtained by centrifugation was used as the source of
enzyme. The enzyme preparation was incubated in vitro for
flavokinase and FMN phosphatase assays in presence or ab-
sence of different concentrations of the cadmium sulfate solu-
tion.

Protein analysis

The protein was determined by the method of Lowry et al.™
using bovine serum albumin as standard.,

Statistical analysis

A two-tail Student’s ¢ test by the difference method was em-
ployed for statistical analysis.

Results

The present investigation shows that subcutaneous ad-
ministration of cadmium at a dose of 0.44 mg/kg body
weight caused a significant increase in the body weight
of animals, as well as a highly significant increase in the
wet weight of livers (Table 1). Figure 1 shows that
cadmium-treated rats maintained a steady gain in body
weight during the study period. The average food intake
of cadmium-treated rats per day during that period re-

Table 1 Effect of administration of cadmium on body weight and
wet weight of liver of rat

Body weight Liver weight
Groups of animals (9) (9)
Pair-fed controls 1971 = 13.6 (7) 571 = 0.60 (7)
Treated 2143 = 84 (7)* 592 * 046 (7)1t

The values are means = SD. The figures in the parentheses indicate
the number of animals.

*P < 0.01 of respective controls.

P < 0.001 of respective controls.
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Figure 1 Body weight gain of rat during the study period. Ad libitum control o——o. Pair-fed control

oo Cadmium-treated A——A.

mained fairly constant (Figure 2). Table 2 shows that
hepatic levels of free riboflavin and FAD increased,
while FMN levels remained unaltered following such
treatment. Further, a significant decrease in hepatic
flavokinase (Table 3) and FMN-phosphatase (Table 4)
activities were observed, and the decrease in flavokinase
activity was found to be more pronounced compared
with FMN-phosphatase activity.

It can be seen from 7Table 5 that cadmium inhibited
both flavokinase and FMN-phosphatase in vitro, and
the inhibitions were dose dependent. Cadmium was
more effective on flavokinase than on phosphatase in
the in vitro experiment as well as the in vivo experiment.

Discussion

Studies on the impact of cadmium toxicity on vitamin
metabolism are scarce.'® A literature survey shows very
few reports on the effect of cadmium on the metabolism
of B-vitamins, and riboflavin in particular, at the cellular
level. It is needless to state that the coenzymes derived
from these vitamins are fundamental in controlling tissue
metabolism.

Treatment of rats with the present dose of cadmium for
a period of 15 days increased their body weights when com-
pared with controls. A highly significant increase in the wet
weight of livers of the treated rats were in conformity with
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an earlier report.'s This increase in the wet weight of liver
may be due to hypertrophy of the tissue asreported by Dud-
ley et al.’” Although histological examinations of body tis-
sues and behavioral studies were not undertaken in the
present investigation, Dudley et al.'8 reported histological
studies on liver and kidney tissues of rats chronically ex-
posed to cadmium. Prior to 4 weeks of cadmium treatment
they did not find any cell injury or other morphological
changes in liver or in kidney. The dose we used in the pres-
ent investigation did not show any observable changes in
behavioral pattern in animals injected with cadmium, al-
though contradictory results have been reported on behav-
ioral effects of cadmium. 2!

The significant increase in the hepatic level of free ribo-
flavin in cadmium-treated rats was found to be accompa-
nied by diminished activity of flavokinase. This indicates
an impairment of further utilization of riboflavin.

The present investigation also revealed that cadmium
treatment inhibited FMN-phosphatase activity signifi-
cantly, but the inhibition is much less compared with
flavokinase.

Although we have not studied the effect of cadmium
invivo on adose-dependent manner, similar studies were
undertaken in in vitro. These studies revealed increasing
inhibition of both flavokinase and FMN-phosphatase
with increasing concentration of cadmium (Table 5).
Like in vivo effects, the in vitro effects of cadmium on
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Figure 2 Food intake of rats during the study period. Cadmium-treated o——o. Ad libitum control A——A.

Table 2 Effect of administration of cadmium on hepatic levels of free riboflavin, FMN, and FAD
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Riboflavin FMN FAD
Groups of animals (ng/g liver) (rg/g liver) (ng/g liver)
Pair-fed control 592 + 0.78 (6) 11.75 = 1.86 (6) 35.62 = 3.38 (6)
Treated 9.24 + 159 (6)* 1216 = 2.1 (B)t 46.38 + 4.1 (6)f
The values are means = SD. The figures in parentheses indicate the number of animals.
*P < 0.01 of respective controls.
1P > 0.05 of respective controls.
P < 0.001 of respective controls.
Table 3 Effect of administration of cadmium on hepatic flavokinase of rat

Flavokinase activity
Groups of animals nmol FMN/g liver/hr % Control nmol FMN/mg protein/hr % Control
Pair-fed controls 480.3 = 895 (7) 100 4.02 = 1.07 (7) 100
Treated 2717 £ 77.6* (7) 55.6 219 £ 1.02* (7) 545
The values are mean = SD. The figures in parentheses indicate the number of animals.
*P < 0.001 of respective controls.
Table 4 Effect of administration of cadmium on hepatic FMN phosphatase activity of rat
Riboflavin Inorganic phosphate

% pmol/mg % % wmol/mg %
Group of animals pmol/g liver/hr Control protein/hr Control pmol/g liver/hr Control protein/hr Control
Pair-fed controls 18.31 £3.2(3) 100.0 2.9 *0.63(4) 100.0 21.84+5.8(3) 100.0 3.6+0.8(3) 100.0
Treated 13.86 +2.34(3)* 75.7 2.13+0.34(4) 91.42 15.64 = 3.54(3)* 71.61 2.6+0.5(3)" 722
The values are mean = SD. Figures in parentheses indicate number of animals.
*P < 0.05 of respective controls.
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Table 5 Effect of cadmium on flavokinase and FMN phosphatase

in vitro
Cadmium

concentration  Product formed %

Enzyme (mol/L) (nmol) inhibition
None 7.0 = 072 —
. 105 527 £ 0.25 247
Flavokinase 10-4 439 = 0.01 37.3
10-3 *3.53 £ 0.22 49.6
None 79.49 + 1.27 —
10-5 76.47 + 0.79 38
FMN-phosphatase 10-4 7041 = 2.97 114
10-3 162.43 + 1.70 15

For flavokinase assay, 2 mg enzyme protein was used, and FMN
produced was measured. In phosphatase assay 0.05 mg protein
was used and riboflavin formed was measured. Other conditions
were as described in the Methods section. Values are mean = SD
(n = 3).

*P < 0.01 against none.

1P < 0.01 against none.

FMN-phosphatase was less pronounced compared with
those on flavokinase. Because zinc inhibits FMN-phos-
phatase,® one may think that the cadmium effect on this
enzyme is mediated through modulation of the level of
zinc or any other metal in liver. The in vitro effects of
cadmium on these two enzymes suggest that cadmium
may have a direct effect on flavokinase and FMN-phos-
phatase, although they do not exclude the possibility that
cadmium may compete with zinc in binding to FMN-
phosphatase, and that zinc metabolism may therefore be
a site of action of cadmium.

It is also observed that cadmium treatment leaves
the hepatic FMN level unaltered in spite of diminished
conversion of riboflavin to FMN. This unaltered FMN
level might be due to either diminished degradation of
FMN or increased conversion of FMN to FAD.

A significant increase in the hepatic level of FAD in
cadmium-treated rats may be due to increased FAD-
pyrophosphorylase, which is responsible for the forma-
tion of FAD from FMN, or decreased FAD pyrophos-
phatase, which catalyses the hydrolysis of FAD to FMN.
We have not measured either of these two enzymes
under our present experimental condition. For the same
reason, it is difficult to explain the unchanged hepatic
FMN level in cadmium-treated animals.

The tissue FMN and FAD levels were found to be
regulated by the activity of one or more of the riboflavin-
metabolizing enzymes in altered physiological situa-
tions.?>>* The activities of flavokinase and/or FAD-pyr-
ophosphorylase are sometimes reduced due to
decreased availability of free riboflavin in the tissues.?**
However, in the present investigation, tissue riboflavin
level was enhanced. It is therefore possible that the
alterations in the levels of riboflavin and FAD in liver
as noted in the present investigation may be due to the
influence of cadmium on the enzyme activities. How-
ever, a definite conclusion can only be drawn by study-
ing the rates of incorporation of radioactive riboflavin
into various hepatic flavin fractions.
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