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Abstract 

Background: Knowledge on Bi metabolism in laboratory animals refers to studies at “extreme” 

exposures, i.e. pharmacologically relevant high-doses (mg kg-1 b.w.) in relation to its medical use, 

or infinitesimal doses (pg kg-1 b.w.) concerning radiobiology protection and radiotherapeutic 

purposes. There are no specific studies on metabolic patterns of environmental exposure doses 

(ultratrace level, µg kg-1 b.w.), becoming in this context Bi a “heavy metal fallen into oblivion”. We 

previously reported the results of the metabolic fate of ultratrace levels of Bi in the blood of rats 
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[1]. In reference to the same study here we report the results of the retention and tissue binding 

of Bi with intracellular and molecular components.  

Methods: Animals were intraperitoneally injected with 0.8 µg Bi kg-1 b.w. as 205+206Bi(NO)3, alone or 

in combination with 59Fe for the radiolabeling of iron proteins. The use of 205+206Bi radiotracer 

allowed the determination of Bi down to pg fg-1 in biological fluids, tissues, subcellular fractions, 

and biochemical components isolated by differential centrifugation, size exclusion 

chromatography, solvent extraction, precipitation, immunoprecipitation and dialysis. 

Main findings: At 24 h post injection the kidney contained by far the highest Bi concentration (10 

ng g-1 wt.w.) followed by the thymus, spleen, liver, thyroid, trachea, femur, lung, adrenal gland, 

stomach, duodenum and pancreas (0.1 to 1.3 ng g-1 wt.w.). Brain and testis showed smaller but 

consistently significant concentrations of the element (0.03 ng g-1 wt.w). Urine was the 

predominant route of excretion. Intracellularly, liver, kidney, spleen, testis, and brain cytosols 

displayed the highest percentages (35% to 58%) of Bi of homogenates. Liver and testis nuclei were 

the organelles with the highest Bi content (24% and 27%). However, when the recovered Bi of the 

liver was recorded as percent of total recovered Bi divided by percent of total recovered protein 

the lysosomes showed the highest relative specific activity than in other fractions. In the brain 

subcellular fractions Bi was incorporated by neuro-structures with the protein and not lipidic 

fraction of the myelin retaining 18% of Bi of the total homogenate. After the liver intra-subcellular 

fractionation: (i) 65% of the nuclear Bi was associated with the protein fraction of the nuclear 

membranes and 35% with the bulk chromatin bound to non-histone and DNA fractions; (ii) about 

50% of the mitochondrial Bi was associated with inner and outer membranes being the other half 

recovered in the intramitochondrial matrix; (iii) in microsomes Bi showed a high affinity (close to 

90%) for the membranous components (rough and smooth membranes); (iv) In the liver cytosol 

three pools of Bi-binding proteins (molecular size > 300 kDa, 70 kDa and 10 kDa) were observed 



with ferritin and metallothionein–like protein identified as Bi-binding biomolecules. Three similar 

protein pools were also observed in the kidney cytosol. However, the amount of Bi, calculated in 

percent of the total cytosolic Bi, were significantly different compared to the corresponding pools 

of the liver cytosol.  

Conclusions: At the best of our knowledge the present paper represents the first in vivo study, on 

the basis of an environmental toxicology approach, aiming at describing retention and binding of 

Bi in the rat at tissue, intracellular and molecular levels.  
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1. Introduction 

Bismuth (Bi) is a naturally occurring pnictogen element belonging to the group of heavy metals. It 

is traditionally regarded as the element with the heaviest stable isotope, though this is not strictly 

true due to the discovery of the primordial nuclide bismuth-209 that has the longest known half-

life of any radionuclide (T1/2=1.9 ×1019 y, more than a billion times the age of the universe) [2]. 

Although its position in the periodic table is in the midst of toxic heavy metals (lead, antimony, 

polonium) Bi and its compounds have a low environmental impact and good biocompatibility for 

humans and other mammalians, being referred as a "green element" [3]. The use of Bi is growing 

very fast in the last decades. In 2018 approximately 16 000 tons of refinery Bi were produced 

worldwide, with China leading with ca. 79.9% of the world’s total production [4]. In industry, Bi 

compounds and alloys have widespread commercial applications such as in the manufacture of 

semiconductors [5], in the production of grease, chemicals, catalysts, shot bullets, fire sprinkler 



systems, solders, thermoelectric materials, fishing sinkers [6] and in magnetic levitation (Maglev) 

trains [7]. In cosmetics Bi-salts are used in formulations marketed as “mineral makeup” (i.e. 

lipstick, nail polish, eye shadows and facial powders [8], and in hair dyes to add color and to 

deodorize [9]. Bi, with over 200 y history in medicine [10], is one of the medicinal drugs listed in 

Pharmacopoeias as highly effective antimicrobial agent in treating intestinal disorders, particularly 

peptic gastritis and ulceration, and venereal diseases [8]. Moreover, it has potential activities 

against viruses and tumors [4]. Bi has found applications in catheters reducing bacterial 

colonization [11] and in diagnostic and surgical procedures [12]. Although occupational exposure 

to Bi may occur in the manufacture of cosmetics, industrial chemicals and pharmaceuticals [8], 

most cases of poisoning occurred following accidental or deliberate over-dosage with Bi-

containing drugs that allowed induction of encephalopathy, nephropathy, gingivostomatitis, 

osteoarthropathy, and colitis [13]. Moreover, in the last decade the bursting advent of the era of 

nanomaterials has opened extraordinary perspectives about industrial and biomedical use of Bi in 

the innovative form of nanoparticles (BiNP) [14]. However, the expected wide placing on the 

market of such innovative Bi-based nanomaterials poses serious concerns about their toxicity. 

Unfortunately, the issue of the BiNP toxicity is in its infancy and until now few and contrasting 

results are reported about the toxicity of Bi at the nanoscale level [15] and the toxicity of BiNP 

remains a controversial issue, questioning whether Bi is really a “green element” [16]. In this 

scenario the evaluation of the nanotoxicity mechanisms of BiNP is an urgent need before their 

placing on the market. Nanotoxicology studies on metal-based NPs have shown that they can 

diffuse into tissues, internalized into cells, penetrating into cell organelles, releasing metal ions in 

such compartments [17]. This may happen also for the BiNP that may generate intracellular Bi ions 

whose metabolic fate and toxicity need to be evaluated. In this context, the knowledge of the 

metabolic patterns of ultratrace levels of Bi in experimental animal models is of paramount 



importance [1]. To fill this gap, we have undertaken a study of the metabolic patterns of ultratrace 

levels of 205+206Bi3+ in the rat. The results of the first part of the study (distribution of 206Bi among 

blood components) have been reported elsewhere [1]. The present paper concerns the second 

part of the study related to the distribution of 205+206Bi in tissues, subcellular fractions with the 

identification of cellular Bi-binding components.  

 

2. Materials and methods 

2.1. Chemicals and reagents  

Chemicals and reagents used have been listed elsewhere [1]. Moreover, Sepharose 6B was 

supplied by Pharmacia, Uppsala, Sweden; rabbit anti-horse spleen ferritin from Serva, Heidelber, 

Germany. DNA determination and enzyme assays were performed with materials supplied by 

Sigma Aldrich, Milan, Italy. 

 

2.2. Radiotracers and radioactive counting 

No-Carrier-Added (NCA) 205+206Bi radiotracers (t1/2= 15.3 d and 6.24 d, respectively) were prepared 

by proton activation of metallic Pb, radiochemically separated and the characteristics of the final 

solution for biochemical purpose determined as described elsewhere [1]. The final 205+206Bi 

solution (hereinafter simply referred as 206Bi) had the following characteristics: radioactive 

concentration: 2 mCi (37 Mbq) mL-1; radiochemical purity: > 99% (by paper chromatography in 

butanol-water thiocyanic solution); radionuclidic purity: > 99% (by 206Bi decay and gamma 

spectra); chemical impurities: < 1 µg mL-1 (by INAA, AAS and ICPMS); specific radioactivity: 14 µCi 

(0.52 Mbq) ng-1 Bi as determined by pre-concentration on Chelex 100 column, elution with 2 mol L-

1 HNO3 followed by ICPMS; final chemical form: isotonic solution of Bi(NO)3 pH 5.6, sterilized by 

filtration (recovery of 206Bi > 88%). 



59FeCl3 (specific activity 4.5 µCi (0.167 MBq) µg-1 Fe) was purchased from the Radiochemical 

Centre, Amersham, UK. 

Complementary and alternative radioactive counting techniques used were: (i) integral γ-counting 

to measure 206Bi alone by a Wizard 3 Gamma Counter apparatus (Perkin Elmer, Life Sciences) 

equipped with a well-type 3.15" x 3" NaI(Tl) size crystal; (ii) computer-based γ-ray spectrometry 

using a HPGe detector (EG&G Ortec Int,GA,USA) for the simultaneous measurement of 206Bi and 

59Fe [1]. 

 

2.3. Animals and treatment 

Rats were male Sprague-Dawley rats (250 ± 20 g, Harlan Nossan, Correzzana. Italy). Housing 

conditions, experimental procedures, exposure, and treatment of animals were reported 

elsewhere [1]. They were in strict accordance with the European Community regulations [18]. 

Briefly, in a first step five animals were intraperitoneally (i.p.) injected with a single dose of Bi (0.8 

µg Bi kg-1 b.w. as Bi(NO)3 plus 46.8 µCi (1.73 MBq) of 206Bi /rat in the same chemical form). In a 

second step, three rats were individually i.p. injected with 52 µCi (1.92 MBq) of 206Bi (NO)3 (0.89 µg 

Bi kg-1 b.w.) together with 1.2 µg Fe3+ as chloride plus 10 µCi (0.37 MBq) of 59Fe in the same 

chemical form.  

 

2.4. Excretion and tissue retention  

Fecal pellets and urine were collected every 6 h. Twenty-four hours after dosing rats were 

anaesthetized with Nembutal (40 mg kg-1 b.w.) and sacrificed by cardiac puncture. Blood was 

collected by heparinized syringes and centrifuged at 2 500 g for 15 min to separate plasma and red 

blood cells (RBC) and the two compartments fractionated to study the distribution of Bi among 

blood components [1]. The animals were dissected, the body tissues sampled, cleaned by 



removing the visible fat, washed with ice-cold 0.9% saline solution, mopped dry and weighed. 

Liver and kidney were perfused. Hair and skin were sampled from a small area on the abdomen. 

The fat sampled was abdominal fat. The contents of the stomach and intestines were extruded 

and were not included with the intestinal tissue for analysis. Kidney was dissected into outer 

cortex and inner medulla. The femur, after a thorough cleaning of muscle residues and connective 

tissue, was cut into 5 parts (two epiphysis and three from the diaphysis). All tissues and sub-

regions were analyzed for the 206Bi content.  

 

2.5. Subcellular distribution  

Liver, kidney, spleen, testis and brain were homogenized in 0.25 mol L-1 sucrose, 10 mmol L-1 

sodium cacodylate-HCl buffer, pH= 7.2 (homogenizing buffer) and the crude subcellular fractions 

prepared by differential centrifugation by a TL-100 ultracentrifuge, Beckmann Instrument, Palo 

Alto, CA (700 g for 10 min to sediment nuclear fraction; 9 000 g for 15 min to yield the 

mitochondrial fraction; 30 000 g for 25 min to sediment the lysosomal fraction, 105 000 g for 

110 min to yield microsomes and organelle-free cytosol) [1]. The brain was fractionated into seven 

intracellular fractions as reported in [19]. Briefly, the brain tissue, deprived of the brain stem and 

cerebellum, was homogenized in 0.32 mol L-1 sucrose containing 10 mmol L-1 cacodylate buffer, pH 

7.4 and centrifuged (700 g for 10 min) to sediment the nuclear fraction. The supernatant was 

centrifuged at 9 000 g for 15 min to produce a pellet (P) and a supernatant (S). This latter was 

centrifuged at 105 000 g for 90 min, generating a pellet (microsomal fraction) and a supernatant 

(cytosol). The pellet P was lysed, centrifuged at 25 000 g for 20 min producing a pellet (P1) and a 

supernatant (S1). This latter was centrifuged at 165 000 g for 120 min to sediment the crude 

synaptic vesicles. The pellet P1 was suspended in the homogenizing medium, layered over a 

discontinuous sucrose gradient (0.32, 0.9 and 1.2 mol L-1) and then centrifuged at 90 000 g for 110 



min that produced myelin, synaptic membranes and mitochondria fractions. All subcellular 

fractions were washed once with the same buffer and the washing added to the following 

centrifugation steps. The liver and kidney crude subcellular fractions were further re-suspended in 

sucrose cacodylate buffer and further purified by centrifugation of: (i) the nuclear pellets on 

“dense solution” (2 mol L-1 sucrose, 70 mmol L-1 KCl [20]); (ii) the mitochondrial pellets on a 

sucrose gradient (1.8-2.0 mol L-1) [21]; (iii) the microsomal fraction at 105 000 g for 90 min. All 

subcellular fractions were counted for the 206Bi content. The relative purity of the liver subcellular 

fractions was assessed by specific marker enzymes and the nuclear marker DNA according to 

standard procedures. In particular, recovery was followed by determining the DNA or the total 

activity of the marker enzymes of each fraction compared to the homogenate. Briefly: (i) DNA in 

each fraction was determined using diphenylamine reagent under acidic conditions and calf 

thymus DNA as standard, reading the absorbance of the complex formed at 595 nm [22]; (ii) 

cytochrome c oxidase (mitochondrial marker) was determined by a spectrophotometric method 

[23]. Assays were performed at 25°C in a medium containing 30 mmol L-1 phosphate buffer pH 7.4, 

and 0.02 mmolo L-1 cytochrome c. The rate at which the reduced cytochrome c was oxidized by 

the enzyme present in the test sample was measured by the change in absorbance at 550 nm; (iii) 

aryl sulfatases A+B (lysosomal markers) were assayed spectrophotometrically [24]. The final 

reaction mixture contained 100 mmol L-1 sodium acetate pH 5, 2mmol L-1 NaCl and 2.5 mmol L-1 p-

nitrocatechol sulphate. The reaction (37°C, 30min) was terminated by adding NaOH after which 

the p-nitrocatechol was read at 515 nm; (iii) glucose 6- phosphatase (microsomal marker) was 

assayed by measuring the orthophosphate (Pi) released from glucose 6- phosphate as substrate in 

50 mmol L-1 cacodylate buffer pH 6.0. The reaction (30°C, 20min) was stopped with 10% 

trichloracetic acid and the released Pi quantified in the supernatant [25]; (iv) lactate 

dehydrogenase (LDH) (cytosolic marker) was monitored in 50 mmol L-1 cacodilate buffer pH 7.2 



using a spectrophotometric assay [26] designed to follow the rate of 0.2 mmol L-1 NADH 

consumption at 340 nm during LDH-catalyzed conversion of 1.6 mmol L-1 pyruvate to lactate. 

Proteins were determined according to Bradford [27] with bovine serum albumin as standard. The 

distribution of different enzymes in the purified liver subcellular fractions was expressed 

graphically as De Duve’s plot [28]. 

 

2.6. Liver subcellular sub-fractionation  

2.6.1. Nuclear sub-fractions were: nuclear membranes and its lipid and protein sub-fractions; bulk 

chromatin and its DNA and histone protein sub-fractions. They were isolated according to Franke 

[20] with some modifications.  

Briefly, the purified nuclei were suspended in the homogenizing buffer, sonicated, added with 

“high salt extraction medium (0.3 mol L-1 sucrose, 1.15 mol L-1 KCl, 10mM cacodylate buffer, pH 

7.2) and centrifuged (110 000 g, 120 min). The pellets represented the nuclear membranes that 

were further purified by a linear sucrose gradient. The supernatant (bulk chromatin) was 

solubilized in 2 mol L-1 NaCl, 7 mol L-1 urea, 10 mmol L-1 cacodylate buffer pH 7.2 and centrifuged 

(198 000 g, 8 h). The pellet (DNA fraction) was suspended in 0.3 mol L-1 sodium acetate, pH 5. Then 

the DNA was precipitated with 35% isopropanol and washed with 70% ethanol. The 198 000 g 

supernatant was added with ethanol / 1.25 mol L-1 HCl (4:1 v/v) followed by centrifugation 

(15 000 g, 15 min). The supernatant was added with acetone to precipitate histone proteins that 

were pelleted and washed by centrifugation (16 000 g, 10 min).  

Nuclear membranes, histone and DNA subfractions were counted for the 206Bi content. 

 

2.6.2. Mitochondrial sub-fractions. Briefly, the purified mitochondria were suspended in the 

sucrose buffer, sonicated and centrifuged at 24 000 g for 3 h after layering over a solution of 



1.2 mol L-1 sucrose, 10 mmol L-1 sodium cacodylate-HCl buffer, pH= 7.2 [21]. Three subfractions 

were obtained: the heavy subfraction (pellet, corresponding to inner mitochondrial membranes); 

the light subfraction (interface band, outer mitochondrial membranes) and the soluble subfraction 

(supernatant mitochondrial soluble matrix). The mitochondrial subfractions were counted for the 

206Bi content. 

 

2.6.3. Microsomal sub-fractions. Endoplasmic reticulum sub-fractions were separated on 

discontinuous sucrose-density-gradient centrifugation [29]. Briefly, the microsomal fraction was 

suspended in the homogenizing medium containing 10 mmol L-1 MgCl2 and layered on 1.3, 1.5 and 

2.0 mol L-1 sucrose gradient. After centrifugation (105 000 g, 4 h) smooth-, light rough- and heavy 

rough membrane subfractions were collected at the sucrose interfaces. The isolated subfractions 

were washed with the homogenizing buffer, pelleted at 95 000 g for 3 h and free ribosomes 

sedimented by centrifugation (105 000 g, 15 h) through a 2.0 mol L-1 sucrose cushion. 

 The microsomal subfractions were counted for the 206Bi content. 

  

2.6.4. Liver and kidney cytosolic proteins were fractionated by SEC on Sephadex G-75 column 

(2.5 cm x 100 cm) previously equilibrated with 10 mmol L-1 cacodylate buffer, pH 7.2, using the 

same buffer as eluent [30]. The collected fractions of the eluate were analyzed for the absorbance 

at 280 nm and the 206Bi content. In addition, aliquot of the whole liver and kidney cytosols were 

heated at 80°C for 2 min, rapidly cooled in ice and the heat-coagulated proteins removed by 

centrifugation (15 000 g, 10 min). Thereafter the supernatant was submitted to SEC as described 

above. 

 



2.6.5. Separation of lipids from the nuclear membranes, membranous mitochondrial and 

microsomal components and myelin fraction was carried according to Folch’s method [31]. 

Samples were homogenized with a 2:1 chloroform-methanol mixture and the extract was washed 

twice with 20% of cacodylate buffer, pH 7.2, by volume. The 206Bi radioactivity was measured in 

the organic and aqueous phases. 

  

2.7. Isolation of [206Bi + 59Fe]-double labelled ferritin  

The 206Bi+59Fe-liver cytosol, prepared as described above in the Section 2.6.4. was heated at 80°C 

and stirring for 10 min, ferritin being resistant to denaturation. [32]. The heat-coagulated proteins 

were removed by centrifugation (20 000 g, 10 min) resulting in a relative enrichment of ferritin in 

the soluble fraction. The latter was submitted to SEC on Sepharose 6B (2.5 cm x 60 cm) previously 

equilibrated with cacodilate buffer, pH 7.2 and pre-calibrated with a kit of proteins with known 

molecular weight. Protein of the eluate was monitored at 280 nm and the [206Bi+59Fe] profiles 

obtained by γ-ray spectrometry. The [206Bi +59Fe] peaks emerging from the column were pooled, 

concentrated by ultrafiltration and assayed with anti-horse spleen ferritin, an antibody cross-

reacting with rat ferritin [33]. Immunoprecipitation was carried out as described elsewhere [32]. 

206Bi and 59Fe were measured in the immunoprecipitate after centrifugation (3 000 g, 10 min). 

 

2.8. Dialysis experiments  

Visking semi-permeable membrane tubing (MW cut off: 12-14 kDa) were used for extensive 

dialysis of 206Bi-containing liver, kidney and brain subcellular fractions and their components 

(three changes of 2 L of 10 mmol L-1 cacodylate buffer, pH 7.2 alone or containing chelating agents 

(EDTA, DMSA or citrate) as well as against 10 mM acetate buffer, pH 5.0). The 206Bi of the dialyzed 

sample was measured in the membrane tubing before and after dialysis [1]. 



 

3. Results  

3.1. Tissue retention and excretion 

Table 1. Distribution of Bi in tissues of rats after 24 h of i.p. injection of 0.8 µg Bi kg-1 b.w. as 206Bi (NO)3
 a. 

Tissue 
Bi content 

%dose g-1 tissue ng Bi g-1 tissue 

Kidney 11.2 ± 2.13 10.2 ± 1.6 
Cortex  ~ 10.3 - 

Medulla ~ 0.9 - 

Adrenal gland 0.004 ± 0.003 0.16 ± 0.09 

Spleen 0.34 ± 0.16 1.3 ± 0.6 

Liver  3.34 ± 1.31 0.75 ± 0.25 

Pancreas 0.11 ± 0.03 0.13 ± 0.04 

Lung 0.07 ± 0.02 0.17 ± 0.02 

Testis 0.03 ± 0.01 0.03 ± 0.04 

Heart 0.010 ± 0.005 0.021± 0.007 

Femur 0.064 ± 0.023 0.17 ± 0.04 

Epiphysisb 0.046 ± 0.018 - 

Diaphysisb 0.018 ± 0.009 - 

Ribc 0.05 ± 0.03 0.11± 0.06 

Brain 0.03 ± 0.01 0.03 ± 0.01 

Cerebellum 0.033 ± 0.005 0.16± 0.03 

Thymus 0.38 ± 0.18 1.50 ± 0.65 

Thyroid 0.006 ± 0.004 0.48 ± 0.25 

Trachea 0.005 ± 0.003 0.22 ± 0.15 

Duodenum 0.042 ± 0.03 0.14 ± 0.09 

Stomach 0.09 ± 0.03 0.16 ± 0.55 

Intestine small 0.17 ± 0.07 0.036 ± 0.008 

Intestine large 0.11 ± 0.09 0.07 ± 0.05 

Fatc 0.003 ± 0.002 0.012 ± 0.008 

Musclec 0.02 ± 0.01 0.016 ± 0.007 

Skinc 0.011 ± 0.006 0.012 ± 0.005 

Hairc 0.008 ± 0.006 0.02 ± 0.01 

Blood 0.09 ±0.02 0.18 ± 0.05 

a: mean of 5 animals ± SD 
b: 78% of the total 206Bi of the femur recovered in the epiphyses; 12% in the diaphysis with 
concentrations declining from the epiphyses to the center of the bone  
c: % dose/g tissue. Assuming that the total size of muscle, fat, skin, bone accounted for 
approx. 45.5%, 7%, 18% and 10% of the body weight [34, 35, 36] the estimated total amount 
of Bi in such whole tissues were: 1.8 ng, 0.2 ng, 0.5 ng and 3.7 ng, respectively 

 



Table 1 shows the distribution of Bi in tissues of rats 24 h after i.p. injection of 0.8 µg Bi kg-1 b.w. 

as 206Bi(NO)3. Bi was recovered in all tissues. The kidney was by far the tissue with the highest 

amount of the element both in terms of percentage of the dose administered and concentration (10 

ng Bi g-1 wt.w.). Following, to a lesser extent, the thymus, spleen, liver, thyroid, trachea, femur, lung, 

adrenal gland, stomach, duodenum and pancreas (concentrations from 0.1 to 1.3 ng Bi g-1 wt.w.). A 

ratio of the concentration in kidneys to that in liver averaged 13.6. All other tissues had 

concentrations lower than 0.1 ng Bi g-1 tissue. In the femur 78% of Bi was present in the epiphysis 

and 22% in the three parts of the diaphysis, of which the central segment showed the lowest 206Bi 

concentration. 

The elimination of 206Bi in urine and feces is shown in Fig.1. Urine was the main route of excretion 

with about 12.5% of the dose administered at 24 h post-injection period. The corresponding fecal 

elimination accounted for the 8% of the Bi injected. 

 

Fig. 1 Cumulative excretion pattern of 206Bi in urine and feces of rats 24 h after i.p. injection of 0.8 µg Bi kg-1 

b.w. as 206Bi(NO)3. Urine and feces were collected every 6 h. Mean of 5 animals, RSD < 20%. Solid circle: 

urine; open square: feces; X: total 

 



3.2. Subcellular distribution 

The content of proteins, Bi, DNA, and the activities of enzyme markers in each liver intracellular 

fraction are shown in Table 2. Plot of the mean relative to specific activity of the enzyme markers 

of the fractions against the recovered proteins (DeDuve’s plot, Fig.2) suggests a good degree of 

purification of the subcellular fractions achieved over the homogenate. 

Table 2. Percentage of total protein, Bi, DNA and marker enzymes in purified liver subcellular fractions of 

rats after 24 h i.p. injection of 0.8 µg Bi kg-1 b.w. as 206Bi(NO)3
a 

Purified 
subcellular 
fraction 

Protein Bi DNA 
Cytochrome 

oxidase 

Aryl 
sulphatase 

A+B 

Glucose-6 -
phosphatase 

Lactate 
dehyrogenase 

Nuclei 21 ± 2 23.6 ± 3.4 91 ± 7 10 ± 3 21 ± 1 12 ± 2 6 ± 2 
Mitochondria 16 ± 3 15.5 ± 2.6 6 ± 3 69 ± 5 23 ± 3 4 ± 1 3 ± 1 
Lysosomes 7 ± 2 18.7 ± 3.0 4 ± 1 7 ± 1 32 ± 4 11 ± 3 4 ± 1 
Microsomes 12 ± 1 8.9 ± 1.2 n.d.b  3 ± 1 11 ± 2 54 ± 4 7 ± 2 
Cytosol 48 ± 4 35.4 ± 2.2 n.d. n.d. 5 ± 3 5 ± 3 77 ± 5 

Total 
recovery 

104 ± 6 102.1 ± 5.8 101 ± 8 89 ± 6 92 ± 6 86 ± 6 97 ± 6 

a: mean ± SD on 5 determinations 

b: not detected 

 

 



 

 

Fig. 2 Average intracellular distribution pattern of marker enzymes (2A) and 206Bi (2B) over subcellular 

fractions of the liver as obtained by differential centrifugation of the homogenate (cytochrome c oxidase 

(EC 1.9.3.1); aryl sulphatase (EC 3.1.6.1); glucose-6-phosphatase (EC 3.1.3.9); lactate dehydrogenase (EC 

1.1.1.27)). Recoveries were 86-97%. Blocks from left to right represent: nuclear (Nuc), mitochondrial (Mit), 

lysosomal (Lys), microsomal (Mic) and cytosol (Cyt) fractions. Ordinate scale: relative specific activity of the 

enzyme (percentage of total recovered activity/percentage of total recovered protein). Abscissa scale: 

cumulative percentage of protein. 

 



  

Fig. 3 Intracellular distribution of Bi in liver, kidney, spleen, pancreas, testis (3A) and brain (3B) of rats 24 h 

after i.p. injection of 0.8 µg Bi kg-1 b.w. as 206Bi (NO)3. The results, expressed as the percentage of the total 

206Bi in the homogenate, are the mean of individual tissues (n=5). The subcellular fractions were isolated by 

differential centrifugation. Crude (spleen, testis, brain) or further purified (liver and kidney) subcellular 

fractions were counted for the 206Bi radioactivity. Nuc, Mit, Lys, Mic, Cyt: nuclear, mitochondrial, lysosomal, 

microsomal and cytosol fractions. CSV, Mye, Sy: Crude Synaptic Vesicles, Myelin and Synaptic membranes 

fractions. For details see Section 2.5. 

 

Fig.3 shows the intracellular distribution of 206Bi, expressed as percentage of the total Bi of the 

homogenate, in purified (liver and kidney) or crude (spleen, testis and brain) subcellular fractions. 

In all tissue analyzed the highest percentage of the intracellular 206Bi was recovered in the cytosol, 

from 35% to 58% in the liver and kidney, respectively. Liver and testis nuclei were the organelles 

with the highest 206Bi content (24% and 27%, respectively). The presence of 206Bi in mitochondria 

of all tissues analyzed did not show significant fluctuations, varying from 14.3% (kidney) to 18.9% 

(testis). In contrast with other tissues the lysosomes of the kidney contained approximately half of 

Bi compared to the other lysosomal fractions. However, when Bi recovered in the liver subcellular 

fractions was recorded according to the DeDuve’s plot (percent of total recovered Bi divided by 

percent of total recovered protein) the relative specific activity was higher in the lysosomes than 

in other fractions (Fig.2). In the brain subcellular fractions 30% of the Bi was recovered in neuro-

structures. Myelin fraction retained 18% of the total brain Bi (Fig.3), essentially bound to proteins, 



as suggested by: (i) the small amount of 206Bi extracted with lipids that was not considered 

significant under our experimental conditions (less than 1.7% of the total Bi associated with 

myelin); (ii) the similar amount of 206Bi removed by dialysis of the Bi-myelin fraction before and 

after lipid extraction (Table 3). 

Table 3. Dialysis of 206Bi-containing liver, kidney and brain intracellular components of rats 24 h after i.p. 

injection of 0.8 µg Bi kg-1 b.w. as 206Bi (NO)3
 a 

Intracellular component 

206Bi 
(% of the applied radioactivity retained inside the tubing at 

the end of dialysis) 

10 
mmol L-1 

cacodilate 
pH 7.2 
(Cac) 

10 
mmol L-1 
acetate 
pH 5.0 

Cac + 1 
mmol L-1 

EDTA 

Cac + 1 
mmol L-1 

DMSA 

Cac + 1 
mmol L-1 
citrate 

LIVER 

Nuclei:  
Nucl. membranes 93.6 13.6 16.6 5.4 14.8 
Histone proteins 86.2 9.6 13.5 3.9 ̶ c 

DNA 93.4 1.4 10.0 4.4 14.2 
Mitochondria:      

Outer membranes 88.2 11.5 24.2 4.7 14.8 
Outer membranesb 89.8 14.6 ̶ 6.3 ̶ 

Inner membranes 90.4 10.4 9.9 9.2 13.7 
Inner membranesb 88.7 13.2 ̶ 8.1 ̶ 

Soluble matrix 91.6 1.6 ̶ 4.5 11.6 
Lysosomes (whole) 93.8 11.0 16 7.0 ̶ 
Microsomes:  

Smooth membranes 87.7 14.7 22.3 7.1 21.0 
Heavy rough membranes 93.5 15.5 ̶ 10.4 27.2 

Heavy rough membranesb 92.5 12.3 ̶ 8.0 ̶ 
Light rough membranes 93.4 14.2 21.6 5.1 24 

Light rough membranesb 94.7 17.8 17.7 ̶ ̶ 
Soluble fraction 90.6 9.5 12.5 7.9 23.3 

Cytosol (whole) 94.1 6.4 23.5 8.5 25.4 

KIDNEY 

Nuclei 93.6 5.6 ̶ 11.4 25.4 
Mitochondria 91.3 11.2 18.4 10.9 17.7 
Lysosomes 92.1 8.8 9.3 6.5 ̶ 
Microsomes 89.8 13.4 23 8.8 23.7 
Cytosol 64.4 12.8 29.6 7.2 18.0 

BRAIN 

Nuclear fraction 90.2 4.4 16.5 4.9 13.0 
Mitochondria fraction 95.0 8.3 ̶ 7.7 ̶ 
Myelin fraction 95.7 9.6 13.8 5.7 14.1 
Myelin fractionb 94.2 6.7 ̶ 7.2 19.3 



a: mean of 3 determinations, RSD: < 25%. In the control (206Bi3+ alone in cacodylate and acetate 
buffers) the applied radioactivity retained in the tubing at the end of the dialysis ranged from 3.1 to 
9.0% 
b: after lipid extraction. For details see Section 2.6.5. 
c: not determined 

 

3.3. Sub-fractionation of subcellular fractions  

Fig.4 summarizes the results of the distribution of Bi in the sub-fractions of the purified liver 206Bi-

containing nuclei, while Table 4 reports the corresponding results for mitochondria and 

microsomes. 

 

Fig.4 Average intranuclear distribution of Bi in purified rat liver nuclei 24 h after i.p. injection of 0.8 µg Bi kg-

1 b.w. as 206Bi (NO)3. Results are expressed in % of Bi on purified liver nuclei. Mean of 3 determinations, 

RSD < 18%. The methods of nuclei fractionation are also reported. The DNA purity was assessed by the 

measurement of the A260nm/A280nm (1.86) and A260nm/A230nm (1.97) ratios. For details see Section 2.6. 

 

Table 4. Average distribution of Bi among the purified liver mitochondrial and microsomal subfractions 24 h 

after i.p. injection of 0.8 µg Bi kg-1 b.w. as 206Bi (NO)3
 a 

Subcellular fraction / sub-fractions 

206Bi recovered in the 
fraction/subfraction 
% pg 



Mitochondria: 100 1050 
    Soluble fraction 52 ± 5 548 ± 11 

    Light subfractionb 11 ± 2 113± 13 
    Heavy subfractionc 37 ± 6 390 ± 9 

Heavy subfraction: 100 360 
Lipid fractiond < 2 < 8 

Light subfraction: 100 98 
Lipid fractiond < 1.4 < 1.5 

Microsomes: 100 600 
     Heavy rough membranes  59 ± 6 354 ± 9.2 

Smooth membranes  21 ± 3 126 ± 14.5 
Light rough membranes 11 ± 3 66 ± 6 

     Soluble fraction 6 ± 3 36 ± 5 
     Free polysomes 3 ± 2 18 ± 3 

Heavy rough membranes: 100 302 
Lipid fractiond 1.8 5.4 

Light rough membranes: 100 51 
Lipid fractiond < 2.5 < 1.3 

a: mean of 5 experiments ± SD 
b: corresponding to outer membranes 
c: corresponding to inner membranes 
d: recovered in the organic phase by extraction according Folch [31].  

 

In the nuclei the percentage of the total Bi associated with the nuclear membrane fraction was 

about 1.8 times that the one recovered in the bulk chromatin. Proteins (but not lipids) of the 

nuclear membranes as well as DNA and histone proteins in the bulk chromatin were identified as 

targets of the nuclear Bi. The binding of Bi with such targets were not sensitive to dialysis (Table 3) 

against the same buffer, suggesting Bi was firmly bound to such components. 

The soluble matrix was the mitochondrial sub-fraction containing a percentage of radioactivity 

close to half of the total mitochondrial Bi. The other 50% of the radioactivity was recovered in the 

heavy and light membranes in a proportion of about 2:1 (Table 4). 

In the microsomes, heavy rough and smooth membranes were the sub-fractions with the highest 

percentage of radioactivity, together retaining 80% of the total microsomal 206Bi (Table 4). 



 

Fig. 5 Size exclusion chromatography (SEC) of renal (A) and hepatic (B) cytosols of rats 24 h after i.p. 

injection of 0.8 µg Bi kg-1 b.w. as 206Bi (NO)3. Aliquots of 206Bi-containing liver or kidney cytosol were 

absorbed onto Sephadex G-75 column (2.5 cm x 100 cm) previously equilibrated with 10 mM cacodilate 

buffer, pH 7.2 using the same buffer as eluent. 

Molecular weights (MW) were approx. deduced from standard proteins: Albumin, 66 kDa; hen egg 

ovoalbumin, 45 kDa; bovine pancreas chimotrypsinogen, 25.6 kDa; ribonuclease a, 13.7 kDa.  

Recovery of 206Bi in the eluate: 89% (liver) and 94.2 % (kidney). The collected fractions were analyzed for 

the protein content by absorbance at 280 nm and the 206Bi content by integral gamma (-----). 

The 206Bi profile from SEC of kidney heat- treated cytosol is indicated in A by (·····).  

 

Fig.5 shows the elution patterns after SEC of the 206Bi-containing hepatic and renal cytosol on 

Sephadex G-75 resin. In both cases, the 206Bi profiles of the eluate were qualitatively similar, 

showing three peaks (I, II and III) in regions of the chromatogram with apparent molecular weight 

of > 300 kDa, 70 kDa and 10 kDa. However, the amount of radioactivity in the three peaks, 

calculated in percent of the total cytosolic 206Bi, were significantly different (p< 0.05) for the liver 

206Bi- cytosol compared to that of the corresponding peaks from renal 206Bi- cytosol (48%, 45% and 



7% for the liver; 22%, 31% and 47% for the kidney). When SEC on Sephadex G-75 was performed 

on the kidney 206Bi-heat-treated cytosol most of the 206Bi of the high molecular weight 

components (HMWC) and 70 kDa precipitated with the denaturated proteins whereas the 206Bi of 

the peak (III) at 10 kDa was found substantially stable (Fig.5).  

 

3.4. Dialysis experiments 

Less than 13% of Bi was removed from blood and various intracellular components by extensive 

dialysis against the buffer used in the homogenization and fractionation processes (10 mmol L-1 

cacodylate, pH 7.2) (Table 3). The only exceptions concerned RBC and kidney cytosolic fractions, 

from which 48.2% and 35.6% of the initial 206Bi in dialysis membrane were respectively removed 

by dialysis against the cacodylate buffer (Table 3). However, dialysis against acetate buffer at pH 5 

or cacodylate buffer pH 7.2 added with complexing agents, particularly DMSA, efficiently removed 

the radioactivity from all biochemical samples dialyzed. 

 

3.5. Binding of 206Bi to 59Fe-liver ferritin 

  



 

 

Fig. 6 A: SEC on Sepharose 6B of an aliquot of the liver 206Bi+59Fe “heat treated-cytosol” obtained by 

differential centrifugation. The column (2.5 cm x 60 cm) was previously equilibrated with 10 mM cacodylate 

buffer, pH 7.2 using the same buffer as eluent. The collected fractions were monitored for proteins at 280 

nm, 59Fe (-----) and 206Bi (·····) content by computer-based high resolution γ-ray spectrometry. Recoveries of 
206Bi and 59Fe in the eluate: 79% and 93%, respectively. Molecular weight were approximately deduced 

from standard proteins: bovine thyroglobulin (669 kDa), horse spleen apoferritin (443 kDa), sweet potato b-

amylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), bovine 

erythrocytes carbonic anhydrase (29 kDa). 

B: Percentage of radioactivity immuno-precipitated with ferritin antibody from the pooled 206Bi+59Fe -

containing fractions of peaks I and II from SEC on Sepharose 6B (Fig.6A). 59Fe and 206Bi were simultaneously 

counted in both emerging peaks as well as in the immuno precipitate by computer-based high resolution γ-

ray spectrometry. For details see Section 2.7. 

 

Fig.6A shows the SEC on Sepharose 6B of 206Bi+59Fe–“heat treated cytosol” obtained by differential 

centrifugation of the liver homogenate from the group of rats injected with the two radiotracers 

(see Section 2.7.). 206Bi emerged from the column at different elution volumes as two peaks, both 

coincident with as many 59Fe peaks, in the region of apparent molecular weight approximately 

450 kDa and 66 kDa. Incubation of the pooled fractions of the two peaks, I and II, with ferritin 



antibody shows that only the peak I reacted with specific anti-ferritin. The resulting 

immunoprecipitate contained 88% of the total 206Bi in that peak together with 74% of the total 

59Fe eluted (Fig.6B). Less than 3% of the 206Bi+59Fe –containing peak II reacted with the antibody, 

suggesting that 206Bi of the peak I was associated to ferritin. 

 

4. Discussion 

At present, knowledge on Bi metabolism in laboratory animals refers almost to studies under 

unnatural “extreme” exposures, i.e. pharmacologically relevant high-doses (up to thousand 

mg kg-1) in relation to its medical use, or infinitesimal-doses (pg kg-1 as non-carrier-added Bi 

radioisotopes) for radiobiology protection, diagnostic and radiotherapeutic purposes. No 

study is reported on metabolic patterns of ultratrace level of Bi (typically µg kg-1 b.w.) in 

animal models, being in this context Bi a “heavy metal fallen into oblivion” [1]. The 

mechanistic understanding of the interaction of Bi with biomolecules at concentrations far 

below from saturation at the binding site is a key precondition for evaluation of subtle 

unwanted biochemical induced by ultratrace levels of Bi. Such experimentation poses severe 

analytical difficulties that may explain the very low quantity of experimental data in literature 

on the metabolic fate of environmental levels of Bi. We have overcome these difficulties by 

the cyclotron production of NCA 205+206Bi radioisotopes that allowed the detection and 

measurements of pg-fg Bi concentrations in rat tissues, subcellular fractions and molecular 

components obtained after long and complex separation procedures [37]. Notably, the 

knowledge of the metabolic fate of ultratrace levels of Bi in mammalian systems is also of 

growing importance in nanotoxicology research for the safety and sustainable production of 

nanomaterials. In particular, the enormous potential of Bi-based nanoparticles may be a 

source of Bi ions in biological fluids whose metabolic fate and subtle toxicity still needs to be 



assessed. For this, we have undertaken a study on the biodistribution of ultratrace levels of  Bi 

in the rat. In a previous paper we reported the results of the first part of the study concerned the 

identification of cellular Bi-binding components in the blood of rats exposed to ultratrace levels of 

Bi underlying the great caution about any comparison with the bulk of literature, mainly based on 

“extreme exposure” to Bi have been also discussed [1]. 

Here we have presented the second part of the same study, namely the one concerning the Bi 

retention and biodistribution in tissues at intracellular and molecular level. 

 

4.1. Tissue distribution 

At 24 h post exposure to 0.8 µgBi kg-1 b.w. as 206Bi(NO)3 kidney was by far the main sequestering 

tissue of injected Bi, mostly concentrated in the cortex sub-region (Table 1) in agreement with 

autoradiography observations [38]. This finding is consistent with urinary excretion as primary 

route of removal of Bi from the body (Fig.1) with biliary or intestinal secretion contributing to fecal 

excretion [39]. The thymus, spleen, liver, thyroid, trachea, lung, femur, stomach, cerebellum, and 

duodenum were, in order, the other tissues with declining Bi concentrations. The highest 

retention of Bi in rat kidney and a similar pattern of Bi in tissues were also reported at high (mg kg-

1 b.w.) and infinitesimal (pg kg-1 b.w.) dose exposure [40, 41, 42], the uptake being largely 

independent of the compound administered and the route of exposure [43]. Instead, the 

significant presence of Bi in thyroid has not been reported elsewhere. Recently, Bi was detected in 

thyroid of 105 healthy subjects with increasing concentration in the same tissue of patients 

affected by malignant thyroid tumors [44]. We recovered significant concentrations of Bi in brain 

and testis (Table 1), suggesting that the element crossed two types of the tightest tissue barriers in 

mammals, i.e. the blood-brain barrier and blood-testis barrier. However, no perfusion of brain was 

done so that the presence of Bi in brain could have been a contamination of the element from 



blood residue. Assuming a blood residue of 10 µL g-1 of brain [45] and considering the Bi blood 

concentration determined (Table 1), we estimated a contamination of the total brain Bi due to 

residual blood of the order of 1%, confirming that Bi effectively crossed in vivo the blood-brain-

barrier. This finding is in agreement with observations following acute or subchronic exposure to 

Bi compounds [41] which suggested that encephalopathy induced by long term treatment with Bi-

drugs would be a consequence of a direct interaction of Bi with cellular components of the brain 

[46]. Moreover, the presence of Bi in cerebellum at higher concentrations than those in the brain 

may be relevant in relation to the Bi-induced neurotoxic effects [47]. Classic symptoms of ataxia 

during Bi intoxication suggest the possible cerebellar involvement in Bi encephalopathy [48]. 

Concerning the crossing of Bi through the blood-testis-barrier an earlier work at very high doses of 

Bi (500 mg kg-1 b.w.) as Bi subnitrate, indicated the presence of Bi mainly in Leydig cells of rat 

testis, pointing at a possible effect of Bi on testicular function and male reproductive capability 

[49]. Patients with Bi-encephalopathy have also shown bone damage [43]. In our study the 

presence of Bi in the epiphysis and the concentration gradient in the diaphysis of the femur (Table 

1) may suggest bone as potential long-term repository for Bi. 

 

4.2. Subcellular distribution 

We investigated the subcellular distribution of Bi in kidney and liver and, for the first time, in 

spleen, testis and brain (Fig.3). With one exception [41] data on in vivo subcellular distribution of 

Bi are not available in literature. Zidenberg-Cheer’s paper [41] reports that after exposure of 

control rats to NCA 205+206Bi tracer (pg dosage) kidney and liver nuclear and cytosol fractions had 

the highest amount of radioactivity. However, only nuclear, mitochondrial and cytosol subcellular 

fractions were produced by differential centrifugation, so that the degree of cross-contamination 

due to the ignored fate of lysosome and microsome fractions make the reported results 



questionable. Moreover, unlike our work, subcellular fractions were not purified and not tested 

for their degree of purity by marker enzymes (Table 2, Fig.3). 

In the present work, the cytosol from the five tissues analyzed was the fraction with the highest 

amounts of 206Bi. In addition, similarity of the subcellular repartition pattern in the kidney and 

spleen was observed when compared with the corresponding liver and testis patterns, being the 

most evident differences at nuclear and cytosolic level (Fig.3). The remaining radioactivity was 

distributed between the cellular organelles, being the liver and testis nuclei those with 

preferential accumulation. However, in the case of purified subcellular fractions of liver using the 

De Duve’s method of presentation (Fig.2) the highest relative specific activity (ratio of the 

percentage of the total recovered 206Bi, or enzyme, activity in a fraction to the percentage of the 

total activity recovered in that fraction) was found in the liver lysosomes, followed by nuclei and 

mitochondria. This finding is relevant in the light of an in vitro study in which Bi citrate was taken 

up by the lysosomes of J774 cells, inducing a lysosomal membrane rupture, a possible up-stream 

event in apoptosis [50]. In our work, a noteworthy observation comes from the brain subcellular 

distribution that revealed an affinity of Bi for myelin (Fig.3), a component, surrounding nerve cell 

axons, containing about 70% of lipids and 30% of proteins [51]. Dialysis experiments provided that 

Bi was firmly associated to myelin, most likely bound to proteins, being the recovery of the 

radioactivity in the extracted myelin lipid fraction considered not significant (< 3%) (Fig.3, Table 3)  

 

4.3. Intra-subcellular localization 

There are no data on the intrasubcellular distribution of Bi. We investigated this aspect by sub-

fractionating the purified liver subcellular fractions (Fig.4, Table 3). 

The intranuclear distribution of Bi (Fig.4) showed a marked affinity of the element for nuclear 

membrane components, excluding a significant association with membrane lipids. However, 35% 



of the nuclear Bi penetrated into nuclei where it was associated with intranuclear chromatin 

components such as DNA and basic histone proteins. Dialysis experiments suggest that such Bi-

complexes would involve a stable covalent bond because they were not dissociated during dialysis 

at physiological pH (Table 3). Previous investigations on the binding of DNA with Bi complexes 

(Bi(TPC) (TPC= 1,4,7,10-Tetrakis(2-pyridinylmethyl)-1,4,7,10-tetraazacyclododecane) or morin-

Bi(III) ) were carried out only in vitro [52, 53]. In addition, it was suggested that the Bi-histone 

binding would be ascribed to –SH groups associated with histone molecules [54]. More in general, 

the sulfur-based biomolecules are considered the primary target for Bi [55], i.e. allowing alcohol 

dehydrogenase and urease inhibition [56, 57]. However, Brown [58] reported an interaction of Bi 

with liver nucleoproteins of mice through phosphate and amino groups on histone proteins. In our 

work, the association of Bi with myelin and DNA suggests that Bi can interact in vivo with 

functional groups other than the sulfhydryl ones. 

The intramitochondrial distribution of Bi (Table 4) showed the presence of Bi in all mitochondrial 

sub-fractions (soluble matrix, outer membranes - light subfraction - and internal membranes - 

heavy subfraction). Extraction of lipids from the mitochondrial membranes indicated a very low 

affinity of Bi for lipids (Table 4). This finding suggests that possible effects of Bi on mitochondria 

may be due to an alteration of membrane permeability or by a binding to reactive groups of 

mitochondrial proteins or both. In vivo distortion of rat mitochondrial inner membranes and in 

vitro inhibition of specific heme pathway enzymes have been reported at high dose exposure to 

bismuth subnitrate [59].  

The intramicrosomal distribution of Bi to smooth and rough surfaced membranes demonstrates 

the ability of the element to bind ribosomal and membranous components of the endoplasmatic 

reticulum, not in association, however, with lipid fractions (Table 4). More in general, the 

associations of Bi with nuclear (Fig.4), mitochondrial and microsomal (Table 4) membranes as well 



as brain myelin (Fig.3) suggests that Bi would have a very poor (or no) affinity for lipids, making 

very doubtful its possible role on lipid metabolism. 

The intracytosol Bi localization was investigated by SEC on Sephadex G-150 on liver and kidney 

206Bi-containing untreated and heat-treated cytosols. In untreated cytosols three main pools of 

protein-associated Bi have been identified, in term of molecular size > 300 kDa, 70 kDa and 10 kDa 

(Fig.5). SEC of heat-treated cytosol suggests that a cysteine thiols-rich metallothionein-like protein 

(MT) may be the 10 kDa target molecules for Bi, consistent with previous reports [60]. From our 

study it was not possible to establish whether the binding of Bi with MT is a consequence of the 

high affinity of the element for the abundant cysteine groups of the protein [61] normally present 

in the rat liver and kidney (1.6 µg MT g-1 tissue and 10 µg MT g-1 tissue, respectively [62]), or if it is 

a consequence of an ex-novo synthesis of the protein induced by Bi itself, as observed at high 

exposure doses [63]. Very recently Bi3+ salts were proved in vitro to bind human apo 

metallothionein at terminal cysteinal thiolates at pH 7 [64]. Our finding on the consistent binding 

of Bi to the kidney MT (47% of the cytosol Bi, Fig.5) is in stark contrast to that of Zidenberg-Cherr 

et al. [41] who did not find any binding of 205Bi with renal MT after injection of NCA 205Bi tracer. 

However, this finding lacks the reassurance of a satisfactory preparation of the chromatographed 

renal cytosol whose preparation requires ultracentrifugation of the homogenate at 105 000 g for 

110 min [65]. In Zidenberg-Cherr’s paper [41] the kidney cytosol was prepared by centrifugation 

at 17 000 g for 20 min and therefore still containing lysosomes and microsomes.  

Interestingly, in rats simultaneously exposed to 206Bi and 59Fe, SEC on Sepharose 6B of the clarified 

heated [206Bi and 59Fe]-containing liver cytosol followed by immunological precipitation (Fig.6A 

and Fig.6B) identified ferritin as a target molecule for Bi of the > 300 kDa fraction. This raises the 

question of whether this Fe-protein may be a component of Bi storage in the liver.  

 



4.4. Dialysis experiments 

As a whole the high recoveries (80-95%) of 206Bi from SEC chromatography of 206Bi-containing 

biocomponents (see legends of Fig.5, Fig.6) showed the ability of Bi to interact strongly with 

proteins and small biomolecules forming intracellularly complexes. Extensive dialysis of 206Bi-

containing intracellular components (Table 3) confirmed this observation, being Bi firmly bound to 

macromolecules at physiological pH 7.2 with a low degree of their breaking during the applications 

of the experimental protocols for the isolation of 206Bi-biocomplexes. However, dialysis against an 

acidic buffer pH 5, or a buffer at constant physiological pH 7.2 with addition of complexing agents 

resulted in a dissociation of Bi-complexes. Furthermore, we cannot exclude possible weaker 

noncovalent binding of Bi with cellular biocomponents that could be dissociated during SEC. Other 

specific methods such as equilibrium dialysis and Hummel and Dreyer techniques [66] would be 

applied to detect them [1]. 

 

5. Conclusions 

At the best of our knowledge the present paper represents the first in vivo study, on the basis of 

an environmental toxicology approach [1] aiming at describing retention and binding of Bi in the 

rat at tissue, intracellular and molecular levels. 

Knowledge of metabolic patterns of ultratrace Bi levels is important to assess potential subtle 

unwanted biochemical changes and for the mechanistic interpretation of toxicological data as 

exposure determines whether or not, or to which extent, a hazard constitutes a risk. In this 

context, we are aware that the present study is far from being exhaustive, representing, however, 

a good basis for continuing the work on key merging aspects: (i) we administered Bi as soluble 

nitrate. However, it is known that metal speciation plays a key role in determining metabolism and 

biochemical effects of heavy metals [37]. We know too little about the concentrations of Bi in food 



[67] and we ignore its chemical-physical form(s) to which humans are daily exposed. More work in 

this area is awaited; (ii) we considered a single short exposure time. Biokinetic investigations are 

needed in order to identify tissue and Bi-binding components responsible for long term retention 

of the element, i.e. bone and kidney metallothionein-like (MT) proteins; (iv) we have shown the in 

vivo formation of Bi complexes with non-heme non-enzymatic Fe-containing proteins (transferrin 

[1] and in the present paper ferritin). Relationships between Bi and Fe metabolism (i.e. interaction 

with Fe heme-containing proteins) need to be deepened; (v) we recommend cytotoxicity and 

mechanistic studies on the interaction of Bi with biocomponents for the first time identified as Bi 

binders of tissues (i.e. thyroid), intra-subcellular components (i.e. nuclear, mitochondrial, 

microsomal membranes) and individual biomolecules (i.e. transferrin, ferritin, myelin, DNA, MT). 

This would be conveniently studied in vitro by cell cultures and isolated individual biocomponents.  

This paper is of interest not only in improving the understanding of the in vivo metabolic fate of 

ultratrace levels of Bi and its mechanism of action but also in providing a basis for the design of 

more effective Bi-based agents in health care. 
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