Journal of Trace Elements in Medicine and Biology 98 (2026) 127965

Contents lists available at ScienceDirect

Journal of Trace Elements in Medicine and Biology

FI. SEVIER

journal homepage: www.elsevier.com/locate/jtemb

Check for

Vanadium in environmental and biological systems: From industrial | e
contaminant to insulin-mimetic agent

Jose L. Domingo

Universitat Rovira i Virgili, Laboratory of Toxicology and Environmental Health, School of Medicine, Sant Lloreng 21, Reus, Catalonia, 43201, Spain

ARTICLE INFO ABSTRACT

Keywords: Vanadium has emerged as a significant environmental contaminant of global concern, with increasing attention
Vanadium directed toward its complex biogeochemical behavior and potential health implications. This review provides a
Environmental contamination critical and integrative synthesis of environmental vanadium distribution, fate, and toxicological effects, with
Toxicology . s . e s . . L1
Bioaccumalation emphasis on speciation-dependent behavior, exposure pathways, and uncertainties in epidemiological inference.

. Vanadium exists in multiple oxidation states, with V(V) generally more mobile and often more toxic than V(IV),
Phytoremediation

although toxicity is context-dependent. Industrial activities, particularly steel production, petroleum refining,
and mining operations, contribute substantially to environmental vanadium loads. Environmental epidemio-
logical studies have reported associations between vanadium exposure and adverse health outcomes, although
exposure misclassification, co-pollutant confounding, and limited compound-specific data restrict causal infer-
ence. Recent cross-sectional evidence suggests associations between urinary vanadium and early kidney injury
biomarkers in children, but longitudinal studies are needed to determine causality and clinical relevance.
Paradoxically, in recent decades vanadium compounds showed promise as antidiabetic agents. However, serious
concerns over long-term toxicity prevented their clinical application. Vanadium exhibits a dual role in biological
systems, showing beneficial effects at low concentrations, while inducing oxidative stress and cytotoxicity at high
levels. Phytoremediation and microbial bioremediation strategies are promising for environmental cleanup, with
several plant species demonstrating hyperaccumulation capabilities. This review identifies critical knowledge
gaps including limited understanding of vanadium speciation in marine environments, insufficient long-term
epidemiological data, and the need for standardized risk assessment frameworks. Given the projected increase
in vanadium applications, particularly in vanadium redox flow batteries (VRFBs) for energy storage, compre-
hensive environmental monitoring and regulatory frameworks are urgently required to mitigate potential risks to
ecosystem and human health.

Insulin mimetic

1. Introduction

Vanadium is rapidly becoming an important strategic resource due to
changing industrial practices and emerging waste streams, marking its
return to environmental prominence after a reduction in its historical
primary source (fossil fuel emissions) since the 1970s [1,2].

The importance of vanadium in the functioning of land systems is
extremely diverse, as this element may exert both positive and harmful
effects on terrestrial organisms [3,4]. However, current knowledge re-
mains fragmented, particularly regarding chronic low-dose exposure,
chemical speciation, and long-term health outcomes. Vanadium has a
variety of applications that make it suitable for use in ceramic produc-
tion and decoration, production of pigments, an accelerator for drying
paint, production of aniline black dye, and as a mordant in coloring
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textiles [5]. Taking advantage of its hardness, resilience, ability to form
alloys, and its resistance to corrosion, vanadium is also used in the
production of tools, steel, machinery, and surgical implants. In addition
to its industrial applications, vanadium attracted considerable medical
interest in the late 1980s and 1990s because of its insulin-mimetic
properties. Moreover, some studies have also reported the medicinal
utility of vanadium and its Schiff base complexes [6,7] reported that
vanadium compounds have shown in vitro antiviral activity against
several viruses, including influenza, HIV, and SARS-associated corona-
viruses, although their clinical relevance remains uncertain. This author
reviewed the potential beneficial effects of vanadium as a therapeutic
agent for COVID-19, focused on its antiviral, anti-inflammatory, and
antihyperglycemic effects. Of special relevance was the demonstration
that vanadium had insulin-like properties in isolated cells and tissues,
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Table 1
Selected vanadium concentrations in environmental matrices and human biological samples.

Matrix Typical Range/Mean Key Findings References

Soil 10-220 mg kg™! Average concentrations typically 10-220 mg kg™ ; elevated in industrially Hanus-Fajerska et al.

contaminated areas [4]; Wang et al. [26]
Freshwater 0.076-0.285 mg L™! (Panzhihua, Heavily contaminated rivers near vanadium-mining and smelting zones Zhang et al. [25]
China)
Seawater ~1.5-2 pg L™ (mean dissolved V) 2nd most abundant transition metal in seawater; ecological risk high especially in Supe Tulcan et al. [24]

Marine sediments —

Urban air Up to 10 ngm™>

Asian waters; predominantly present as soluble V(V) vanadate oxyanions under oxic
seawater conditions

Global review across 63 countries and 23 seas; ecological risk high especially in
Asian seawater

Rural ~1 ng m™*; remote Pacific ~0.1 ngm=. In China, atmospheric emissions rose

Supe Tulcan et al. [24]

Hanus-Fajerska et al.

86% over recent decades
Bioaccumulation documented in aquatic organisms; reviewed across global marine

Aquatic biota —
environments
Human urine
(occupational)
Human blood/serum
(general population)

Up to 20.6 pg L™
children
~0.05 ug L™ (background)

Human cerebrospinal
fluid (CSF)

Lower than plasma

vs. background ~2.7 ug L! in non-exposed controls; elevated NGAL in exposed

Normal reference concentration in non-exposed adults; substantially elevated in
occupationally exposed workers (see urine row below for occupational
biomonitoring data)

CSF vanadium significantly lower than plasma/serum in Alzheimer's disease
patients vs. healthy controls; blood (plasma/serum) remains the most frequently

[4]; Zhang et al. [21]
Supe Tulcan et al. [24]

ATSDR [27]; Rojas-Lima
et al. [28]
ATSDR [27]

Gerhardsson et al. [29];
Scibior et al. [30]

sampled matrix in neurodegenerative-disease research, CSF and brain less so

Values are not directly comparable across studies due to methodological heterogeneity. Concentration ranges are given where a single representative value could be
attributed with confidence to a specific cited source. For marine sediments and aquatic biota, the cited global reviews report pooled, highly heterogeneous distributions
across many countries and matrices rather than a single representative range, so a range is not given here to avoid oversimplification [24].

generating considerable interest in its potential therapeutic applications
for diabetes mellitus [8-13]. However, concurrent with these findings, a
critical body of evidence highlighted the substantial toxicological con-
cerns associated with systemic vanadium exposure, particularly from
chronic administration required for therapeutic purposes [14-16].

This narrative review offers an integrated and up-to-date overview of
vanadium across environmental, biological, and medical contexts, with
particular attention to recent findings that may alter current risk per-
spectives. In addition to summarizing established knowledge on envi-
ronmental distribution, toxicological pathways, and past pharmacological
applications, the review highlights novel epidemiological evidence indi-
cating subclinical renal effects at background exposure levels, as well as
advances in mechanistic research pointing to mitochondrial dysfunction.
It also considers the growing relevance of vanadium in energy storage
technologies, particularly vanadium redox flow batteries (VRFBs) [17].
By systematically linking chemical speciation, exposure routes, biological
effects, and regulatory considerations within a coherent framework, this
work extends existing literature and highlights key research gaps that
warrant coordinated scientific and policy efforts in light of the expanding
global use of vanadium.

2. Methods

A review based on scientific literature was conducted to identify
relevant peer-reviewed publications using major academic databases,
including PubMed, Scopus, Web of Science, and Google Scholar. It fol-
lows a structured narrative approach with an explicit search strategy
and defined selection criteria. The search covered literature published
through April 10, 2026. Key search terms included "vanadium," "envi-
ronmental contamination," "speciation," "toxicology," "health effects,"
"diabetes," "insulin mimetic," "bioaccumulation," "phytoremediation,"
"vanadium redox flow batteries," "mitochondrial dysfunction," and "risk
assessment." The reference list of retrieved articles was screened for
additional relevant publications. Studies were selected based on their
relevance to the scope of this review, with priority given to original
research articles, high-quality reviews, and authoritative reports from
governmental agencies. Inclusion criteria comprised peer-reviewed
studies addressing environmental occurrence, toxicology, or epidemi-
ology of vanadium. Studies lacking methodological transparency or
relying solely on secondary citation were excluded.

"o

3. Environmental sources and distribution
3.1. Natural and anthropogenic sources

Vanadium is released into the environment from both natural and
anthropogenic sources. Natural sources include continental dust, marine
aerosols, weathering of V-containing rocks, soil erosion, volcanic emis-
sions, and wildfires, while anthropogenic sources include industrial wastes,
combustion of fossil fuels, mining and processing of metal ores, techno-
logical applications, agricultural practices, and tanker disasters [18,19].
The use of vanadium in sulfuric acid production results in the release of soot
and fly ash rich in vanadium pentoxide. Petroleum refining, smelting,
welding, and cutting of vanadium-rich steel alloys, and the cleaning and
repair of oil-fired boilers are additional sources of increased airborne
V-bearing particles. Moreover, vehicular traffic and tobacco smoking are
also pointed out as anthropogenic sources of environmental vanadium
contamination [20]. A recent comprehensive emission inventory for China
covering 2015-2019 quantified cumulative vanadium emissions of 211,
095 tons into the atmosphere, 3725 tons into soil, and 0.1 tons into water
from five major anthropogenic sectors. These figures represent cumulative
totals over the 2015-2019 study period rather than annual estimates. The
markedly lower water-borne emissions reflect a narrower source profile,
wastewater treatment discharge being the principal contributor to the
water pathway, compared with the broader combustion-related source
base (coal combustion, stationary oil burning, and transportation) feeding
atmospheric releases [21]. Coal combustion and stationary oil burning
were identified as the largest contributors. These data confirm that atmo-
spheric deposition is the dominant pathway by which anthropogenic va-
nadium enters terrestrial and aquatic systems [21].

3.2. Global distribution patterns

Global anthropogenic releases of vanadium to soil and water were re-
evaluated by Hudson-Edwards et al. [1] and the rate at which this
element was being deposited into the environment was increasing.
Airborne concentrations of vanadium oxides in an urban environment
can reach 10 ngm3, while in sparsely populated rural areas concen-
trations are about 1ngm™, and above the eastern Pacific Ocean the
mean vanadium air concentration is as low as 0.1 ng m™> [4]. In China,
cumulative atmospheric vanadium emissions have increased by 86%
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over recent decades [21]. In the Panzhihua mining and smelting area of
China, vanadium pollution of topsoil and sediments occurs mainly in the
mining and extracting area, smelting area, slag dumping area, tailing
dam, and coal mining area [22].

3.3. Environmental concentrations

Vanadium is a widespread trace element in the earth's crust, with
average soil concentrations typically ranging from 10 to 220 mg kg™ [4].
It is also widely distributed in marine environments, with concentrations
varying significantly across different compartments due to both natural
geological processes and anthropogenic activities like oil refining and
power generation [23]. A comprehensive review of 260 studies across 63
countries and 23 seas revealed significant global vanadium contamination
in marine ecosystems [24]. Surface water in the Panzhihua region,
Southwestern China, contained vanadium concentrations ranging from
0.076 to 0.285mg/L in the Jinsha River near a tailing impoundment,
exceeding the recommended limit of 0.05 mg/L for drinking water sour-
ces [25]. A summary of selected vanadium concentrations across envi-
ronmental matrices and biological samples is presented in Table 1.

4. Chemical speciation and environmental behavior
4.1. Oxidation states and chemical forms

The chemistry of vanadium is complex [31]. There are many forms of
vanadium that can be found in the occupational and environmental
setting. Vanadium exists in valence states ranging from —3 to + 5, and can
be routinely encountered as various forms of vanadyl, vanadate, and ox-
ides, including VO2, VO3, VOs, as well as vanadium pentoxide (V20s) [32].
In the environment, vanadium primarily exists in two oxidation states:
tetravalent [V(IV)] and pentavalent [V(V)]. In terms of ionic charge, V(III)
occurs mainly as the trivalent cation V** (comparatively rare under
environmental conditions), V(IV) predominantly as the vanadyl cation
VO?, and V(V) mainly as vanadate oxyanions (VO2*, H2VOa4~, HVO4>", or
V0., depending on pH) [31,32]. Vanadium(V) is generally more mobile
and often more toxic than V(IV), although toxicity depends on environ-
mental conditions and chemical speciation [33]. The toxicologically sig-
nificant compounds are vanadium pentoxide (V20s), sodium
metavanadate (NaVQs), sodium orthovanadate (NasVO.), vanadyl sulfate
(VOSO0a4), and ammonium vanadate (NHsVOs) [27].

4.2. Environmental transformation and mobility

Vanadium occurs as various chemical forms in the soil environment,
and its biogeochemical behavior is influenced by soil conditions including
redox potential, soil pH, organic matter content, and microbial activity [34,
35]. The chemical speciation of vanadium in soil shows a dominance
sequence of insoluble residue > organically bound > Fe (amorphous)
oxide-bound > Mn oxide-bound > soluble component [36]. Soil pH, redox
potential (ORP), organic matter content (OM), cation exchange capacity
(CEC), and plant nutrient content can influence the oxidation state and
forms of vanadium present, impacting bioavailability and toxicity [37]. In
a recent review, Kumar et al. [38] have detailed the environmental fate of
vanadium emphasizing that V(V) biogeochemical cycling in soil-plant
systems remains poorly characterized, while critical information gaps
persist regarding molecular mechanisms of V(V) detoxification and toler-
ance in organisms. This variability in speciation represents a major limi-
tation for exposure assessment and risk characterization.

5. Environmental epidemiology and human health effects
5.1. Occupational exposure studies

Occupational studies have shown that urinary vanadium levels
significantly increase in exposed workers. Male and female workers
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exposed to 0.1-0.19 mg/m® vanadium in a manufacturing setting had
significantly higher urinary vanadium levels (20.6 pg/L) than non-
occupationally exposed control subjects (2.7 ug/L) [27]. The American
Conference of Governmental Industrial Hygienists (ACGIH) lists vana-
dium pentoxide with a TLV-TWA of 0.05 mg/m? for inhalable particu-
late matter, measured as vanadium, and classifies it as A3, a confirmed
animal carcinogen with unknown relevance to humans [39].

5.2. Environmental exposure and health outcomes

Exposure of non-occupationally exposed individuals to vanadium is
an increasing public health concern. Studies have reported associations
between exposure to airborne V-bearing particles and increased risks,
although causal inference remains limited [20]. Recent U.S. EPA sys-
tematic evidence mapping effort identified 95 epidemiological studies
and 31 animal studies meeting PECO (Population, Exposure, Compar-
ator, and Outcomes) criteria for inhalation exposure to vanadium and
compounds [40]. Epidemiology studies mostly characterized exposure
to total vanadium from unknown sources, while most animal studies
evaluated inhalation exposure to vanadium pentoxide [41].

5.3. Respiratory effects

Vanadium pentoxide dust is the most common occupational expo-
sure form. No studies have been found regarding fatalities in humans
after inhalation exposure to vanadium. Nevertheless, increases in mor-
tality have been reported in laboratory animals exposed to vanadium
pentoxide [42]. Deaths occurred in rabbits exposed to 114 mg vana-
dium/m?® for 1h, but not at 43 mg vanadium/m?. Exposure to 18 mg
vanadium/m?® resulted in death in three of five rats exposed for 6 days
[27]. Intermediate-duration exposure resulted in deaths in rats at 9 mg
vanadium/m® and mice at 18 mg vanadium/m?. A decrease in survival
was observed in mice chronically exposed to 2.2 mg vanadium/m? [27].

5.4. Neurological effects

Vanadium has been identified as a component of fine-particulate air
pollution, with serious concerns for the central nervous system (CNS).
Available data indicate that more attention should be paid to chronic
diseases related to vanadium and to the assessment of environmental
vanadium exposure. Although it cannot be excluded that vanadium may
help identify subjects at higher risk of detrimental effects on the CNS,
more extensive epidemiological studies are needed to conclusively link
vanadium pollution with neurodegenerative processes in humans [30].
Recently, [43] reported a negligible influence of vanadium on gluta-
matergic transmission and GABAergic receptor activity, after a single
administration to healthy mice. Blood (plasma/serum) has been the
most frequently used biological matrix for determination of vanadium
concentration in patients with neurodegenerative illnesses [30,44]. A
smaller number of studies have also quantified vanadium in cerebro-
spinal fluid (CSF). In patients with Alzheimer's disease, CSF vanadium
concentrations were significantly lower than in healthy controls, with no
consistent alteration in plasma vanadium [29]. Concentrations reported
in occupational cohorts in the present review specifically refer to urinary
vanadium, whereas the blood/CSF studies cited here derive from sepa-
rate, non-occupational clinical populations.

5.5. Cardiovascular effects

Associations between exposure to airborne vanadium-bearing par-
ticles and increased risks of hypertension, dysrhythmia, systemic
inflammation, and hypercoagulation have been reported [20]. The po-
tential for genotoxic and reprotoxic effects of vanadium compounds
through occupational and environmental exposures has also been
observed [45].
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5.6. Carcinogenicity assessment

Deleterious health effects induced by inorganic vanadium compounds
are linked with carcinogenic, immunotoxic, and neurotoxic effects [46].
In 2006, the IARC classified the evidence for the carcinogenicity of V20s as
inadequate in humans and sufficient in experimental animals, placing the
compound in Group 2B: possibly carcinogenic to humans [47]. This
classification applies specifically to vanadium pentoxide and should not
be generalized without qualification to all vanadium species or exposure
scenarios. In 2008, the ACGIH included Vz0s in category A3: confirmed
animal carcinogen with unknown relevance to humans. Available evi-
dence concludes that vanadium is not clastogenic and only weakly
mutagenic [48]. It has marked mitogenic activity affecting the distribu-
tion of chromosomes during mitosis and possibly causing aneuploidy
[49]. However, evidence for a carcinogenic response of vanadium pent-
oxide in F344/N rats [50], or dose-related tumorigenic response in
B6C3F1 mice [51] was not found.

A major limitation across epidemiological studies is the lack of
compound-specific exposure data, as most investigations quantify total
vanadium without distinguishing oxidation states or chemical forms.

6. Toxicological mechanisms
6.1. Oxidative stress and molecular targets

Vanadate is almost a structural and electronic analogue of phos-
phate, especially in the tetrahedral trianionic forms (VO4>~ and PO+*"). In
most living organisms, vanadate ions negatively influence the
phosphate-metabolizing system by inhibiting phosphatases, phospho-
diesterases, ribonucleases, ATPases, and other enzymes [4]. Reactive
oxygen species (ROS) generated by Fenton-like reactions and during the
intracellular reduction of V(V) to V(IV), primarily by NADPH, contribute
to multiple vanadium-induced intracellular processes, including DNA
cleavage, lipid peroxidation, and cell cycle arrest [52,53]. Oxidative
damage and cell cycle delay induced by vanadium(III) in human pe-
ripheral blood cells has been reported at concentrations producing
cytotoxic and genotoxic effects, characterized by decreased -cell
viability, increased DNA damage, and cell cycle arrest [54].

6.2. Mitochondrial dysfunction

A mechanistically important dimension of vanadium toxicology is its
capacity to impair mitochondrial function. Vanadium exposure disrupts
energy metabolism, enhances ROS generation within the mitochondrial
respiratory chain, and triggers downstream oxidative stress that ulti-
mately leads to genetic damage and alterations in cellular signaling [55,
56]. These mitochondrial alterations contribute to vanadium's potential
carcinogenic, immunotoxic, and neurotoxic properties, affecting the
neurological, renal, immune, and reproductive systems. Since there are no
specific antidotal treatments for vanadium intoxication, plant-derived
metabolites with antioxidant, mitochondrial-targeted, and chelating
properties have been investigated as potential protective agents [57].
Simple model organisms such as the nematode Caenorhabditis elegans, the
fruit fly Drosophila melanogaster, and zebrafish Danio rerio, have shown to
be versatile experimental platforms for studying vanadium-induced
mitochondrial dysfunction, offering short generation times, conserva-
tion of essential biological pathways with mammals, and the availability
of genetic tools [55]. In any case, integration of mitochondrial dysfunc-
tion with systemic toxicity remains insufficiently characterized.

6.3. Organ-specific toxicity

6.3.1. Renal effects

Vanadium is nephrotoxic in vivo [32,58]. Excessive vanadium expo-
sure has been experimentally associated with toxicity affecting the kid-
neys, liver, skeleton, spleen, and nervous system, although the specific
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target organs and severity of effects depend strongly on the chemical form
of vanadium, dose, route of exposure, and duration of exposure [27,59].
The nephrotoxicity of vanadium was ultimately the cause of the discon-
tinuation of the BEOV (Bis(ethylmaltolato)oxovanadium(IV)) clinical
program, due to renal changes resulting from the doses used in the pre-
clinical safety program [16,60]. A landmark cross-sectional epidemio-
logical study of 914 healthy children without any diagnosed disease
demonstrated that subjects in the second and third tertiles of urinary
vanadium concentration showed a significant increase in urinary NGAL
(neutrophil gelatinase-associated lipocalin) levels, a sensitive early
biomarker of renal tubular damage [28]. These findings provided, for the
first time, evidence of vanadium-associated subclinical nephrotoxicity in a
non-occupationally exposed pediatric population [28]. It was highlighted
in an accompanying editorial as having direct implications for the
assessment of vanadium risks in the context of expanding VRFB (Vana-
dium Redox Flow Batteries) technology [61].

6.3.2. Genotoxic and reproductive effects

The toxic profile of vanadium compounds is extensive, including
hematological and biochemical alterations, nephrotoxicity, immuno-
toxicity, and reproductive and developmental toxicity [62,63]. Vana-
dium has shown genotoxic and mutagenic potential, including induction
of chromosomal aberrations and aneuploidy-related endpoints in vivo,
raising concern about long-term carcinogenic risk [45]. Tissue accu-
mulation of vanadium in bone, kidney, spleen, and testes following
prolonged oral administration represents a primary concern for any
therapeutic application requiring lifelong treatment [15].

7. Vanadium compounds in diabetes treatment

This section is included because the pharmacological literature high-
lights the same toxicokinetic challenge that complicates environmental
risk assessment: vanadium can influence key phosphate-dependent
signaling pathways involved in cell regulation, yet prolonged systemic
exposure raises concerns about tissue accumulation and potential organ
toxicity.

7.1. Historical background and discovery

The therapeutic potential of vanadium in diabetes treatment has a long
history dating back to 1899, when Lyonnet [64] reported the first data on
the potential use of vanadium salts for the treatment of diabetes, suggesting
some lowering of glucose levels without adverse effects. That study has
been considered a "Phase 0" clinical trial [65,66]. In the last century,
Shechter and Karlish [67] published the results of a study demonstrating
the insulin-like activity of vanadate in rat adipocytes, initiating a new era of
antidiabetic research with vanadium-containing compounds. However,
the study by Heyliger et al. [11] sparked the interest of the scientific
community in the potential beneficial effects of vanadium salts in the
treatment of diabetes mellitus. The authors administered sodium ortho-
vanadate in the drinking water of streptozotocin-induced diabetic rats,
noting a reduction in the blood glucose concentrations, while it also pre-
vented diabetes-associated depressed cardiac performance.

7.2. Mechanisms of insulin-mimetic action

7.2.1. Protein tyrosine phosphatase 1B (PTP1B) inhibition

Among the known protein tyrosine phosphatases (PTPs), protein
tyrosine phosphatase 1B (PTP1B) has received considerable attention
due to its role as a negative regulator of insulin signaling [68]. The
enzyme negatively regulates the insulin action cascade by dephos-
phorylating the insulin receptor (IR) and insulin receptor substrate (IRS)
[69]. PTP1B is upregulated in patients with Type 2 diabetes, and
reducing its activity results in enhanced insulin receptor signaling and
improved insulin sensitivity and glucose tolerance [70].
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7.3. Development of organovanadium complexes

Initially, inorganic vanadium compounds such as vanadyl sulfate and
sodium metavanadate were used in clinical trials, characterized by poor
and variable gastrointestinal absorption, minor gastrointestinal distress
as the main adverse effect, and inconsistent glycemic efficacy across small
clinical studies [71,72]. Bis(maltolato)oxovanadium(IV) (BMOV) and bis
(ethylmaltolato)oxovanadium(IV) (BEOV) were subsequently intro-
duced as second-generation organovanadium complexes, showing two to
three times greater bioavailability than vanadyl sulfate [72]. These were
designed to prevent premature degradation, allow sufficient absorption,
and reduce gastrointestinal toxicity. On the other hand, Ghalichi et al.
[73] reviewed the effects of vanadium on diabetic dyslipidemia in dia-
betic animals. It was found that most studies confirmed the beneficial
effects of different vanadium compounds in at least one of the parameters
of lipid profile (mainly triglycerides and total cholesterol).

7.4. Clinical trials

A Phase I clinical trial of BEOV confirmed the safety and tolerability of
single escalating oral doses (10-90 mg) in 40 non-diabetic volunteers [72].
A Phase Ila trial in seven type 2 diabetic subjects showed reductions in
fasting blood glucose and HbA1lc [72]. However, in January 2009, Akesis
Pharmaceuticals discontinued the AKP-020 program due to renal changes
observed in the preclinical safety program [60]. In longer-term studies, 14
type 1 diabetic patients receiving oral vanadyl sulfate (50-100 mg three
times daily) for 30 months showed decreased daily insulin requirements
and fasting blood sugar [74]. More recently, a randomized, double-blind,
placebo-controlled trial in 44 obese type 2 diabetic patients demon-
strated that vanadium-enriched yeast supplementation (0.9 mg/day V) for
12 weeks decreased fasting blood glucose and HbA1lc and increased insulin
sensitivity [65]. These findings should be interpreted cautiously given
limited sample sizes and lack of long-term safety data.

7.5. Critical assessment: toxicity as the primary barrier

Despite close to 125 years of research, it has not been possible to
identify a lead vanadium compound with clinical applicability [65]. In
contrast, a critical body of literature has consistently highlighted that
the therapeutic use of vanadium "is not necessarily exempt from
concern" due to tissue accumulation and potential toxicity from chronic
administration [16]. The toxic profile includes hematological and
biochemical alterations, nephrotoxicity, immunotoxicity, and repro-
ductive and developmental toxicity [15]. Tissue accumulation in bone,
kidney, spleen, and testes represents a particular risk for a condition
requiring lifelong treatment [14,75]. It should be noted that this toxi-
cological profile derives predominantly from animal studies. In the
limited human clinical trials conducted to date, reported adverse effects
have largely been mild gastrointestinal symptoms, while the renal
changes that led to discontinuation of the BEOV (AKP-020) programme
were identified in preclinical (animal) safety testing rather than in the
human trial participants themselves [60,72]. The conclusion is that
given the numerous unresolved questions regarding long-term safety,
including tissue accumulation, potential carcinogenicity, and develop-
mental toxicity. the use of vanadium compounds in diabetic patients
must be approached with extreme caution. In relation to this, Domingo
and Goémez [16] concluded that vanadium administration for the
treatment of human diabetes was misplaced. Large-scale pharmaceutical
development of vanadium compounds has remained limited, likely due
to a narrow therapeutic index, significant tissue accumulation, safety
concerns related to renal function, and complex pharmacokinetics [76].
The narrow therapeutic index and tissue accumulation remain the pri-
mary barriers to clinical translation.
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8. Ecological effects and bioaccumulation
8.1. Effects on terrestrial plants

Low concentrations of vanadium may exert hormetic effects on plant
growth, while V reduces plant biomass and induces toxic effects on plant
morphology at higher levels (>2mg/L) [26]. Oxidative stress induced
by ROS produced under vanadium stress is considered the main reason
for vanadium toxicity to terrestrial and aquatic organisms [26]. Low
levels of vanadium elevate plant height, root length, and biomass pro-
duction due to enhanced chlorophyll biosynthesis, seed germination,
and nitrogen assimilation. Notwithstanding, high vanadium concentra-
tions disrupt energy metabolism, inhibit key enzymes, and lead to
growth retardation, root and shoot abnormalities, and even plant death
[37]. The threshold level of toxicity is highly plant species-specific.
Vanadium mainly accumulates in plant roots with very limited trans-
location to shoots [77]. A recent review has highlighted the need for
integrated biogeochemical and physiological studies to deepen under-
standing of V(V) dynamics in soil-plant systems [38].

8.2. Bioaccumulation in wildlife

Birds of prey, as end members of the trophic chain, are well-known
biological indicators of serious environmental hazards. Various animal
species serve as biomonitors of environmental contamination by vana-
dium [18], which is among the most abundant redox-active transition
metals in seawater [78]. Ecological risk analysis has indicated medium
and high hazards to aquatic species, with potential impacts to 55% of
aquatic species in Asia from chronic exposure [24].

8.3. Effects on soil microorganisms

Although vanadium contributes to biological nitrogen fixation as a
co-factor in some nitrogenases, high vanadium alters microbial com-
munity structures [79]. Decreased microbial richness and diversity in
soil and reduced soil basal respiration have been found to correlate with
vanadium pollution [25]. Recent studies on soil-plant systems have
emphasized that microbial consortia, including Pseudomonas sp., Geo-
bacter metallireducens, and Methanosarcina magei, drive vanadium
transformations through redox reactions, with V(V) reduction to less
mobile V(IV) under anaerobic conditions and oxidation to soluble V(V)
during aerobic mineral weathering [80].

9. Remediation strategies for vanadium contamination
9.1. Physical and chemical methods

Remediation of vanadium-contaminated soils can be achieved by
physical, chemical, and biological methods [81-83]. Physical remedia-
tion includes soil replacement, thermal desorption, and electrokinetic
remediation. Chemical remediation includes soil washing, chemical
immobilization, and chemical reduction [84]. Chemical reduction re-
duces the highly toxic and mobile V(V) to the less toxic and mobile V(IV)
using reducing agents such as Fe(Il) and S* [34]. Water treatment
technologies for vanadium removal include adsorption, microbiological
treatment, chemical precipitation, solvent extraction, electrokinetic
remediation, photocatalysis, coagulation, and membrane filtration [34].

9.2. Phytoremediation

9.2.1. Hyperaccumulator plants

Aihemaiti et al. [85] reported that Setaria viridis accumulated greater
than 1000 mg kg™ V in its shoots and exhibited a translocation factor > 1.
Recent studies have explored phytoaccumulation mechanisms across
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Table 2
Summary of vanadium toxicological endpoints, key findings, and relevant regulatory limits.
Endpoint / Organ Key Findings Regulatory Status / Limits References
Respiratory Animal: deaths in rabbits at > 114 mg V/m® (1 h) and rats at 18 mgV/m®(6  OEL: 0.05 mg V20s/m* (ACGIH/ ATSDR [27]; McGregor [47]
days); chronic mortality in mice at 2.2mg V/m®. Human: no documented NIOSH). V20s classified IARC Group 2B;
inhalation fatalities; upper/lower respiratory tract irritation reported in ACGIH A3.
occupational cohorts (Section 5.3).
Renal Animal: nephrotoxicity well-documented in vivo; renal changes identified in ~ No specific environmental renal Domingo and Gémez [16];
preclinical (animal) safety testing led to discontinuation of the BEOV clinical ~ standard. BEOV programme Rojas-Lima et al. [28]
programme. Human: in 914 healthy children, urinary V was positively discontinued (2009).
associated with elevated NGAL, indicating subclinical nephrotoxicity at
background exposure levels.
Neurological Animal/mechanistic: V crosses the blood-brain barrier; associated with No specific CNS-based regulatory limit.  Scibior et al. [30]

Genotoxic /
Carcinogenic

Cardiovascular

Immunotoxic

Reproductive /
Developmental

mitochondrial dysfunction and ROS generation in experimental models.
Human: neuroinflammation and neurodegeneration-related protein
accumulation reported in association with vanadium exposure; altered
blood/CSF vanadium documented in Alzheimer’s disease patients (Section
5.4).

Animal/in vitro: induces DNA strand breaks, chromosomal aberrations, and
aneuploidy; weakly mutagenic, not clastogenic; oxidative damage and cell
cycle arrest documented. Human: evidence for carcinogenicity is classified
by IARC as inadequate in humans; the Group 2B classification rests on
sufficient evidence in experimental animals (Section 5.6).

Human: associations with hypertension, dysrhythmia, systemic
inflammation, and hypercoagulation reported in populations exposed to
airborne V-bearing particles. Animal: dedicated animal cardiovascular data
are limited; mechanistic pathways are not yet fully characterized.
Animal/in vitro: dual effects reported, immunosuppression via inhibition of
cytokine-inducible functions and stimulation via increased cytokine
production and inflammation. Human: direct human immunotoxicity data
are limited; effects are largely inferred from in vitro and animal studies [46].
Animal: developmental and teratogenic toxicity documented in animal
studies; tissue accumulation in bone, kidney, spleen, and testes. Human:
dedicated human reproductive/developmental toxicity data are lacking;
accumulation risk is inferred from animal data and from chronic therapeutic
administration in diabetes trials (Section 7.5).

Insufficient long-term epidemiological
data.

TARC Group 2B (V20s, 2006); ACGIH
A3.

No specific cardiovascular-based limit.

No specific immunotoxicity-based
regulatory limit.

Major concern for therapeutic use
(chronic lifelong administration for
diabetes).

Alcantara-Mejia et al. [54];
Ghosh et al. [48]; Leonard and
Gerber [49]

Fortoul et al. [20]

Zwolak and Zaporowska [46]

Domingo [15,62]; Domingo and
Goémez [16]

Toxicological endpoints are influenced by chemical speciation, dose, and exposure duration. Within each endpoint, findings are labelled by species/evidence type

(Animal, Human, or Animal/in vitro) to distinguish the strength and origin of the evidence base.

native plants in vanadium titanium magnetite tailings that have undergone
51 years of natural restoration, identifying divergent phytoaccumulation
strategies and relevant taxa [86]. Soil pH, organic matter, iron and
aluminum oxides, phosphorus, calcium, and other coexisting elements all
affect V bioavailability, toxicity, and plant uptake [37].

9.2.2. Enhanced phytoremediation techniques

Recent studies have found that the addition of coffee grounds miti-
gates heavy metal stress on ryegrass and improves remediation effi-
ciency [87]. On the other hand, machine learning approaches have been
applied to predict and optimize V** remediation outcomes [87]. Ponga-
mia pinnata, a nitrogen-fixing legume, has also shown promise for
remediation of vanadium titanium magnetite tailings [88]. The inte-
gration of phytoremediation with soil amendments and microbial
assistance is considered a promising approach for decontamination of
vanadium-polluted soils [80,89].

9.3. Microbial bioremediation

Geobacter metallireducens, Shewanella oneidensis, and some strains of
Pseudomonas have been identified as effective vanadium-reducing mi-
croorganisms [4,90]. By contrast, Pongamia pinnata is a nitrogen-fixing
plant, not a microorganism, and its role in vanadium remediation is
addressed above as a phytoremediation species (Section 9.2.2). Micro-
bial fuel cells (MFCs) represent a low-cost bioelectrochemical technol-
ogy developed for purification of vanadium-contaminated water [91].
Novel metabolic pathways for bioelectrochemical vanadate reduction
by Thiobacillus denitrificans without exogenous electron donor supple-
mentation have recently been described [92]. Despite promising
laboratory-scale results, scalability and long-term field performance
remain major challenges.

10. Risk assessment and regulatory considerations
10.1. Regulatory limits and standards

ACGIH, OSHA, ATSDR, and NIOSH have each established occupa-
tional exposure limits to vanadium metal and its compounds [20]. A
proposed maximum permissible occupational exposure level is
0.05mg V/m? in dusts or fumes of V20s per 8-hour shift. The recom-
mended limit for drinking water is 0.05 mg/L according to Chinese
standards, which is exceeded in several industrial areas [25]. In contrast
to the occupational framework, regulatory guidance for the general
population remains limited. The WHO Guidelines for Drinking-water
Quality do not include a health-based guideline value for vanadium
[93]. The EFA was unable to establish a Tolerable Upper Intake Level for
vanadium owing to insufficient data on chronic low-dose effects in
humans [94]. In the United States, the EPA IRIS programme derived an
oral reference dose (RfD) of 0.009 mg/kg/day for vanadium pentoxide,
based on decreased hair cystine levels in a chronic rat study, but this
value has not been formally adopted as an enforceable drinking-water or
food standard [27]. Table 2 summarizes the key toxicological findings
and regulatory status by organ/endpoint.

10.2. Dose-response and speciation considerations

Differential absorption and toxicity have been observed across
inorganic vanadium compounds and oxidation states. Sodium meta-
vanadate (V*) has greater gastrointestinal absorption and increased
toxicity relative to vanadyl sulfate (V#) in rats and mice [95].
Furthermore, vanadium compounds in solution can convert readily be-
tween oxidation states as a function of pH, concentration, and redox
potential [41]. Ecological risk analysis has indicated medium and high
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The Dual Role of Vanadium: Dose-Dependent Effects in Biological and Environmental Systems

BENEFICIAL EFFEC

« Enhanced plant growth
(1 chlorophyll, root elongation)

« Improved seed germination

« Nitrogen fixation co-factor
(V-nitrogenase)

« PTP1B inhibition —
insulin-mimetic effect

« | Blood glucose
(diabetic animal models)

« Antitumour potential

« Antiparasitic activity

Key compounds:

VOSOs

Barrier to therapy:

Chronic tissue accumulation and
toxicity (Domingo, 2000)

BEOV clinical trial halted (2009)

BMOV, BEOV, V-enriched yeast,

VANADIUM (V)

Oxidation states: V(lII), V(IV), V(V)
Most toxic / mobile form: V(V)

LOW DOSE

HIGH DOSE

<2 mg/L (plants) > 2 mg/L; chronic expos#fe

20th most abundant element (crust)

ANTHROPOGENIC SOURCES

« Steel production & metallurgy

« Petroleum refining & combustion
« Mining & smelting (esp. V-Ti magnetite)
« Vanadium redox flow batteries (VRFBs)

« China: 211,095 t cumulative atmospheric

emissions (2015-2019) l

REMEDIATION STRATEGIES

« Phytoremediation (Setaria viridis,
Pongamia pinnata)
« Microbial reduction (Geobacter,
Shewanella, Thiobacillus)
« Bioelectrochemical systems (MFCs)
» Chemical: soil washing, Fe(ll)/sulfide reduction
« Enhanced phytoremediation + machine learning

EXPOSURE ROUTES

Inhalation | Ingestion | Dermal
Sensitive groups: children, workers,
communities near mining/smelting

Occupational OEL: 0.05 mg Vim?

TOXIC EFFECTS

« Oxidative stress (ROS 1)

« Mitochondrial dysfunction
(energy metabolism disruption)

« Nephrotoxicity
(1 NGAL in children at
background levels)

« Neurotoxicity
(crosses blood-brain barrier;
AB, Tau, a-syn accumulation)

» Genotoxicity / DNA damage
« Carcinogenicity (IARC 2B)

« Immunotoxicity
(dual: suppression / stimulation)

« Reproductive / developmental
toxicity

« Bone/kidney/spleen/testes
accumulation

Fig. 1. The dual role of vanadium in biological systems: sources, dose-dependent effects, and health outcomes. Green cells indicate beneficial effects associated with
low concentrations, while orange cells indicate adverse effects associated with elevated concentrations and chronic exposure. This figure should be interpreted within

a speciation-exposure-mechanism framework.

hazards to aquatic species, principally from seawater [24]. Current
regulatory frameworks do not adequately incorporate chemical specia-
tion, representing a critical gap in risk assessment.

11. Emerging applications and future concerns
11.1. Vanadium redox flow batteries

Vanadium remains an important microalloying element in the
metallurgical industry and has more recently become strategically
important for energy storage. Vanadium redox flow batteries (VRFBs)
are gaining traction as renewable energy deployment accelerates, and
the vanadium market is projected to shift significantly with demand
from the energy storage and steel sectors [96]. However, global supply
remains constrained due to limited mining projects and geopolitical
uncertainties, particularly relating to China and Russia as key producing
nations. The environmental implications of expanded VRFB deployment
(increased mining, processing, and potential environmental releases)
warrant careful monitoring, particularly considering the early nephro-
toxic effects in children even at background exposure levels [28,61].
Anyhow, lifecycle assessment of vanadium use in energy systems re-
mains insufficiently developed.

11.2. Pharmaceutical applications beyond diabetes

Vanadium compounds have been proposed not only for the treat-
ment of diabetes, but also for cancer and diseases caused by parasites
[97-99]. Vanadium may exert inhibitory effects on cancer cell meta-
static potential through modulation of cellular adhesive molecules and

may reverse antineoplastic drug resistance [100]. These potential ap-
plications, while scientifically intriguing, require thorough toxicological
characterization, particularly in light of the mitochondrial and renal
toxicity profiles now better understood [28,55].

12. Conclusions and future perspectives

Vanadium represents a complex environmental contaminant with
significant implications for both ecological and human health. Its dual
nature (beneficial at low concentrations but toxic at elevated levels)
highlights the critical importance of dose, chemical speciation, and
exposure route in determining health outcomes [4]. The paradoxical
role of vanadium as both a potential therapeutic agent for diabetes and
an environmental toxicant further highlights this complexity. A key
advance of this review is the integration of environmental chemistry,
toxicology, and epidemiology within a unified framework.

Given the interconnected effects of vanadium across environmental
compartments, food webs, wildlife, and human populations, a One
Health framework offers a suitable foundation for future monitoring and
risk management [3,4,26]. Adopting this approach could help integrate
insights from environmental chemistry, ecotoxicology, exposure
assessment, and public health to support the design of preventive
measures and evidence-based regulatory policies [34,101].

The increasing industrial applications of vanadium, particularly in
the context of VRFBs for renewable energy infrastructure, necessitate a
proactive approach to environmental protection. Recent advances,
including updated atmospheric vanadium emission inventories from
China [21], evidence of early nephrotoxic effects in healthy children at
background exposure levels [28], and mechanistic findings implicating
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mitochondrial dysfunction as a key pathway of vanadium toxicity [55],
collectively highlight the need for strengthened regulatory measures and
sustained research efforts. Priority areas for future research include: a)
development of standardized protocols for vanadium speciation analysis
across different environmental matrices, b) comprehensive long-term
cohort studies of chronic low-level exposure effects, particularly
regarding neurodegenerative, renal, and developmental outcomes in
vulnerable populations, c¢) further investigation of vanadium-induced
mitochondrial dysfunction as a predictive biomarker, d) optimization
of phytoremediation and microbial bioremediation for large-scale
environmental cleanup, and e) development of a regulatory frame-
work that accounts for chemical speciation, exposure pathways, and
sensitive populations, especially children, who may experience sub-
clinical kidney damage at environmental background concentrations.

The studies here reviewed show that vanadium pollution poses sig-
nificant risks to environmental and human health, while simultaneously
showing certain potential for possible beneficial applications. Future
research should prioritize longitudinal studies, speciation-resolved
exposure assessment, and mechanistic integration across biological
systems. As industrial applications continue to expand, coordinated ef-
forts among researchers, regulators, and industry stakeholders are
essential to prevent widespread environmental contamination and pro-
tect public health.
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