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metabolism are required for cancerous growth, and glucose must be shunted from 

energy production to biosynthetic pathways [69, 70]. Cancer cells preferentially 

employ aerobic glycolysis (the Warburg effect), a non-oxidative form of glucose 

metabolism characterized by increased glucose utilization and lactate production 

[71-73]. Whether differences in glucose consumption, lactate production, G6PD and 

PPP activity in males and females renders them more or less susceptible to 

oncogenic transformation remains to be determined. 

 

Abnormal activation of the mitogen-activated protein kinase (MAPK) pathway is a 

common mechanism for dysregulated proliferation and survival in astrocytomas and 

other cancers [74]. Greater MAPK pathway activation has been observed in male 

smooth muscle cells in vitro [75] as well as in multiple areas of the male brain in vivo 

[76, 77]. Estrogens suppress MAPK activity in a sex-dependent manner. In vitro, 

basal levels of activated (phosphorylated) MAPK and extracellular-regulated kinase 

(ERK) 1/2 were higher in female compared to male astrocytes. However, female 

astrocytes exhibited greater sensitivity to the MAPK pathway inhibitory effects of 

estradiol than did male astrocytes [78, 79]. Differential sensitivity to the inhibitory 

effects of MAPK regulation by estrogens was correlated with downstream processes 

such as proliferation and apoptosis. Furthermore, estrogen treatment increased 

apoptosis in female cells to a greater degree than in male cells and decreased the 

percentage of female, but not male, cells in S phase of the cell cycle [78, 79]. In the 

brain, estradiol is produced from testosterone through the actions of aromatase. 

Aromatase expression is greater in female compared to male astrocytes rendering 

female astrocytes more sensitive to the effects of testosterone/estradiol than male 

astrocytes [80]. Interestingly, in an intracranial xenograft model of GBM, estradiol 

was determined to induce tumor cell apoptosis and promote survival [81]. 

 

Among the important targets for estrogen regulation of growth is the cyclic AMP 

responsive element binding protein (CREB). CREB is a transcription factor that 

integrates the growth promoting signals downstream of multiple intracellular 

pathways such as the MAPK, p38MAPK, phosphatidylinositol-3-kinase (PI3K)-AKT 

and cyclic AMP (cAMP) pathways [82]. Estradiol promotes CREB phosphorylation 

and interaction with cAMP response elements within the promoter regions of CREB 

target genes. The action of testosterone-derived estradiol results in higher levels of 
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Figure legends 

Figure 1. Sex-based differences in the rates of pri mary brain tumor exist 

regardless of age or geographical location.  

Reports from around the world describing the incidence of common brain tumors as 

a function of sex are identified and linked to their countries of origin. Numbers shown 

in the parentheses are the sex ratio (male/female) of major primary brain tumor types 

extracted from 16 independent publications from 15 countries, including all major 

continents and regions of the world (North America, South America, Europe, Middle 

East, Africa, Asia and Oceania) except for Antarctica. Overall, these studies covered 

the period of 1974 to 2008, and the sex ratio (male/female) in almost all major brain 

tumors including both malignant and benign tumors is greater than 1 with a range of 

1 to approximately 3.5. See also [2, 10-24]. Abbreviations: AST = astrocytoma; EPD 

= ependymoma; GBM = glioblastoma (multiforme); Glioma, (NOS) = glioma, not 

otherwise specified; MB = medulloblastoma; OLG = oligodendroglioma; PA = 

pilocytic astrocytoma. 

 

Figure 2. The mechanisms of sexual differentiation overlap with the 

mechanisms of oncogenesis.  

The process of sexual differentiation shares many fundamental features with 

oncogenesis, including changes in DNA methylation, glucose metabolism, growth 

factor signaling, cell migration, proliferation, apoptosis and differentiation. 

 

Figure 3. Potential mechanisms for disparate rates of brain metastases in 

males and females.  

The process of metastasis to the brain involves distinct steps dependent on different 

genes, pathways and mechanisms. The initial stage (1) involves tumor cell intrinsic 

mechanisms for the degradation of the extracellular matrix and activation of 

migratory pathways. This process is often referred to as epithelial to mesenchymal 

transition (EMT). Pictured is a lung cancer primary tumor and the hematogenous 

dissemination of lung cancer cells. For metastases to the brain, cells that gain 






