
Tmpressive a~b~~~ernents have been made during 
the last decade with respect to the structure, basic 
properties, and behavior of the insulin receptor 
(reviewed in Refs. 1 and 2). This is substantiated by 
the recent elucidation of the amino acid sequence of 
the insulin receptor [3f and its intrinsic enzymatic 
activity as an ~~su~~n-a~vat~d i~os~ne-s~~~~~ pro- 
tein kinase [I 3 b-6]. fn ~~~~~~~~ resemzh ~~~~r~~~~ 
the post-receptor events involved in insulin action 
has progressed more slowly due to the fact that 
insulin, upon binding to its cellular receptor, initiates 
a multitude of cellular events (reviewed in Refs. 7- 
9) that do not appear to share a common rne~hanjsti~ 
parbway. Many of the enzymes which are acutely 
modulated by insulin action undergo either phospho- 
rylation or dephusphorylation in response to insulin 
action. Enzymes which may be phosphorylated as a 
result of insulin action include acetyl-Co A carboxy- 
lase [lO], ATP-citrate lyase [II], and the S-6 ribo- 
somal protein f12f. Examples of insulin-mediated 
de~bospbory~ation in&de the enz~es glycogen 
synthase [13f, pyruvate deh~drogenas~ [14& and 
hormone-sensitive tipase tl.51. All these modulations 
of enzyme activity, however, were made in intact 
cellular systems; in broken cell preparations insulin 
cannot modulate either most or all of these diverse 
biological effects f7]_ This may imply then that the 
ceiluiar ma~binery involved in insulin action is can- 
strutted of both integral plasma membrane and cyto- 
plasmic components. The lack of a ceil-free system 
for measuring the effects of insulin has been the 
major reason for the slow progress in elucidating 
the post-receptor events occurring after hormone 
binding. Studies on ho~oae-~~s~t~ve adenylate 
cyciase systems were more fortunate in the sense 
that aIf the essential component of the system are 
restricted to the plasma membrane [16], thus 
allowing for the direct measurement of hormone- 
stimulated enzyme activity in the cell-free state. 

With respect to insulin enhancement of glucose 
uptake, two conceptu& working hy~theses have 
been deveioped in recent years. The first ~~~th~sis 
assumes that insulin modufates certain physio- 
chemical and/or enzymatic properties in the plasma 
membrane which, in turn, activate dormant mem- 
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branal glucose trans~r~~~. This b~~thes~s has to 
assume that any putative alteration in glucose trans- 
port is reversible and that the activated transporters 
are returned to their dormant state upon the removal 
of insulin [7, S]. An alternative hypothesis assumes 
the existence of an intracellular pool of glucose trans- 
porters that can be recruited to the plasma membrane 
as a result of insulin s~rnu~a~on. The first hy~tbesis 
entourage studies in cell-free systems in order to 
determine which physiochemical or enzymatic par- 
ameters arc involved in the enhancement af glucose 
transport activity. At present, the studies of Kono et 
aE. jf7,Ig] and of Cushman trf 6~1. f19,20] seem to 
validate the second b~~~sis of in&n action. It 
appears that insulin binding initiates a cascade of 
events which lead to the recruitment of hexose trans- 
porters from an intracellular pool to the plasma 
membrane [17-L%]. This phenomenon, which seems 
to involve both temperature- and energy-dependent 
exocytotic and endocytotic processes f17-2Q], cannot 
be studied ~u~e~~y in the cell-free state. 

In accordance with the above ~on~ept~~ 
approach, it appears likely that agents which affect 
insulin action in a post-binding manner, in intact 
cellular systems, may be powerful tools for future 
research. From an operational point of view, we 
refer to agents that modulate ~~trarnernbra~a~ and/ 
or ~ntra~~lu~ar i~s~~~n-depeRdent me~ha~srns~ 
while not altering certain insulin receptor p~~rties~ 
such as induced conformational changes, receptor 
aggregation, receptor internalization, intramolecuiar 
autophosphorylation or activation of the receptor 
kinase activity (reviewed in Refs. 2 and 9). Many of 
these processes have been well documented, 
although the knowledge linking these events to a&- 
vated ceelluiar processes is facking. Such post-recep 
tor agents reviewed here include vanadium, which 
mimics insulin action [21-241, and polymyxin B 
(PMXB), which specifically blocks activated glucose 
uptake 125-271. 

ft is the purpose of this review to summarize the 
current studies on ~ana~urn and PF&CB as post- 
binding modulators of insulin action and to encour- 
age prospective research in this direction. As 
vanadium and PMXB are also active in the whole 
animal model, their potential use in the patho- 
physiology of experimental diabetes is evaluated as 
weli. 
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Chemical and biochemical properties of vanadium 

Vanadium is now recognized as an essential 
nutritional element in higher animals but its function 
still remains unclear [28,29]. The chemistry of 
vanadium is complex as the metal can exist in a 
variety of oxidation states, ranging from -1 to +5, 
and can be found in a multitude of polymeric forms. 
At physiological concentrations in mammals and 
avians, free vanadium exists in a hydrated mono- 
meric state. In body fluids, at pH4-8, the pre- 
dominant species found is metavanadate (VO,), 
which exists in the +5 oxidation state (reviewed in 
Refs. 30-33). Vanadium is an endogenous con- 
stituent of all or most mammalian tissues (reviewed 
in Ref. 31). The probable mode of VO, entry into 
the cell is by means of an anion carrier system and, 
once entered, it is reduced nonenzymatically, by 
glutathione, to vanadyl (V02+: +4 oxidation state). 
VO; is a structural analog of phosphate [33], and 
this may account for its inhibitory effect on enzymes 
involved in phosphate transfer and release mech- 
anisms [31, 33-351. VO, can easily adopt a stable 
trigonal bipyramidal structure whicli resembles the 
transition state of phosphate during reaction [33]. 
The list of enzymes that are inhibited by vanadium 
includes ATP phosphohydrolases, ribonuclease, gly- 
ceraldehyde 3-phosphate dehydrogenase, alkaline 
phosphatase, Ca*+/Mg*+ ATPase, Na+/K+ ATPase, 
and phosphotyrosyl protein phosphatase (reviewed 
in Ref. 30). 

Perhaps the best described effect of VO; is its 
inhibitory action on Na+/K+ ATPase activity [3& 
331. It appears that VO.7 binds to both the low and 
high affinity binding sites for ATP of the enzyme. 
The high affinity site of VOi action (&,r = 
4 x 10m9 M) corresponds to the low affinity ATP 
binding site, and vice versa. VO, binding to the E2 
(K+-dependent) state of the enzyme results in sta- 
bilization of the E2 state and thereby prevents tran- 
sition towards the Ei (Nat-dependent) state. It has 
been shown that Mg*+, K+, ouabain, and dimethyl 
sulfoxide favor the formation of the EZ state, 
resulting in increased VO, binding. Conversely, 
ATP, Na+. and oligomycin, which favor formation 
of the E, state, result in a decrease in VO:i binding. 
A physiological role for VO, regulation of Na+ 
pump activity has been postulated [36]. VO, , how- 
ever, should interact with the cytoplasmic surface of 
the Na+/K+ ATPase. Intracellular vanadium is 
found primarily in the form of VO*’ (30-331, which 
is a relatively ineffective inhibitor of Na+/K+ 
ATPase in vitro [36]. Indeed, as will be discussed 
later, exogenously-added VOS, up to a con- 
centration of 1 mM, does not inhibit the Na+/K’ 
ATPase of intact adipocytes [21,22]. This appears 
to be true for other cellular forms of Na+/K+ ATPase 
from various sources [30]. 

The high affinity Ca”+/Mg2+ ATPase, from both 
human erythrocytes and the sarcoplasmic reticulum 
source is several times more insensitive to VO, than 
the Na’/K+ ATPase [37]. A possible exception, 
however, is the cardiac sarcolemma Ca2+/MgZ+ 
ATPase of canines, which is equally sensitive [38]. 
Several other related ATPases, such as the H+/K+ 
ATPase. dynein ATPase, and the myosin-acto- 

myosin ATPases are also inhibited by VO; In all 
cases, none of these cellular forms are inhibited at 
VO.7 concentrations lower than I-10 mM (301. 

Insulin-like actions of vanadium 

In vitro studies. Shechter and Karlish [22] and 
Dubyak and Kleinzeller (211 previously demon- 
strated that vanadate ions mimic the actions of insulin 
in rat adipocytes. Exogenously-added VO? mim- 
icked insulin in stimulating hexose uptake 1211. glu- 
cose oxidation [22], lipogenesis [39], and the 
inhibition of lipolysis [23]. The half-maximally effec- 
tive concentrations (ECSo) of VO; or VO:- for medi- 
ating the various insulin-like effects range between 
0.1 and 0.2 mM [22,23, 39.401. Earlier, it was shown 
that ouabain partially mimicks insulin by inhibiting 
adipocytic Na+/K+ ATPase activity 1411. Therefore, 
it was evaluated whether VO; resembles ouabain in 
this respect. Exogenously-added VO,T, up to a con- 
centration of 1 mM, did not change significantly the 
rate of rubidium influx into rat adipocytes [21]. Also, 
VO; was equipotent in stimulating glucose oxidation 
in adipocytes maintained in K+-depleted Krebs- 
Ringer bicarbonate buffer [22]. Thus, VO; does not 
seem to inhibit Na+/K+ ATPase activity in intact 
adipocytes. 

The fate of the added VO,, after entering the 
intact adipocyte. was evaluated using electron spin 
resonance spectroscopy [23]. This study revealed 
that VO, is reduced intracellularly to VO’+ and that 
in the reduced state it was found to complex exclus- 
ively to reduced glutathione. The major vanadyl 
complex found has a V02+ : GSH stoichiometry of 
1: 1. At least two such VO’+-GSH complexes could 
be detected [23], whereas no complexes of VO’+ to 
other ligands (i.e. to ATP) could be observed. It is 
conceivable that VO’+ binding to GSH prevents the 
reoxidation to VO, , which would tend to occur at 
the intracellular pH. This, together with the lack of 
inhibition of Na+/K+ ATPase. suggests, but does 
not confirm, that intracellular VO?+ (rather than 
VOT) alone or complexed to reduced glutathione is 
the relevant chemical species responsible for mim- 
icking the actions of insulin. 

Further studies have indicated that insulin and 
vanadate share a common mechanistic pathway. 
VO_7, at sufficiently high concentrations. maximally 
stimulates hexose uptake 121, 401, glucose oxidation 

WI. and lipogenesis [39]. Furthermore, no 
increment in stimulation could be achieved by the 
addition of insulin to vanadate-stimulated cells, and 
vice versa (unpublished data). In addition, both 
agents show the same concentration dependency on 
extracellular glucose [22]. Agents or conditions 
which suppress the effects of insulin, such as anti- 
calmodulin drugs [42], polymyxin B. bicarbonate- 
depleted buffers [39.43], and exogenously-added 
ATP [22,44] are equipotent in suppressing vanadate- 
mediated effects. Also, similar rates in the ter- 
mination of lipogenesis (T? = 14 i 3 min) were 
observed after removing either insulin or VO; from 
stimulated adipocytes [45]. 

VO.7 was also shown to stimulate glycogen syn- 
thase in rat adipocytes [24]. Thus, VO.7 resembles 
insulin also in its ability to potentiate an endogenous 
activity that is irrelevant to increased hexose influx 
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[24]. VO, was also found to mimic insulin in stimu- 
lating K+ uptake in cultured cardiac muscle cells 
[46] and to inhibit Ca*+ transport activity in plasma 
membranes derived from rat adipocytes [47]. Both 
vanadate and vanadyl are effective in inhibiting this 
activity [47]. In addition, stimulation of DNA syn- 
thesis, by either VO, alone or in synergism with 
insulin [48] or epidermal growth factor [49], in cul- 
tured cells has been documented. 

In vivo studies. Heyliger et al. [SO] first demon- 
strated that the inclusion of sodium orthovanadate 
(Na,VO,; 0.8mg/ml) and XOmM NaCl in the 
drinking water of streptozotocin-treated diabetic rats 
(ST-rats) alleviated some symptoms of diabetes. This 
treatment resulted in the normalization of blood 
glucose levels and the elimination of depressed car- 
diac performance [SO]. These effects were shown not 
to result from increased levels of endogenous insulin; 
therefore, insulin target tissues have been implicated 
as the site(s) of vanadate action. This study was 
further extended by Meyerovitch et al. [51], who 
found that a lower concentration of vanadate 
(NaV03, 0.2 mg/ml) in the drinking water was opti- 
mal for achieving stable normoglycemia in ST-rats 
over a period of several weeks 1511. Blood glucose 
levels dropped to nearly normal values within 3-4 
days after the inclusion of VO; in the drinking 
water. Following the removal of VO; from the 
drinking water, normoglycemia persisted for another 
3-4 days before the onset of hyperglycemia, indi- 
cating that vanadate-induced normoglycemia is 
reversible. ST-rats, which are known to be in a 
catabolic state [52], became anabolic (gaining 1.3 g/ 
day) several days after receiving the lower vanadate 
dosages [51]. The treatment also repaired various 
tissue alterations known to develop in ST-rats [52- 
541. For example, VO; therapy reduced the elevated 
insulin binding capacity of liver to normal capacity 
and partially restored the responsiveness of adipo- 
cytes to insulin [Sl]. 

It has been shown that vanadate therapy doubles 
the rate of 3-O-methyl glucose uptake in muscle and 
liver tissues in ST-rats [51]. Thus, the normoglycemia 
observed in vanadate-treated ST-rats seems to result 
from VO; stimulation of glucose uptake and its 
metabolism in ho, in agreement with the known 
action of VO; in in vitro systems. 

No signs of VO; toxicity could be detected in ST- 
rats receiving lower doses of VO;. The level of 
VO; in the serum of treated rats did not exceed 0.7 
to 0.9,ug/ml [51], a concentration about l/100 of 
that required to inhibit a variety of NaC/KC ATPases 
of intact cellular systems. 

Considerations for future research 

As there are multiple theories concerning how 
insulin mediates its biological action, determination 
of the overlapping sites of action for both vanadate 
and insulin may assist in focusing insulin research in 
the right direction, As VO< does not influence insu- 
lin binding, it seems that an extracellular site for 
VO; action can be excluded, although more work 
is necessary to verify this assumption. Most studies 
support the notion that the site of VO$ action in 
mimicking insulin-dependent actions is distal to the 
insulin receptor. For example. VO; increases the 

rate of hexose transport in the liver [Sl], whereas 
insulin itself does not. Also, VO; has an identical 
dose-response curve for the stimulation of glucose 
uptake in both control adipocytes and in adipocytes 
in which 60% of the insulin receptor sites were down- 
regulated 1401. On the other hand, VO; was shown 
to stimulate the autophosphorylation (and, there- 
fore, the activation) of insulin-receptor kinase in 
a cell-free state [24,55]. Although this stimulating 
effect could not be reproduced by Kadota et al. [56], 
a direct action of VO; on the insulin-receptor kinase 
cannot yet be excluded. 

Attention should also be given to earlier 
documentation of the cellular effects of VO, , both 
in insulin target tissues and in other cell types as 
well. It has been reported that VO; increases Ca”’ 
influx in both adipose tissue and skeletal muscle f57), 
and raises the intracellular pH in human A431 cells 
[58]. Both phenomena were previously associated 
with the actions of insulin [7]; however, insufficient 
evidence is currently available to conclusively link 
them. On the contrary, the actions of insulin 421 or 
vanadate are not significantly reduced in 1 Ca +-free 
(EGTA-supplemented) buffers, as previously shown 
in rat adipocytes [42]. Thus, Ca*+ inAux would not 
seem to be required for either insulin- or 
VO; -dependent effects in rat adipocytes. 

At present, it seems likely that the insulin-like 
effects of VO; occur distally to the activation of 
insulin-receptor kinase. As VO; can augment tyro- 
sine phosphorylation in ceils [59], presumably by 
inhibiting phosphot~osine phosphatase [60], it may 
alter the phosphorylation states of the putative sub- 
strates that may be involved in insulin action. 
Recently, it was shown that VO; can esterify (non- 
enzymatically) the phenyl moieties of tyrosines. The 
equilibrium constant for this reaction is 4 orders of 
magnitude larger than the equilibrium constant for 
phosphate-mediated este~fication of phenol 1611. It 
is tempting, therefore, to speculate that such a modi- 
fication, if induced intracellularly by exogenously- 
added VO;, may alter the enzyme activity that is 
relevant to the biological actions of insulin. 

Polymyxin B, a specific inhibitor of stimulated glucose 
uptake in vivo and in vitro 

Polymyxin B (PMXB) is a cyclic polycationic deca- 
peptide antibiotic produced in Bacilluspolymyxa and 
has a structure as illustrated in Fig. 1. This peptide 
was shown to effectively disrupt gram-negative bac- 
teria, and it is used infrequently in human medicine 
for treatment of conditions of gross contamination 
with such bacteria (i.e. salmonelosis). 

Amir and Sheehter 1251 first observed that PMXB 
effectively inhibits the effects of exogenously-admin- 
istered insulin in mice. The peptide blocked insulin- 
induced hypoglycemia and prevented mortality in 
mice challenged with a lethal dose of insulin (251. In 
rats, insulin-dependent hypoglycemia was efficiently 
blocked at a 12-13 : 1 molar ratio of PMXB to insulin 
[26]. These effects were found to be highly specific to 
PMXB. Out of several dozens of different substances 
tested, including basic molecules and various types 
of antibiotics, none could mimic the anti-insulin 
action of PMXB [25]. Also, colistin A (polymyxin 
E), which differs from PMXB by a single con- 
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Fig. 1. Peptide structures of polymyxin B and colistin A. 
Abbreviations: DAB, diaminobutyric acid; and MOA, 
5methyloctanoic acid. The arrows indicate the sole 
amino acid moiety which differentiates poiymyxin B from 

colistin A. 

servative amino acid substitution in the ring structure 
(Fig. l), was completely ineffective in inhibiting 
insulin-mediated hypoglycemia (25,261. The possi- 
bilities that PMXB may interact with insulin, alter 
the rate of insulin absorption and/or degradation. or 
interfere with the ability of insulin to bind to target 
tissues have so far been excluded. 

Further studies using chemical modifications of 
PMXB have revealed that the ring structure, rather 
than the tail structure, is important for the anti- 
insulin activity of PMXB [26]. Also, a PMXB-deriva- 
tive devoid of the antibacterial action of PMXB had 
about half of the original anti-hypoglycemic activity 
of PMXB. Therefore, it appears that different struc- 
tural domains of the PMXB seem to participate in 
the antibacterial and anti-insulin activities of PMXB. 

Subsequent studies in in uitro systems (summa- 
rized in Refs. 26 and 27) have revealed that: (a) 
PMXB does not interfere with insulin binding to its 
target tissues; (b) the peptide specifically inhibits 
insulin-stimulated glucose uptake in isolated muscle 
tissue and adipocytes, whereas basal glucose uptake 
is not affected; (c) other insulin-dependent activities, 
such as inhibition of lipolysis in adipocytes, synthesis 
of DNA in muscle cells, and the activation of gly- 
cogen synthase in mouse skeletal muscle, are not 
affected; (d) PMXB does not alter the ability of 
insulin to induce insulin receptor autophospho- 
rylation and to activate the receptor kinase activity 
in the cell-free state; (e) PMXB also blocks vanadate- 
stimulated glucose transport activity; and (f) PMXB 
inhibits the effect of insulin in stimulating cu-amino- 
isobutyric acid uptake. 

These in viuo and in vitro observations, in both 
mice and rats, seem to indicate that PMXB exerts 
its inhibitory action at a site which is distal to the 
insulin-receptor kinase and is most likely to be 
soecific to the activation of glucose and amino acid 

uptake, and not to other insulin-dependent activities. 
Polymyxin B is the first reported compound capable 
of specifically blocking these insulin-dependent 
uptake mechanisms in both in vifro and in viuo 
systems. 

There is a lack of sufficient information at present 
to speculate on how. PMXB inhibits the activated 
state of hexose or amino acid transport. In gram- 
negative bacteria, PMXB, which consists of a lipo- 
phylic and lipophobic group, is inserted between the 
lipid and protein layers, causing disorierltation of the 
lipoprotein membrane, impairment in the cellular 
osmotic barrier, and the subsequent escape of the 
intracellular content [62]. Polymyxin B-sensitive bac- 
teria bind more PMXB and have a higher ratio 
of lipid-P/lipid-N [62]. In mammalian cells, PMXB 
binding does not lead to irreversible cellular damage. 
In fact, rat adipocytes remained viable subsequent to 
their incubation for 1 hr at 37” with 1 mg/ml PMXB 
(unpublished observation). Also, they were fully 
responsive to insulin after the washmg out and 
removal of the peptide. 

Earlier works have demonstrated that PMXB 
binds to a variety of mammalian tissue homogenates 
[63]. It appears that PMXB binds electrostatically to 
acidic phosphoIipids (e.g. phosphatidylethanol- 
amine, phosphatidyiglycerol, and phosphatidylino- 
sitol), as PMXB does not bind to chloroform-ex- 
tracted defatted liver tissue. Also, the binding of 
PMXB to various tissue preparations is inhibited by 
the addition of certain phospholipids [64]. There is 
no evidence for specific and saturable receptor 
sites for PMXB, or for the existence of enzymes 
that degrade or metabolize PMXB, either in 
bacteria or in a variety of mammalian tissues [64]. 

PMXB has been shown to inhibit phospholipid- 
dependent Ca*+ -activated protein kinase activity 
(PKC) (for a general review on PKC see Ref. 65). 
perhaps by the direct binding of PMXB to phospho- 
lipids that are required to activate the enzyme [66- 
681. Protein kinase C has been suggested to be 
involved in the action of insulin. For example, in 
some cultured cell lines, the activation of protein 
kinase C by phorbol esters enhances hexose transport 
169,701. Also, the insulin receptor itself is a substrate 
for protein kinase C [71]. In some cell lines, acti- 
vation of protein-kinase C by phorbol esters 
decreased insulin binding and/or insulin-dependent 
action of biological processes [72]. This, together 
with the known binding affinity of PMXB toward the 
acidic phospholipids of mammalian tissues [64], may 
serve as initial clues for studying the site(s) of PMXB 
inhibition. 

Summary 

This review includes data related to two substances 
that modulate insulin mechanisms, both in vitro and 
in the whole animal model. It seems to us that these 
agents (vanadate and PMXB) will be of potential 
use in the next decade for basic and applied research. 
They may assist in characterizing the essential post- 
binding events involved in insulin action, which can- 
not presently be identified. As vanadate and PMXB 
modulate the effects of insulin both in uivo and in 
vitro. they may be of use in clinical and patho- 
Dhvsioloeical research as well. VO; is a low mol- 
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ecular weight substance which permeates the 
intestinal tract and mimics the actions of insulin in 
target tissues [51]. Studies that were summarized 
here may even suggest that VO; is superior to insulin 
in stimulating its effects in tissues that are down- 
regulated or desensitized to the hormone itself. Both 
VO; and PMXB may be useful in the treatment of 
diabetes in the future if long-range toxicity studies 
prove these agents to be clinically safe. PMXB has 
already been in use in medicine for several decades 
now. 
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