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Abstract: Bismuth compounds are considered relatively non-toxic, with their low solubility in aque-
ous solutions (e.g., biological fluids) being the major contributing factor to this property. Bismuth
derivatives are widely used for the treatment of peptic ulcers, functional dyspepsia, and chronic
gastritis. Moreover, the properties of bismuth compounds have also been extensively explored in
two main fields of action: antimicrobial and anticancer. Despite the clinical interest of bismuth-based
drugs, several side effects have also been reported. In fact, excessive acute ingestion of bismuth, or
abuse for an extended period of time, can lead to toxicity. However, evidence has demonstrated
that the discontinuation of these compounds usually reverses their toxic effects. Notwithstanding,
the continuously growing use of bismuth products suggests that it is indeed part of our environ-
ment and our daily lives, which urges a more in-depth review and investigation into its possible
undesired activities. Therefore, this review aims to update the pharmaco-toxicological properties of
bismuth compounds. A special focus will be given to in vitro, in vivo, and clinical studies exploring
their toxicity.

Keywords: bismuth compounds; toxicity; therapeutic properties; bismuth iodoform paraffin paste;
bismuth overuse

1. Introduction

The term bismuth originates from the German word Weissmuth or Wismut, meaning
white substance. Bismuth is the heaviest stable element, has an atomic mass of 208.980, is
the 83rd element of the periodic table, and is also the least abundant of the elements of the
Group 15 [1,2]. Often classified as a semi-metal or metalloid, bismuth has the characteristics
of a metal and has properties identical to semiconductors and insulators. As somewhat
of a rare element, bismuth’s abundance is analogous to that of silver and mercury, even
though it is cheaper because large amounts are recovered as a by-product of copper and tin
refining [3].

Bismuth and bismuth compounds are thought of as moderately safe and fairly non-
toxic despite being in close proximity in the periodic table with elements such as arsenic,
antimony, lead, and tin, which are highly toxic and are associated with relevant envi-
ronmental hazards. The relatively low toxicity of bismuth compounds has been mainly
attributed to their insolubility in nearly neutral aqueous solutions, for example, biological
fluids. Furthermore, it was demonstrated that most bismuth compounds have a lower
toxicity than that of sodium chloride [3]. Nonetheless, the nature of the counter ion or
ligands bound to bismuth clearly contributes to the toxicity of some bismuth compounds
(e.g., BiPhs and Bi(OTf)3-xH,O).

This relative safety is one of the reasons explaining why several bismuth-based chem-
ical processes have been established and applied in the synthesis of biologically active
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natural products, active pharmaceutical ingredients, and important derivatives, and other
medicinally and pharmaceutically relevant molecular structures. In fact, different bismuth
derivatives are used in synthetic medicinal chemistry, namely as catalysts [4-9]. In addition,
bismuth salts, particularly colloidal bismuth subcitrate and bismuth subsalicylate, are
commonly used to treat peptic ulcers, functional dyspepsia, and chronic gastritis [10-13].
Moreover, the potential use of bismuth radionuclides (e.g., 2'*Bi) in the treatment of differ-
ent tumors is of high importance, having reached clinical trials and being used in successful
therapeutic strategies. Furthermore, various organobismuth compounds have also been
studied over the years as possible antiulcer, antimicrobial, and anticancer agents. Interest-
ingly, bismuth is also used in the cosmetic industry as a component of some pigments [14].

These features of bismuth compounds justify their high interest in the fields of organic
chemistry, pharmacy, and medicine [15-21]. Therefore, it is important to review the avail-
able toxicological data regarding this element to contribute to a better assessment of its
safety in the numerous applications of bismuth-based products. In fact, notwithstanding
the many beneficial qualities of bismuth, various side effects, including neurological syn-
dromes, have been reported. However, bismuth toxicity may mainly be developed due
to ingestion in extreme doses, or incorrect use when taken in large quantities and for an
extended period of time [22]. The reported toxic effects that were reported as caused by an
overdose of bismuth compounds comprise encephalopathy, nephropathy, osteoarthropathy,
gingivostomatitis, and colitis [23]. Indeed, bismuth poisoning typically disturbs the kidney,
liver, and bladder, among other organs. Interestingly, nephrotoxicity is mainly attributed to
acute toxicity, while chronic exposure to high levels of bismuth compounds can often result
in encephalopathy [24]. In this context, the best documented case of bismuth neurotoxicity
was the occurrence of bismuth encephalopathy in several patients in France [25]. It is
important to mention that signs of bismuth accumulation were observed in different cell
types, including kidney cells [26], motor neurons [27], ganglion cells [28], and Leydig
cells [29]. In all these cases, bismuth was found in the lysosomes, which contribute to
heavy-metal metabolism. However, a decreased number of intact lysosomes were found,
since intralysosomal bismuth induces lysosomal rupture [30].

In this review, the therapeutic properties and toxicity of different bismuth compounds
will be updated, with a special focus on toxicological data from in vitro and in vivo studies.
In addition, the adverse events reported for bismuth derivatives at the clinical set will also
be included and discussed.

2. Bismuth Compounds with Therapeutic Properties

Many bismuth compounds have been prepared and some of them have reached
the market, being principally applied in the clinical field. Presently, bismuth is being
therapeutically explored in two main fields: antimicrobial and anticancer. In fact, bismuth
can interact with nucleotides and amino acids in enzymes and other proteins, which is
closely related to its uptake, accumulation, transport, and excretion in the human body, as
well as to their antimicrobial and anticancer activities [31-33]. A summary of the biological
properties of bismuth compounds as well as its main mechanisms of action are illustrated
in Figure 1 and in Table S1 (Supplementary Materials).

2.1. Antiulcer and Anti-Infective Effects

Bismuth compounds have been utilized in the treatment of various gastrointestinal
disorders and microbial infections, such as syphilis, colitis, wound infection, dyspepsia,
diarrhea and peptic ulcers [34].

Nowadays, bismuth subsalicylate, colloidal bismuth subcitrate, and ranitidine bis-
muth citrate (Figure 2) [35-37] are still utilized to treat various gastrointestinal diseases
worldwide, frequently associated with Helicobacter pylori infections [38—42].
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Figure 1. The general main therapeutic properties of bismuth compounds and the main putative
mechanisms of action of different bismuth compounds. A portion of the scheme was developed
by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License: https://creativecommons.org/licenses/by/3.
0/ (accessed on 22 September 2023).

Figure 2. Chemical structures of (a) bismuth subsalicylate, (b) colloidal bismuth subcitrate, and
(c) ranitidine bismuth citrate [35-37].

H. pylori, a microaerophilic pathogen, is able to preclude ulcers from healing. In this
context, bismuth derivatives can precipitate within the ulcer, giving rise to the develop-
ment of a glycoprotein—-bismuth complex that acts as a protective coating, contributing
to the healing of the lesion [32]. In addition, due to the inhibition of the activity of this
bacterium, bismuth compounds have an anti-ulcer activity. Interestingly, a low potential to
the development of bacterial resistance to bismuth compounds was observed, which can
be attributed to different mechanisms. These include, for example, the inhibition of urease
UreG and of bacterial enzymes such as metallo-[3-lactamases, due to the displacement of
the Zn(II) cofactor [43]. Therefore, based on the effectiveness of bismuth compounds, such
as bismuth subsalicylate, in the treatment of H. pylori, other novel compounds have also
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been developed for this pathology. For example, Pathak et al. synthesized new bismuth(III)
hydroxamate complexes that exhibited a good activity against three strains of H. pylori [44].
In addition, other compounds containing this element, such as bismuth(IIl) 5-sulfosalicylate
complexes, phenylbismuth(Ill) sulfonate complexes, bismuth subcarbonate nanoparticles
(NPs), and bismuth—fluoroquinolone complexes have also showed activity against this
bacterium [45-48].

At the clinical level, a trial aimed to investigate the effect of bismuth salts in the pres-
ence or absence of acid suppression. For this, H. pylori-positive patients were distributed in
a control group, in a group receiving colloidal bismuth subcitrate at a dose of 125 mg/tab,
and in a group taking colloidal bismuth subcitrate plus a high dose of the proton-pump
inhibitor esomeprazole at a dose of 40 mg. The results showed that the acid suppression
did not interfere in the activity of bismuth salts towards H. pylori [49].

Regarding antibacterial effects in general, bismuth(IIl) flavonolates have demonstrated
antibacterial activity either against Gram-positive (Staphylococcus aureus, methicillin-resistant
Staphylococcus aureus, and vancomycin-resistant Enterococcus) and Gram-negative (Escherichia
coli, Pseudomonas aeruginosa) bacteria [50]. Similar results were found with di-aryl bismuth
phosphinates [51]. Regarding bismuth thiolates, their site of action was the cell membrane
in methicillin-resistant Staphylococcus aureus [52]. In addition, bismuth NPs showed effi-
cacy in reducing biofilm-forming bacteria in the oral cavity (minimum inhibitory concen-
tration of 2.5 and 5 ng/mL against Streptococcus salivarius and Enterococcus faecalis, respec-
tively) [53]. Other bismuth derivatives with antibacterial activity can also be found in the
literature, such as cyclic organobismuth molecules [54], bismuth(Ill) phenyl pyrazolinates [55],
bis(dialkyldithiocarbamato)diorganodithiophosphatobismuth(Ill) complexes [56], salicylate
and pyrazoline complexes of bismuth(Ill) [57], and bismuth-norfloxacin complexes [58]. Ex-
amples of these compounds are illustrated in Figure 3. This panoply of compounds evaluated
for this therapeutic indication effectively evidences the potential of bismuth derivatives as
antibacterial agents.
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Figure 3. Examples of chemical structures of bismuth-containing compounds with antibacterial
activity. (a) bismuth-norfloxacin complex; (b) homoleptic bismuth(IIl) tris-flavonolate complexes;
(c) bismuth thiolates [50,52,58].

The antileishmanial and antifungal activity of bismuth compounds has also been ex-
plored [59]. An example is the work of Andleeb et al., who synthesized a set of heteroleptic
triorganobismuth(V) biscarboxylates and found that some of them presented high activity
against the promastigotes of Leishmania tropica [60]. Regarding antifungal properties, triaryl-
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bismuth dihalides and heterocyclicorganobismuth(IIl) compounds derived from diphenyl
sulfones (Figure 4) displayed inhibitory action against Saccharomyces cerevisiae, probably
due to the coordinated geometry of the bismuth atom [61,62].

R = Me, Ph, OMe, CL H, #-Bu, CF; F,NMe,

Figure 4. Chemical structure of heterocyclicorganobismuth(III) compounds derived from diphenyl
sulfone with antifungal activity [62].

Beyond the action against bacteria, fungi, and parasites, bismuth compounds have also
been studied for the treatment of pathologies caused by viruses. In this context, peptide—
bismuth bicycles (Figure 5) exhibited inhibition constants of 23 and 150 nM towards
proteases from the Zika and West Nile viruses, respectively [63]. In addition, ranitidine
bismuth citrate suppressed severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
replication, decreasing viral loads in both upper and lower respiratory tracts, and was
able to relieve virus-associated pneumonia in a golden Syrian hamster model [35]. At the
clinical level, the treatment with bismuth subsalicylate improved the clinical results of a
COVID-19-positive Crohn’s disease patient [64].
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Figure 5. Chemical structure of a peptide-bismuth bicyclic derivative with antiviral activity [63].

2.2. Antitumor Effects

Biocoordination studies of bismuth compounds suggest that their principal targets
are non-DNA sites, offering a change for new directed approaches in the treatment of
cancer [34]. Therefore, a number of research groups have prepared several synthetic bis-
muth molecules, including organo- and inorgano-bismuth derivatives, and evaluated their
in vitro cytotoxic or antiproliferative activities against various cancer cell lines. Relevant
antiproliferative effects were proven for several compounds, which in some cases were
superior to those observed with classical anticancer agents, such as cisplatin [34]. In
this context, these bismuth derivatives include heterocyclic organobismuth derivatives,
tris[2-(N,N-dimethylaminomethyl)phenyl]-bismuthane, bismuth 8-quinolinethiolates, and
bismuth NPs [65-69]. Examples of bismuth derivatives presenting anticancer activity are
represented in Figure 6.
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Figure 6. Examples of chemical structures of bismuth-containing compounds presenting anticancer
activity. (a) bi-chlorodibenzolc,f][1,5]thiabismocine, (b) tris[2-(N,N-dimethylaminomethyl)phenyl]-
bismuthane, and (c) bismuth 8-quinolinethiolates [66-68].

Some mechanisms of the antitumor action of bismuth compounds have been explored.
In this context, bismuth(IIl) dithiocarbamate complexes induced intrinsic apoptotic path-
ways in MCEF-7 cells, modulated several cancer related genes, and inhibited the NF-xB
signaling pathway [70]. Increased phagocytic activity and DNA repair foci were also
reported for RAW 264.7 cells exposed to bismuth NPs [71].

Also in the context of anticancer activity, Stoltenberg and collaborators [30] evaluated
bismuth uptake by lysosomes of the J774 histiocytic lymphoma cell line. These cells were
incubated with increased concentrations of bismuth citrate (5, 25, 100, and 200 uM) and
evaluated at 6, 12, and 24 h. Taking into account the results, the authors suggested that
concentrations higher than 5 uM reduced cells” attachment, which was more evident
with increasing exposure times. Moreover, the exposure during 12 or more hours at
100 uM or 6 h of incubation at 200 uM to bismuth citrate led to the disintegration of cell
membranes [30]. The cytotoxicity of common bismuth compounds in human thyroid cancer
cells was also investigated by Kobayashi et al. The compounds tested included bismuth
acetate, bismuth chloride, bismuth subgallate, and bismuth subsalicylate. These authors
found some cytotoxicity only in the cells treated with bismuth subgallate [72].

The in vitro cytotoxic effects of bismuth NPs was studied in HeLa and MG-63 cancer
cells. It was found that the different types of bismuth NPs explored led to higher cyto-
toxicity in HeLa cells compared with MG-63 cells [73]. In addition, Song et al. evaluated
the neurological toxicity of bismuth ferrite NPs in vitro using PC12 cells. The observed
cytotoxicity was concentration-dependent, as the cells viability decreased from 95% to
73% with increasing concentrations from 10 to 200 pg/mlL, after 3 h of incubation. The
mechanism of action was investigated using the annexin V-FITC apoptosis detection kit,
which demonstrated that the exposure of the cells to bismuth ferrite NPs led to only a small
percentage of apoptotic (below 2%) and necrotic (below 10%) cells [74].

Other authors have evidenced that autophagy was involved in bismuth-NPs-induced
toxicity in human embryonic kidney cells. In addition, it was also demonstrated that
bismuth NPs are able to enter cells in a dose- and time-dependent manner [75]. Abudayyak
et al. investigated the toxic effects of bismuth(III) oxide NPs in human hepatocarcinoma
cells, human kidney epithelial cells, human colorectal adenocarcinoma cells, and human
lung carcinoma cells. They observed that the main cell death pathways were apoptosis in
the hepatocarcinoma and kidney cells, and necrosis in lung and colorectal cells [76].

Targeted radiation therapy is a known strategy for the treatment of cancer, being
an approach mostly considered in inoperable tumors, tumors located close to radiation
sensitive organs, metastatic disease, and diseases such as leukemia and lymphoma. This
type of therapy involves the use of carrier molecules, for example, antibodies and pep-
tides, specifically targeting cancer cells, and a selected radionuclide that without affecting
surrounding healthy tissue should emit controlled doses of ionizing radiation to cancer
cells [77,78]. A radionuclide’s half-life and the existence of viable chemistry are the most
important variables that affect its use or viable supply [34]. The radionuclides ?!?Bi and
213Bi are probably the most investigated a-emitters in cancer therapy. Indeed, these ra-
dionuclides can be stably bound to diverse chelating agents, which can be conjugated to
several structures, such as monoclonal antibodies, peptides, or other vectors. The in vivo
stable sequestration of these radionuclides could also be considered to improve the delivery
of radiation to tumors and increase their safety profile (e.g., renal toxicity). Therefore,
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several researchers have developed ?!3Bi-based systems to improve several parameters,
such as the chelation and/or radiolabeling chemistry, targeting vectors, and radionuclide
delivery [77-79].

Despite the therapeutic interest of 2/*Bi derivatives in cancer therapy, some drawbacks
have been pointed out regarding the use of these compounds, namely their high costs,
unresolved chemistry, and poor availability. Moreover, the in vivo stability and issues of
metabolism are not well determined, as well as radiologic side effects [34].

In addition to their anticancer properties, several reports described the role of bismuth
derivatives in decreasing the side effects of clinically available anticancer drugs. For exam-
ple, it was proved that bismuth zinc citrate can reduce cisplatin-induced nephrotoxicity,
probably due to the stimulation of the antioxidant protein metallothionein and glutathione
conjugation [80,81].

2.3. Other Properties

In 2021, Brum et al. published a systematic review and meta-analysis of bismuth
subsalicylate effectiveness in the prevention and treatment of diarrhea [82]. In fact, this
drug has proven to be efficacious in both adults and children [82,83]. Moreover, a placebo-
controlled randomized clinical trial demonstrated that patients with diarrhea who received
bismuth subsalicylate have a reduced antibiotic consumption [84], which is an important
finding concerning the actual problem of antibiotic resistance.

Interestingly, compounds containing bismuth have also been explored towards
Alzheimer’s disease. This is the case of few-layer bismuth selenides previously exfoli-
ated by hemin to potentiate their action. It was found that smaller and thinner compounds
presented the highest inhibition of amyloid 3 (Ap);— aggregation. In addition, this activity
was associated to the high adsorption capacity of few-layer bismuth selenides for Af31_4»
monomers and to the decrease in Ap-mediated peroxidase-like activity [85].

3. Bismuth Toxicity

With the continuous growing use of bismuth, it has become clear that this element is
present in our environment and in our daily lives, which urges a more in-depth investiga-
tion into its possible toxic effects. The molecular mechanisms of bismuth toxicity remain
unclear. However, it has been proposed to result from its binding to essential enzymes,
the reduction of the cerebral blood flow, and lactate accumulation, thus interfering in the
oxidative metabolism of the central nervous system, which leads to neurotoxicity [86,87].
Regarding nephrotoxicity, the renal tubular impairment caused by bismuth compounds can
be associated with the inactivation of the sulphydryl groups important for active tubular
transport processes [87].

In the following sections, the main data of bismuth toxicity in preclinical and clinical
studies will be discussed.

3.1. Preclinical Studies
3.1.1. In Vitro Studies

Several studies have been performed considering the cytotoxicity of bismuth com-
pounds. These explored relatively common bismuth salts (e.g., bismuth citrate) and other
derivatives, as well as bismuth-based nanoparticles.

An interesting study was carried out by Gao et al. [88], who used HaCaT keratinocytes
(a non-cancer cell line). These authors showed that bismuth oxybromide induced a loss
of cell viability in a concentration-dependent pattern. Through the annexin-V /propidium
iodide flow cytometric analysis, these authors also observed that this bismuth derivative
triggered late apoptosis. In addition, this compound provoked a loss of cell membrane
integrity and, consequently, cell death. Further, the same research group demonstrated that
microsphere-shaped bismuth oxychloride nanomaterials were associated with a lower toxi-
city compared to the nanosheet-shaped form, probably due to weaker particle-membrane
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interactions. The increased interactions with the cell membrane observed for microsphere-
shaped NPs was related to the presence of surface hydroxyls [89].

The cellular uptake, the cytotoxicity, and genotoxicity of monomethylbismuth, bis-
muth citrate, and bismuth glutathione have been explored by Von Recklinghausen et al. [14]
in HepG2 cells, and human lymphocytes and erythrocytes. The uptake of bismuth glu-
tathione was relatively low (<0.3%) in all of the tested cells, whereas the uptake of bismuth
citrate was 2.6% and 6.5% by lymphocytes and erythrocytes, respectively. Regarding
methyl bismuth, its uptake was markedly high (up to 23% by lymphocytes and 36% by
erythrocytes) [14]. The cytotoxic effects in hepatic cells were relevant after methyl bismuth
treatment for 1 h at concentrations > 350 uM and after 24 h at concentrations > 130 uM.
In erythrocytes, methyl bismuth was toxic at concentrations > 3.8 pM (>50% cell death)
after 24 h of exposure. On the other hand, methyl bismuth displayed cytotoxic effects in
lymphocytes only at concentrations > 430 uM after 24 h of incubation. Bismuth citrate led to
48% of cell death in erythrocytes (concentrations > 113 uM, 24 h). Regarding genotoxicity,
methyl bismuth led to chromosomal type aberrations (single- and double-strand breaks) in
lymphocytes. Overall, the authors concluded that the methylated bismuth compound was
more membrane permeable and presented more cytotoxicity than other bismuth deriva-
tives, such as bismuth glutathione and bismuth citrate [14]. In addition, the effects of
trimethylbismuth in Caco-2, CHO-9, and HepG2 cancer cells were studied by Dopp and
colleagues. The results demonstrated that this methylated derivative was cytotoxic in all
of the tested cell lines (LCsp: 110 umol/Lgv for Caco-2, 128 umol/Lgv for CHO-9, and
194 pmol/Lgv for HepG2) [90].

The toxicity of bismuth-based NPs was also explored by other research groups. For
example, the genotoxicity of bismuth(IIl) oxide NPs was evaluated on the root cells of
Allium cepa using Allium and Comet assays. Genotoxic effects were found through the
increase in the mitotic index and in the DNA damage at the concentrations of 25, 50, 75,
and 100 ppm [91].

3.1.2. In Vivo Studies

Bismuth pellets attracted attention after the forbiddance of the use of lead in shotgun
pellets. Therefore, Pamphlett and collaborators searched for other alternatives, such as
bismuth compounds, to be released from shotgun pellets that had been inserted into mice,
namely into the peritoneal cavity. Bismuth was found in the cerebrum, brain stem, spinal
cord, posterior root ganglia, and renal tubular cells, and in the lungs, liver, and spleen [27].
Moreover, bismuth was also detected in the testis of rats exposed to bismuth subnitrate. In
fact, bismuth traces were found in the interstitial tissue and in the seminiferous tubules.
A higher amount was detected in Leydig cells [29]. The same research group showed
that bismuth subnitrate can possibly access the nervous system through retrograde axonal
transport in rats [28].

The gastrointestinal absorption and systemic uptake of bismuth compounds, such
as bismuth citrate and ranitidine bismuth citrate, were also investigated after oral admin-
istration in mice. It was found that bismuth was absorbed in gastrointestinal epithelial
cells as shown by bismuth staining in gastric, duodenal, and epithelial cells. Moreover,
bismuth was only significantly present in lysosomes, and high bismuth concentrations
led to cell signs of toxic degradation, including cytoplasmic vacuolation and intracellular
swelling [92].

The acute and chronic (28-days) oral toxicity of elemental bismuth were investigated
by Sano et al. [93] in rats and no abnormal clinical signs were found in either dose regimen.
Therefore, the authors suggested a good safety profile for the elemental bismuth present. In
addition, the effects of low, medium, and high doses of bismuth (0.8, 4 and 20 mg/kg) were
evaluated after a 13-week intratracheal intermittent administration. No abnormal clinical
signs were associated with bismuth administration in this study. However, hair loss was
observed in three animals at medium and high doses of bismuth, as well as the prevention
of body weight gain from Day 29 at the highest dose (not statistically significant). Slight
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alterations in hematological parameters were also observed, as well as brown patches in
the lungs of animals of all dose groups, and black patches and lung collapses in all animals
from the groups of the highest doses (4 and 20 mg/kg). The enlargement of bronchial
lymph nodes and a white patch in the liver were also detected in animals of all groups [94].

The long-term toxicity of 213Bismuth-labelled bovine serum albumin (*'3Bi-BSA) was
also investigated in NMRI-nu (nu/nu) mice. In this study, 3.7, 7.4, and 11.1 MBq of
2I3Bi-BSA were intravenously administered to the animals, which were then monitored
by 55 weeks. It was found that mice died from liver and kidney failure when ?13Bi-BSA
was administered at the highest dose. Moreover, the liver toxicity was associated with an
increase in alanine aminotransferase and aspartate aminotransferase levels. Regarding the
group of mice that received >'>Bi-BSA at 7.4 MBq, they presented an increase in plasma
blood urea nitrogen and creatinine due to impaired kidney function. On the other hand,
the injection of 2!3Bi-BSA at the lowest dose (3.7 MBq) revealed to be safe, without plasma
enzyme modifications or histological abnormalities [95].

Omouri et al. described the bioavailability and chronic effects of bismuth in the
earthworm Eisenia andrei exposed to soil artificially contaminated by bismuth citrate. The
results indicated that bismuth decreased the reproduction parameters of Eisenia andrei
at concentrations above 116 mg/kg [96]. However, it was also found that bismuth did
not affect the growth and survival of this worm. Different results were found when
bismuth—asparagine coordination polymer spheres were tested in zebrafish embryos. In
this case, it was demonstrated that the spheres containing bismuth have the potential to
cause developmental toxicity in a concentration-dependent pattern [97].

3.2. Clinical Evidences

In humans, it is known that exposure to excessive bismuth concentrations can lead
principally to renal failure associated with degeneration and necrosis of the renal proximal
tubules epithelium, liver necrosis, reversible dysfunction of the nervous system, pigmenta-
tion of the gums and intestine, and skin eruptions [98,99].

3.2.1. Toxicity after Systemic Inadequate Use of Bismuth-Based Drugs

A summary of the clinical cases found in the literature was performed, aiming to
understand bismuth toxicity in humans, particularly those of the inadequate use of bismuth-
based products in systemic use (Table 1).

The most notorious situation of bismuth toxicity in man is probably the French out-
break of bismuth encephalopathy. In this context, Supino-Viterbo and colleagues reported
the cases of 45 patients with this condition, who were evaluated by electroencephalogram
(EEG) studies. All of the patients in the study had been treated with bismuth subnitrate
between 5 and 20 g/daily, over a period of 4 weeks to 30 years. The blood bismuth levels
(Table 1, Entry 1) on the day of the EEG ranged between 150 and 1600 pg/L (the normal
values are less than 20 ug/L). In urine samples, the levels of bismuth registered were from
200 to 9600 pg/L [25].

In other report, Hudson et al. described the case of a young man (27 years old)
admitted into hospital 4 h after taking 100 De-Nol™ tablets (total of 12 g of colloidal
bismuth), paracetamol, and alcohol. After 10 days of discharge, the patient was admitted
again into hospital, due to anorexia, nausea, vomiting, general malaise, blurring of vision,
and poor urinary output, but without signs of encephalopathy. Through biochemical
analysis, a blood bismuth level of 260 ng/L and a urine bismuth concentration of 120 ng/L
were found (Table 1, Entry 2). The patient was diagnosed with neurotoxicity and renal
failure induced by bismuth and started hemodialysis. Five days later, the renal function
and the neurological signs were solved [100].

Another case reported was the overdose of a 76-year-old man that took 80 De-Nol™
tablets 4 h prior to hospital admission [101]. In this case, a level of 1600 ng/L bismuth
was detected in the blood (Table 1, Entry 3). The patient was started with ranitidine,
antiacid, and magnesium sulfate enemas to solve gastrointestinal symptoms and dialyzed
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for 3 days. He developed acute abdominal pain with absent bowel sounds, and died 4 days
later. Necropsy showed a perforated duodenal ulcer and “pale kidneys”, which contained
bismuth (11 mg/g and 16 mg/g, respectively) [101].

Other case reports have been described in the literature, evidencing the ingestion
of high quantities of bismuth salts (>5 g). In these cases, gastrointestinal, renal, and
neurological injuries were the most reported. In this context, Playford et al. described a
case of a 68-year-old man, who took the double of the recommended dose of De-Nol™
(864 mg bismuth a day) for two months (Table 1, Entry 4). Several physiological alterations
were found in this patient, such as cerebral dysfunction, incontinence, visual hallucinations,
bilateral grasp reflexes, and ataxia. The loss of alpha rhythm and diffuse slow waves, which
were consistent with metabolic encephalopathy, were found in the EEG. The condition was
resolved after the administration of the metal chelator 2,3-dimercapto-1-propanesulfonic
acid (DMPS) for 10 days [102].

An example of renal damage is tubular necrosis that was diagnosed in young adults
after the ingestion of high doses of products containing bismuth. In fact, a 21-year-old man
was admitted with this condition 3 h after the ingestion of 39 tablets of bismuth subcitrate
(Table 1, Entry 5). A crystalloid infusion was prescribed, since the patient demonstrated
epigastric pain, but without success. After the renal function has deteriorated, a renal
biopsy showed moderate acute tubular necrosis. However, bismuth was not found in
the biopsy specimen [103]. In another case, a 16-year-old girl presented nausea, vomiting,
dizziness, and oliguria after having taken 10-15 tablets of tripotassium dicitrato bismuthane
one week before hospital admission (Table 1, Entry 6). A renal biopsy also supported the
diagnosis of acute tubular necrosis [104].

Interestingly, in other case, the symptoms of a 76-year-old woman were misinterpreted
as Alzheimer’s disease. However, later it was found that these symptoms were associated
to bismuth toxicity, since she had been ingesting around 4 g of bismuth daily (Table 1,
Entry 7) [105].

An accidental intoxication of a 2-year-old boy with 28 De-Nol™ tablets was described
by Islek and collaborators [22]. Bismuth blood levels were determined on Day 10 (Table 1,
Entry 8), being observed at a value of 739 ug/L. The patient recovered and was discharged
on Day 20 after admission, presenting blood bismuth levels of 96 pug/L and 12 ug/L on
Days 60 and 150, respectively [22].

Another case included a 22-year-old woman who attempted suicide by taking 5.4 g of
colloidal bismuth subcitrate (Table 1, entry 9). The patient was treated with the chelating
agent DMPS by the intravenous route and hemodialysis to eliminate bismuth [106]. Cengiz
etal. described a situation of a 16-year-old girl with nausea, vomiting, and facial paresthesia,
who attempted suicide 10 days earlier by ingesting 60 De-Nol™ tablets. The medical
examination showed no signs of encephalopathy and a slightly modified kidney function.
As reported in Table 1 (Entry 10), the serum bismuth levels were 495 ug/L 2 days after
hospital admission, and the patient started with hemodialysis therapy. The oral treatment
with the metal-chelating agent penicillamine was also prescribed. Seven weeks later, her
renal function had returned to normal, and the serum bismuth levels had dropped to
260 pg/L [23].

In another case, a 56-year-old woman with several days of psychomotor retardation,
tremor of hands, lack of concentration, visual hallucinations, and postural instability
was treated for irritable bowel syndrome, hypertension, hypothyroidism, and depression,
without success An EEG on admission revealed moderate and nonspecific encephalopathy.
A more in-depth evaluation of the situation allowed the detection that the patient had
begun taking bismuth subsalicylate two months earlier to control diarrheal symptoms of a
collagenous colitis. In addition, she had increased the use of the drug over the past few
weeks. Thereafter, biochemical parameters showed that the bismuth levels in her blood
and urine were 397.3 ng/mL and 292.5 ng/mL, respectively (Table 1, Entry 11) [107].

Other report described the case of a 21-year-old woman who took 20 tablets of colloidal
bismuth subcitrate in a suicide attempt (Table 1, Entry 12). The treatment consisted in a
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gastric lavage and intravenous fluid therapy. Blood chemistry and urine sediment analyses
suggested renal dysfunction, despite normal plasma glucose concentration. Therefore,
patient was treated with the chelating agent DMPS and hemodialysis. In this case, 8 weeks
after discharge, the patient’s renal function remained abnormal [24].

Another case of a suicidal attempt involved a 16-year-old girl who took 19 g of bismuth
subcitrate potassium (De-Nol™) (Table 1, Entry 13) [108]. In this situation, the patient
developed acute renal failure and toxic metabolic encephalopathy. On the 20th day of
hospital admission, the biochemical parameters of the patient began to normalize [108].

A case of a 50-year-old woman with a history of irritable bowel syndrome that arrived
at the emergency department with disorientation, inattention, memory loss, and tremors
was also reported. About four weeks later, when the patient began to improve and was to
communicate, she revealed that she self-medicates with supplements bought online, one of
those being bismuth subgallate, which she was taking 3 to 5 times a day (Table 1, Entry 14).
There was no specific treatment administered as the patient continued to improve [109].

Disel et al. described a case of a 34-year-old woman admitted to a hospital with
complaints of nausea and vomiting, two days after intentionally taking 8 De-NolTM tablets
(2400 mg of bismuth subcitrate). She revealed apathy and blue-black discoloration in the
teeth and gums (Table 1, Entry 15), and a gastric lavage was carried out. A complete urinary
analysis showed proteinuria, glycosuria, and hemoglobinuria. She was then diagnosed
with acute renal failure, probably due to bismuth toxicity, and was hospitalized in the
critical care unit. Since bismuth is weakly bonded to plasma proteins, plasmapheresis was
performed. On the 24th day of hospitalization, the patient was discharged [110].

A 44-year-old woman, who used bismuth subsalicylate for around 20 years, presented
abnormal behavior and postural instability. Moreover, the examination of the patient
also revealed a greyish discoloration of teeth, confusion, and generalized myoclonic jerks.
Bismuth levels were found highly above of the threshold for toxicity in urine (375 pug/L),
serum (260 ng/L), and cerebrospinal fluid (21.4 pg/L) (Table 1, Entry 16). Further, full
recovery was achieved with supportive treatment and bismuth discontinuation [111].
Another report described the case of a 77-year-old woman, who was treated with bismuth
subsalicylate for biopsy-proven collagenous colitis. After a marked decline in her cognitive
and physical status, a high urinary bismuth level (2117 nmol/L) was found (Table 1,
Entry 17). The discontinuation of the therapy led to the improvement of the symptoms [112].
A case of coagulopathy was also reported in a 62-year-old woman with underlying cirrhosis
due to bismuth subsalicylate (Table 1, Entry 18) [113].
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Table 1. Reported cases of overdose of bismuth compounds.
Gender (Age Quantit Time from Bismuth Bismuth
Entry & y Ingestion to Symptoms Concentration Concentration Main Findings Treatment References
[Years]) Consumed o Te
Hospitalization before Therapy after Therapy
Depression, anxiety,
irritability, delusions, .
phobias, somnolence,  Blood: 150-1600 Vl\\i[;\f:;n;’?gpt}ou;
1 M/F (24-80) 5—20.g blsmu.th 4 weeks—-30 halluc1.nat10ns, . ug/L ) Hz: diffuse beta . [25]
subnitrate daily years anorexia, sleep Urine: 200-9600 thvthm of low
disorder, motor pg/L yvolta o
incoordination, jerky &
movements
Anorexia, vomiting Opacification of
100 De-Nol® Tablets nausea, legs 113J1r01?1(: fgg ugfi 96 days after n:[)}:isfjoi(c)iIZc (ma P;;Eiﬁlzﬂl fate)
2 M (27) (12 g colloidal 10 days weakness, blurring of . HE ingestion: P sn . ! [100]
; .. . Stools: slow-wave rehydration,
bismuth) vision, thirst, poor Blood: 8 ug/g S
. 269 mg/g changes to both hemodialysis
urinary output .
hemispheres
e Ranitidine, antacid,
Confusion, epigastric Blood: Opacification of magnesium sulfate
3 M (76) 80 De-Nol® Tablets 4h ! ) - the colon; acute . . [101]
tenderness 1600 ug/L tubular necrosis enemas, dialysis
(8 days)
Loss of alpha
Twice the Cerebral dysfunction, gllf};g;?ggi Heavy-metal chelator
recommended dose incontinence, bilateral ~ Blood: 880 pug/L 2-3 dimercapto-1
4 M (68) ® - . - waves . [102]
of DeNol™ (864 mg grasps reflexes, Urine: 230 pg/L consistent with propane sulphonic
daily) for 2 months hallucinations, ataxia a metabolic acid (DMPS)
encephalopathy
Blood: Intravenous
39 tablets of . . . ~200 ug/L Blood: ~125 Acute tubular furosemide,
5 M21) bismuth subcitrate B Epigastric pain Serum: Serum: ~10 necrosis dopamine, mannitol, [103]
~1500 ug/L crystalloids
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Table 1. Cont.

Gender (Age Quantit Time from Bismuth Bismuth
Entry & y Ingestion to Symptoms Concentration Concentration Main Findings Treatment References
[Years]) Consumed 15 s
Hospitalization before Therapy after Therapy
10-15 tablets of Hemodialysis, protein
6 F (16) trlp.ot.assmm 1 week Nau.sea, Vom1t1ng, _ ) Acute tub}llar restrmtlonc [104]
dicitrato dizziness, oliguria necrosis metoclopramide,
bismuthane aluminum hydroxide
Normal X-ray;
. moderate
Pepto-Bismol® aCOer}cileSlinls/tEfl())é d On day 6: Sﬁrﬁiﬁ'gg Oday;'L atrophy; Penicillamine, oral
7 F (76) (4.14 mg daily for - PP ’ Serum—242 U HE ventricular fluids, salt tablets, [105]
sleep, muscle After 76 days: . .
7 years) - pg/L . enlargement; Cognex (Tacrine)
twitching Serum: 14 ug/L . . .
ischemic white
matter disease
Opacification of
® the intestine and .
28 De-Nol” tablets On day 10: Dav 105: colon: normal Gastric lavage,
8 M (2) (8.4 g of colloidal 6h - Blood: 739 ng/L Bloo d,y12 ) /L ma’ Hetic intravenous saline, [22]
bismuth subcitrate) Urine: 693 pug/L Sl & mannitol, furosemide
resonance
imaging (MRI)
Enlarged and
5.4 g of colloidal Day 3: Day 11: edematous DMPS, hemodialysis
? F22) bis.muth subcitrate zh ) Serum: Serum: 12 . /L kidneys with hem(;diafiltrations , [106]
640 pug/L Sl thinning of the
cortical area
.. Day 12: Day 64: . .
10 F (16) 60 De-Nol® tablets 10 days I;Laclil:f a;::ﬁg;‘g’ Serum: Serum: Normal MRI H:ﬂgﬁ;aziz’ [23]
P 495 pug/L 260 ug/L P
Psychomotor
45 mL (th'rlce per retardatlonf decreased Blood: Moderate but Medication was held
day) of bismuth concentration, tremor 397.3 ng/mL o .
11 F (56) . - . . - nonspecific (bismuth [107]
subsalicylate of the hands, visual Urine: encephalopath subsalicylate)
(262 mg/15 mL) hallucinations, 292.5ng/mL phatopatity y

postural instability
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Table 1. Cont.
Gender (Age Quantit Time from Bismuth Bismuth
Entry & y Ingestion to Symptoms Concentration Concentration Main Findings Treatment References
[Years]) Consumed 15 s
Hospitalization before Therapy after Therapy
20 colloidal bismuth Gastric lavage
12 F (21) subcitrate tablgts 4h - - - Normal X-ray intravenous fluids, [24]
(300 mg of colloidal and MRI DMPS. hemodialvsis
bismuth subcitrate) ! ¥
Opacities in the
left side of
abdomen,;
intermittent
rhythmic waves
in the frontal
. ® _ } ) region; )
13 F (16) 19 g of De-Nol 1h hyper-intense [108]
signal
alterations at
bilateral parietal
vertices of both
cerebellar
hemispheres
Disorientation,
200 mg of bismuth 1natir§;15tlct)lznrlnoerrsnory 4482rurr>:L Excessive theta No specific treatment.
14 F (50) subgallate, 3 to - co -+ HS ] - .. Patient continued to [109]
5 times a day myoclonic jerks, Urine: activity improve
hyperreflexic with 57.8 ug/L
bilateral ankle clonus.
Nausea, vomiting,
apathy, blue-black
8 De-Nol® tablets discoloration in the
15 F (34) (2400 mg bismuth 2 days teeth and gums, - - - Plasmapheresis [110]
citrate) proteinuria,
glucosuria,

hemoglobinuria
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Table 1. Cont.
Gender (Age Quantit Time from Bismuth Bismuth
Entry 8 y Ingestion to Symptoms Concentration Concentration Main Findings Treatment References
[Years]) Consumed 15 s
Hospitalization before Therapy after Therapy
Greyish discoloration Fight d.a e after Diffuse and
. ® . admission: One month after s
Pepto-Bismol of teeth, confusion, Urine: 375 L dmission: nonspecific
(tablets of 150 mg generalized e ng/ admssion: cerebral
16 F (44) . 20 years .. Serum: Urine: 33 pg/L . Supportive treatment [111]
bismuth myoclonic jerks, dysfunction; no
. . 260 pug/L Serum: L
subsalicylate) which worsened, . abnormalities
reduction in alertness Cerebrospinal 131 ng/L reported
fluid: 21.4 ug/L
Pepto-Bismol®
(bismuth Urine:
17 F (77) subsalicylate Around 1 year Falls, tremors : - - No specific treatment [112]
2117 nmol/L
262.5 mg) one tablet
three times daily
Intravenous sodium
bicarbonate,
] N-acetylcysteine
Pepto-Bismol® (half 1 week of watery Blood: .4 ug/L infusions, one unit of
18 F (62) 5 days non-bloody diarrhea Urine: - - [113]
bottle per day) and confusion 147.6 ne /L fresh frozen plasma,
s two doses of 10 mg
vitamin K

intravenous
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3.2.2. Toxicity after Local Application of Bismuth Iodoform Paraffin Paste

Bismuth iodoform paraffin paste (BIPP) contains bismuth subnitrate and iodoform
as active ingredients. BIPP has been used to pack cavities in ear, throat, nose, dental, and
neurosurgical practice, acting as an antiseptic and astringent. However, some cases of
toxicity associated with this bismuth-based product have also been described.

For instance, a case of a 57-year-old woman was reported by Sharma et al. Two months
after the use of BIPP pack, the patient became confused and agitated with intermittent
bihemispheric signs. After five months, the BIPP pack was discontinued, and the condition
of the patient improved. When the BIPP pack was reapplied, the mental alterations returned
and the possibility of bismuth toxicity was considered, with the BIPP pack being removed.
At this time, the blood bismuth concentration was 52 ng/L (Table 2, Entry 1). Further, the
patient’s conscious level was improved and the blood bismuth concentration reduced to
almost half [114].

Another case included an 86-year-old woman admitted to the hospital for a partial
maxillectomy (Table 2, entry 2). This patient underwent the surgery with split skin grafting
to the maxillary antrum that was packed with BIPP. Five days after the surgery the patient
presented as exhausted, lightheaded, and unsteady, and on Day 11 she was barely eating
and having several fainting episodes. Three days later, the BIPP pack was removed and the
patient was still confused and aggressive, but one week after the pack removal, she began
to improve and become cooperative [115].

Roest et al. reported three cases of otitis externa caused by allergic contact associated
with BIPP (Table 2, Entry 3) [116]. All these cases included women with external auditory
meatus and concha, which were packed with BIPP-impregnated gauze following surgery.

An 81-year-old man presented confusion, dysphagia, and incontinency two days after
a surgical procedure. It was found that a nasal packing with BIPP was used when prolonged
packing with Merocel ™ failed to stop the epistaxis. The patient’s serum bismuth level was
250 pg/L, as reported in Table 2 (Entry 4), and the bismuth toxicity was associated with the
patient’s state of confusion [117].

In another case, a 67-year-old man with a sacral chondroma was surgically resected
and packed with gauze soaked in BIPP. Five days after the surgical procedure, the patient
was confused, disorientated, delusional, and aggressive. Moreover, he reported abdominal
discomfort, nausea, and tremor. By Day 10, the patient’s condition deteriorated and bismuth
toxicity was considered due to the fact that the patient developed myoclonic jerks with
intermittent episodes of drowsiness and worsening confusion. It was found that his blood
and urine concentrations of bismuth were 340 ug/L and 2800 ug/L, respectively (Table 2,
Entry 5). Therefore, the BIPP packing was removed and the patient was treated with
intravenous chelation therapy with DMPS. The patient’s condition markedly improved,
and blood and urine bismuth levels declined [118].

Two additional cases of reactions to BIPP packs were described by Atwal et al. [119]
(Table 2, Entry 6). In the first case, a 59-year-old man was packed with BIPP-impregnated
gauze, due to a keratocystic odontogenic tumor. This patient presented as fatigued, con-
fused, apathetic, forgetful, and suffered spasms. Biochemical analysis showed a blood
bismuth concentration of 109.9 nmol/L, which led to BIPP removal. After 18 months,
the blood bismuth concentration dropped to 0.02 nmol/L. The second case included a
92-year-old-woman who had a BIPP pack placed after a hemimaxillectomy. Nine days
after the surgical procedure, she became progressively confused. The concentration of her
blood bismuth concentration was 144.0 nmol /L. Then, the BIPP pack was removed and her
condition gradually improved. About 4 months after the pack removal, the blood bismuth
concentration was 8.9 nmol/L [119].
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Table 2. Reported cases of bismuth iodoform paraffin paste (BIPP) toxicity.
Symptoms after Packing . .
Entry Gender (Age [Years]) Surgery . Bismuth Levels Observations References
with BIPP
1 F (57) Removal qf a basal cell Agitation, confusion, 52ng/L . [114]
carcinoma restlessness
Exhaustion
. . . ! Day 14: 146 nmol/L
2 F (86) Partial maxillectomy hghtheac'ledness, poor Day 22: 81 nmol/L - [115]
appetite, tremor
. Mild erythema and swelling . -
F (16) Myringoplasty of the concha - Allergic contact otitis externa due to BIPP
3 116
F (13) Myringoplasty - - Allergic contact otitis externa due to BIPP [11€]
F (52) Myringoplasty Florid eczematous reaction - Allergic contact otitis externa due to BIPP
Epistaxis treatment with . .
4 M (81) BIPP packing Acute confusion, dysphagia 250 pug/L - [117]
Acute confusion,
5 M (67) Resection of a sacral disorientation, delusions, Blood: 240 pg/L . [118]
chondroma aggressive, abdominal Urine: 2800 pg/L
discomfort, nausea, tremor
Marsupialisation and Fatigue, confusion, apathy;
M (59) packing Wlth BIPP of a forgetfulness, and spasms in Blood: 109.9 nmol/L After 18 m9nths, blood bismuth
keratocystic odontogenic . concentration was 0.02 nmol/L
6 the quadriceps [119]
tumor
F(92) Right hemimaxillectomy Confusion Blood: 144.0 nmol/L After 4 mor.iths, blood bismuth
concentration was 8.9 nmol/L
Confusion, depressed mood, .
7 F (72) Partial maxillectomy disorientation, aggression, Serum: 391 nmol/L After 4 months, the serum bismuth [120]
. concentration was 120 nmol/L
behavioral change
Day 26—Urine bismuth levels: 457 pug/L
8 M (74) Endoscopic Agitation, drowsiness, Day 7: Blood bismuth levels were not obtained in [121]
nasopharyngectomy negative myoclonus Urine: 37,094 ug/L the early postoperative period, but were

normal (13.6 ng/L) on Day 18
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The case of a 72-year-old female who underwent a sinonasal and orbital debridement
of infected tissue, and later an orbital exenteration with partial maxillectomy, was also
reported. Her exenteration cavity was packed with 6 BIPP impregnated gauzes. After
developing suspect symptomatology, the serum bismuth level was determined, being
391 nmol/L (Table 2, Entry 7). The removal of the BIPP pack led to the resolution of her
symptoms, and four months later, her serum bismuth concentration was 120 nmol/L [120].
Another report involved an elderly patient with BIPP-induced encephalopathy. In this
case, the toxicity was associated with several factors, such as the high extension of the
wound, the amount of BIPP packing, and the impaired renal function. After the removal of
the BIPP packs, the patient gradually improved over the next two weeks without further
intervention (Table 2, Entry 8) [121].

4. Conclusions

Bismuth compounds have been extensively used in clinical practice, mainly for the
treatment of gastrointestinal disorders, such as gastric ulcers, dyspepsia, and H. pylori
infections. Moreover, due to their interesting profile in terms of costs, safety, and biological
properties, they have been studied for application in other infections for which they are not
approved, as well as for cancer therapy.

Despite a significant number of case studies reporting bismuth-associated undesired
effects, the toxicity of bismuth-based products and the associated mechanisms have not
yet been fully understood. However, mainly due to the referred advantages, bismuth
continues to be used in drug formulations. Since the information on this subject is relatively
scarce, an effort must be made to better understand the bismuth safety profile. For this
objective, additional studies should be performed, including in vitro and in vivo assays.
In fact, in vitro studies at the cellular level should be performed, particularly involving
relevant cell lines and several different bismuth compounds used today, either in drug
synthesis or as active pharmaceutical ingredients. In addition, in vivo studies are of major
importance, since animal models present complex biological interactions and physiological
features more closely related to humans [122]. It is also important to mention the necessity
to analyze immunological effects, as well as long-term systemic safety.

Regarding the clinical trial data, the most described adverse effects associated with
bismuth compounds are acute neurotoxic and nephrotoxic effects in situations of overuse.
However, the majority of the cases reported the reversibility of these effects, being resolved
with the bismuth-based therapy discontinuation. Interestingly, other studies report the
absence of serious neurological symptoms in patients receiving an association of bismuth
subcitrate, metronidazole, and tetracycline for the eradication of H. pylori [123]. Moreover,
as reported herein, bismuth compounds are able to reduce the toxic adverse effects of
chemotherapeutic drugs, such as cisplatin, and they are important weapons as antibacterial
agents, since they can contribute to the reduction of pharmacoresistance.

Overall, the existing data suggest that bismuth-based products are relatively safe and
should continue being used, namely at the clinical level, given their important advantages.
However, their toxicity profile has not yet been fully understood and more studies are
needed, not only at the molecular and cellular level, but also in clinical settings with a focus
on evaluating long-term systemic safety.
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