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Abstract

Vanadium is a ubiquitous environmental contaminant although there are limited data to assess 

potential adverse human health impact following oral exposure. In support of studies investigating 

the subchronic toxicity of vanadyl sulfate (V4+) and sodium metavanadate (V5+) following 

perinatal exposure via drinking water in male and female rats, we have determined the internal 

exposure and urinary excretion of total vanadium at the end of study. Water consumption 

decreased with increasing exposure concentration following exposure to both compounds. 

Plasma and urine vanadium concentration normalized to total vanadium consumed per day 

increased with the exposure concentration of vanadyl sulfate and sodium metavanadate suggesting 

absorption increased as the exposure concentration increased. Additionally, females had higher 

concentrations than males (in plasma only for vanadyl sulfate exposure). Animals exposed to 

sodium metavanadate had up to 3-fold higher vanadium concentration in plasma and urine 

compared to vanadyl sulfate exposed animals, when normalized to total vanadium consumed 

per day, demonstrating differential absorption, distribution, metabolism, and excretion properties 

between V5+ and V4+ compounds. These data will aid in the interpretation of animal toxicity data 

of V4+ and V5+ compounds and determine the relevance of animal toxicity findings to human 

exposures.
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Introduction

Vanadium is a naturally occurring element and present in a variety of minerals, coal, and 

crude oils (ATSDR, 2012). The main source of anthropogenic release of vanadium to the 

environment is from fossil fuel combustion and mining for industrial applications such 

as steel production (ATSDR, 2012). Vanadium is used in unregulated dietary supplements 

(Trevino et al., 2019). In addition, vanadium-containing compounds are being considered 

as potential antidiabetic, anticancer, and anti-hypertensive agents (Maughan et al., 2004; 

NTP, 2008; Trevino et al., 2019). Low levels of vanadium are also detected in many 

foods and in drinking water. Vanadium was detected in 73.6% of samples collected 

from public water systems and 3.3% of the samples were found to contain levels above 

the reference concentration of 21 μg/L set by the US Environmental Protection Agency 

(EPA) (EPA, 2017). Collectively, these reports suggest that there is a potential for human 

exposure to vanadium. Due to its ubiquitous presence, vanadium was included in the Fourth 

Contaminant Candidate List by the U.S. EPA in 2016 (Richardson and Ternes, 2014; EPA, 

2020). Recently, the EPA selected oral vanadium compounds to be assessed in the Integrated 

Risk Information System (IRIS) and put forth an assessment plan (EPA, 2021).

Vanadium can exist in several oxidation states (+2 to +5). In the environment, V4+ and V5+ 

are the most prevalent oxidation states (ATSDR, 2012; Trevino et al., 2019). The oxidation 

state and the vanadium species present vary depending on the concentration, pH, redox 

potential, and other factors making the chemistry of vanadium compounds complex. In low 

pH and suboxic and/or mildly reducing conditions, vanadyl (V4+) and corresponding oxo 

cations (VO2+) predominate. Under neutral to high pH and oxic conditions, vanadate (V+5) 

and corresponding oxoanions (e.g., H2VO4
−, HVO4

2−) predominate— oligomers of H2VO4
− 

and HVO4
2− (eg., dimers, trimers, tetramers) can be formed around neutral and lower pH 

at high vanadium concentrations (Crans et al., 2004; ATSDR, 2012; Mutlu et al., 2017; 

Gustafsson, 2019; Trevino et al., 2019).

There are limited data to assess the impact of oral vanadium exposure on human health. 

Data gaps identified by the Agency for Toxic Substances and Disease Registry (ATSDR) 

included subchronic and chronic toxicity of V4+ and V5+ compounds. Hence, the Division 

of the National Toxicology Program (DNTP) initiated toxicity studies following exposure to 

vanadyl sulfate (V4+) (Figure 1A) and sodium metavanadate (V5+) (Figure 1B) in rodents 

following exposure via drinking water. Concentration of vanadium in blood and excreta 

following exposure is important to put toxicological findings into context. In addition, 

such data allow for comparison of rodent exposures to human levels and subsequently 

to understand the relevance of animal toxicity findings to human exposures. We have 

previously demonstrated that speciation of vanadium in biological matrices is not feasible 

due to interconversion of oxidation states and that total vanadium measurement is a useful 

metric to determine internal exposure (Harrington et al., 2021b; Harrington et al., 2021c). 
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In addition, using samples following exposure of adult rats to vanadyl sulfate or sodium 

metavanadate via drinking water, we demonstrated that plasma is a better matrix than 

blood for assessing the internal exposures (Harrington et al., 2021b; Harrington et al., 

2021c) and subsequently validated analytical methods to quantify vanadium in plasma 

and urine (Harrington et al., 2021a). The current manuscript reports the plasma and 

urine concentrations of vanadium in F1 male and female Hsd:Sprague Dawley® SD® 

rats following exposure during the perinatal period (beginning at gestation day 6 through 

postnatal day 21) and for 3 months after weaning to vanadyl sulfate at 0 (control), 21.0, 

41.9, 83.8, 168, and 335 mg/L or sodium metavanadate at 0 (control), 31.3, 62.5, 125 , 250, 

and 500 mg/L in drinking water. Current studies were conducted as a part of larger design 

evaluating the subchronic toxicity of sodium metavanadate and vanadyl sulfate following 

perinatal exposure in rats (NTP, 2022b; NTP, 2022a). The subchronic toxicity findings will 

be reported elsewhere.

Materials and Methods

Materials.

Sodium metavanadate (CASRN 13718-26-8, Lot No. 8579K) was purchased from MP 

Biomedicals (Santa Ana, CA). The identity and the purity (100%) were determined as 

described elsewhere (Roberts et al., 2016). Vanadyl sulfate (CASRN 27774-13-6, Lot 

No.0210324/1.1) was purchased from Noah Technologies Corporation (San Antonio, TX). 

The manufacturer identified the test article as vanadyl sulfate hydrate without specifying the 

number of water molecules but with the CASRN and molecular formula for the anhydrous 

form. The moisture content in vanadyl sulfate lot No.0210324/1.1 was determined by 

multiple techniques and found to be ~ 33%. The purity of vanadyl sulfate after excluding 

moisture content was 100%.

For determination of vanadium concentration in plasma and urine, stock solutions of 

vanadium (10 and 1,000 μg/mL) were purchased from two sources (High-Purity Standards, 

Charleston, SC and Inorganic Ventures, Christiansburg, VA). Praseodymium (1,000 μg/mL) 

to be used as the internal standard was also purchased from High-Purity Standards 

(Charleston, SC). Pooled male Sprague Dawley rat plasma isolated from blood collected 

using potassium ethylenediaminetetraacetic acid (K3EDTA) anticoagulant and urine were 

purchased from BioIVT (Westbury, NY). High-purity, 30% (v/v) non-stabilized hydrogen 

peroxide (Suprapur grade) was purchased from EMD Millipore (Billerica, MA) and 

concentrated nitric acid (Optima grade) was purchased from Thermo Fisher Scientific (Fair 

Lawn, NJ). Deionized water (18 MΩ cm−1) was produced using a purification system 

from Pure Water Solutions Inc. (Castle Rock, CO). Optima-grade hydrochloric acid was 

purchased from Fisher Scientific (Waltham, MA).

Animals and husbandry:

Animal studies were conducted at Battelle (West Jefferson, OH). Animal care and use 

were in accordance with the Public Health Service Policy on Humane Care and Use of 

Animals. All animal studies were conducted in an animal facility accredited by AAALAC 

International. Studies were approved by the Battelle Animal Care and Use Committee and 
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conducted in accordance with all relevant National Institutes of Health animal care and 

use policies and applicable federal, state, and local regulations and guidelines. Animal 

procedures were in accordance with the “Guide for the Care and Use of Laboratory 

Animals” (NRC, 2011). The study was conducted in compliance with the Food and Drug 

Administration Good Laboratory Practice. Time-mated female Hsd:Sprague Dawley® SD® 

(HSD) rats were obtained from Envigo (Haslett, Ml); gestation day (GD) 0 was assigned 

as day of mating. Animals were 13-16 weeks old at arrival and had ad libitum access to 

feed and water. Time-mated rats and F1 offspring were provided certified, irradiated NIH-07 

diet (Zeigler Brothers, Inc., Gardeners, PA) until postnatal day (PND) 28. After weaning 

on PND28, F1 animals were provided certified, irradiated NTP-2000 diet (Zeigler Brothers, 

Inc., Gardeners, PA). Feed was used within 180 days of milling. Animals were housed in 

rooms with the following settings for environmental conditions: room temperature 72 ± 3 °F 

(22 ± 2 °C), relative humidity 50% ± 15% and a 12-h light/dark cycle.

Study design and exposure.

Drinking water formulations of vanadyl sulfate were prepared in pH 3.5 deionized water 

(ASTM Type 1) at 0 (control), 21.0, 41.9, 83.8, 168, and 335 mg/L with respect to vanadyl 

sulfate after adjusting for water content of ~ 33%. Drinking water formulations of sodium 

metavanadate were prepared in pH 7 deionized water at 0 (control), 31.3, 62.5, 125 , 250, 

and 500 mg/L. Formulations were analyzed prior to exposing animals using a validated high 

performance liquid chromatography method (Roberts et al., 2016). All study formulations 

were within 10% of target concentration. Prior to study initiation, the stability of vanadyl 

sulfate (as V4+) and sodium metavanadate (as V5+) in drinking water formulations stored at 

refrigerated temperature up to 42 d was established (Mutlu et al., 2017). During formulation 

development work, in the lowest concentration of vanadyl sulfate formulation, a small peak 

corresponding to the retention time of vanadate was observed suggesting slight oxidation 

of vanadyl to vanadate. Vanadium was not detected in control water at or above the limit 

of quantitation of the analytical method (vanadyl sulfate 0.20 μg/mL; sodium metavanadate 

0.70 μg/mL).

Studies were conducted as part of a larger design investigating the subchronic toxicity 

(including perinatal exposure) of vanadyl sulfate and sodium metavanadate in rodents. On 

GD3, body weights of animals were collected into the Provantis™ (Instem Life Sciences 

Systems, Ltd., Staffordshire, UK) electronic data collection system and animals were 

randomly assigned to exposure groups. Groups of pregnant animals (n=16/exposure group) 

were exposed ad libitum to control or dosed water (vanadyl sulfate: 0, 21.0, 41.9, 83.8, 

168, and 335 mg/L; sodium metavanadate: 0, 31.3, 62.5, 125, 250, and 500 mg/L) from 

GD 6 until PND28. Pups (FI animals) were weaned on PND28. F1 animals were exposed 

to the same concentrations as respective dams for 13-weeks post weaning. To determine 

internal exposure and excretion, groups of male and female F1 animals (n=5/exposure 

group/sex where 1 animal/sex/litter) were selected from 5 separate litters. There were 2 

male animals and 1 female animal removed from the study early in the 83.8 mg/L vanadyl 

sulfate group for reasons unrelated to test article exposure; the resulting number of animals 

per sex for this group was 3 and 4 for males and females, respectively. At the end of 

the 13-week exposure period, animals were placed individually in metabolism cages for 
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collection of 24 h urine. While in metabolism cages all animals were given control (0 mg/L) 

drinking water. Following 24 h in metabolism cages, within 2 h of lights being turned on, 

animals were humanely euthanized by CO2 inhalation and blood was collected via cardiac 

puncture using K3EDTA as an anticoagulant. Blood from all animals were collected within 

2.5 h and kept on wet ice until plasma isolation. Plasma and urine for vanadium analysis 

were immediately frozen at −70°C. Additional samples of urine were utilized for analysis 

of appearance, specific gravity, total protein, glucose, creatinine, calcium, phosphorus, N-

acetyl-β-glucosaminidase, alkaline phosphorus, and aspartate aminotransferase but that data 

will not be reported here. The creatinine levels were used to normalize total vanadium 

concentration in urine.

All animals on study were observed at least twice daily for signs of moribundity and 

mortality. Body weights were recorded prior to study start and twice weekly thereafter. 

Water consumption was measured weekly. Chemical consumption was estimated from water 

consumption and dose was estimated from chemical consumption and body weights.

Quantitation of vanadium in plasma and urine.

Plasma and urine samples were analyzed using validated analytical methods (Harrington et 

al., 2021a). Briefly, standard spiking solutions of vanadium in the range 10-1000 ng/mL 

were prepared from commercially procured alternate stock solutions by diluting in nitric 

acid and water. Plasma and urine matrix standards in the range 5-1000 ng/mL were prepared 

by spiking appropriate volumes of vanadium spiking solutions in respective matrix. Quality 

control (QC) samples were prepared at 7.50 and 750 ng/mL in respective matrix. Method 

blanks were prepared similarly in each matrix except no vanadium standard was added.

Sample preparation was conducted in a clean plastic hood. Study samples, matrix calibration 

standards, QC samples, and method blanks were prepared for digestion by aliquoting 100 

μL of each plasma or urine sample into a plastic tube and subjecting to a multistage 

digestion sequence in a graphite heating block (DigiPREP graphite heating block from 

SCP Science, Champlain, NY) at 65 °C in the presence of concentrated nitric acid and 

30% hydrogen peroxide. Samples were cooled to room temperature, 100 μL of 100 ng/mL 

internal standard (praseodymium) was added following which samples were diluted to a 

final volume of 10 mL using deionized water. All samples were analyzed by inductively 

coupled plasma-mass spectrometry (ICP-MS) using a X-Series II quadrupole ICP-MS 

(Thermo Fisher Scientific, Bridgewater, NJ) equipped with a Peltier-cooled spray chamber 

and an ASX-500 autosampler (Teledyne CETAC Technologies, Omaha, NE) as described 

elsewhere (Harrington et al., 2021a).

Study samples that exceeded the matrix calibration range were diluted 5-fold using a 

matrix-matched blank solution to bring the concentration into the validated range. Each 

study sample set was bracketed by method blanks, matrix calibration standards, and QC 

samples. Unweighted linear least-squares regression was used to relate analyte signal to the 

standard concentration. Vanadium concentration in samples was calculated from the linear 

regression equation and the measured vanadium signal intensity in each sample corrected 

for instrument background vanadium signal, if present. The concentration in plasma was 

reported as ng vanadium/mL plasma and the concentration in urine was reported as both 
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ng/mL urine and ng vanadium/mg creatinine. For purpose of this manuscript, the urine 

vanadium concentration normalized to creatinine was used. The limit of quantitation (LOQ) 

and limit of detection (LOD), respectively, for both plasma and urine were 5.00 and 0.155 

ng/mL, respectively.

Data from study samples were considered valid if the following criteria were met: the matrix 

calibration curve linearity (r ≥ 0.99); at least 75% of matrix standards were within 15% of 

nominal values (except at the LOQ where it was 20%); at least 67% of the QC samples were 

within 15% of nominal values. All analytical runs met the criteria.

Statistical analysis.

Extreme values for F0 body weights, water and chemical consumption, urinalysis data, 

and vanadium concentration were identified by the outlier test of Dixon and Massey when 

sample size n < 20 (Dixon and Massey, 1957) and by Tukey’s outer fences method when 

sample size n≥20 . For F1 body weights, all observations across dose groups were fit to 

a linear mixed effects model with a random litter effect, and the residuals were tested by 

exposure group for outliers using Tukey’s outer fences method (Tukey, 1977). F0 body 

weights were analyzed using Jonckheere’s trend test (Jonckheere, 1954) and Williams’ or 

Dunnett’s (pairwise) test depending on detection of a significant trend at 0.01 level (Dunnett, 

1955; Williams, 1971; Williams, 1972; Williams, 1986). F1 body weights were analyzed 

using mixed models with a random litter effect and a Dunnett-Hsu adjustment (Hsu, 1992) 

for both trend and pairwise analyses. Water and chemical consumption, urinalysis data, 

and vanadium concentration were analyzed using the nonparametric multiple comparison 

methods of Shirley (Shirley, 1977) as modified by Williams (Williams, 1986) or Dunn 

(Dunn, 1964). Jonckheere’s trend test was used to assess the significance of exposure-related 

trends (Jonckheere, 1954). Vanadium concentration above the LOD of the assay was 

detected in some samples from control exposure groups. In these cases, if at least 20% 

of the values within a control group were above the LOD, the samples that were below 

the LOD in those groups were replaced with ½ of LOD value prior to calculation of group 

average and standard error (SE). This was done to better characterize low exposures and 

allow for statistical comparison. When a control group did not have over 20% of values 

above the LOD, mean or SE was not calculated for that group and statistical analysis was not 

performed.

Results

All study data are available in the Chemical Effects of Biological Systems (CEBS) 

database and can be accessed using the following link (Please note that the reviewer 

link will be replaced with the public link when the manuscript is accepted for 

publication by the journal):https://manticore.niehs.nih.gov/cebssearch/paper/15267/private/

ROCSS91XYZ.) Specific tables are: I04, Mean body weight summary; I07, Mean water 

consumption; I08, Mean compound consumption; PA44, Urinalysis data summary (urinary 

creatinine data and total urine vanadium concentration (ng/mg creatinine)); PA48, Summary 

of tissue (plasma) concentration; Plasma and urine vanadium concentration for individual 

animals.
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Survival, body weights, water and chemical consumption following exposure to vanadyl 
sulfate.

Male and female rats were exposed via drinking water to 0 (control), 21.0, 41.9, 83.8, 168, 

and 335 mg/L vanadyl sulfate from in utero (GD 6) through PND 118-119 (90 d following 

weaning on PND 28). During the post-weaning period, there was no impact on F1 survival 

following exposure to vanadyl sulfate. Terminal body weights in male and female F1 rats 

exposed to vanadyl sulfate were within 5-10% of the respective control groups. Group 

average daily water consumption during the last week of study is given in Table 1. Water 

consumption significantly decreased in males at the two highest and in females at the highest 

exposure concentration likely due to decreasing palatability with increasing test material 

concentration. Doses of vanadyl sulfate during at the end of the study (PND 105-112) were 

estimated based on exposure concentration and water consumption and ranged from 1.2 to 

15.8 and 1.5 to 20.5 mg/kg/day in males and females, respectively (Table 1).

Vanadium concentration (mg vanadium/L) in drinking water formulations of vanadyl sulfate 

was estimated using vanadium content of 31% (w/w) in vanadyl sulfate and vanadyl sulfate 

exposure concentration (Table 1). Using the average daily water consumed (g/animal/day) 

for a given exposure group during the last week of study and corresponding vanadium 

concentration (mg/L) in drinking water formulations, daily vanadium consumption (mg 

vanadium/day) by an animal was estimated (Table 1). Due to exposure concentration-related 

decreases in water consumption, vanadium consumption increased only 12- and 14-fold 

with a 16-fold increase in vanadyl sulfate exposure concentration in males and females, 

respectively (Table 1).

Survival, body weights, water and chemical consumption following exposure to sodium 
metavanadate.

Male and female rats were exposed via drinking water to 0 (control), 31.3, 62.5, 125, 

250, and 500 mg/L sodium metavanadate from in utero (GD 6) through PND 118 (90 d 

following weaning on PND 28). There was reduced pup viability, and higher whole litter 

loss and F0 mortality that contributed to lower number of 500 mg/L F1 pups available for 

post-weaning exposure. During the post-weaning period, there was no impact on F1 survival 

following exposure to sodium metavanadate. Terminal body weights in male and female 

F1 rats exposed to sodium metavanadate were significantly reduced in the 500 mg/L group 

(−27% and −11.5% in male and female rats respectively) compared to controls. Male and 

female rats exposed to lower (<500 mg/L) concentrations had terminal body weights within 

10% of their respective controls. Group average daily water consumption during the last 

week of study is given in Table 2. Water consumption significantly decreased in both male 

and female rats at the two highest exposure concentrations likely due to palatability issues. 

Doses of sodium metavanadate during the last week of the study (PND 112-119) were 

estimated using exposure concentration and water consumption and ranged from 1.9 to 22.4 

and 2.5 to 27.0 mg/kg/day in males and females, respectively (Table 2).

Vanadium concentration (mg vanadium/L) in drinking water formulations of sodium 

metavanadate was estimated using vanadium weight of 41% (w/w) in sodium metavanadate 

and exposure concentration (Table 2). Using the average daily water consumed (g/animal/
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day) during the last week of study for a given exposure group and corresponding vanadium 

concentration (mg/L) in drinking water formulations, daily vanadium consumption (mg 

vanadium/day) by an animal was estimated (Table 2). Due to exposure concentration-related 

decreases in water consumption, vanadium consumption increased only 9-fold with a 16-

fold increase in sodium metavanadate exposure concentration in both males and females 

(Table 2).

Vanadium concentrations in plasma and urine following exposure to vanadyl sulfate.

Data given are for N=3-5 animals per exposure group per sex. Plasma and urine 

vanadium concentration following exposure to vanadyl sulfate is shown in Figures 2A 

and 2B, respectively. Plasma vanadium concentration in males and females increased with 

the external vanadyl sulfate exposure concentration. While the increase in males was 

proportional, in females the increase was more than proportional at the highest exposure 

concentration with a 25-fold increase in plasma vanadium concentration when the exposure 

concentration was increased 16-fold (21-335 mg vanadyl sulfate/L). Concentration of 

vanadium in urine was much higher than in plasma. Unlike plasma, urinary vanadium 

concentration in both males and females increased more than proportional to the exposure 

concentration with a 46- and 42-fold increase in males and females, respectively, with a 

16-fold increase in exposure concentration. Although the source(s) for the observed low 

vanadium concentrations in some control animals (plasma 0.327 ng/mL; urine 0.3-2.6 ng/mg 

creatinine) were unknown, the measured concentrations were ≤16% of the concentration in 

the corresponding lowest exposure group.

To allow for better comparisons across exposure concentrations and between sexes, and 

subsequently between compounds, plasma and urine concentrations were normalized to 

daily total vanadium consumed (i.e., plasma or urine vanadium concentration per unit daily 

total vanadium consumed) which accounts for the difference in water and subsequently 

the vanadium consumption between exposure groups, sexes, and compounds. Plasma 

vanadium concentration for a unit daily vanadium consumed following exposure to vanadyl 

sulfate increased with the exposure concentration in both males (38.5 to 55.3 (ng/mL)/(mg 

vanadium/day) and females (45.2 to 82.7 (ng/mL)/(mg vanadium/day)) with females, in 

general, having higher values than males (Figure 3 and Supplemental Table 1). A similar 

increase was observed with urine in both sexes (males, 106 to 411 (ng/mg creatinine)/(mg 

vanadium/day); females 129 to 398 (ng/mg creatinine)/(mg vanadium/day)) although there 

was no apparent sex difference (Figure 4, Supplemental Table 1).

Vanadium concentrations in plasma and urine following exposure via to sodium 
metavanadate.

Data given are for N=5 animals per exposure group per sex. Plasma and urine vanadium 

concentration in male and female rats following exposure to sodium metavanadate is 

presented in Figures 5A and 5B, respectively. Plasma and urine samples were not available 

for animals in the highest exposure group due high pup mortality during lactation. Plasma 

vanadium concentration in males and females increased with the sodium metavanadate 

external exposure concentration. In males the increase was proportional to the exposure 

concentration while in females, the plasma concentration increased 11-fold with 8-fold 
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increase in exposure concentration (31.3-250 mg/L). Concentration of vanadium in urine 

was much higher than plasma; unlike plasma vanadium, urinary vanadium concentration 

in both males and females increased more than proportional to the exposure concentration 

with a 16- and 21-fold increase with 8-fold increase in exposure concentration, in males and 

females, respectively.

Plasma and urine data were normalized to total daily vanadium consumed to compare 

across exposure concentrations and sexes, and subsequently between compounds. Plasma 

vanadium concentration for a unit daily vanadium consumed following exposure to sodium 

metavanadate increased with the exposure concentration in both males (82.0 to 105 

(ng/mL)/(mg vanadium/day) and females (95.4 to 194 (ng/mL)/(mg vanadium/day) with 

females having higher values than males at all exposure concentrations (Figure 3 and 

Supplemental Table 2). A similar pattern was observed with urine (males, 266 to 764 (ng/mg 

creatinine)/(mg vanadium/day); females 265 to 1074 (ng/mg creatinine)/(mg vanadium/day)) 

(Figure 4, Supplemental Table 2).

Discussion

Because of concerns with potential adverse human health following exposure, the EPA has 

selected oral exposure to vanadium compounds assessed by the IRIS program (EPA, 2021). 

However, there are limited toxicity data available for these compounds (ATSDR, 2012). 

Hence, DNTP conducted a toxicity assessment of vanadyl sulfate and sodium metavanadate, 

representing V4+ and V5+ compounds, respectively, following exposure via drinking water in 

rodents. We have previously reported the short-term toxicity (Roberts et al., 2016; Roberts 

et al., 2018) and limited data on internal exposure (Harrington et al., 2021b; Harrington 

et al., 2021c) following drinking water exposure of adult animals to vanadyl sulfate and 

sodium metavanadate for 14 days. Subsequently, subchronic toxicity studies were conducted 

following perinatal exposure of rats via drinking water to vanadyl sulfate and sodium 

metavanadate. The subchronic toxicity data will be reported elsewhere. Here, we present the 

internal exposure and urinary excretion data of vanadium in male and female rats, conducted 

as a part of the subchronic toxicity study. The studies were designed to allow for direct 

comparisons between V4+ and V5+ compounds. To the best of our knowledge, there are no 

studies in the current literature comparing the internal exposure and excretion of vanadium 

following repeated oral exposure to V4+ and V5+ compounds in rodents. Additionally, 

similar data for humans following oral exposure could not be located at the current time.

Following exposure to both vanadyl sulfate and sodium metavanadate, water consumption 

decreased at higher exposure concentrations compared to concurrent controls in both sexes, 

likely stemming from decreased palatability with increasing test material concentration. 

Average daily consumption of vanadium estimated from water consumption following 

exposure to sodium metavanadate (0.291 to 3.08 mg/day) at exposure concentrations ranging 

from 31.3 to 500 mg/L was approximately 1.5- to 2.4-fold higher than that following 

exposure to vanadyl sulfate (0.123 to 2.03 mg/day) at exposure concentrations ranging from 

21 to 335 mg/L (Tables 1 and 2) .
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Because vanadium amount consumed following exposure to vanadyl sulfate and sodium 

metavanadate was different, plasma and urine vanadium concentrations were normalized 

for the daily total vanadium consumed to allow for direct comparison between exposure 

concentrations, sexes, and compounds. We used daily levels of vanadium consumed, without 

adjusting for body weight, to allow for direct comparisons between sexes. Plasma and 

urine vanadium concentrations for a unit of vanadium consumed following exposure to both 

compounds increased with the exposure concentration demonstrating changes in absorption, 

distribution, metabolism, and excretion (ADME) properties with increasing exposure to 

vanadium. The fact that the increase was observed for both plasma and urine suggest 

that the increase may have been due to increased absorption with increasing exposure 

concentration. Although a sex difference in normalized concentrations was found only in 

plasma concentration following exposure to vanadyl sulfate, a sex difference was apparent in 

both plasma and urine data following exposure to sodium metavanadate with females having 

a higher exposure than males (Supplemental Tables 1 and 2).

When compared between the two compounds using plasma concentrations, for a unit 

of vanadium consumed, male and female rats have 2-fold higher exposure to vanadium 

following exposure to sodium metavanadate than vanadyl sulfate. A similar comparison 

using vanadium excreted in urine showed 2- to 3- fold higher vanadium in sodium 

metavanadate exposed rats compared to vanadyl sulfate exposed animals. Similar findings 

were observed in our limited investigations following exposure of rodents to 14 days via 

drinking water (Harrington et al., 2021b; Harrington et al., 2021c). Taken collectively, these 

data demonstrate ADME differences between V4+ and V5+ compounds in rodents leading 

to higher internal exposure following exposure to V5+ compounds. Differential ADME 

properties of V4+ and V5+ compounds have been suggested by other investigators and is 

summarized in Trevino et al. (Trevino et al., 2019).

Interconversion between oxidation states and complex speciation under the conditions in 

the gastrointestinal tract as well as during transport in the systemic circulation makes 

understanding the ADME behavior of vanadium compounds difficult. Higher internal 

levels of vanadium following exposure to V5+ compounds have been attributed to higher 

absorption of V5+ compounds compared to V4+ compounds due to differential speciation 

in the gastrointestinal tract. For example, intestinal absorption of oxoanions (H2VO4
−, 

HVO4
2−) of V5+ compounds are known to be 3- to 4-times higher than the oxo cation 

(VO2
+) of V4+ compounds leading to higher internal vanadium concentrations following 

V5+ exposure (Trevino et al., 2019). This fold increase is in the same range as that observed 

with our data where plasma and urine concentrations normalized to vanadium consumed 

following exposure to sodium metavanadate (V5+) were 2- to 3-fold higher than those 

following exposure to vanadyl sulfate (V4+).

There are a few studies in the literature investigating the ADME properties of vanadium 

compounds following oral exposure in animals (Adachi et al., 2000; Edel et al., 2006; 

Trevino et al., 2019). Absorption of vanadium has been reported to be low and depending 

on the study, values between 1-16% have been observed. In one study, following exposure 

of rats for 7 d via feed to sodium metavanadate at 100 ppm, vanadium was distributed to 

tissues with the highest concentration found in the bone (Adachi et al., 2000). Vanadium in 
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the urine and feces were estimated as 0.86 and 83.5%, respectively, of the vanadium intake. 

Based on the excretion data, the authors concluded that vanadium was poorly absorbed from 

the gastrointestinal tract and the absorption and retention was ~16%. In a study investigating 

the kinetic behavior and oral bioavailability of vanadyl sulfate in rats following a single 

gavage administration, authors reported absolute bioavailability of vanadium between 12.5 

and 16.8% (Azay et al., 2001). The limited data available in humans also suggest that the 

oral absorption and retention of vanadium is ≤1% (Edel et al., 2006; Levina et al., 2014; Ma 

et al., 2018; Trevino et al., 2019). Hence, ADME and kinetics of oral vanadium compounds 

in animals and humans warrants further investigation. Nevertheless, the data presented here 

will aid in the interpretation of animal toxicity data of V4+ and V5+ compounds and to put 

animal toxicity findings into context with human exposures.

Conclusion

There are limited data to assess adverse human health impacts from oral exposure to soluble 

vanadium compounds. As a part of a larger study investigating the subchronic toxicity 

of these compounds, we have investigated the internal exposure and urinary excretion 

of vanadium in male and female rats following perinatal exposure to vanadyl sulfate or 

sodium metavanadate representing soluble V4+ and V5+ compounds, respectively. Both 

plasma and urine vanadium concentrations normalized to daily total vanadium consumed 

increased with increasing exposure concentration suggesting an increase in absorption with 

the exposure concentration. Based on the normalized data, females had higher plasma 

vanadium concentrations following exposure to vanadyl sulfate than males while higher 

values in females were observed for both plasma and urine following exposure to sodium 

metavanadate. For a unit of vanadium consumed, rats have up to 3-fold higher levels 

of vanadium following sodium metavanadate exposure than vanadyl sulfate exposure 

demonstrating difference in ADME properties between V4+ and V5+ compounds. The data 

presented here will aid in the interpretation of animal toxicity data of V4+ and V5+ and will 

help contextualize the relevance of animal toxicity data to human exposures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Vanadium (V) is a ubiquitous environmental contaminant.

• Internal exposure was determined in rodents after oral exposure to V4+ and 

V5+.

• Plasma and urine V levels increased more than proportional to V4+ and V5+ 

dose.

• Exposure to V5+ caused up to 3-fold higher plasma and urine V levels than 

V4+.

• Data demonstrate differential ADME properties between V5+ and V4+ 

compounds.
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Figure 1. 
Structures of A) vanadyl sulfate and B) sodium metavanadate
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Figure 2. 
Mean concentration (± SE) of vanadium in A) plasma and B) urine following perinatal 

exposure of male and female rats to vanadyl sulfate (V4+) via drinking water. Data are 

shown for N=3-5 animals per exposure group per sex. Individual data values are shown 

with points, and values below the limit of detection (LOD) are marked with “x.” Statistical 

comparisons were not performed when 80% or more of the control values were below 

the LOD. Statistical significance for an exposure group indicates a significant pairwise 

test compared to the control group (** p<0.01). Statistical significance for a control group 

indicates a significant trend test (** p<0.01). Because values in control male group were 

below LOD, a statistical significance could not be established for males.
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Figure 3. 
Plasma vanadium concentration normalized to vanadium consumed following perinatal 

exposure of male and female rats to vanadyl sulfate (V4+) and sodium metavanadate (V5+) 

via drinking water. Exposure groups 1, 2, 3, 4, and 5 (vanadyl sulfate only), respectively, 

for vanadyl sulfate are 21, 41.9, 83.8, 168, and 335 mg/L and for sodium metavanadate are 

31.3, 62.5, 125, 250, and 500 mg/L. Plasma for 500 mg/L sodium metavanadate were not 

available for analysis.
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Figure 4. 
Urine vanadium concentration normalized to vanadium consumed following perinatal 

exposure of male and female rats to vanadyl sulfate (V4+) and sodium metavanadate (V5+) 

via drinking water. Exposure groups 1, 2, 3, 4, and 5 (vanadyl sulfate only), respectively, for 

vanadyl sulfate are 21, 41.9, 83.8, 168, and 335 mg/L and for sodium metavanadate are 31.3, 

62.5, 125, 250, and 500 mg/L. Urine for 500 mg/L sodium metavanadate was not available 

for analysis.
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Figure 5. 
Mean concentration (± SE) of vanadium in A) plasma and B) urine following perinatal 

exposure of male and female rats to sodium metavanadate (V5+) via drinking water. Data 

shown are for N=3-5 animals per exposure group per sex. Individual data values are shown 

with points, and values below the limit of detection (LOD) are marked with “x.” Statistical 
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comparisons were not performed when 80% or more of the control values were below the 

LOD. Because values in control groups were below LOD, a statistical significance between 

control and exposed groups could not be established.
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Table 1.

Average daily water and vanadium consumption in rats following perinatal exposure to vanadyl sulfate (V4+) 

via drinking water

Exposure
Concentration

(mg/L)

Water
Consumption

(g/kg body

weight/day)
a

Dose
(mg vanadyl

sulfate/kg body

weight/day)
b

Water
Consumption

(g/animal/day)
a

Vanadium
Concentration in
exposure solution

(mg/L)
c

Vanadium
Consumption

(mg/day)
d

Male

0 63.0 ± 2.7** 0 27.1 0 0

21.0 58.5 ± 1.9 1.2 ± 0.0 26.2 6.5 0.171

41.9 57.9 ± 1.8 2.4 ± 0.1 25.4 13.0 0.330

83.8 55.1 ± 2.0* 4.6 ± 0.2 24.8 26.0 0.644

168 52.0 ± 1.3** 8.7 ± 0.2 21.8 52.1 1.14

335 47.3 ± 0.5** 15.8 ± 0.2 19.5 103.9 2.03

 

Female

0 90.6 ± 10.6* 0 24.4 0 0

21.0 72.8 ± 8.1 1.5 ± 0.2 18.9 6.5 0.123

41.9 81.2 ± 4.1 3.4 ± 0.2 22.7 13.0 0.295

83.8 87.6 ± 7.5 7.3 ± 0.6 23.4 26.0 0.608

168 75.4 ± 4.1 12.7 ± 0.7 20.6 52.1 1.07

335 61.2 ± 3.0* 20.5 ± 1.0 16.3 103.9 1.69

a
Group average water consumption for all study animals (n=6-11 per exposure group) at the end of study (PND 105-112) are given as g/kg body 

weight/day or g/animal/day (CEBS Table I07)

b
Values given are group averages estimated from water consumption and subsequently the vanadyl sulfate consumption and animal body weights 

using data from the final week of study (PND105-112) (CEBS Table I08)

c
Calculated using exposure concentration and 31% (w/w) vanadium in vanadyl sulfate

d
Calculated as vanadium concentration (mg/L) *water consumed (g/animal/day) and a solution density of 1 g/mL

*
Statistically significant at P <= 0.05.

**
Statistically significant at P <= 0.01. Statistical significance for a treatment group indicates a significant pairwise test compared to the vehicle 

control group. Statistical significance for a control group indicates a significant trend test
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Table 2.

Average water and vanadium consumption in rats following perinatal exposure to sodium metavanadate (V5+) 

via drinking water

Exposure
Concentration

(mg/L)

Water
Consumption

(g/kg body

weight/day)
a

Dose
(mg sodium

metavanadate/kg
body

weight/day)
b

Water
Consumption

(g/animal/day)
a

Vanadium
concentration
in exposure

solution

(mg/L)
c

Vanadium
Consumption

(mg/day)
d

Male

0 56.3 ± 3.2** 0 25.7 0 0

31.3 59.6 ± 1.9 1.9 ± 0.1 27.0 12.8 0.346

62.5 57.0 ± 1.6 3.6 ± 0.1 26.2 25.6 0.671

125 56.5 ± 2.3 7.1 ± 0.3 23.8 51.3 1.22

250 45.5 ± 1.7* 11.4 ± 0.4 18.7 102.5 1.92

500 44.8 ± 0.8** 22.4 ± 0.4 15.0 205 3.08

 

Female

0 78.2 ± 2.1** 0 20.8 0 0

31.3 80.3 ± 9.0 2.5 ± 0.3 22.7 12.8 0.291

62.5 76.8 ± 5.4 4.8 ± 0.3 20.5 25.6 0.525

125 76.6 ± 3.2 9.6 ± 0.4 20.1 51.3 1.03

250 55.4 ± 2.8* 13.8 ± 0.7 15.0 102.5 1.54

500 54.1 ± 3.9* 27.0 ± 1.9 12.7 205 2.60

a
Group average water consumption for all study animals (n=3-7 per exposure group) at the end of study (PND 112-119) are given as g/kg body 

weight/day or g/animal/day (CEBS Table I07)

b
Values given are group averages estimated from water consumption and subsequently the vanadyl sulfate consumption and animal body weights 

using data from the final week of study (PND105-112) (CEBS Table I08)

c
Calculated using exposure concentration and 41% (w/w) vanadium in sodium metavanadate

d
Calculated as vanadium concentration (mg/L) *water consumed (g/animal/day) and a solution density of 1 g/mL

*
Statistically significant at P <= 0.05

**
Statistically significant at P <= 0.01. Statistical significance for a treatment group indicates a significant pairwise test compared to the vehicle 

control group. Statistical significance for a control group indicates a significant trend test
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