Pharmacokinetics of vanadium in humans after intravenous
administration of a vanadium containing albumin solution

Giinter Heinemann,' Burckhard Fichtl* & Wolfgang Vogt'

nstitut fiir Laboratoriumsmedizin, Deutsches Herzzentrum Miinchen des Freistaates Bayern, Klinik an der Technischen Universitiit, D-80636 Miinchen
and >Walther-Straub-Institut fiir Pharmakologie und Toxikologie, Ludwig-Maximilians-Universitit Miinchen, D-80336 Miinchen, Germany

Aims Vanadium is currently undergoing clinical trials as an oral drug in patients
with noninsulin-dependent diabetes mellitus. Furthermore, vanadium occurs in
elevated concentrations in the blood of patients receiving intravenous albumin
solutions containing large amounts of the metal ion as an impurity. The present
study was performed to examine the pharmacokinetics of vanadium in humans
following a single intravenous (i.v.) dose of a commercial albumin solution contain-
ing a high amount of vanadium.

Methods The study was conducted in five healthy volunteer subjects who received
intravenously 90 ml of a commercial 20% albumin infusion solution containing
47.6 ug vanadium as an impurity. Vanadium concentrations in serum and urine were
determined by electrothermal atomic absorption spectrometry.

Results Vanadium serum concentrations after 1.v. administration were measured for
31 days. The data could be fitted by a triexponential function corresponding for-
mally to a three-compartment model. There was an initial rapid decrease in serum
concentrations with half-lives of 1.2 and 26 h. This was followed by a long-terminal
half-life time of 10 days. The terminal phase accounted for about 80% of the total
area under the serum concentration-time curve (AUC). The mean apparent volume
of distribution of the central compartment was found to be 10 1. The volume of
distribution at steady state was 54 1, and total clearance was 0.15 1 h™'. Vanadium was
mainly excreted by the kidneys. About 52% of the dose was recovered in the urine
after 12 days.

Conclusions This study provides data on vanadium pharmacokinetics in healthy
humans.
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the insulin-like properties of vanadium. Although this

Introduction

Vanadium is an ultratrace element occurring in most
mammalian cells and is assumed to be essential [1, 2].
The main source of vanadium intake is food. The acute
and chronic toxic effects of this element when absorbed
in greater amounts, usually by the respiratory tract, are
well documented [3, 4]. The pharmacological and phys-
iological actions of vanadium have been investigated
widely over the last 20 years [5—7]. Of special interest are
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action has been known since the end of the 19th century,
when it was used as a panacea for various diseases [4],
its real therapeutic potential has only recently become
clear. Short-term clinical trials with vanadium have been
performed in type II (noninsulin-dependent) diabetic
patients [8—10], and the results suggest that vanadium
may have a potential role in the adjunctive therapy of
these patients [11].

In addition to the intended therapeutic use of vana-
dium, its accidental administration can occur because it
is present as a contaminant in infusion solutions. In the
course of our investigations [12], we were surprised to
(0.15—
0.4 ug1™") in patients who underwent cardiac surgery
compared with healthy blood donors (0.023-0.108 ug 1™).

discover elevated vanadium concentrations
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The reason was that patients were receiving intravenous
albumin solutions containing vanadium at concentrations
ranging from 1.1 to 677 ug 1"

In order to investigate the physiological implications
of such contamination, it is necessary to understand the
pharmacokinetics of this metal. Detailed studies of intra-
venously administered vanadium have been carried out
only in animals [13—19]. The absence of human data was
mainly due to the lack of a selective, reliable and sensitive
analytical technique for the determination of vanadium

in blood.

Methods
Subjects

The study was performed in five male healthy nonsmok-
ing volunteers with an average age of 27 years (23—
39 years) and an average weight of 86 kg (72—-105 kg).
Prior to the study the volunteers underwent a physical
examination that included routine laboratory tests. No
abnormalities, especially with respect to liver and kidney
function, were observed. The volunteers took no medi-
cation for at least 3 weeks before and during the study.
The study was approved by the ethics committee of the
Ludwig-Maximilians-University of Munich. The volun-
teers were informed of the potential hazards verbally and
in writing before they gave their written consent.

Albumin solution

The commercially available human albumin solution
(Albumin 20% human™ for i.v. infusions), which is
heavily contaminated with vanadium, was obtained from
Octapharma, Langenfeld, Germany. The total vanadium
concentration was 528.8 ug 1" as determined by electro-
thermal atomic absorption spectrometry. The electron
paramagnetic resonance spectroscopy revealed that > 80%
of the vanadium was in the +5 oxidation state, i.e. in the
vanadate form.

Protocol

Human albumin solution (90 ml) corresponding to a
dose of 47.6 ug vanadium was infused intravenously over
20 min to each volunteer starting at 08.00 h. An indwell-
ing catheter used for sample collection during the first
phase of 80 min was placed in an antecubital vein of the
contralateral arm. Blood samples (10 ml each) were col-
lected 15 min prior to vanadium administration, 10 min
after starting the infusion, and 1, 10, 30, 60 min, 3, 6,
12, 24, 72 h after the end of infusion followed by col-
lection every fourth day for up to 31 days. The first urine
sample was collected during the 24-h period prior to
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vanadium administration. Thereafter urine sampling con-
tinued as follows: 8-10, 10-12, 14-16, 16-20, 2024 h
on the first day, 24-8, 8-16, 16-24 h on the second day
and 24-8, 8-16, 16—8 h on the third day. From day 4 to
day 12, 24-h urine samples were collected. Blood was
centrifuged and serum and urine samples were kept fro-
zen at —40 °C until they were analysed.

Analytical methods

Total vanadium was determined by electrothermal atomic
absorption spectrometry (ETAAS) as described previously
[12]. The limit of detection (LOD) of vanadium was
11 ng 1", the limit of quantification (LOQ) 17 ng "' and
the coefficient of variation was 5.5% at 1.54 ug I”". Elec-
tron paramagnetic resonance (EPR) spectra were mea-
sured on an Elecsys 580 EPR  spectrometer (Bruker,
Rheinstetten, Germany).

Data analysis

Polyexponential equations were fitted to the time course
of serum concentrations and to the amounts excreted in
urine by nonlinear regression analysis using Sigmaplot™
software (Jandel Scientific, Erkrath, Germany). The fit-
ting of the serum concentration (C)-time curve was
performed using weighted least squares by defining the
weighting variable w = 1/C”. Calculations of the phar-
macokinetic parameters were performed applying com-
mon equations as published in the literature [20, 21].
Names and symbols of the pharmacokinetic parameters
were chosen in accordance with the literature [22].

Results and discussion
Time course of vanadium in serum

The mean vanadium serum concentration-time curve
following single intravenous administration of 47.6 ug
vanadium declined rapidly during the first few hours.
After 24 h the serum concentration had dropped to less
than 30% of its peak value immediately after the end of
the infusion (Figure 1). Subsequently, serum vanadium
concentration decreased more slowly, approaching the
value at time zero (before start of infusion) after 31 days.
As assessed by a plot of residuals and the correlation
coefficient (r=0.998) the serum concentrations (C)
could quite well be fitted by a three-exponential equa-
tion of the type C= C;-e™'+ Cye™' + C.-¢™" that for-
mally corresponds to a three-compartment model. The
pertinent values of the intercepts (Cy, C,, C,), rate con-
stants (A, A, A,) and the derived pharmacokinetic param-
eters are given in Table 1. The mean half-lives (f1,) for the
rapid, intermediate, and slow phase of the concentration-
time profile were 1 h, 26 h and 10 days, respectively.

© 2003 Blackwell Publishing Ltd Br J Clin Pharmacol, 55, 241-245



In order to assess the contribution of the three phases
to the total area under the curve (AUC) the partial AUCs
(C; &Y were calculated. The terminal phase contributed
79.2% to total AUC, the rapid and intermediate phases
only 1.6 and 19.2%. Thus, the long terminal half-life is
the dominant phase that determines the cumulative
behaviour of vanadium. Furthermore, it becomes evident
that the serum concentrations of vanadium have to be
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Figure 1 Mean serum concentration-time curve of vanadium in
five healthy volunteers treated with 90 ml of an albumin solution
containing 47.6 ug vanadium,V vanadium serum concentration, d
(h) days (hours) after dosing. The rapid decline of the vanadium
concentration during 24 h after infusion is shown as an inset.
Points are mean values £ SEM.

Pharmacokinetics of vanadium in humans

measured over extended time periods in order to
describe its pharmacokinetics adequately.

The apparent volume of distribution (Table 1) of vana-
dium in our study was of the order of 501 (about
0.6 1 kg™"). However, only total concentrations in serum
were determined and vanadium is bound to serum pro-
teins especially to transferrin. Thus the calculated volume
of distribution suggests that vanadium exhibits apprecia-
ble tissue binding. This view is supported by animal
studies indicating that vanadium accumulates in tissues
such as liver, kidneys, bone, and spleen [15, 23-25].

Vanadate is reported to be weakly bound to albumin
[26—-28]. We found that it is completely dialysable from
albumin solutions (unpublished results). Thus, i.v. admin-
istered commercial albumin solutions with high vana-
dium content can be expected to represent pools of easily
disposable vanadium. In the circulating blood vanadium
is supposed to exist in two oxidation states, i.e. vanadyl
and vanadate. The fractions of the two species depend on
the oxygen tension and the presence of reducing/oxidiz-
ing substances [27, 29, 30]. However, both species bind
predominantly to transferrin [26, 27, 31-33].

The general pattern of vanadium kinetics observed in
our study in humans is remarkably similar to previous
observations in experimental animals. Three-compart-
ment kinetic behaviour has been found in both rats and
sheep. After an intravenous bolus dose to rats (30 pug kg~
' body weight) the half-lives were 00.25 h, 14 h, and
8.5 days [14]. In sheep, half-lives of 00.23 h, 7.9 h, and
2.5 days were observed [15]. However, the true terminal
half-life was probably appreciably longer than 2.5 days, as
the graphical estimation of the terminal half-life was
clearly biased.

Table 1 Mean pharmacokinetic
parameters of vanadium in serum from five

healthy male volunteers after intravenous

administration of 47.6 pg. The serum
concentrations were determined for

31 days. A three exponential equation was
fitted to the serum concentrations by
means of nonlinear regression. Standard

symbols [22]

Parameter Value = SEM

Intercept of fast disposition slope with ordinate [C) (ug 1) 2.41+£0.22

Intercept of intermediate disposition slope with ordinate [C, (ug 1I7h)] 1.62 £0.15

Intercept of slow disposition slope with ordinate [C, (ug1™) 0.69 +£0.05

Fast disposition rate constant A (h7H) 0.57 £0.14

Intermediate disposition rate constant A (W] 0.027 £0.004

Slow disposition rate constant A, (b)) 0.0028 £ 0.001

Elimination half-life associated with fast disposition [t1,4 (h)] 1.2
phase

Elimination half-life associated with intermediate [t (h)] 25.7
disposition phase

Elimination half-life associated with terminal disposition [t1,, (days)] 10.4
phase

Volume of central compartment [V. O] 10.1

Volume of distribution at steady state [V D] 54.0

Volume of distribution during terminal phase [V, O] 55.0

Total area under serum concentration-time curve [AUC (ug 1™ h)] 3115

Total body clearance from serum [CL (1 h™)] 0.153
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Figure 2 Cumulative urinary excretion of vanadium in five
healthy volunteers after an intravenous infusion of 90 ml of an
albumin solution containing 47.6 ug vanadium. Points are mean
values = SEM.

Time course of urinary excretion of vanadium

The cumulative urinary excretion of vanadium measured
for 12 days is depicted in Figure 2. It is apparent that
urinary excretion is the main elimination pathway for
injected vanadium in humans. After 12 days about
24.9 ug, corresponding to 52% of the dose, had been
recovered in urine. The time course of the cumulative
amount of vanadium excreted in urine up to time ¢ (U,)
could be described by the equation U,= U.,— Uy-e™" —
Uy ™ —U-e¢™" where Ay, b, A, are the rate constants
describing the serum concentration-time profile (c.f.
Table 1). U.=U,+ U,+ U, is the total
amount of vanadium excreted in urine. The parameter
values (mean and SEM) calculated by nonlinear regres-
sion were U;=39%0.14 ug, U,=12.4%+0.31 pg, and
Us; = 15.1 £ 0.56 pg. When interpreting the mass balance
of administered vanadium one has to consider not only
urinary excretion (52% of the dose after 12 days) but also
the amount of vanadium remaining in the body. Accord-
ing to the definition of the volume of distribution, the
amount of vanadium in the body after 12 days can be
calculated from the product of the respective serum con-
centration (0.3 ugI"") and V, (55 1), which yields 16.5 pg.
Together with the 24.9 ug recovered in urine after
12 days this amounts to some 41.4 pug. Thus about 13%
of the total dose (47.6 pg) was unaccounted for, possibly
reflecting the amount excreted in the faeces. It has been
reported that the latter can account for about 10% of the
excretion of vanadium administered i.v. in humans [34]
and in experimental animals [35].

In the urine of a patient undergoing elective coronary
revascularization who received an intravenous albumin
solution (vanadium dose 47.4 ug or 0.6 ugkg"' body
weight), we observed a slightly higher renal excretion of
vanadium (unpublished data). Fifty-eight per cent of the

estimated
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dose was recovered in urine after 5 days. We concluded
that the increased excretion of vanadium during the first
5 days was caused by diuresis induced by the infusion
solutions and diuretic drug both of which were admin-
istered postoperatively. In comparison with this patient,
the cumulative urinary excretion of vanadium in the
volunteers was between 28.9 and 54.3% during the same
time period.

In a former study a higher urinary excretion of vana-
dium has been reported. In the two volunteers 81% of
the intravenously administered dose (18 and 24 mg,
respectively) was excreted in the urine by the 7th day
after the last injection and 9% in the faeces over the same
period. It was concluded that vanadium is excreted
almost entirely by the kidney [34]. In conclusion, the
present study has provided the first detailed information
on the pharmacokinetics of vanadium in humans.
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