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Insulin and insulin-mimetics

Insulin, a peptide hormone, is secreted by the b cells in
response to a rise in blood glucose levels. Insulin or
agents that can mimic its action (insulin-mimetics) are
necessary to promote the entry of glucose into tissues
where the glucose can either be converted into energy or
stored for later use. The lack of critical concentrations
of circulating insulin or the ability of insulin to function
properly leads to the onset of diabetes mellitus [1].
With increasing numbers of individuals diagnosed with
diabetes mellitus, there is a need for not only more
mechanistic studies to completely understand insulin
action but also to better design and provide therapies
that meet the needs of the patient. In recent years,
enthusiasm has surfaced for using insulin-mimetic
agents to not only help better define the mechanisms of
insulin action but also to investigate the action and
possible implications of these agents in the design of
future treatments of diabetics. Two promising insulin-
mimetics that have been studied are vanadate and sele-
nate. Vanadate, a potent tyrosine phosphatase
inhibitor, has been reviewed elsewhere [2–4] and will be
minimally discussed only in comparison with selenate in
this review. Selenate, an essential trace element, serves

as an integral component of several enzymes, including
formate dehydrogenase, glutathione peroxidase, se-
lenoprotein P and W and the deiodinases (see articles in
this multi-author review). In addition to its role in
enzyme function, selenate has been touted as an antiox-
idant [5] and anticancer agent [6 and Schrauzer in this
multi-author review]. Biologically, mammals have a lim-
ited reservoir of selenate and thus need a regular supply
through diet and water [7, 8]. Recently, selenate supple-
mentation has been popularized by its availability either
as a nutritional additive or in combination with antiox-
idant vitamins. If proven successful as an antidiabetic
agent, selenate would be an attractive therapy since it is
already available for individual use as this oral supple-
ment. This review covers some of the findings that
support selenate as an effective insulin-mimetic and
potential antidiabetic agent.

Diabetes

Diabetes mellitus is not a single disease but a cluster of
disorders that share certain common features, the most
familiar of which are elevated levels of blood glucose
and a lack of control with regard to glucose
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metabolism. High circulating levels of glucose con-
tribute to health risks associated with the disease. Dia-
betes is a leading cause of kidney failure, blindness and
amputations as well as a major risk factor for heart
disease, stroke and birth defects [9].
The most common forms of diabetes are type I, insulin-
dependent diabetes mellitus (IDDM) and type II, non-
insulin-dependent diabetes mellitus (NIDDM). Type I is
caused by autoimmune destruction of the pancreatic
insulin-producing b cells. Type I diabetics therefore
have little to no circulating insulin levels, and the dis-
ease is usually managed with injections of insulin. Type
II is associated with defects in both insulin action and
secretion. A defect in insulin action is characterized by
an inability of the cells of the body to respond to the
presence of insulin and is often referred to as insulin
resistance. Depending on the nature of the disease, type
II diabetics can be treated either with insulin or insulin-
sensitizing agents. Even though diabetes is a complex
disease, treatments typically only target the manage-
ment of blood glucose levels [9].

Insulin and the insulin-mimetic action of selenate on
glucose uptake

For any agent to be considered an effective mimetic, it
must be comparable to insulin, in its ability to at least
regulate glucose uptake. In that regard, some of the
early work with both vanadate and selenate showed
that these insulin-mimetic compounds were effective in
stimulating glucose uptake in both in vitro and in vivo
systems [10–15]. As early as 1979, Tolman et al. [10]
reported that vanadate exhibited insulin-like properties
in rat hepatocytes isolated from normal animals. As
with insulin, these investigators observed a threefold
stimulation of glycogen synthesis when the hepatocytes
were incubated in the presence of vanadium. Vanadate’s
insulin-like effects on various aspects of glucose
homeostasis in other cell types were later described.
When added to intact cells, vanadate was reported to
stimulate glucose transport and oxidation in adipocytes
[11, 12] and skeletal muscle [16], induce glucose trans-
porter (GLUT-1) messenger RNA (mRNA) in NIH3T3
fibroblasts [17] as well as mimic the effect of insulin on
glycogen synthase in adipocytes [18, 19]. With culture
systems showing such promise, investigators then
turned to whole animal systems to investigate the effect
of vanadate on glucose homeostasis. Oral administra-
tion of vanadate to streptozocin-induced diabetic rats
was shown to be effective in markedly reducing blood
glucose concentrations [13, 20, 21]. Marked improve-
ment of glucose homeostasis by oral vanadate has also
been observed in an animal model that exhibits severe
insulin resistance and overt diabetes, the diabetic ob/ob

mouse [22]. These pioneering studies with vanadate set
the stage for other elements such as selenate to be
considered as insulin mimetics.
A decade after Tolman made the original observations
on vanadate as an insulin-mimetic, Osamu Ezaki first
showed the effect of selenate as a potent insulin-like
agent [14]. In hindsight it may not have been surprising
that selenate exhibited insulin-like properties similar to
vanadate since the ions share similarities in chemical
structure and possible mechanism of action within a
cell. In the studies carried out by Ezaki, selenate stimu-
lated glucose transport activity in a dose-dependent
manner in isolated rat adipocytes. Maximal transport
activity (100 mM for 30 min) was equipotent to 1 nM
insulin for 30 min of incubation. Stimulation of glucose
transport was observed 2 min after addition of selenate
and reached a steady state within 10 min. Like insulin,
the observed increase in glucose transport activity by
selenate was due to translocation of the glucose trans-
porters (GLUT-1 and GLUT-2) to the membrane sur-
face. This insulin-like effect of selenate on glucose
uptake and metabolism was also more recently studied
in rat soleus muscle [23]. Exposure of the muscle to
selenate markedly stimulated glucose uptake. The dose-
dependent uptake in glucose was paralleled by rising
aerobic and anaerobic glycolysis.
In 1991, McNeill et al. expanded on Ezaki’s original
observations and showed that selenium also acted as an
insulin-mimetic in vivo [15]. Administration of selenate
to streptozotocin-induced diabetic animals improved
both food and water intake to near control levels.
Weight gain of the animals improved, and within 2
weeks of treatment plasma glucose levels fell signifi-
cantly and remained low throughout a 7-week experi-
ment. Control animals treated with selenate exhibited
lower insulin levels, suggesting that the insulin require-
ments of the rat were decreased due to the insulin-like
effects of the trace element. A blood glucose lowering
effect of selenate similar to insulin in streptozotocin-
induced diabetic animals was also observed in compara-
ble studies in rats by Berg et al. [24] and in mice by
Ghosh et al. [25].

Insulin and the insulin-mimetic action of selenate on
glucose metabolism

In addition to glucose uptake, insulin eloquently regu-
lates a variety of other metabolic responses, including
facilitating entry of amino acids into cells for the pro-
duction of cellular protein, increasing precursors for
nucleic acid synthesis, transporting critical cellular ions,
stimulating Na+/K+ ATPase as well as controlling the
expression of a number of genes. As recently reviewed
by O’Brien and Granner, insulin regulates the transcrip-
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tion of the genes for several key enzymes associated
with both carbohydrate and fatty acid metabolism [26].
Glycogen synthase [27], glucokinase [28], phospho-
enolpyruvate carboxykinase (PEPCK) [29, 30], fatty
acid synthase (FAS) [31, 32] and glucose-6-phosphate
dehydrogenase (G6PDH) [33], key enzymes in glycogen
synthesis, glycolysis, gluconeogenesis, fatty acid biosyn-
thesis and the pentose phosphate pathway, respectively,
have been targets of study with regard to insulin action.
Thus, in addition to controlling blood glucose levels
diabetics must also concern themselves with the ability
to control these other metabolic responses. Any treat-
ment regime taken by a diabetic should also address
overall effectiveness on not only glucose uptake and
homeostasis but also these other physiological pro-
cesses. As discussed below, the effect of selenate as an
insulin-mimetic has been investigated on several of these
metabolic processes.
Several studies have shown both vanadate and selenate
to mimic insulin in regard to glycolysis, gluconeogene-
sis, fatty acid synthesis and the pentose phosphate path-
way. Bosch et al. [34] have found that vanadate inhibits
the expression of transfected chimeras of PEPCK in
both FTO-2B and H4IIE rat hepatoma cells. In adult
rat hepatocytes in primary culture, vanadate in the
presence of glucose induced L-type pyruvate kinase
mRNA [35], and in a streptozocin-induced diabetic rat
vanadate was found to increase pancreatic amylase
mRNA [36]. In a similar light, oral administration of
selenate to diabetic animals partly reversed abnormal
liver expression of both glycogenic and gluconeogenic
enzymes [37]. In particular, for glycolysis, glucokinase,
L-type pyruvate kinase and for gluconeogenesis,
PEPCK were restored to near nondiabetic control lev-
els. Regulation by insulin-mimetics of the expression of
lipogenic enzymes was also found to be similar to
insulin. FAS and G6PDH activity was normalized in
the livers of diabetic animals [25] and rat hepatocytes in
culture [38] treated with vanadate. This normalization
of activity for both FAS and G6PDH was suggested to
be due to increases in gene expression, as comparable
increases in the level of their respective mRNAs were
also found. In these same studies the effect of selenate
on the expression of FAS and G6PDH was investi-
gated. Treatment of the diabetic animals or rat hepato-
cytes in culture with selenate restored the expression of
both FAS and G6PDH, demonstrating that selenate
was capable of stimulating lipogenesis in the liver [25,
28].
Depressed levels of overall lipid metabolism in diabetics
is believed to be a contributing factor to a higher risk of
heart disease and stroke. In particular, high plasma
lipid levels are known to have a detrimental effect on
heart function and may be a cause of heart disease in
diabetics. In that light a recent study evaluated cardiac

performance in a subset of streptozotocin-induced dia-
betic rats treated with selenate that had improved glu-
cose tolerance and normalized fed plasma glucose levels
[39]. The diabetic untreated rats had left ventricular
developed pressure, which was reduced when compared
with the values for control rats. Treatment with selenate
brought all three parameters to levels which were not
different from control, suggesting selenate can improve
heart function in diabetics. Plasma lipid levels, triglyce-
rides, cholesterol and free fatty acids were also im-
proved in these treated animals [39]. This lowering of
plasma lipid levels by selenate shows another potent
medicinal effect of this treatment.
Glycogen metabolism has been another metabolic pro-
cess shown to be affected by both vanadate and sele-
nate, although some controversy exists for these
compounds as both insulin-like and non-insulin-like
effects have been observed. Back in 1990, Ezaki found
that in rat adipocytes cyclic AMP (cAMP) phosphodi-
esterase activity was stimulated in the presence of sele-
nate, and the concentration dependence of the curve
was biphasic. This enzyme is important in that it breaks
down cAMP [14]. cAMP, a second messenger whose
concentration is increased in a cell in response to
glucagon, stimulates glycogen breakdown and shuts
down its synthesis. In another study, however, using rat
soleus muscle, glycogen synthesis was not affected by
the treatment with selenate even though glucose uptake
was positively effected [24]. These results contrast with
those found with insulin, since in muscle and other
tissue insulin stimulates glycogen synthesis and storage.
Thus, the insulin-like effects of selenate in this regard
may differ in different tissues.
Similar contradictory results have also been noted with
vanadate. In rat adipocytes, vanadate has been shown
to increase glycogen synthase, but in skeletal muscle
only the peroxides of vanadate and not vanadate itself
was shown to have a positive effect [40]. Even though
the data appear clear regarding the insulin-like actions
of selenate and vanadate on the other metabolic pro-
cesses, more studies are clearly needed to define their
role in glycogen metabolism.

Insulin and the insulin-mimetic action of selenate on
signal transduction

All actions of insulin at the cellular level that were
described above are initiated by insulin binding to its
plasma membrane receptor. Following insulin binding,
the insulin receptor behaves as a classic allosteric en-
zyme, undergoing both conformational changes and
multi-site modification by phosphorylation [41]. Fol-
lowing this ligand-induced autophosphorylation of the
receptor, phosphorylation of endogenous substrates
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then occurs to mediate the transmission of an insulin
signaling pathway [41]. It is clear from studies con-
ducted thus far that under a number of different cir-
cumstances a variety of phosphoproteins are activated
by insulin [41–43]. The insulin receptor substrate (IRS)
family which includes IRS-1, IRS-2 and IRS-3 (p60) are
thought to be essential for many of insulin’s biological
responses [42, 43]. Whereas the insulin-mimetics do not
bind the insulin receptor, some studies have reported
increased phosphorylation of the receptor and the sub-
strate IRS-1. Increased tyrosine phosphorylation of the
insulin receptor’s b subunit has been observed when
cells in culture have been incubated with vanadate [44].
Similarly, treatment of NIH3T3 HIR 3.5 cells with
selenate was found to stimulate phosphorylation of the
insulin receptor [45]. In this later study an additional
protein of approximately 185-kDa was also phosphory-
lated in the presence of selenate. Due to the size of the
protein and the ability of it to become phosphorylated,
it was postulated that the 185-kDa protein corre-
sponded to IRS-I. In a later study, incubation of either
primary rat hepatocytes or 3T3-LI adipocytes in culture
with selenate caused not only a concentration and time-
dependent increase in phosphorylation of the b subunit
of the insulin receptor but also IRS-1 as determined
through immunoprecipitation studies [46]. This increase
in phosphorylation was observed within 1 h of selenate
treatment, whereas only minutes of incubation were
required for increased phosphorylation by insulin, sug-
gesting that time was needed for selenate to enter the
cell and mediate insulin-regulated processes through a
post-insulin receptor kinase mechanism. These results
are supported by the fact that although selenate is
capable of increasing phosphorylation of the insulin
receptor, this does not appear to directly increase in-
sulin receptor tyrosine kinase activity [14, 16].
Interestingly, selenate has also been shown to increase
phosphorylation of another growth factor receptor. A
concentration-dependent increase in tyrosine phospho-
rylation of the epidermal growth factor receptor
(EGFR) was observed in selenate-treated A431 cells
[45]. In the presence of epidermal growth factor (EGF),
this phosphorylation event induced by selenate was
found to be additive. Mercaptoethanol failed to reverse
the effects of selenate on EGF-stimulated phosphoryla-
tion, suggesting that sulfhydryl group oxidation may
not be involved in the mechanism of this action of
selenate. In yet another study, a 180-kDa protein that
copurified with the insulin receptor increases in phos-
phorylation when either rat hepatocytes or 3T3-L1
adipocytes in culture were incubated with selenate [46].
Due to its size, copurification with the insulin receptor
and response to increased phosphorylation in the pres-
ence of selenate, it was suggested that this protein in
these cells could correspond to the EGFR. These results

indicate that selenate may act to mediate a number of
growth factor receptor processes.
Additional downstream targets of the insulin receptor
and signal transduction pathway have been identified in
recent years. It has been found that activated IRS-1
recognizes and binds to SH2 domains of various signal
transduction proteins such as phosphatidylinositol (PI)
3-kinase, SH-PTP-2, Grb 2 and Nck [47]. In a number
of independent studies, the critical role of PI 3-kinase in
diverse actions of insulin such as stimulation of DNA
synthesis, glucose transporter translocation [48], regula-
tion of glycogen synthase [27], glycogen synthase ki-
nase-3 [49], PEPCK [50] and G6PDH expression [33],
glut-4-mediated glucose transport [48, 51] and mem-
brane ruffling [52] has been established. In preliminary
studies conducted in our laboratory [53], we have been
able to show that both vanadate and selenate increase
PI 3-kinase activity in rat hepatocytes in culture. One
protein that has been identified to lie downstream of PI
3-kinase is pp70 S6 kinase. S6 kinase can play a critical
role in initiation of protein synthesis. Selenate has been
shown to stimulate not only S6 kinase phosphorylation
[14] but also kinase activation [54]. Activation of S6
kinase was reduced when the cells were pretreated with
genestein, a potent tyrosine kinase inhibitor, suggesting
selenate was activating this protein through an up-
stream kinase. Rapamycin, an immunosuppressant, was
also shown to block S6 kinase activation by selenate
without affecting an upstream activator, PI 3-kinase
[54].
In addition to the IRS family and the PI 3-kinase
pathway, another set of proteins have been identified as
a proximal target for several growth factor tyrosine
kinases, including the insulin receptor [55–57]. Once
activated by phosphorylation, the Shc proteins associate
with various downstream effector molecules including
Grb 2 and the guanine nucleotide releasing factor,
GNRF. Grb 2/SOS interaction plays a role in the
insulin activation of Ras since SOS facilitates the ex-
change of GDP for GTP on Ras proteins [58].
Ras activation is required for initiation of the down-
stream events leading to mitogen activated protein
(MAP) kinase activation. Studies have indicated a rea-
sonable correlation between the activation of MAP
kinase and events leading to cellular proliferation [56,
57]. In vitro, MAP kinase phosphorylates transcription
factors such as c-Jun and TCF/ELK as well as ATF-2
to restore DNA binding activity [59]. Thus, insulin-me-
diated MAPK activation may lead in some cases to
increased transcription of a gene. Both vanadate and
selenate have been shown to activate MAPK [46, 54]. In
both hepatocytes in culture and 3T3-L1 adipocytes,
selenate caused a marked increase in not only the phos-
phorylation of MAPK but also its activity as measured
by an ‘in-gel’ kinase assay [46]. This increase in phos-
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phorylation and activity was found to be both time and
concentration dependent. Similarly, in isolated rat
adipocytes, selenate increased MAPK activity approxi-
mately twofold, an induction analogous to that of in-
sulin [54]. In the culture systems tested, hepatocytes,
3T3-L1 cells and rat adipocytes, the increase in MAPK
observed in the presence of selenate could be reduced in
the presence of genestein, suggesting a kinase-mediated
activation [46, 54].

Conclusion
The evidence to date clearly supports selenate serving as
an effective insulin-mimetic. In whole animal type I
(streptozotocin-induced diabetic mice and rats) diabetic
models, treatment of the animal with selenate lowers
blood glucose levels, similarly to insulin. In addition,
selenate has been shown to regulate the fate of this
glucose by stimulating glycolysis, fatty acid synthesis
and in some cases glycogen synthesis. The increase in
the ability of these pathways to shuttle glucose through
maybe due in part to the increased expression of key
enzymes in these pathways. Increased expression of
these important metabolic enzymes is controlled
through the insulin signal transduction pathway which
selenium does activate. More studies, however, are
needed to fully understand selenate’s effect on glucose
uptake and metabolism. While the evidence provided in
this review supports the potential of selenate as an
effective insulin-mimetic, other concerns, in particular,
potential toxicological considerations of selenate or sel-
enite, need to be fully addressed before it can be safely
used in therapy for diabetics.
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