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ABSTRACT 

Lithium is a mood stabilizer used in the treatment of bipolar disorder and is known to 

have potent teratogenic effects. Therapeutically relevant targets of lithium include the 

constitutively active kinase glycogen synthase kinase-3 (GSK-3), an effector in the Wnt/β-

catenin intracellular signaling pathway, and inositol monophosphatase (IMPase), an effector in 

the inositol triphosphate (IP3) signaling pathway; both enzymes are inhibited by lithium 

treatment. Inhibition of GSK-3 leads to an increase in the nuclear activity of the transcription 

factor β-catenin, whereas inhibition of IMPase results in the loss of an effector of IP3 signaling, 

myo-inositol. myo-inositol has been shown to rescue the effects of knocking out GSK-3 in 

embryonic development, though the mechanisms surrounding this rescue have not yet been 

characterized. Here it i show that myo-inositol does not prevent β-catenin from being 

translocated into the nucleus in HeLa cells. However, myo-inositol does lead to a significant 

decrease in the levels of Myc, a target of β-catenin, in the cells. Thus, I conclude that antagonism 

of β-catenin-mediated signaling by myo-inositol may be mediated in a manner independent of 

the nuclear translocation of β-catenin. 
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INTRODUCTION 

Lithium is one of the most common treatments for bipolar disorder, a mental condition 

that affects 1-3% of the population (Gould et al., 2004). It is also a potent teratogen; when 

developing embryos of the frog Xenopus laevis are treated with the drug, they become 

hyperdorsalized, developing into little more than a head (Kao et al., 1986; Busa and Gimlich, 

1989; Kao and Elinson, 1989).  

One of the first targets implicated in lithium’s mode of action in both the treatment of 

bipolar disorder and in disruption of embryonic development was the enzyme inositol 

monophosphatase (IMPase), an intermediate in the inositol triphosphate (IP3) intracellular 

signaling pathway. IMPase generates the carbohydrate myo-inositol in vivo (Berridge et al., 

1989) and is inhibited by lithium (Pollack et al., 1994). Consistent with the “inositol depletion 

hypothesis”, chronic lithium treatment of rats leads to decreased inositol in the brain (Allison and 

Stewart, 1971) and treatment of Xenopus embryos with myo-inositol rescues the teratogenic 

effects of lithium (Busa and Gimlich, 1989). 

Another molecular target of lithium is the enzyme glycogen synthase kinase-3 (GSK-3). 

GSK-3 is a constitutively active kinase that participates in many intracellular signaling pathways, 

including the Wnt/β-catenin pathway (Figure 1). In this pathway, GSK-3 phosphorylates the 

transcription factor β-catenin, targeting it for destruction. Inhibition of GSK-3 via the Wnt-1 

pathway leads to stabilization of β-catenin. β-catenin accumulates and is translocated to the 

nucleus, where it upregulates transcription of a suite of genes (Moon et al., 2002). 
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Figure 1.  Schematic of the Wnt/β-catenin signaling pathway. (a) In a cell unstimulated by Wnt signaling, β-
catenin exists in a complex with GSK-3, axin, and adenomatous polyposis coli (APC). GSK-3 phosphorylates β-
catenin, which is subsequently ubiquitinated and destroyed in proteasomes (Moon et al., 2002). (b) Upon 
stimulation with a Wnt ligand of the Wnt-1 class (Torres et al., 1996), the Frizzled receptor recruits Disheveled, 
which deactivates GSK-3. Stabilized β-catenin accumulates, and is translocated into the nucleus, where it 
interacts with members of the ternary complex factor/lymphoid enhancer binding factor (TCF/LEF) family of 
transcription factors to convert them from repressors of transcription to activators (Moon et al., 2002). 

The same study that implicated GSK-3 as a target of lithium also found that a specific 

inhibitor of IMPase 1000 times stronger than lithium failed to induce dorsalization of Xenopus 

embryos. This appeared to contradict the inositol depletion hypothesis (Klein and Melton, 1996). 

Expression of a dominant-negative GSK-3 also yielded dorsalized embryos (Dominguez et al., 

1995), thus, Klein and Melton (1996) concluded that GSK-3 was the primary target of lithium in 

development. Supporting the notion that the Wnt/β-catenin signaling pathway is the therapeutic 

target in bipolar disorder as well as in embryonic development was the fact that valproate, 

another drug used to treat bipolar disorder, ultimately leads to an upregulation of transcription of 

the β-catenin gene (Phiel et al., 2001). This leads presumably to more β-catenin-mediated 

signaling. 

Despite the evidence seeming to contradict the inositol depletion hypothesis, a number of 

experimental results continued to suggest that myo-inositol and the IP3 pathway are important 

components in embryonic development and the etiology of bipolar disorder. For example, myo-
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FIGURE 2. Simplified diagram of the Wnt/β-
catenin pathway. Activation of the Wnt/β-
catenin pathway by stimulation with a Wnt-1 
ligand, expression of a dominant-negative 
GSK-3, or inhibition with lithium all serve 
to increase β-catenin signaling. Rescue of 
lithium-treated embryos by myo-inositol 
may be mediated in a number of ways (see 
text).

inositol was found to rescue the effect of a dominant-negative GSK-3 (Hedgepeth et al., 1997). 

As well, myo-inositol rescues the behaviour of sensory neuronal growth cones disrupted by 

various mood stabilizers including lithium and valproate (Williams et al., 2002). Finally, the IP3 

pathway was found to be antagonistic to Wnt/β-catenin signaling in embryonic development of 

the zebrafish (Westfall et al., 2003). 

In spite of the number of results connecting 

lithium’s effect on β-catenin and the antagonistic 

effect of myo-inositol, there has been a paucity of 

studies of the molecular mechanisms surrounding the 

combined effects of the two. However, because the 

upregulation of β-catenin-mediated signaling, induced 

by lithium, is antagonized by myo-inositol 

(Hedgepeth et al., 1997), and β-catenin must be 

stabilized and translocated into the nucleus to effect 

changes in gene expression (Moon et al., 2002), myo-

inositol may play one of three possible roles in 

antagonizing β-catenin-mediated signaling in a 

cellular system (Figure 2). myo-inositol may restore the stability of β-catenin to levels similar to 

those in cells in which lithium is not inhibiting GSK-3. Alternatively, it may interfere with the 

translocation of β-catenin to the nucleus. Finally, myo-inositol may rescue the effects of lithium 

independently of β-catenin, for example by repressing transcription of β-catenin responsive 

genes. 
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In this study, HeLa cells were used to examine the effects of lithium and myo-inositol, as 

it has been shown that these cells have an active Wnt/β-catenin signaling pathway (Zhang et al., 

2001). Here it is shown that in cells treated simultaneously with lithium and myo-inositol, β-

catenin is not prevented from being translocated to the nucleus. However, the levels of the 

protein Myc, whose transcription is upregulated by β-catenin, do decrease significantly. These 

results suggest that the antagonism of β-catenin signaling by myo-inositol is mediated in a 

manner independent of β-catenin’s nuclear translocation. 

MATERIALS AND METHODS 

Cell culture 

HeLa cells were cultured in minimal essential medium (MEM) (Gibco) at 37°C in 5% 

CO2. Medium was replaced with experimental solutions of 1, 5, and 10 mM lithium chloride 

and/or 10 mM myo-inositol, both in MEM, at indicated times before cell fractionation. 

 

Cell fractionation and sample preparation 

Cytosolic extracts of cells were prepared by suspending cells in low-salt buffer (LSB; 20 

mM HEPES, pH 6.8, 5 mM KCl, 5 mM MgCl2, 0.5% NP-40, 0.1% sodium deoxycholate). Cells 

were pelleted and aliquots of the supernatant were added to equivolume amounts of 2X SDS 

loading buffer (0.125 M Tris-Cl, 4% SDS, 20% v/v glycerol, 5% 2-mercaptoethanol, 0.02% 

bromophenol blue, pH 6.8). Nuclei were washed in LSB, resuspended in high-salt buffer (HSB; 

LSB with 250 mM NaCl) for 12 minutes on ice, and subsequently pelleted. Aliquots of the 

supernatant were added to equivolume amounts of SDS loading buffer. The remaining insoluble 
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pellet was washed with HSB and resuspended in equivolume HSB and SDS loading buffer, and 

subdivided into aliquots. Samples were stored at –95°C until use. 

 

SDS-PAGE and transblotting 

Sample proteins were separated on 10% Tris-glycine gels (Laemmli, 1970) at 200 V for 

approximately 60 minutes in a Hoefer minigel apparatus. 2.5 x 105 cellular or nuclear equivalents 

were loaded per lane. Samples were transblotted onto 45 µm nitrocellulose membrane (NCM; 

Whatman) in Towbin transfer buffer as described previously (Towbin et al., 1979) at 100 V for 

approximately 40 minutes. 

 

Immunodetection 

NCMs were blocked in 10% skim milk powder in PBS-Tween (10 mM sodium 

phosphate, 0.9% NaCl, 0.1% Tween-20) for at least one hour. Blots were probed with rabbit anti-

β-catenin polyclonal (sc-7199; Santa Cruz) diluted 1:500 in PBS-Tween, and anti-myc 9E10 

(ATCC). Secondary antibodies were alkaline-phosphatase conjugated anti-rabbit IgG or anti-

mouse IgG (Jackson Labs) diluted 1:2000 in PBS-Tween. Blots were developed using the 

alkaline-phosphatase NBT/BCIP detection system in alkaline phosphatase reaction buffer (0.1 M 

NaCl, 5 mM MgCl2, 100 mM HCl, pH 9.5). 
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FIGURE 3. Immunoblots for β-catenin in fractions of HeLa cells. Cells were 
treated simultaneously with lithium (at 0, 1, 5, and 10 mM) and 0 (“–”) or 
10 (“+”) mM myo-inositol for 24 hours. They were then fractionated and 
subjected to SDS-PAGE and immunoblotting as described in the materials 
and methods. Results shown are from a single trial. 

RESULTS AND DISCUSSION 

Effects of lithium and myo-inositol on β-catenin levels and localizations 

To probe the localization of β-catenin within HeLa cells in response to treatments with 

lithium and/or myo-inositol, cells were fractionated to obtain a cytosolic extract, a nuclear 

extract, and an insoluble 

nuclear pellet. These 

fractions were loaded onto 

SDS-PAGE gels and 

subjected to Western 

blotting. As shown in Figure 

3, the levels of β-catenin present in the cytosol did not change significantly with any treatment. 

This is consistent with β-catenin’s dual role in the cell: on the one hand, it plays a role in nuclear 

signaling; on the other, it mediates binding of the cell membrane to the cytoskeleton (reviewed in 

Harris and Peifer, 2005). The latter pool of β-catenin is much larger, and the results here 

demonstrate that it appears to be unresponsive to treatment with both lithium and myo-inositol. 

Treatment of cells at low concentrations (1 mM) of lithium for 24 hours resulted in a 

decrease in nuclear β-catenin levels, that increased in a dose-dependent manner up to 10 mM 

lithium (Figure 3, lanes 1 – 4). This is inconsistent with previously reported results, which show 

that lithium tends to increase the nuclear levels of β-catenin in all model systems examined so far 

(Logan et al., 1999; Rao et al., 2005; Sinha et al., 2005; Kaga et al., 2006). It is possible that, 

because HeLa cells already have significant levels of nuclear β-catenin (Figure 3, lane 1), lithium 
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FIGURE 4. Immunoblots for Myc in HeLa cells.  All conditions are the same 
as in Figure 3. 

treatment somehow perturbs the balance of the signaling, leading to a decrease in β-catenin 

synthesis, stability and/or nuclear translocation. 

Regardless of the cause, the dose-dependent effect was not seen when HeLa cells were 

treated with lithium and myo-inositol simultaneously – nuclear β-catenin levels appeared similar 

to those seen in untreated controls (Figure 3, lanes 1, 5 – 8). Thus, myo-inositol does appear to 

antagonize the effect of lithium treatment of cells – i.e., it returns the phenotype (nuclear β-

catenin levels) to that seen in untreated controls. This is consistent with previous evidence that 

myo-inositol antagonizes β-catenin signaling (Westfall et al., 2003) and rescues the effects of 

lithium treatment (Busa and Gimlich, 1989; Becchetti and Whitaker, 1997; Williams et al., 

2002). 

 

Effects of lithium and myo-inositol on Myc levels 

Transcription of the 

oncogene myc is upregulated 

by β-catenin (Bondi et al., 

2004), thus levels of the 

Myc protein were selected as 

a reporter for β-catenin activity. Myc was undetectable in the cytosol (data not shown). Nuclear 

Myc was present in both control untreated and lithium-treated cells (Figure 4, lanes 1 – 4). The 

same effect was seen for Myc as was seen for β-catenin: that at low lithium concentrations, the 

levels of the protein fall, and at high concentrations of lithium, β-catenin levels climb back up to 

those of the control in a dose-dependent manner. These results imply that Myc, like β-catenin, is 
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responsive to lithium treatment. The fact that nuclear Myc levels directly mirror nuclear β-

catenin levels suggest that the response of Myc to lithium may be mediated by lithium’s effect on 

β-catenin. These results do not allow this to be stated definitively, but are consistent with the myc 

gene being a transcriptional target of β-catenin. 

Simultaneous treatment of cells with lithium and myo-inositol resulted in a significant 

decrease in levels of Myc (Figure 4, lanes 5 – 8). This suggests that myo-inositol strongly 

antagonizes β-catenin signaling, as the protein product of one of its target genes completely 

disappeared in response to myo-inositol treatment, both in the presence and absence of lithium. It 

is known that the IP3 pathway, in which myo-inositol is an intermediate, results in the activation 

of many intracellular kinases (Kohn and Moon, 2005). Myc activity and stability is highly 

dependent on its phosphorylation state (Gregory et al., 2003). Thus, the change in Myc levels 

may indicate alterations in its phosphorylation, owing to activation of kinases by myo-inositol, 

possibly facilitating its destruction. 

 

Conclusions 

Taken together, these data suggest that antagonism of β-catenin signaling by myo-inositol 

is mediated in a manner independent of the nuclear translocation of β-catenin. Levels of nuclear 

β-catenin are returned to those seen in the controls, and the levels of the transcriptional products 

of β-catenin’s target genes are seen to decrease. This effect, which has not been previously 

reported in the literature, could be mediated in a number of ways: for example, myo-inositol 

could directly or indirectly downregulate expression of the targets of β-catenin. Alternatively, 

myo-inositol could play a role in post-transcriptional modification, affecting the stability of the 
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transcriptional targets of β-catenin. Alteration of Myc levels in response to myo-inositol may 

occur at the level of transcription, or some time afterwards, and this can be interrogated using 

RT-PCR for the mRNA of Myc or other targets of β-catenin. Ultimately, further study of these 

effects may lead to an increased understanding of the signaling pathways involved in embryonic 

development and the pathology of bipolar disorder. 

ACKNOWLEDGEMENTS 

I gratefully acknowledge Malaspina University-College for funding this project. Thanks 

to Allan Gibson for helpful consultations and direction, and Rob Wager and the other Biology 

Department technicians for technical support. 

LITERATURE CITED 

Allison, J.H. and M.A. Stewart. 1971. Reduced brain inositol in lithium-treated rats. Nature New 

Biology 233: 267-268. 

Becchetti, A. and M. Whitaker. 1997. Lithium blocks cell cycle transitions in the first cell cycles 

of sea urchin embryos, an effect rescued by myo-inositol. Development 124: 1099-1107. 

Berridge, M.J., C.P. Downes, and M.R. Hanley. 1989. Neural and developmental actions of 

lithium: a unifying hypothesis. Cell 59: 411-419. 

Bondi, J., G. Bukholm, J.M. Nesland, and I.R.K. Bukholm. 2004. Expression of non-

membranous beta-catenin and gamma-catenin, c-Myc and cyclin D1 in relation to patient 

outcome in human colon adenocarcinomas. Acta Pathologica, Microbiologica, et 

Immunologica Scandinavica 112: 49-56. 

Busa, W.B. and R.L. Gimlich. 1989. Lithium-induced teratogenesis in frog embryos prevented 

by a polyphosphoinositide cycle intermediate or a diacylglycerol analog. Developmental 

Biology 132: 315-324. 



 12

Dominguez, I., K. Itoh, and S.Y. Sokol. 1995. Role of glycogen synthase kinase 3 beta as a 

negative regulator of dorsoventral axis formation in Xenopus embryos. Proceedings of 

the National Academy of Sciences of the U. S. A. 92: 8498-8502. 

Gould, T.D., J.A. Quiroz, J. Singh, C.A. Zarate, and H.K. Manji. 2004. Emerging experimental 

therapeutics for bipolar disorder: insights from the molecular and cellular actions of 

current mood stabilizers. Molecular Psychiatry 9: 734-755. 

Gregory, M.A., Y. Qi, and S.R. Hann. 2003. Phosphorylation by glycogen synthase kinase-3 

controls c-myc proteolysis and subnuclear localization. Journal of Biological Chemistry 

278: 51606-51612. 

Harris, T.J. and M. Peifer. 2005. Decisions, decisions: beta-catenin chooses between adhesion 

and transcription. Trends in Cell Biology 15: 234-237. 

Hedgepeth, C.M., L.J. Conrad, J. Zhang, H.C. Huang, V.M. Lee, and P.S. Klein. 1997. 

Activation of the Wnt signaling pathway: a molecular mechanism for lithium action. 

Developmental Biology 185: 82-91. 

Kaga, S., L. Zhan, E. Altaf, and N. Maulik. 2006. Glycogen synthase kinase-3beta/beta-catenin 

promotes angiogenic and anti-apoptotic signaling through the induction of VEGF, Bcl-2 

and survivin expression in rat ischemic preconditioned myocardium. Journal of 

Molecular and Cellular Cardiology 40: 138-147. 

Kao, K.R. and R.P. Elinson. 1989. Dorsalization of mesoderm induction by lithium. 

Developmental Biology 132: 81-90. 

Kao, K.R., Y. Masui, and R.P. Elinson. 1986. Lithium-induced respecification of pattern in 

Xenopus laevis embryos. Nature 322: 371-373. 



 13

Klein, P.S. and D.A. Melton. 1996. A molecular mechanism for the effect of lithium on 

development. Proceedings of the National Academy of Sciences of the U. S. A. 93: 8455-

8459. 

Kohn, A.D. and R.T. Moon. 2005. Wnt and calcium signaling: beta-catenin-independent 

pathways. Cell Calcium 38: 439-446. 

Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature 227: 680-685. 

Logan, C.Y., J.R. Miller, M.J. Ferkowicz, and D.R. McClay. 1999. Nuclear beta-catenin is 

required to specify vegetal cell fates in the sea urchin embryo. Development 126: 345-

357. 

Moon, R.T., B. Bowerman, M. Boutros, and N. Perrimon. 2002. The promise and perils of Wnt 

signaling through beta-catenin. Science 296: 1644-1646. 

Phiel, C.J., F. Zhang, E.Y. Huang, M.G. Guenther, M.A. Lazar, and P.S. Klein. 2001. Histone 

deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood stabilizer, 

and teratogen. Journal of Biological Chemistry 276: 36734-36741. 

Pollack, S.J., J.R. Atack, M.R. Knowles, G. McAllister, C.I. Ragan, R. Baker, S.R. Fletcher, L.L. 

Iversen, and H.B. Broughton. 1994. Mechanism of inositol monophosphatase, the 

putative target of lithium therapy. Proceedings of the National Academy of Sciences of 

the U. S. A. 91: 5766-5770. 

Rao, A.S., N. Kremenevskaja, J. Resch, and G. Brabant. 2005. Lithium stimulates proliferation 

in cultured thyrocytes by activating Wnt/beta-catenin signalling. European Journal of 

Endocrinology 153: 929-938. 



 14

Sinha, D., Z. Wang, K.L. Ruchalski, J.S. Levine, S. Krishnan, W. Lieberthal, J.H. Schwartz, and 

S.C. Borkan. 2005. Lithium activates the Wnt and phosphatidylinositol 3-kinase Akt 

signaling pathways to promote cell survival in the absence of soluble survival factors. 

American journal of physiology. Renal physiology 288: F703-F713. 

Torres, M.A., J.A. Yang-Snyder, S.M. Purcell, A.A. DeMarais, L.L. McGrew, and R.T. Moon. 

1996. Activities of the Wnt-1 class of secreted signaling factors are antagonized by the 

Wnt-5A class and by a dominant negative cadherin in early Xenopus development. 

Journal of Cell Biology 133: 1123-1137. 

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of proteins from 

polyacrylamide gels to nitrocellulose sheets: procedure and some applications. 

Proceedings of the National Academy of Sciences of the U. S. A. 76: 4350-4354. 

Westfall, T.A., B. Hjertos, and D.C. Slusarski. 2003. Requirement for intracellular calcium 

modulation in zebrafish dorsal-ventral patterning. Developmental Biology 259: 380-391. 

Williams, R.S., L. Cheng, A.W. Mudge, and A.J. Harwood. 2002. A common mechanism of 

action for three mood-stabilizing drugs. Nature 417: 292-295. 

Zhang, X., J.P. Gaspard, and D.C. Chung. 2001. Regulation of vascular endothelial growth factor 

by the Wnt and K-ras pathways in colonic neoplasia. Cancer Research 61: 6050-6054. 

 

 






