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ABSTRACT: Reactions with blood components are crucial
for controlling the antidiabetic, anticancer, and other biological
activities of V(V) and V(IV) complexes. Despite extensive
studies of V(V) and V(IV) reactions with the major blood
proteins (albumin and transferrin), reactions with whole blood
and red blood cells (RBC) have been studied rarely. A detailed
speciation study of Na3[V

VO4] (A), K4[V
IV
2O2(citr)2]·6H2O

(B; citr = citrato(4−)); [VIVO(ma)2] (C; ma = maltolato(−)),
and (NH4)[V

V(O)2(dipic)] (D; dipic = pyridine-2,6-dicarbox-
ylato(2−)) in whole rat blood, freshly isolated rat plasma, and commercial bovine serum using X-ray absorption near-edge
structure (XANES) spectroscopy is reported. The latter two compounds are potential oral antidiabetic drugs, and the former two
are likely to represent their typical decomposition products in gastrointestinal media. XANES spectral speciation was performed
by principal component analysis and multiple linear regression techniques, and the distribution of V between RBC and plasma
fractions was measured by electrothermal atomic absorption spectroscopy. Reactions of A, C, or D with whole blood (1.0 mM V,
1−6 h at 310 K) led to accumulation of ∼50% of total V in the RBC fraction (∼10% in the case of B), which indicated that RBC
act as V carriers to peripheral organs. The spectra of V products in RBC were independent of the initial V complex, and were best
fitted by a combination of V(IV)−carbohydrate (2-hydroxyacid moieties) and/or citrate (65−85%) and V(V)−protein (15−
35%) models. The presence of RBC created a more reducing environment in the plasma fraction of whole blood compared with
those in isolated plasma or serum, as shown by the differences in distribution of V(IV) and V(V) species in the reaction products
of A−D in these media. At physiologically relevant V concentrations (<50 μM), this role of RBC may promote the formation of
V(III)-transferrin as a major V carrier in the blood plasma. The results reported herein have broad implications for the roles of
RBC in the transport and speciation of metal pro-drugs that have broad applications across medicine.

■ INTRODUCTION

Diverse biological roles of vanadium complexes, including
antidiabetic, cardioprotective, radioprotective, osteogenic, as
well as anticancer and antiparasitic activities, have been
extensively studied over the last three decades.1−9 Generally,
V(V) and V(IV) complexes with organic ligands are pro-drugs
that react with biological media with the release of active
components, such as vanadates or peroxido-vanadates, which
then act as potent inhibitors of protein tyrosine phosphatases
and alter cell signaling.2−4,6,10 Considerable attention has been
paid to the reactions of biologically active V(V) and V(IV)
complexes with major blood serum proteins, such as albumin,
immunoglobulins, and transferrin,11−14 but relatively little
research has been conducted on the reactions of V complexes
with whole blood,15,16 or with red blood cells (RBC).17−22 The
role of RBC in the pharmacokinetics of V-based drugs was
previously assumed to be neglible,12a but recent data have
pointed to their potential importance as carriers of V to
peripheral organs.22,23 Further advances in the understanding of

the roles of RBC and other biological components in V
metabolism have been hampered by several analytical
limitations. First, the two spectroscopic techniques that are
most commonly used for the speciation of V in biological
systems require relatively large (millimolar) V concentrations,
and are sensitive to only one of the biologically relevant
oxidation states of V (electron paramagnetic resonance (EPR)
spectroscopy for V(IV) and 51V NMR spectroscopy for
V(V)).4,12a Reduction of V(V) or V(IV) to V(III) in tunicates
(V-accumulating sea organisms) is well-known, although its
physiological role has not been elucidated as yet.24 The
possibility that V(III) is accessible in mammalian organisms has
also been suggested,12c but no reliable method for its detection
in the presence of V(IV) and V(V) existed until our recent
studies.25 Second, methods based on the separation of V-bound
biomolecules by chromatographic or electrophoretic techniques
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often lead to unreliable results, due to the generally low stability
of V-biomolecule adducts under the conditions used for their
analysis.26,27

Over the past decade, X-ray absorption near edge structure
(XANES) spectroscopy has become a method of choice for
speciation studies of metal ions in complex matrices, including
biological fluids, cells, and tissues.28 Our group has previously
applied this technique to reactivity studies of toxic (Cr(VI))
and medicinal (Cr(III), Mo(VI), Ru(III)) metal ions in
biological media.29 Recently, we developed a general method
for the determination of oxidation states and coordination
numbers of V ions in biological and environmental samples,
using a library of XANES spectra of biologically relevant V(V),
V(IV), and V(III) complexes.25 This method has been
subsequently used to study the reactivities of typical oral
antidiabetic V(V) and V(IV) drugs in gastrointestinal environ-
ments,30a in potential pharmaceutical formulations,30b and in
cultured mammalian cells and cell culture media.30c Here, we
present the first XANES spectroscopic study of the reactivities
of biologically relevant V(V) and V(IV) complexes with whole
rat blood and its components. The compounds chosen for this
study (A−D in Chart 1) include potential oral antidiabetic
drugs (C and D)31,32 and likely models of their decomposition
products in gastrointestinal media (A and B).30a Note that V-
oxido binding in V(IV) complexes is represented with triple,
rather than double, bonds (contrary to a common convention),
which arise from a combination of one σ and two π bonds,

while the bond order in dioxido V(V) complexes (Chart 1) is
close to 2.5.30c,33,34

Two recent articles22 on the interactions of antidiabetic
V(IV) complexes with RBC or with isolated hemoglobin (Hb,
studied by EPR spectroscopy) have appeared. The key
differences between our research and these published data22

are as follows. First, XANES spectroscopy used in our work
provided simultaneous detection and quantitation of V(V),
V(IV), and V(III) oxidation states,25,28,30 rather than of V(IV)
only, as in the previous studies by EPR spectroscopy.11−13,22

Second, unlike for most previous studies that used RBC
suspensions in aqueous buffers,18−22 the present research used
whole blood (including RBC and plasma fractions), which
provided a more biologically relevant situation.15,16 Finally, the
current study included the interactions of representative V
products of gastrointestinal digestion (A and B in Chart 1)30

with blood components. By contrast, previous speciation
studies11−13,22 assumed that orally administered V antidiabetics
reach the blood unchanged, which was clearly not the case,30a at
least in part.

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. The V(V) and V(IV)

complexes used to study the reactions with blood and its components
(A−D in Chart 1) were either purchased from Aldrich (A; >99%), or
synthesized by modified literature procedures (B−D)35−38 and
characterized by elemental analyses, infrared spectroscopy, and
electrospray mass spectrometry, as described previously.25 Newborn
calf serum (heat-inactivated and filtered) was purchased from
Invitrogen. Other reagents of analytical or higher purity grade were
purchased from Sigma-Aldrich or Merck and used without further
purification. Water was purified by the Milli-Q technique. Blood
samples were obtained by cardiac puncture from healthy male
Sprague−Dawley rats that were handled in accordance with the policy
of the University of Sydney (Animal Ethics Approval L07/1−2004/3/
3846). Whole blood was collected into heparin-coated Vacutainer
tubes (Becton Dickinson), kept on ice prior to experimentation, and
used within 2 h of collection. A portion of whole blood was
centrifuged (5000 g for 10 min at 277 K), and the supernatant plasma
was removed for the reactivity studies with A−D.

The conditions used for sample preparations for XANES measure-
ments are listed in Table 1. Stock solutions of V(V) and V(IV)
complexes (50 mM for A, B, and D or 10 mM for C) in physiological
saline (0.15 M NaCl in H2O) were prepared within 1 h before the
experiments (C was dissolved by sonication for 10 min at 295 K under
Ar atmosphere). The stock solutions were then added to whole blood,
isolated plasma, or serum (0.30 mL of biological fluids per sample) to
a final V concentration of 1.0 mM, and the reactions were performed
at 310 K under ambient air conditions for 1 or 6 h. After the reactions,
the plasma and serum samples were immediately frozen at 193 K and
freeze-dried (217 K, 0.5 mbar for 20 h). Whole blood samples were
separated into RBC and plasma fractions by centrifugation (5000 g for
10 min at 277 K), then both fractions were frozen and freeze-dried
separately. The buffy coat was removed from the top of the RBC
pellets after freeze-drying, but these fractions were too small to be
analyzed separately. The freeze-dried samples were kept desiccated at
277 K for 1−2 weeks prior to the analyses. In addition, the reactions of
A with purified bovine proteins, including serum albumin (BSA; Sigma
A3059), apo-transferrin (Tf; Sigma T4382) and met-hemoglobin (Hb;
Sigma H2500) were performed in HEPES-buffered aqueous solutions,
where HEPES = 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(details of the reaction conditions are listed in Table 1), and the
samples were freeze-dried and stored as described above. The buffers
used for the preparation of A-BSA and A-Tf samples (Table 1) also
contained carbonate, which is a synergistic ion required for the binding
of V(III) or V(IV), but not V(V), to the specific Fe(III) binding sites
of Tf.12a

Chart 1. Structures of V Complexes Used for the V
Reactions with Blood or Its Components (A−D) and
Additional Model Complexes (E−I)25 Used in the Data
Analysisa

aThe V-oxido binding in V(IV) complexes (B, C, and E) is
represented by triple, rather than double, bonds (a combination of
one σ and two π bonds), while the bond order in V(V) dioxido
complexes (represented as double bonds in D and F) is close to
2.530c,33,34.
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For the kinetics studies of V distribution between the plasma and
cell fractions, blood samples (30 μL per sample) were incubated with
A−D ([V] = 1.0 mM) for 0−6 h at 310 K, then cooled on ice and
centrifuged (10 000 g for 5 min at 277 K). For zero time points,
compounds A−D were added to the blood samples on ice, and the
samples were immediately centrifuged at 277 K. Separated blood cell
and plasma fractions were digested with ultrapure HNO3 (Merck; 69%
w/v in H2O; 0.20 mL per sample) by sonication (1 h at 50 W and 295
K) and brought to 1.0 mL volume with ultrapure HCl solution (0.10
M, prepared from 37% w/v stock, Merck). The V content in the
resultant solutions was determined by electrothermal atomic
absorption spectroscopy with an Agilent 240Z spectrometer (Agilent
Technologies; equipped with Zeeman background correction), using
standard V(IV) solutions in 0.10 M HCl (Aldrich) for calibration. In a
separate kinetic experiment, aliquots of plasma fraction only (10 μL)
were taken from the samples after centrifugation, and the V content
was determined as described above.
XANES Spectroscopy and Data Processing. Vanadium K-edge

spectra of all of the samples listed in Table 1 (except for V-Hb) were
recorded at the X-ray Absorption Spectroscopy Beamline, Australian
Synchrotron (AS, Melbourne, Australia).39 The electron beam energy
was 3.0 GeV, and the maximal current was 200 mA. The beamline had

a double-crystal Si[111] monochromator, an upstream collimating
mirror (Si-coated), and a downstream sagittally focusing mirror (Rh-
coated). Additionally, a third mirror (SiO2-coated) downstream from
the focusing mirror provided harmonic rejection so that harmonics
made a negligible contribution to the X-ray absorption spectroscopy
(XAS). Neat freeze-dried samples were pressed into 0.5 mm thick
pellets that were supported within a polycarbonate spacer between two
63.5 μm Kapton tape windows (window size, 2 × 10 mm). The
samples were placed in a He-filled box at ∼295 K, and the XANES
data were collected in fluorescence detection mode, using a Ge planar
detector (Eurisys; 100-element). Low-temperature XAS measurements
were not used, since they led to a significant reduction in the signal-to-
noise ratio, due to the strong absorption of photons over the 5−6 keV
energy range by the cryostat windows and air between the cryostat and
detector. For all of the samples, only XANES regions were recorded
(5250−5700 eV range; step sizes, 10 eV below 5450 eV, 0.25 eV at
5450−5525, and 2 eV above 5525 eV). The dwell time per point was
2.0 s for most samples, or 0.50 s for rapid scans for X-ray sensitive
samples. The energy scale was calibrated using a V foil as an internal
standard (calibration energy, 5465.0 eV, corresponding to the first
peak of the first derivative of V(0) edge).40 In addition, XANES
spectra of selected samples (Table 1; different aliquots of the same
preparations) were recorded at ∼295 K in the fluorescence detection
mode at the Australian National Beamline Facility (ANBF, beamline
20B, Photon Factory, KEK, Tsukuba, Japan), while the spectrum of A-
Hb (Table 1) was recorded at the ANBF only.

The beam energy at ANBF was 2.5 GeV, and the maximal beam
current was 400 mA. The beamline was equipped with a channel-cut
Si[111] monochromator and a 36-element planar Ge detector
(Eurisys). The monochromator was detuned by 50% to reduce
harmonic contributions. Other experimental conditions at ANBF were
identical to those at the AS. No significant photodamage of the
samples occurred at ANBF (as shown by comparison of XANES data
from sequential scans), while the relative intensities of the pre-edge
peaks decreased by ≥5% by the second scans of the samples recorded
at AS, which indicated a significant level of photodamage.41 The extent
of photodamage was higher at the AS compared with the ANBF
because of the higher photon flux, but this also provided higher signal-
to-noise ratios.41 The XANES of model complexes were recorded at
AS (solid mixtures with boron nitride, 295 K) for A−F (Chart 1), or
resplined from published data (for G−I in Chart 1),42 as described
previously.25

Calibration, averaging, and splining of XANES data were performed
using the Average and Spline programs within XFit software package.43

The spectra were normalized according to the method of Penner-
Hahn and co-workers,44 to match the tabulated X-ray cross-section
data45 for V (in a similar manner to the earlier work on Cr(III)
XANES spectra).29b This normalization technique led to consistent
XANES spectra for all of the samples, regardless of the beamline used
and the signal-to-noise ratio. Principal component analyses of the
normalized XANES data were performed using Unscrambler
software.46 Multiple linear regression analyses of XANES data were
performed using Origin software47 with previously described criteria
for a successful fit.29a Initially, the full set of spectra for model
complexes25 was used for multiple linear regression analyses, but most
of the spectral models were rejected computationally during the fitting
algorithm due to negative regression coefficients.29a

■ RESULTS

Distribution of Vanadium Complexes between Cell
and Plasma Fractions. Figure 1a shows time-dependent V
distributions between the plasma and cell (RBC and buffy coat)
fractions of whole rat blood after incubations with compounds
A−D (1.0 mM V) for 0−6 h at 310 K as determined by atomic
absorption spectroscopy (AAS). Longer incubation times were
not used, since they led to visible RBC lysis (red coloration of
the plasma fraction). The lowest V content in the cell fractions
at zero time points (273−277 K; ∼30% of total V, Figure 1a)

Table 1. Samples Used for XANES Spectroscopic Speciation

labela reaction mediumb

A1_1h; A1_6h whole blood, then RBC separated and measured
A2_1h; A2_6h;
A2_6h*

whole blood, then plasma separated and measured

A3_1h; A3_6h;
A3_6h*

freshly isolated plasma

A4_1h; A4_6h;
A4_6h*

commercial bovine serum

B1_1h; B1_6h whole blood, then RBC separated and measured
B2_1h; B2_6h whole blood, then plasma separated and measured
B3_1h; B3_6h freshly isolated plasma
B4_1h; B4_6h commercial bovine serum
C1_1h; C1_6h;
C1_6h*

whole blood, then RBC separated and measured

C2_1h; C2_6h;
C2_6h*

whole blood, then plasma separated and measured

C3_1h; C3_6h;
C3_6h*

freshly isolated plasma

C4_1h; C4_6h;
C4_6h*

commercial bovine serum

D1_1h; D1_6h whole blood, then RBC separated and measured
D2_1h; D2_6h whole blood, then plasma separated and measured
D3_1h; D3_6h freshly isolated plasma
D4_1h; D4_6h commercial bovine serum
A-BSA 0.50 mM A + 0.50 mM BSA in 100 mM HEPES, 25 mM

NaHCO3, pH = 7.40 for 4 h at 310 K
A-Tf 0.50 mM A + 0.50 mM Tf in 100 mM HEPES, 25 mM

NaHCO3, pH = 7.40 for 4 h at 310 K
A-Hb* 1.0 mM A + 0.078 mM Hb in 20 mM HEPES, 140 mM

NaCl, pH = 7.40 for 24 h at 310 K
aComplex designations (A, B, C, or D) correspond to those in Chart
1, the bold numbers designate the reaction media (1 for the RBC
fraction, 2 for the plasma fraction of whole blood, 3 for the isolated rat
plasma and 4 for commercial bovine serum), and 1h or 6h designate
the reaction times, 1 or 6 h, respectively, at 310 K. The samples were
freeze-dried after the reactions, and XANES data were collected at 295
K (Experimental for details). For the samples designated with
asterisks, the XANES data were collected at ANBF, and the rest of
the data were collected at AS (separate aliquots of the same sample
were used to collect data at both AS and ANBF). bInitial V
concentrations were 1.0 mM, unless specified otherwise. Abbrevia-
tions: RBC = red blood cells, BSA = bovine serum albumin, Tf =
bovine apoTf, Hb = bovine met-hemoglobin, HEPES = 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid.
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corresponded to the amount of V in residual plasma in the
pellets (which were not washed to avoid V leaching from the
cells).18 Incubation of whole blood with either A or C at 310 K
led to rapid increases of relative V content in the pellets (to
∼80% within 1 h; black and green lines in Figure 1a), followed
by less prominent changes within the next 5 h. In the case of D,
rapid RBC uptake of V occurred even at 273−277 K (relative V
content in the pellet was ∼50% at zero time point), followed by
a slower increase to ∼80% V content in the pellet within the
next 6 h at 310 K (blue line in Figure 1a). The RBC uptake of
V from B was significantly lower than that for the other three
compounds (red line in Figure 1a). These results were
confirmed in a separate experiment where the V content was
determined in the plasma fraction only (Figure 1b). Notably,
both experiments showed small but significant increases of V
concentration in the plasma fraction for A and C, which
followed the initial rapid decreases (black and green lines in
Figures 1a,b). These results indicated that the uptake of V(V)
or V(IV) species by intact RBC was a reversible process,
although the forward process was faster than the reverse one, in
agreement with published data.18 Equilibrium V concentrations
in the plasma fraction were ∼45−50% of total V for the
treatments with A, C, or D and ∼90% in the case of B (Figure
1a,b). The remaining V was mostly taken up by RBCs, since

mammalian blood typically contains one white blood cell and
40 platelets per 600−700 RBCs.48 Note that the reactions of
A−D with the plasma components occurred at comparable
rates to those from the V uptake by the cells as shown by the
XANES below. The data contained in Figure 1a,b justified the
choice of time points for the XANES spectroscopic studies of
RBC and plasma fractions of V-treated blood (Table 1): 1 h as
the end of rapid RBC uptake phase for A and C and 6 h as the
point when an equilibrium was reached for all four compounds,
but no significant cell lysis had yet occurred.

Vanadium Speciation in the Reaction Products with
Blood and its Components. Conditions used for XANES
sample preparation (Table 1) included treatments of whole
blood with compounds A−D (V concentration, 1.0 mM) for 1
or 6 at 310 K, followed by the separation of RBC and plasma
fractions, and data collection for both fractions (samples A1−
D1 and A2−D2, respectively, in Table 1). Analogous
treatments were performed in freshly isolated rat plasma
(samples A3−D3) and in commercial (heat-inactivated and
filtered) bovine serum (samples A4−D4). The XANES data
were collected both at the AS (for all of the blood samples
listed in Table 1) and at the ANBF (for selected samples; Table
1 and Experimental for details).
Figure 2 shows typical XANES of the reaction products

compared with those of the model complexes.25 As was
observed previously for the reactions of metal-based drugs with
biological media,29,30 reactions of A−D with whole blood or
with isolated plasma or serum for 1 h at 310 K resulted in
convergence of very different spectra of the initial species
(Figure 2a) into similar spectra of the bio-transformation
products (Figure 2b−d). The positions and intensities of pre-
edge peaks (due to the symmetry-forbidden 1s → 3d
transition)49,50 and the edge energies (typically determined at
half-edge jump)25,51 are the key XANES parameters that reflect
the oxidation states and coordination numbers of the V species
in a wide variety of inorganic and organic matrices.25,51,52

A comparison of these parameters for the spectra of V
biotransformation products (Table 1; AS data only, excluding
the reaction products with purified proteins) with those of
model V(V) and V(IV) oxido complexes25 is shown in Figure
3. Both the three-dimensional plot (Figure 3a)25 and its
projections into separate axes (Figure 3b-d) were consistent
with the predominance of six-coordinate V(IV) and five-
coordinate V(V) oxido complexes in the reaction products of
A−D with blood components (Table 1). In particular, pre-edge
peak positions in the XANES of the reaction products were
consistent with those for six-coordinate V(IV) and five- or four-
coordinate V(V) complexes, but not for five-coordinate V(IV)
or six-coordinate V(V) complexes (Figure 3c). Octahedral
nonoxido V(V), V(IV), or V(III) complexes can be ruled out as
major components of the reaction products because of the low
pre-edge peak intensities in their XANES spectra (<5% of the
edge jump; Figure 3a),25,42 but their presence as minor
components cannot be excluded. A comparison of XANES
parameters for the groups of samples (that were dependent on
the reaction medium, Figure 3e) showed that the XANES of
the reaction products with isolated plasma or serum tended to
have higher edge energies and pre-edge heights and, hence,
higher V oxidation states, compared with those in whole blood,
but all the groups were significantly mixed (Figure 3e).
Results of principal component analyses (PCA)29a,53 of the

XANES data (Table 1; AS data only, excluding the reaction
products with purified proteins) are shown in Figure 4. A clear

Figure 1. AAS determinations of time-dependent V distribution
between the cell pellet (RBC and buffy coat) and plasma fractions of
whole blood (the % includes that contained within the plasma that was
retained in the pellet and the % at time 0 h needs to be subtracted
from the total % to obtain that contained within the RBC fraction)
(a); and changes in plasma V concentration (b) during the treatment
of whole blood with A-D (Chart 1; 1.0 mM V) for 1−6 h at 310 K.
The data in (a) and (b) were obtained in separate kinetic experiments
(Experimental section).
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separation between XANES of both fractions of whole blood,
on the one hand, and of the isolated plasma or serum samples,
on the other, was achieved based on the two first principal
components (PC1 and PC2 in Figure 4), which constituted
58.5% and 17.3% of total variance, respectively. In addition,
XANES of the RBC and plasma fractions of whole blood (black
and red dots in Figure 4a) were separated based on the third
principal component (PC3, 8.5% of total variance), but no such
separation was evident for the isolated plasma and serum
samples (green and blue dots in Figure 4a). As shown in Figure
4b, significant differences between the groups of samples were
observed in the pre-edge, edge, and postedge areas. No
separation of the XANES data by PCA could be achieved based

on either the initial V compound (A−D) or the reaction time
(1 or 6 h), as shown in Figure S1 (Supporting Information).

Figure 2. (a) XANES spectra of the initial V(V) and V(IV) complexes
A−D (Chart 1; from previously reported data).25 (b−d) Typical
XANES spectra of the reaction products with blood and its
components (designations correspond to those in Table 1). All of
the spectra were measured at the AS at 295 K (see Experimental
Section).

Figure 3. Comparison of key parameters of XANES spectra25,51,52 for
the reaction products of A−D with blood and its components (Table
1, AS data only, excluding the reaction products with purified proteins)
and for model V(V), V(IV) and V(III) complexes (based on
previously published data).25 a: Three-dimensional plot25 of XANES
parameters for biological samples (represented with black dots) and
groups of model complexes (red circles, grouped by V oxidation states
and coordination numbers) for which the values of edge energies were
determined at the half-edge jump.25,51 b-d: Projections of the data
shown in (a) to separate axes. e: Comparison of edge energies and
pre-edge heights for the biological samples grouped by the reaction
medium (Table 1).
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Figure 5 highlights changes in the pre-edge and edge areas of
XANES spectra (5460−5490 eV) as a function the beamline
used for data collection. These spectral regions contain
essential information about the oxidation states and coordina-
tion numbers of V species.25,51,52 In agreement with the data in
Figure 3e, the spectra shown in Figure 5a,c (data collected at
AS) pointed to small but significant increases in average V
oxidation states for the V reaction products with isolated
plasma or serum (samples A3−D3 and A4−D4 in Table 1)
compared to those in the fractions of whole blood (A1−D1
and A2−D2 in Table 1).
The differences between the samples derived from whole

blood treatments and those obtained from isolated plasma or
serum were much more evident for the data collected at ANBF
(Figure 5b,d). Because of the higher photon flux at AS

compared with ANBF, the former data were more likely to be
affected by photodamage (Experimental Section), but they also
had higher signal-to-noise ratio (Figure 5).41 For the RBC
samples (A1_6h and C1_6h), the XANES data collected at
either AS or ANBF agreed within experimental noise level
(Figure 5 and Figure S2 in Supporting Information). A small
but significant amount of photoreduction at AS was evident (by
comparison with the ANBF data) for the samples of blood
plasma fractions (A2_6h and C2_6h), but this was
considerable for the samples of isolated plasma or serum
(A3_6h, C3_6h, A4_6h and C4_6h; Figures 5 and S2), which
is addressed below.

Multiple Linear Regression Analyses of XANES Data.
The analyses29a,54 for the samples listed in Table 1 (both AS
and ANBF data, excluding the data for A-BSA, A-Tf, and A-Hb)
were performed with the use of the previously developed
XANES library of biologically relevant V(V), V(IV), and V(III)
complexes.25 The best fits (Figure 6) included contributions

Figure 4. a: Scores plot of the first three principal components
(representing 58.5%, 17.3% and 8.5% of total variation, respectively)
for the set of XANES data listed in Table 1 (AS data only, excluding
the reaction products with purified proteins). b: Comparison of a
typical XANES spectrum for a V reaction product (A1_1h in Table 1)
and the first three loading plots for all the samples included in (a). The
XANES spectra were normalized as described in the Experimental
section and were used for PCA (performed with Unscrambler
software)46 without further processing. Additional PCA results are
shown in Figure S1 (Supporting Information).

Figure 5. Pre-edge and edge areas of XANES spectra (neat freeze-
dried samples, 295 K) for selected reaction products of whole blood or
its components with compounds A or C (1.0 mM V) for 6 h at 310 K.
Designations of the samples correspond to those in Table 1. Separate
aliquots of the same samples were used for data collection at either AS
(a,c) or ANBF (b,d). See the Experimental Section for the parameters
used for the measurements at each of the beamlines.
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from the XANES of models A, B, D, E, F, H, and I (Chart 1),
among which were six-coordinate V(IV) monooxido complexes
(B and E),35,55 four-coordinate V(V) tetraoxido (A), and five-
coordinate V(V) dioxido complexes (D and F),36,56 as well as
nonoxido V(IV) and V(V) complexes (H and I),42 all with
exclusively or predominantly O-donor ligands. Detailed results
of multiple linear regression analyses are given in Supporting
Information Tables S1 and S2, and overlays of experimental
and fitted spectra are shown in Figures S3 (AS data) and S4
(ANBF data) in Supporting Information. As shown in Figures
S3 and S4, satisfactory fits of the pre-edge and edge XANES
areas (5460−5490 eV) were achieved for all the samples, which
was supported by comparison of numerical values of the fit
residues and the corresponding values for the differences
between different samples (Table S2). Notably, the lowest fit
residues were consistently obtained for the XANES of RBC
fractions compared with those from other sample types (Table
S2 and Figures S3 and S4). Significant deviations between
experimental and fitted spectra in the postedge areas (5490−
5520 eV) were observed for most of the samples that were
affected by photodamage (AS data for A3−D3 and A4−D4;
Figure S3). These deviations were likely to be due to the
formation of V photoreduction products that were not
adequately covered by the current model library. However,
good fits of the pre-edge and edge XANES (Figures S3 and S4)
were expected to provide reliable information on the average
oxidation states and coordination environments of V species in
these samples.25 Multiple linear regression analyses of XANES
data for all the RBC fractions (A1−D1 in Table 1 and Figure

6a) resulted in similar fits, which included predominantly
XANES from models B (V(IV), ∼70% mol) and D (V(V), 15−
25% mol), as well as (in most cases) small but significant
proportions of E (V(IV), 7−12% mol). These results were
consistent with the tight clustering of the RBC data in the PCA
scores plots (black dots in Figure 4a), as well as with the
analysis of XANES parameters in Figure 3. The only RBC
sample that stood out in PCA (A1_1h in Figures 3e and 4a;
treatment of whole blood with A for 1 h) was distinguished by a
higher proportion of V(V) species (36% mol of model D;
Figure 6a and Table S1), which is likely to be due to the
incomplete V(V) reduction in RBC at this early stages of the
reaction. Consistent XANES fits for RBC samples were
obtained for data collected at either the AS or ANBF, although
the presence of XANES from model E was not detected in fits
to the latter data (designated as A1b* and C1b* in Figure 6a)
due to the higher noise levels (Figures S3 and S4).
Several types of changes were observed in the XANES fits for

plasma fractions separated from V-treated blood compared with
the corresponding RBC samples (Figure 6a,b). For most of the
XAS data collected at the AS (samples A2a, A2b, B2a, B2b,
C2a, C2b, and D2b in Table 1 and Figure 6b), the best fits had
full or partial replacement of XAS from model D with that from
another five-coordinate V(V) model, F (Chart 1). On the other
hand, best fits to the ANBF data (designated as A2b* and
C2b* in Figure 6b), which were less affected by photo-
damage,41 had an increase in the proportion of the XAS from
model D in plasma fractions compared with those from the
corresponding RBC fractions (A1b* and C1b* in Figure 6a).

Figure 6. Summary of multiple linear regression analysis results of XANES data (Tables S1 and S2 and Figures S3 and S4 in Supporting Information
provide detailed fit results and overlays of experimental and fitted spectra) for the samples listed in Table 1 (excluding the samples A-BSA, A-Tf, and
A-Hb). The data designated as A1*−A4* and C1*−C4* were collected at ANBF (Figure 5b,d), and all of the other data were collected at AS. The
Experimental Section provides the parameters used for measurements at both beamlines.
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These results show that multiple linear regression analyses of
XANES data are unlikely to distinguish with certainty between
coordination environments described by the two V(V) models,
D and F. Notably, the data from samples A2a and D2b, where
the XAS fits suggested contributions from coordination
environments that are mimicked by both models D and F
(Figure 6b), were the ones that stood out in the PCA of the
data (Figure 4a), but the reasons for this difference are not yet
clear. Most of the best fits to the XAS for samples A2−D2 (as
well as those for A3−D3 and A4−D4, Figure 6c,d) contained
small but significant proportions (7−15% mol; Table S1) of
XAS of an octahedral nonoxido V(IV) model, H (Chart 1).
The best XANES fits for V-treated isolated plasma and serum

samples (A3−D3 and A4−D4 in Table 1 and Figure 6c,d) were
distinguished from those from the blood plasma fractions (A2−
D2 in Figure 6b) mainly by the higher proportions of XANES
from V(V) models, D and F (Chart 1). For the XANES data
collected at AS, similar fits were obtained for the reaction
products with either plasma or serum (Figure 6c,d), in
agreement with close grouping of these data in PCA scores
plots (green and blue dots in Figure 4a). However, these fits
underestimated the proportion of V(V) in the samples, due to
significant photoreduction during the data collection (Figures 5
and S2). Best fits to the XANES data collected at ANBF
(designated as A3b*, C3b*, A4b*, and C4b* in Figures 6c,d)
suggested complete replacement of V(IV) with V(V) species
compared with those from the corresponding samples of blood
plasma fractions (A2b* and C2b* in Figure 6b), including the
appearance of XANES from two new V(V) models, A and I
(Chart 1). Similar best fits were obtained for the XANES from
the decomposition products of A−D in plasma or serum at
either 1 or 6 h of incubation time (e.g., A3a and A3b in Figure
6c), which indicated that these reactions were mostly complete
within 1 h.
Vanadium Speciation in the Reaction Products with

Isolated Blood Proteins. The reaction products of vanadate
with bovine serum albumin or transferrin (1:1 V to protein
molar ratio; samples A-BSA and A-Tf in Table 1) were highly
susceptible to photoreduction at AS, as shown by comparison
of XANES data for slow and rapid scans (2.0 and 0.50 s dwell
time per point, respectively) in Figure 7a,b. Notably, the
photoreduction product of A-Tf (black line in Figure 7b)
contained mostly V(III) species, as shown by comparison with
XANES of a model V(III) catecholato complex, G (Chart 1) in
Figure 7c. The XANES of the photoreduction product of A-
BSA was close to that of a six-coordinate V(IV) complex, E
(Chart 1 and Figure 7c), while the nonreduced A-BSA was
likely to contain a mixture of V(IV) and V(V) species (from the
first rapid XANES scan, red line in Figure 7a). This XANES
spectrum, which was minimally affected by photoreduction,
also resembled the typical XANES data for the reaction
products of A with isolated plasma or serum, as illustrated in
Figure 7d (black and red lines), while the rapid scan XANES of
A-Tf was significantly different (green line in Figure 7d). The
XANES of the reaction product of bovine met-hemoglobin with
excess vanadate (A-Hb in Table 1) suggested the predominance
of four- and five-coordinate V(V) species (Figure 8; the data
were collected at ANBF and thus minimally affected by
photoreduction).41 This XANES spectrum did not match the
data for V bio-transformation products in RBC that consisted
predominantly of V(IV) species (Figure 6a), as illustrated in
Figure 8. On the whole, these results show that the XANES
spectra of V(V)−protein adducts (collected for freeze-dried

samples at 295 K) must be interpreted with caution, as they are
likely to be subjected to photoreduction.

■ DISCUSSION
Reactivities of V(V/IV) Complexes in Isolated Plasma

or Serum. Figure 2a,d illustrates the convergence of very
different XANES from the initial compounds A−D (Chart 1)
into nearly identical XANES of the reaction products with
isolated rat plasma within 1 h at 310 K (conditions A3_1h to
D3_1h in Table 1). Similar results were also obtained for the
reactions with heat-inactivated bovine serum, as well as for
longer reaction times (6 h at 310 K; A3_6h to D3_6h, A4_1h
to D4_1h, and A4_6h to D4_6h in Table 1 and Figure 6).

Figure 7. XANES data for V adducts with bovine serum albumin and
apo-Tf (A-BSA and A-Tf in Table 1), collected at AS (freeze-dried
samples, 295 K): (a) comparison of rapid and slow scans for A-BSA (td
is dwell time per point); (b) comparison of rapid and slow scans for A-
Tf; (c) comparison of XANES of A-BSA and A-Tf (slow scans) with
those of model V(IV) and V(III) complexes (E and G in Chart 1); and
(d) comparison of rapid XANES scans for A-BSA and A-Tf with the
data for the reaction product of A with bovine serum (A4_1h in Table
1).
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Multiple linear regression analyses of XANES data collected at
the ANBF, where photoreduction was minimal,41 provided
strong evidence that these samples contained V(V) species
only, which are represented by model complexes A, D, F, and I
in Chart 1 (samples A3*, C3*, A4*, and C4* in Figure 6c,d).
These results are consistent with rapid (∼1 h at 310 K)
oxidation of V(IV) to V(V) by aerial oxygen in isolated serum,
which was observed by EPR spectroscopy.57 Significant
photoreduction of these samples at the AS (Figures 5 and
S2) resulted in the formation of V(IV) products (modeled as B
and G in Figure 6c,d). The effects of photoreduction were even
stronger in the reaction products of A with isolated serum
proteins (albumin or transferrin, Figure 7). These results
emphasized the need to consider the effects of photoreduction
on speciation studies of metal compounds (particularly those in
high oxidation states) in biological matrices.41 However, since
the most biologically relevant samples with respect to V
speciation in blood were those from red blood cells (where
there was no discernible photodamage) and in plasma fraction
(where there is only a very small amount of photodamage,
Figure 5 and Supporting Information, Figure S2), the
photodamage observed in the isolated serum and blood
samples do not affect the conclusions of the research.
The high proportions of XANES from models D and F in the

best fits (Figure 6c,d) are likely to represent V(V) binding to
typical donor groups of proteins and 2-hydroxyacid groups of
certain carbohydrates, or of small biomolecules, such as citrate
(modeled by a 2-hydroxycarboxylato complex, F).25,30 The
presence of XANES from model A in the best fit points to the
likely formation of free mono- or oligonuclear vanadates(V),30a

while the XANES contributions from an octahedral nonoxido
V(V) complex (corresponding to model I in Chart 1) probably
represents V(V) binding to tyrosine groups of proteins,
including transferrin as described below.12b,c These changes
are illustrated by process (1) in Scheme 1, using typical
antidiabetic V(IV) or V(V) complexes (C or D in Chart 1)31,32

as examples.
In contrast to the extensive data published on V(V) and

V(IV) binding to isolated blood proteins and other model

systems,11−14 no detailed speciation studies of such complexes
in isolated plasma or serum have been performed thus far, apart
from some computer modeling studies.58 Several studies of V
distribution between high- and low-molecular mass serum
fractions have been performed by chromatographic or electro-
phoretic techniques,59−63 but these results are likely to be
affected by V redistribution under the experimental con-
ditions,26,27,64 and the oxidation states of V products were not
determined. As shown herein, XANES spectroscopy is the
method of choice for the determination of V oxidation states
and coordination environments in whole serum or plasma, as
long as the issue of photodamage is addressed.28,41 Studies are
under way to obtain photodamage-free XANES data for V(V)-
and V(IV)-protein adducts (including those for oxygen-
sensitive blood proteins such as deoxyhemoglobin), using
electrochemical X-ray absorption spectroscopy techniques.

Forms of Vanadium that Enter the Blood. Our previous
studies30 have shown that typical antidiabetic V(V) and V(IV)
complexes, such as C and D,31,32 undergo extensive trans-
formations in gastrointestinal media (unless they are protected
by anionic polysaccharides),30b which are illustrated by process
(2) in Scheme 1. The main reaction products are V(IV) citrato
or carbohydrato complexes with 2-hydroxyacidato ligands
(both modeled by B) or vanadates(V) (modeled by A) in
the presence or absence of typical food components,
respectively, while V(III) is formed as a minor species in
acidic medium of the stomach in the presence of reductants
(such as ascorbate from food).30a The resulting products are
likely to be absorbed by intestinal epithelial cells65 and undergo
further transformations, but no information on such processes
is currently available.30 It is, therefore, assumed that orally
ingested V enters the blood plasma in a similar state to that
formed in the gastrointestinal media (process (3) in Scheme 1).
Nevertheless, direct absorption of C, D or their analogues from
the digestive tract into the bloodstream is likely, to a limited
extent, particularly in the absence of food (process (4) in
Scheme 1).2,30,66 Therefore, studies on the interactions of C
and D with whole blood are also reported herein, along with
those of the models of their decomposition products in
gastrointestinal media (A and B).30 Transformations of
antidiabetic V complexes in gastrointestinal media have been
overlooked in most of the previous studies, which have focused
on the reactions of intact V(V) and V(IV) complexes (such as
C, D or their analogues) with components of blood
plasma,11−14,67 or with isolated RBC.21,22

Uptake and Metabolism of Vanadium by Red Blood
Cells. As shown in Figure 1 (black and green lines),
compounds A and C are efficiently taken up by RBC within
1 h after the addition to whole blood at 310 K. These results
are consistent with those in the literature,15,17−21,63 which
suggest that [H2VO4]

− (the main form of A at low
concentrations in neutral aqueous solutions)10,68,69 is actively
transported into RBC through phosphate channels,15,17−19

while neutral lipophilic complexes like C can penetrate RBC
membranes by passive diffusion.14,20−22 The abrupt termination
of further increases in RBC V content after 1 h of reaction with
either A or C (Figure 1) was probably due to the conversion of
these complexes into their reaction products with blood plasma
proteins (Figure 2c), which did not enter RBC to any
significant extent.18 Complex D is capable of entering RBCs
through passive diffusion at 273−277 K (zero time point in
Figure 1a), but its low stability at pH = 7.432 meant that the
original compound was likely to have decomposed immediately

Figure 8. Comparison of XANES of a V adduct of bovine met-
hemoglobin (A-Hb in Table 1, data collected at ANBF) with those of
model V(V) complexes (A and D in Chart 1) and with typical XANES
of the bio-transformation product of A in red blood cells (sample
A1_6h in Table 1).
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after the temperature was raised to 310 K, hence, its slower
RBC uptake rates compared with those of either A or C (blue
lines in Figure 1). Complex B, as a highly charged hydrophilic
compound (Chart 1), was not expected to be permeable to
RBC membranes to any significant extent,64 as was confirmed
by its low uptake values (red lines in Figure 1). These results
suggested that if oral antidiabetics such as C were absorbed into
the blood from gastrointestinal tract with the ligands still bound
to V,2,30 they would also enter RBC to some extent before
being decomposed in the plasma (processes (4) and (5) in
Scheme 1).
There is an ongoing controversy in the literature over the

extent of V uptake by RBCs following treatments of humans or
animals with V antidiabetics.12a,22 Studies that have shown
efficient accumulation of V compounds by RBCs in vitro were
typically performed using RBC suspensions in aqueous buffers,
rather than in blood plasma.17−22 An ∼10-fold decrease in
relative V content in RBCs due to V binding to blood plasma
proteins has been reported in an earlier publication,14 but this
observation was mostly overlooked in subsequent studies.12a,22

Three studies that used intravenous injections of 48V-labeled
inorganic V salts into animals reported that the V content in the

RBC fractions (relative to that in total blood) was <5%,70

14%,64 or up to 50%.15 One of the problems of such studies was
the use of V sources that are nonbiological and unstable in
aerated neutral aqueous media, such as 48VIIICl3 or

48VIVOCl2,
70

although the use of [48VVO4]
3− in the latter two studies15,64 was

more biologically relevant. Despite the lack of reliable
experimental data, it was generally assumed that the role of V
uptake into RBCs was negligible compared with its binding to
plasma proteins.12a Although the present results (Figure 1) and
recently published data22 (both using V concentrations of
0.50−1.0 mM) cannot be directly extrapolated to the low
micromolar V concentrations that are expected to exist in the
blood following oral administration of V antidiabetics,12a,71 they
support the view that RBCs are likely to play a significant role
in the pharmacokinetics of these compounds.15

Remarkably reproducible XANES spectra of V-treated RBC
fractions (Figures 2b, 4a, 6a, S2 and S3) were obtained using
different initial V compounds (A−D), treatment times (1 or 6
h), beamlines (AS or ANBF, Figure S2), or V concentrations in
the samples (V content in RBC after the reactions with B was
∼fivefold lower than that for the reactions with A, C, or D,
Figure 1). These data implied the existence of an active

Scheme 1. Proposed Main Metabolic Pathways of Antidiabetic V(V) and V(IV) Complexes in Gastrointestinal Media and in the
Blooda

aOn the basis of data of refs 12c and 30a and this work.
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metabolic pathway that converts various V complexes (e.g.,
either A or C) into the same final products, which are likely to
consist mostly of V(IV)-carbohydrato or citrato complexes with
2-hydroxyacid donor groups (∼65−85%; modeled by B and E)
and V(V)−protein complexes (∼15−35%; modeled by D), as
shown in Figure 6a and Scheme 1. The latter species may
correspond to V(V)−Hb complexes, such as A-Hb in Table 1
and Figure 8. The distinct V XANES spectra of RBC fractions,
obtained in the research reported herein, can be used as a basis
for attempts to characterize isolated V-containing species from
RBCs, where XANES spectroscopy can be employed to
monitor the identity and purity of the isolated products29a

and, hence, to optimize conditions for isolation.
Previous studies by EPR spectroscopy suggested that the

metabolism of V(IV) or V(V) complexes by RBCs leads to
binding of the resultant V(IV) species to O-, N-, and possibly
S-donor groups of proteins (predominantly Hb as the most
abundant protein in RBC).21,22 However, these results were
likely to be affected by the following factors: (i) the choice of
mostly five-coordinate V(IV) oxido complexes as models for
the analysis of EPR spectra of biological samples;21 and (ii) the
use of RBC suspensions in aqueous buffers, rather than in
blood plasma,21,22 which is likely to affect the stability and
uptake of V(V/IV) complexes.18 Results of XANES spectros-
copy reported herein have shown clearly the predominance of
six-coordinate V(IV) oxido complexes in the reaction products
with blood components (Figures 3 and 6), and EPR
spectroscopic characteristics of such species are different from
those of five-coordinate V(IV) complexes.72 Size exclusion
chromatography of lysates of V-treated RBCs suggested V
binding both to Hb and to low-molecular-mass ligands (1−4
kDa),63,64 but these results are likely to be affected by changes
in V speciation during the lysis and separation procedur-
es.26,27,29a As shown in the in vitro studies, binding of V(IV)
complexes to isolated met-Hb is relatively weak and non-
specific,22,73 although the formation of V(IV)−Hb adducts
during the reduction of V(V) by deoxy-Hb is an option yet to
be explored (for example, by the electrochemical XANES
technique described above).
Speciation of Vanadium in the Plasma Fraction of

Whole Blood. A crucial finding of this work was the significant
difference in XANES of plasma fractions of whole blood
compared with those of isolated plasma or serum samples
(Figures 4a and 5b,d). Generally, V in blood plasma isolated
from treated whole blood was in a more reduced state than
when isolated plasma was treated; this difference was
particularly striking when photoreduction of the samples was
minimized41 (ANBF data in Figures 5b,d and 6). These results
are consistent with those of the RBC uptake studies (Figure 1),
as well as with the literature data,18 which suggested that V
species can be exchanged between RBCs and plasma fractions
of whole blood (process (6) in Scheme 1). They are also
consistent with long lifetimes of V(IV) species in whole rat
blood (either ex vivo or in circulation), which were observed by
EPR spectroscopy,16 in contrast with rapid oxidations of typical
antidiabetic V(IV) complexes21,30,37 or V(IV)−protein ad-
ducts57 to their V(V) analogues in aerated neutral aqueous
solutions.
The XANES of the V(V) species present in the plasma

fractions were best modeled by the use of XANES from D and/
or F (Chart 1 and Figure 6b), which are likely to represent
V(V) binding to protein, carbohydrate, or citrato ligands. The
XANES of the major V(IV) species was fitted with XANES

from model B, which is a likely model for V(IV)−carbohydrato
or citrato complexes (Chart 1 and Figure 6b), with 2-
hydroxyacid donor groups, or V(V/IV) mixed-valence com-
plexes with similar donors.30,74 These data are consistent with
the results of EPR spectroscopic and potentiometric studies
that predict a significant role of V(V) and V(IV)−citrato
species in blood plasma.11−13 Although B was not efficiently
taken up by RBCs (Figure 1), the role of citrato ligands in V
transport into other cell types is likely to be more prominent,
since active transport mechanisms for metal citrates are known
to exist in such cells.75

Minor components of XANES from V(IV) species that were
present in most of the plasma and serum samples (modeled
with XANES from H in Chart 1 and Figure 7b−d) are likely to
represent V(IV) binding to tyrosine residues in the active site
of transferrin (Tf, the main Fe(III) carrier protein).12,69

Typically, 30−40 μM Tf is present in blood plasma, and it is
loaded with Fe(III) by ∼30%, which means that up to 40−55
μM V can bind to the vacant binding sites (two per Tf
protein).12,69 These numbers agree well with the expected V
concentrations in most of the plasma fractions in equilibrium
with RBCs (∼0.5 mM, Figure 1b) and with the average content
of XANES from model H in the XANES fits (∼10%, Figure 7b
and Table S1). Since the relative V(V) content was significantly
higher in isolated plasma or serum samples compared with
plasma fractions of whole blood (samples A3*, C3*, A4*, and
C4* in Figure 6c,d, where the effect of photoreduction was
minimal),41 further oxidation of V(IV)−Tf could occur,
resulting in the formation of V(V)−Tf. This process
corresponds to the appearance of XANES from model I (the
oxidized analogue of H, Chart 1) in the fits to the XANES from
A3*, C3*, A4*, and C4* (Figure 6c,d). These results are
consistent with the literature data on the preferential V(V) and
V(IV) binding to Tf in blood plasma.11−13 Importantly, at
physiologically relevant concentrations (5−50 μM),2,12a most
of the V in the plasma is expected to be bound to Tf, most
likely in the V(IV) oxidation state.11−13 Furthermore, the
reducing influence of RBCs may promote the formation of
V(III)−Tf complexes in blood plasma (driven by the strong
affinity of V(III) as like Fe(III), to the active sites of Tf).12c

Notably, V(III)−Tf adducts were formed from the reaction
products of V(V) with apoTf at pH = 7.40 in the presence of
excess carbonate (A-Tf in Table 1) under X-ray irradiation
conditions (Figure 7b,c), which supports suggestions in the
literature12c that the formation of V(III)−Tf in mammalian
blood is feasible. However, multiple linear regression analyses
of XANES data from the in vitro reaction products with rat
blood (Figure 6 and Table S1) did not support the presence of
measurable amounts of V(III) (modeled as G in Chart 1) in
these samples, probably because any V(III)−Tf species are
reoxidized by excess V(V) formed under the reaction
conditions (≥0.25 mM, Table 1 and Figure 6c).

■ CONCLUSIONS
Roles of Red Blood Cells in the Metabolism of

Antidiabetic V(V/IV) Complexes. In summary, the results
of XANES spectroscopic studies of V metabolism in whole
blood have implicated the following two roles of RBC in this
process (Scheme 1): (i) uptake of V compounds, either by
active transport ([H2VO4]

−) or by passive diffusion (V(IV) or
V(V) complexes with organic ligands), and their conversion
into well-defined V(IV) and V(V) metabolites; and (ii) the
presence of a more reducing environment for V than in isolated
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blood plasma. The former function has certain similarities with
the recently discovered As(III) detoxification mechanism in the
blood in the presence of Se(IV) compounds, which involves the
formation of stable [(GS)2AsSe]

− adducts (where GS is S-
bound deprotonated glutathione) in RBCs.76 Glutathione is
known to be involved (directly or indirectly) in V(V) reduction
by RBCs,19 although the resultant V(IV) is predominantly O-
bound (Figure 6a). A potential application of this function is
the use of RBCs as vehicles for targeted delivery of V
compounds to specific sites, including immune system or
malignant tumors (due to the excessive permeability of blood
vessels in the tumors).77 The latter function is likely to promote
the formation of V(IV) and/or V(III)−Tf adducts in the
plasma,11−13 which in turn would facilitate V uptake by insulin-
sensitive cells (e.g., skeletal muscle or adipose tissue), and
enhance the antidiabetic activity of V compounds,2,4 as well as
uptake by cancer cells, which are rich in transferrin receptors.78

The latter may contribute to the well-known anticancer effects
of certain vanadium complexes.3,5,6

The Use of XANES in Speciation of the V Pro-Drugs in
Biological Samples. While the importance of V speciation in
controlling the activities of biological systems has been
recognized for many years,10,79 the results reported here, and
in our other recent papers,25,30 highlight the new insights that
can be obtained from using XANES in speciation. In a related
paper, we also report the implications of this blood speciation
for the uptake and speciation of V in target cells.30c

Broader Implications for the Modes of Actions of
Metal Pro-Drugs. Metal pro-drugs are widely used in
medicine to treat a large number of diseases,80 but the roles
of RBCs in changing their speciation and transporting them to
the site of the disease have generally not been taken into
account when considering the efficacy, toxicity, and pharma-
cokinetics of such drugs. The results reported here show that
the role of RBCs in the metabolism of metal-containing drugs
in the blood is no less important than that of serum proteins,
such as albumin, immunoglobulins, or transferrin.11−14
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