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Much interest has been focused on the oxovanadium(IV) ion
and its complexes, since a variety of oxovanadium(IV) complexes,
when administered orally, have been shown to normalize the
hyperglycemia of streptozocin-induced rats (STZ-rats) with
insulin-dependent diabetes mellitus (IDDM),1-4 and orally ad-
ministered vanadyl sulfate in place of insulin has been reported
to improve human noninsulin-dependent diabetes mellitus
(NIDDM).5-9

During our investigations on the development of insulin-
mimetic oxovanadium(IV) complexes,10,11 we found that the
complexes with a VO(N2O2) coordination mode, such as oxo-
vanadium(IV)-picolinate complexes, exhibit excellent insulin-
mimetic activities in terms of both thein Vitro inhibition of free
fatty acids (FFA) release and glucose uptake in isolated rat
adipocytes. There is also anin ViVo normoglycemic effect on not
only the STZ-rats with IDDM10,11 but also KKAy mice with
NIDDM12 by both intraperitoneal (ip) injection and oral admin-
istration of the complexes. On the basis of these results, we
examined further the structure-activity relationship of the oxo-
vanadium(IV) complexes with different stereochemistries of VO-
(N2O2) coordination mode and found that tetradentate oxovanadium-
(IV) complexes of [VO(XeX)(H2O)], where XeX is N,N′-
ethylenebis(amino acid), are good models for the purpose.13 We
report here stereospecific and structure-dependent insulin-mimetic

oxovanadium(IV) complexes. Before our work, Shechter et al.
reported the correlation of insulin-mimetic activity to the chirality
and lipophilicity of oxovanadium(IV) complexes with VO(O4)
coordination mode, in which theD-isomer has been found to be
less active than theL-isomer.14

The structures of the ligands used in the present study are
shown in Figure 1. The complexes [VO(XeX)(H2O)], where X
) G (Gly) (1), mG or Gm (N-methylglycine) (2), L- and D-A
(Ala) (3 and4), L- andD-V (Val) (5 and6), L- andD-M (Met) (7
and8), andL- andD-P (Pro) (9 and10) were prepared according
to the previously reported method.13,15 The physical properties
of complexes1-10 were analyzed by elemental analyses and
electronic, IR, CD, and ESR spectra. Partition coefficients of the
complexes were evaluated in ann-octanol/saline system.16 X-ray
structures were analyzed as reported for complexes1 and7.13

The molecular structure of the new complex2 has been
determined by X-ray analysis (Figure 2a), which contains two
optical isomers of∆-cis-R-(RR, λδλ) (∆-type) andΛ-cis-R-(SS,
δλδ) (Λ-type) similar to that of complex1.17 Those of the new
complexes3, 5, and9 have only∆-type configuration, as is the
case for complex7.18 An ORTEP view of the molecular structure
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Figure 1. Ligand structures.

Figure 2. (a) X-ray structure of2 (∆-type) as the 0.5H2O adduct (ORTEP
representation; ellipsoids at 50% probability level). The optical isomer
(Λ-type) was omitted. The O(7) atom of water molecule is disordered
between two positions and calculated by an occupancy factor at 0.5. (b)
X-ray structure of8 (ORTEP representation; ellipsoids at 50% probability
level).
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of the blue complex8 has been revealed to have an optical isomer
of Λ-type (Figure 2b).19 In addition, the optical isomers of
complexes 4, 6, and 10 were recognized to haveΛ-type
configuration by measuring their CD spectra.18

We have found that the serum glucose level correlates well
with serum FFA level in both normal rats and STZ-rats.20 The
results indicate that thein Vitro evaluation method of FFA release
using adipocytes is not only useful to test and find insulin-mimetic
compounds but also is simple, accurate, and sensitive when
compared with the glucose incorporation method using radio-
isotopes.1b,14,21-24 In fact, with this evaluation method in terms
of FFA release from adipocytes, many oxovanadium(IV) com-
plexes with different coordination modes, which show blood
glucose normalizing effects inin ViVo evaluation, have been
found.1,3,10-12 Therefore, the insulin-mimetic activity of the
complexes was examined in thein Vitro system using adipocytes,
where the inhibition of the release of FFA from isolated rat
adipocytes treated with epinephrine was estimated in terms of
IC50 value, the 50% inhibition concentration of the FFA release
from adipocytes in the presence of the complex.25 The relationship
between the insulin-mimetic activity and the partition coefficient
of the complexes1-10was examined and summarized, as shown
in Figure 3a. The insulin-mimetic activities of the complexes4,
6, 8, and10 with Λ-type configurations, which containD-amino
acids, were higher than those of the correspondingL-amino acids
except for the activity of8, which is almost equivalent to that of
complex 7. In contrast, the insulin-mimetic activities of the
complexes3, 5, 7,and9 with ∆-type configurations containing
L-amino acids increased remarkably with increasing of the
partition coefficients, indicating that the activity depends on the
lipophilicity of the complex.26 However, the insulin-mimetic
activities of the complexes1 and 2 with both ∆- and Λ-type
configurations, which contain achiral amino acids, were found
to be greater than those of others as well as that of VS.10,11 In

particular, complex1 (IC50 ) 0.070 mM) without side chains in
the GeG ligand exhibited the strongest activity among the
complexes examined. These results indicate that the complex with
Λ-type configuration or high lipophilicity reaches the target organs
and sites such as insulin-receptor, glucose-transporter or related
enzyme systems and exhibits insulin-mimetic activity. However,
to verify our assumption we need more experiments with other
cell systems involving muscle cells27 and thenin ViVo evaluation
with animals with IDDM10,11 and NIDDM.12 In the same way,
the relationship between the insulin-mimetic activity of the
complexes and pKa values28 of the amino acid ligands and redox
potentials29 of complexes1-10 were examined, as shown in
Figure 3b and 3c, respectively. In∆-type complexes containing
L-amino acids, the activities were markedly lowered with the
increase of the pKa values and the redox potentials. However,
the Λ-type complexes have little dependence on them.

On the basis of these observations, the complexes withΛ-type
configuration which contain achiral amino acids orD-amino acids
were concluded to have highin Vitro insulin-mimetic activity,
being less dependent on the physical properties such as pKa value
of the ligand, partition coefficient, and redox potential of the
complexes. However, the insulin-mimetic activities of the com-
plexes with∆-type configuration (L-isomer) were very sensitive
to those physical parameters but were less active than the
complexes withΛ-type configuration (D-isomer). These results
suggest that the complexes withΛ-type configuration have high
affinity to the insulin receptor or glucose transporter in terms of
chiral recognition sites. In contrast, in oxovanadium(IV) com-
plexes with leucine-based ligands, theD-isomer has been found
to be less active than theL-isomer.14 Such a difference might
depend on the absolute configuration (∆- and Λ-isomers) of
chelation or the difference in the coordination modes, VO(O4)
and VO(N2O2), of the complexes, which in turn alters inhibition
mechanisms at the enzyme levels. Thus, the stereospecific and
structure-dependent insulin-mimetic oxovanadium(IV) complexes
will be useful for further studying their binding features with the
receptor or the transporter.

Furthermore, the present results are useful for designing and
developing new and active insulin-mimetic oxovanadium(IV)
complexes. In addition, thein ViVo activity of the complexes as
well as the action mechanism for the activity are quite interesting,
and thus the investigations are now under way in this regard.
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Figure 3. Correlation between the IC50 and (a) partition coefficient, (b)
pKa of the constituent amino acids as the ligands, and (c) redox potentials
of complexes1-10: (O) chiral complexes having∆-cis-R-(RR, λδλ)
configuration (∆-type); (9) chiral complexes havingΛ-cis-R-(SS, δλδ)
configuration (Λ-type); (4) achiral complexes made up of both∆- and
Λ-types. Data are expressed as the means plus or minus the standard
deviations of three experiments.
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