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ABSTRACT 
 

 

 

Glioblastoma Multiforme (GBM) is the most common and most 

malignant primary brain tumor of the Central Nervous System (CNS) in 

the adults. It represents half of the newly diagnosed gliomas, and despite 

the aggressive therapeutic regimen, the median patient survival is about 

only 14-17 months after diagnosis. Tumor microenvironment (TME) 

plays a pivotal role in establishing malignancy and it is associated with 

high glycolytic metabolism and increased lactate production, which 

accumulates in the TME through monocarboxylate transporters (MCT1-

4) modulating tissue metabolic activity through proton-coupled transport 

of monocarboxylates, specifically L-lactate, ketone bodies, and pyruvate. 

However, lactate can act as both a metabolite and a signal molecule 

through the activation of its GPR81 receptor, encoded by the HCAR1 

gene. In the first part of the PhD project, we investigated the role of 

lactate in GBM progression and metabolic reprogramming both in vitro 

and in an in vivo model. The in vitro study was carried out in three human 

glioblastoma cell lines treated with lactate (20 mM) and 3,5-

dihydroxybenzoic acid (150 µM), a well-established pharmacological 

lactate receptor agonist. Cell proliferation, migration, colony formation 

capacity, and the expression of genes involved in mitochondrial 

metabolism were evaluated. Lactate metabolism was assessed by the 

expression of its transporters MCT1 and MCT4, and GRP81. The results 

were validated in patient-derived GBM biopsies, by comparing MCT1 

expression in high (H-) versus low (L-) proliferative index (PI) GBM 

samples. The in vivo study was carried out in a zebrafish model of GBM, 
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and the energy phenotype was assessed by Seahorse XFp, gene 

expression was evaluated by NGS sequencing, qPCR analysis and 

immunofluorescence. Effects of 20 mM lactate exposure on proliferation 

of developing brain tumors was assessed by counting phospho-histone 3 

positive cells. Our results show that lactate significantly increased cell 

proliferation, migration, and colony formation capacity of GBM cells, 

both in vitro and in vivo. We also found that cells respond to high levels 

of extracellular lactate increasing MCT1 transporter expression in all 

three cell lines. In a Zebrafish model of GBM, altered metabolism and 

increased expression of MCT1 and GPR81 generate high levels of 

extracellular lactate, which in turn supports increased proliferation of 

tumor cells. Interestingly, 3,5-DHBA stimulation was able to increase 

significantly MCT1 in all tested cell lines. Furthermore, our results 

showed that both lactate and 3,5-DHBA exposure induced a significant 

increase in the expression levels of tested genes, confirming that lactate 

is involved in the metabolic switch of GMB cell lines. Finally, 

immunohistochemistry analysis on GBM biopsies demonstrated that 

High-PI GBM showed a significant increase in MCT1 and Ki67 

expression levels when compared to Low-PI GBM. Furthermore, lactic 

acidosis has been reported in various solid TME including GBM. In 

particular, in TME various signaling molecules, growth factors and 

metabolites have been identified in sustaining GBM immune escape and 

inducing resistance to chemotherapy. During the early phases of the 

disease, microglia infiltrate TME thus contributing to tumorigenesis. 

Among various growth factors, insulin-like growth factor binding protein 

6 (IGFBP6), an inhibitor of IGF-II actions, has been reported to play an 

important role in survival and migration of tumor cells, but its effects on 
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tumor and immune system interaction is still poorly understood. Thus, in 

the second part of the PhD project we studied the crosstalk between 

lactate and IGFBP6 in microglial cells and how such interaction 

modulates TME and GBM progression. We tested our hypothesis in three 

human glioblastoma cell lines (i.e. U87-MG, A172 and U251) and a 

human microglia cell line (HMC3) treated with lactate (20 mM) and/or 

with IGFBP6 (400 ng/mL). Cell proliferation, migration and colony 

formation capacity were evaluated respectively by Xcelligence 

technology, clonogenic and wound healing assay. We also evaluated the 

expression of IGFBP6 mRNA levels of GBM cells and microglia cells 

treated with lactate. To further confirm the possible existence of a lactate-

IGFBP6 axis, we evaluated the effect of lactate, IGFBP6 and the 

conditioned medium of IGFBP6 pre-treated GBM cells on microglia by 

immunocytochemical analyzes and RT-PCR to assess a potential M2 

anti-inflammatory phenotype shift. Our results showed that microglia 

exposed to lactate significantly increased mRNA and protein expression 

of MCT1, and genes involved in mitochondrial metabolism. We also 

showed an increase in the M2 marker, Arg-1, and a reduction of iNOS 

suggestive of an M1-proinflammatory state. Furthermore, lactate 

treatment in microglia cells, induced a significant increase in IGFBP6 

expression. Consistently, IGFBP6 treated GBM cells showed a 

significant increase in cell proliferation, migration, and colony formation 

capacity. Interestingly, our data showed that IGFBP6 treatment also 

resulted in an increase in marker M2, Arg-1, and a reduction of iNOS 

expression levels. These results were further confirmed by evaluating the 

expression of mRNA levels of M1 and M2 markers on microglia cells 

cultured with conditioned media from IGFBP6 pre-treated GBM cells. 
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Finally, our results were further confirmed in patient-derived GBM 

biopsies and by transcriptome analysis. In conclusions, our results 

suggest that lactate and its transporter (MCT1) and receptor (GPR81) 

play a major role in GBM proliferation and migration, and it may 

represent a potential target to develop new strategies to counteract tumor 

progression and recurrencies and that there is a crosstalk lactate/IGFBP6 

in microglial cells and that this relationship modulate TME impacting on 

tumor progression and resistance to therapy. 
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GLIOBLASTOMA MULTIFORME 

 

 

General Introduction 

Gliomas are a heterogeneous group of neoplasms that differ 

in localization within the central nervous system [1]. The growth 

potential, the extent of invasiveness, the morphological 

characteristics, the tendency to progress and the response to 

treatments vary according to the diagnosed cases. Furthermore, 

gliomas are classified according to their presumed cell of origin [2]. 

These include astrocytic tumors (astrocytoma, anaplastic 

astrocytoma and glioblastoma), oligodendrogliomas, ependymomas 

and mixed gliomas. [3–6]. They are the most common central 

nervous system (CNS) tumors, accounting for nearly 80% of all 

primary malignant brain tumors [5–7]. 
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Glioblastoma multiforme (GBM) is the most common of the 

gliomas [8]. GBMs can arise de novo in the brain or evolve from a 

lower-grade astrocytoma and in adults, GBM most often occurs in the 

cerebral hemispheres, particularly the frontal and temporal lobes of 

the brain [9]. All GBM tumors present abnormal and numerous blood 

vessels, a common feature of a rapidly growing tumor. These blood 

vessels provide the oxygen and nutrients needed by tumors, helping 

them to grow and spread. Additionally, these blood vessels easily 

integrate with normal brain tissue and move away from the main 

tumor making GBM tumors a challenge to treat. In addition, several 

features including localization of tumors in the brain, resistance to 

therapy, migration of cancer cells to adjacent brain tissue, variously 

disrupted blood supply to the tumor which inhibits effective drug 

delivery, loss tumor capillary with consequent accumulation of fluid 

around the tumor (peritumoral edema) and intracranial 

hypertension also contribute to GBM therapy. Therefore, despite the 
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variety of modern GBM therapies, it is still a fatal disease with an 

extremely poor prognosis. Patients usually have a median survival of 

approximately 14-15 months from diagnosis [2,10,11]. 

 

 

Epidemiology 

GBM is a rare tumor with an overall incidence of less than 10 

per 100.000 people; despite this, the prognosis is poor with an 

average survival rate of only 14-15 months from diagnosis and this 

still makes it a crucial public health problem [11,12]. It accounts for 

about 50-60% of all gliomas [13] and can occur at any age, but the 

greatest incidence occurs between 55 and 60 years of age [14]. They 

are also the cause of 2.5% of cancer deaths and are the third leading 

cause of cancer deaths in people aged 15 to 34 [15,16]. The Western 

world has a higher incidence of gliomas than less developed 

countries [11], which may be due to poor reporting of gliomas, 
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limited access to health care, and differences in diagnostic practices 

[2,5]. Few studies have shown that blacks are less prone and the 

incidence of GBM is higher in other ethnic groups, including Asians, 

Latinos and whites [12] (Figure 1). 

 

Figure 1. Distribution, prevalence, and survival among white patients 
diagnosed with glioblastoma. (A) Tumor site; (B) Prevalence by age. (C) Survival 

in years since first diagnosed. (Nizamutdinov, Damir et al. “Prognostication of 
Survival Outcomes in Patients Diagnosed with Glioblastoma.” World neurosurgery 
vol. 109 (2018): e67-e74. doi:10.1016/j.wneu.2017.09.104). 

 

 

 



 21 

Etiology 

The etiology of brain tumors is still unclear, and the 

underlying cancerous causes cannot be identified. Glioblastoma is 

thought to be a spontaneous tumor [17]. The familial form of this 

tumor is described in 1% of cases [5]. To date, the only confirmed 

risk factor is exposure to high-dose ionizing radiation [5,18] and it 

has been estimated that the risk of developing GBM at the follow-up 

of radiotherapy it is about 2.5% [19]. Glioblastoma multiforme can 

also occur in the course of genetic diseases: tuberous sclerosis [19], 

Turcot syndrome [20], multiple endocrine neoplasms of type IIA [21] 

and type I neurofibromatosis, NF1 [18,22,23]. Additionally, a 2003 

study found that patients with acute lymphoid leukemia who 

received treatment were more prone to developing GBM and this 

could result from both leukemia and the use of chemotherapeutic 

agents [19]. 
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Classification  

The World Health Organization (WHO) since 1993 has 

proposed a classification system that divides brain tumors into 4 

subgroups [24], based on the characteristics of anaplasia or the 

presence of nuclear atypia, mitosis, endothelial proliferation and 

necrosis. The 2016 World Health Organization (WHO) classification 

of central nervous system (CNS) tumors is contained in a version of 

the 2007 classification, rather than a new version [25]. 

According to the parameters mentioned above, CNS tumors are 

classified into four grades (Table 1): 

Table 1. Brain tumor classification system developed by the World Health 
Organization (WHO). 
(http://www.neurosurgeryindia.co.in/mobile/109890braintumors.html). 
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• Grade I: Tumors do not meet any of the criteria. These tumors 

are slow-growing, non-malignant and associated with long-

term survival [25]. 

• Grade II: tumors meet only one criterion, namely cytological 

atypia only. These tumors are slow growing but recur as 

higher-grade tumors. They can be malignant or non-

malignant [25]. 

• Grade III: Tumors meet two criteria, namely anaplasia and 

mitotic activity. These tumors are malignant and often recur 

as higher grade tumors [25]. 

• Grade IV: Tumors meet three or four of the criteria, ie show 

anaplasia, mitotic activity with microvascular proliferation 

and / or necrosis. These tumors reproduce rapidly and are 

very aggressive malignant tumors [25]. 
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Brain tumors are also classified according to the cell of the 

nervous system from which they derive and from which they are 

named. The main types are gliomas, pituitary adenomas, 

meningiomas, ependymomas, medulloblastomas, neuromas and 

primary central nervous system lymphomas [26]. Gliomas are the 

most common and represent about 40% of all primary brain tumors 

[27]. Histologically, they share the characteristics of normal glial 

cells and are generally named based on these similarities [28]. The 

most common types of gliomas are [28]: 

• Astrocytomas 

• Oligodendrogliomas 

• Ependymomas 

• Glioblastoma multiforme 

The most common classification divides gliomas according to the 

degree of aggressiveness (Figure 2): 
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• Grade I: pilocytic astrocytoma, more frequent in young age 

also in the cerebellum [29,30] 

• Grade II: diffuse astrocytoma, oligodendroglioma, 

oligoastrocytoma, ependymoma 

• Grade III: anaplastic astrocytoma, oligodendroglioma or 

anaplastic oligoastrocytoma [31]; 

• Grade IV: glioblastoma multiforme, gliosarcoma [32]. 

Another type of classification is based on the molecular 

characteristics of the tumor; in fact, although morphologically 

identical, different glioblastoma tumors result in different clinical 

outcomes and this can be partially explained by different tumor 

molecular fingerprints [11,33,34]. Numerous genetic and epigenetic 

alterations have been identified in gliomas [35–37]. The most 

commonly altered signaling pathways are RTK/RAS/MAPK/PI3KA 

[38,39]. Primary glioblastomas are characterized by EGFR 

amplification, PTEN mutation and absence of IDH mutations, while 
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secondary glioblastomas are characterized by TP53 mutations, IDH 

mutations and lack of EGFR amplification [35,40]. However, none of 

these alterations is sufficiently specific to distinguish between 

primary and secondary GBMs. Recently Jiao et al described ATRX 

(Alpha thalassemia/X-linked Mental Retardation Syndrome) 

mutations in diffuse glioma associated with alternative telomere 

elongation [35].  

The most clinically relevant genetic alterations are:  

-Isocitrate dehydrogenase (IDH) mutations. The determination of 

isocitrate dehydroarenes 1 or 2 (IDH 1/2) status represents the first 

layer of the molecular diagnosis, and IDH1-R132H (G395A) is most 

common mutation (~ 90%) [41]; mutated IDH proteins converts α-

ketoglutarate (α-KG) into D-2-hydroxyglutarate (D-2-HG) [42] which 

in turn acts as a competitive inhibitor of α-KG-dependent 

dioxygenase, including some DNA and histone demethylases [43]. 

This inhibition increases DNA and histone methylation leading to the 
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hypermethylation of CpG islands and glioma phenotype known as 

“glioma CpG-island methylator phenotype” (G-CIMP) [44–46]. The 

mutated IDH-R132H protein might be a potential target for drug 

development. And as shown by Olar A [33] the absence of IDH1-

R132H protein expression in no enhancing diffuse glioma of older 

adults (> 50 years of age) predicted rapid progression (in less than a 

year) to glioblastoma; 

-1p/19q co-deletion. This co-deletion defines oligodendrogliomas 

and is used as a biomarker to predict benefit from radiotherapy and 

chemotherapy with procarbazine and vincristine compared to 

radiotherapy alone in patients with anaplastic gliomas [47]. 

Combined loss of heterozygosity (LOH) on 1p and 19q is strongly 

correlated with classic oligodendroglioma morphology and 

associated with a proneural profile [36,48], IDH mutations [49–53], 

G-CIMP phenotype  [45,54,55], increased MGMT promoter 
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methylation [54,56–58], and is also predictive of response to 

chemotherapy [40,59]; 

-Epidermal growth factor receptor (EGFR) amplification. EGFR 

amplification is a characteristic signature of the TCGA classical 

glioblastoma subtype [36] and of the Phillips proliferative and 

mesenchymal glioblastoma subtypes [40,60]; 

-O-6-methylguanine-DNA methyltransferase (MGMT) promoter 

methylation status. O6-methylguanine-DNA methyltransferase 

(MGMT) is a DNA repair protein which repairs DNA alkylation 

induces by alkylating agents like temozolomide (TMZ) [40,61–63]. 

Methylated CpG sites bind specific proteins, this complex causing 

altered chromatin structure and loss of transcription (MGMT 

silencing), ultimately interfering with DNA repair [64]. Interestingly, 

several studies showed that in glioblastoma MGMT methylation 

status does not correlate with the EGFR amplification status or IDH, 

TP53 mutation [65]. 
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Based on this classification, glioblastomas are divided into 

two categories based on their IDH status: IDH-wild-type and IDH-

mutant glioblastomas [66]. Wild-type IDH glioblastomas represent 

approximately 90% of cases, and clinically correspond to primary 

glioblastomas with a predominance in patients over 50 years of age 

[67]. IDH mutant glioblastomas account for approximately 10% and 

are related to secondary glioblastomas [68,69] (Figure 2). 

 

Figure 2. Classification of the diffuse gliomas based on histological and 
genetic features. (Louis, D.N., Perry, A., Reifenberger, G. et al. The 2016 World 
Health Organization Classification of Tumors of the Central Nervous System: a 
summary. Acta Neuropathol 131, 803–820 (2016). 
https://doi.org/10.1007/s00401-016-1545-1) 
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Morphological characteristics 

GBM has typical features of malignant tumors such as the 

presence of atypical cells, nuclear hyperchromasia, increased mitotic 

figures, angiogenesis and necrotic areas [70]. GBM cells are spindle-

shaped polygonal with acidophilic cytoplasm and indistinct cell 

edges [71]. In aggressive malignancies such as GBM, the 

vascularization is often excessive and facilitates tumor progression 

[70]. One of the most important features of GBM are necrotic foci 

which are distinguished according to the location and size of the 

necrotic area, surrounded by pseudopalized areas created by 

radially oriented glial cells observed in both primary and secondary 

glioblastomas [71–73]. Cells with a “pseudo-palisade” contour 

around central degeneration have long been recognized as both a 

distinctive feature of GBM and as a morphological finding that 

predicts aggressive behavior [74]. These cells are severely hypoxic 

in which hypoxia-induced factor-1 (HIF-1) is over-expressed and 
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secrete pro-angiogenic factors, such as vascular endothelial growth 

factor (VEGF) and interleukin 8 (IL-8) [75]. The micro-vascular 

hyperplasia that emerges in response promotes peripheral tumor 

expansion [76]. 

Among the various morphological alterations, angiogenesis is the 

key event in the progression of glioblastoma, in fact, among all solid 

tumors, glioblastoma multiforme has the highest degree of vascular 

proliferation and hyperplasia of endothelial cells [77,78]. The term 

angiogenesis refers to the formation of new blood vessels starting 

from a pre-existing circulatory network  and also represents the key 

event in the progression of malignant gliomas [79,80]. VEGF is the 

main actor in the angiogenesis mechanism and plays a strategic role 

in the proliferation and migration of cancer cells, with a significant 

impact on survival and clinical outcome [81–83]. The process that 

leads to the vascular phase of the tumor is hypoxia which occurs 

when the tumor mass grows beyond the diameter of 1 mm [79]. 
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Genetic and Molecular Pathogenesis 

The activation of oncogenic factors and the inactivation of 

tumour suppressor factors combine to create one of the most 

aggressive tumours [84,85]. The amplification of oncogenes such as 

EGFR [86], as well as the loss of tumour suppressors such as PTEN 

on chromosome 10 [87] and p53 on chromosome 17 [88] are some 

of the most common genetic alterations in GBM (Table 2). 

Table 2. Most common mutations in glioblastoma (From: Shahid Hussain Soomro, 
Li Rui Ting , Yang Yi Qing and Mingxin Ren. Molecular biology of glioblastoma: 
Classification and mutational locations. J Pak Med Assoc. 2017 Sep;67(9):1410-
1414.) 
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GBM has a very complex pathogenesis involving mutations and 

alterations of several key cellular pathways involved in cell 

proliferation, survival, migration, and angiogenesis [38]. Genetic 

alterations have recently been discovered in the IDH genes, which 

code for isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) [89]. These 

are enzymes involved in the citric acid cycle that catalyze the 

oxidative decarboxylation of isocitrate to α-ketoglutarate while 

reducing NADP+ to NADPH [90,91]. Although IDH1 is found within 

the cytoplasm and peroxisomes, IDH2 and IDH3 are located 

exclusively in the mitochondria [92]. IDH1 alterations are present in 

the secondary GBM but are rarely found in the primary GBM [93]; 

this difference made it possible to discriminate between these two 

types of tumour [94]. IDH1 mutation occurs early in glioma 

progression, with IDH1 amino acid residue R132 mutations 

identified in most (> 70%) grade II and III astrocytoma and 

oligodendrogliomas, as well as secondary GBMs that develop from 
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these lesions lower grade [35,93,95]. Furthermore, IDH2 mutation 

analysis revealed recurrent mutations of residual IDH2 R172 [96], 

with most mutations occurring in tumours lacking IDH1 mutations 

[93]. Epigenetic silencing of the O6-methylguanine 

methyltransferase (MGMT) gene by promoter methylation impairs 

DNA repair [63,97]. MGMT is the preferred point of attack for many 

carcinogens (e.g. Methylnitrosourea) and alkylating 

chemotherapeutic agents (e.g. BCNU, temozolomide, etc.) [97]. 

Hypermethylation of the CpG island located in the MGMT promoter 

region is primarily responsible for the loss of MGMT function in 

many tumour types [97,98]. 

It is known that cancer cells become cancerous due to the 

accumulation of mutations that lead to the activation of oncogenes 

and/or the inactivation of tumour suppressor genes [99–101]. In this 

way they escape the normal cell cycle regulation processes, 

proliferating indefinitely and uncontrollably. 
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Different genetic aberrations have been identified in GBM cells, some 

of which are present exclusively in either primary glioblastoma or 

secondary glioblastoma. 

One of the first mutated oncogenes in GBM that has been 

identified is EGFR, the gene encoding the epidermal growth factor 

membrane receptor. This receptor, responding to its ligand, 

produces a signal of induction to mitosis. Since its discovery, many 

studies have analyzed aberrations on this gene and constant 

amplification of the gene has been found in GBM cells. However, it is 

still unclear whether this aberration is associated with longer or 

shorter patient survival [102]. 

ErbB2 belongs to the same family of receptors and several 

somatic mutations on the corresponding gene have been found in 

glioblastoma [103]. 

The TP53 gene, located on chromosome 17, is also particularly 

altered in GBM. The p53 protein is a transcription factor involved in 
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cell cycle regulation, DNA repair and integrity [104]. The goal of the 

activity of this protein is to counteract the proliferation of aberrant 

cells; in the first instance, in fact, it attempts to repair the damage to 

the DNA, but if this does not work, cell death is induced through the 

process of apoptosis [105]. Many alterations on TP53 are point 

mutations leading to amino acid substitution; the most frequent is G: 

C A: T on CpG islands [14]. Mutations on this gene lead to the 

expression of an abnormal protein or to its down regulation. 

In secondary GBM, 57% of mutations are found in codons 248 

and 273, while in primary GBM point mutations are more evenly 

distributed in the various exons [102]. 

Some hereditary syndromes can predispose to the risk of brain 

tumour, such as Li-Fraumeni syndrome: it is an autosomal dominant 

disease with a germline mutation on the TP53 gene and is 

characterized by multiple primary neoplasms, especially in children 

and young people [14]. Approximately 14% of neoplasms in families 
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with germline TP53 mutations are brain tumours and astrocytoma 

are predominant [106]. 

Another gene mutated in glioblastoma (especially primary) is 

PTEN, which expresses a protein that is part of a system that sends a 

stop signal to cell division, forcing the cells to undergo apoptosis. 

Deletion of this kind is frequent [107] even if the methylation of the 

promoter seems to be an alternative mechanism for the loss of PTEN 

expression [102]. 

Somatic mutations in the NF1 gene have been found in a few 

glioblastomas [108]. NF1 (Neurofibromatosis type 1) is an 

autosomal dominant disease characterized by neurofibromas, optic 

nerve gliomas, and other astrocytoma [109]. The gene normally 

encodes the neurofibromin protein which has a negative activity on 

the p21ras oncogene: therefore, the NF1 gene can be considered a 

tumour suppressor [110]. Mutations in this gene induce, therefore, a 
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cellular hyperproliferation with consequent formation of 

neurofibromas, glioblastomas and astrocytoma [14]. 

The mutations listed above often coexist within the same cell, 

making the therapeutic approach that aims to counter the tumour 

mechanism more complex. 

 

 

Clinical presentation 

As is the case with several types of brain tumors, the most 

common initial symptom of glioblastoma multiforme is headache. 

Since symptoms are often caused by the pressure of the tumor 

against adjacent brain structures, these can vary depending on the 

location of the tumor in the brain. They generally develop very 

quickly and as soon as the tumor sets in; however, in some cases, 

they appear when the disease has reached a very advanced stage. 

Symptoms of GBM include [2,111–113]: 
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• Nausea and vomiting (especially upon awakening) 

• Seizures 

• Tiredness and weakness 

• Memory problems (amnesia etc.). They usually occur when 

the glioblastoma resides in the temporal lobe. 

• Anomalies of the neuro-endocrine system. They occur in 

children, when glioblastoma has formed near the 

hypothalamus, pituitary, or epiphysis endocrine glands. 

• Dizziness 

Glioblastoma has a high infiltrative power, as it easily invades 

neighboring areas, reaches the meninges and/or spreads its cells in 

the cerebrospinal fluid [114]. It develops rapidly and its effects are 

devastating: without treatment, death occurs on average within 4 

and a half months, due to cerebral edema and or to the increase 

beyond all limits of intracranial pressure [12]. Despite their very 

high malignancy, glioblastomas rarely spread to other parts of the 
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body: generally, they act exclusively at the level of the central 

nervous system. 

 

Diagnosis 

One of the main problems of glioblastoma management is 

related to the lack of effective diagnostic strategies [115]. Currently, 

the main diagnostic methods for the detection of gliomas are based 

on neurological tests and neuroimaging methods [15]. The definitive 

diagnosis is based on the histopathological examination of the tumor 

removed during surgery, using traditional histological, cytological 

and histochemical methods [116]. The formation of new blood 

vessels, or angiogenesis, is critical for the growth of malignant brain 

tumors [117]. Malignant gliomas with high neovascularization or 

vascular permeability are often associated with higher proliferation 

rates [118] and a higher degree of aggression. Due to this association, 

imaging techniques aimed at identifying abnormal vascularity or 

vascular permeability, including contrast computed tomography 
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(CT) and magnetic resonance imaging (MRI) are commonly used for 

diagnosis and clinical management of brain tumors [119]. Recent 

advances in imaging techniques and particularly MRI in recent years 

have also helped evaluate changes in tissue architecture and cellular 

metabolism of gliomas [2]. Neuroimaging remains the primary 

monitoring tool for glioblastoma, with assessments typically 

performed every 2-3 months during treatment [120]. 

 

 

Therapy 

The goal of glioblastoma treatment is to slow and control 

tumor growth and help to live as comfortably and as well as possible. 

High grade glioma are very difficult tumors to treat due to the 

problems in completely removing the tumor and their resistance to 

radiotherapy and chemotherapy [121]. As there is no ideal 

treatment, patients are often treated on clinical trials investigating 
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new therapies [122]. Therefore, the treatment of patients with 

malignant gliomas remains palliative and encompasses surgery, 

radiotherapy, and chemotherapy [123].  

The first treatment choice for accessible tumors is surgery. 

Accessible tumors are those that can be operated on without a high 

risk of causing severe neurological damage [124]. Depending on the 

tumor type surgery can accomplish many things including reduction 

of tumor burden, control seizures, reversal of neurological deficit, 

introduction of local therapeutic agent and improve quality of life 

[125]. The goal of surgery is to achieve gross total resection of the 

contrast enhancing component of the tumor, without compromising 

neurological function [126]. Radical resection may not be possible 

based on anatomic structures involved and the extent of surgical 

resection depends upon the site of the brain area involved [12,127].  

Surgical treatment can be followed by radiotherapy (RT) to 

kill remaining tumor cells. Studies have shown that people live 
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longer when given the combination of surgery and radiation therapy 

compared with surgery alone [128]. Standard RT is delivered in 1.8-

2 Gy fraction to a total dose of 54-60 Gy. A valid option for older 

patients or patients with limited life expectancy is a hypo-

fractionated RT with a biologically equivalent dose of 40 Gy 

distributed in 15 fractions of 2.67 Gy [129]. If tumor exhibits MGMT 

promoter methylation or in case of elderly patients, the RT can be 

rejected, and temozolomide is administrated alone [130]. Several 

limitation and risk factors are associated with radiation therapy 

including the invasive nature of GBM, radiation necrosis, radiation-

induced permanent neuronal damage, and radio-resistance of some 

tumors [12].  

Temozolomide (TMZ) is the only standard chemotherapy for 

patients with GBM [131]. TMZ is a cytotoxic alkylating agent and the 

principal mechanism responsible for the cytotoxicity of TMZ is to 

methylate DNA at the N7 and O6 position on guanine which leads to 
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the failure of DNA miss match repair system to find a complementary 

base for methylated guanine thus resulting in long live nicks in DNA 

and consequently blocks the cell cycle at the G2-M boundary and 

triggers apoptosis [132]. Oral administration of TMZ, as adjuvant or 

concomitant with radiotherapy is becoming standard of care for 

patients of GBM, [133] and in 2005, a clinical trial demonstrated that 

concurrent RT and TMZ followed by adjuvant TMZ significantly 

prolonged the median survival more than that of radiation alone 

(14.6 months versus 12.1 months) [122]. At the 5-year analysis of 

this study, more patients treated with TMZ were alive [134]. These 

findings established the therapeutic benefit of TMZ in combination 

with RT, establishing the so-called “Stupp regimen” standard of care 

for GBM treatment [134,135]. Despite these advances, the median 

progression-free survival time is only 7 months [136]. However, it 

has been reported that high levels of Methyl Guanine Methyl 

Transferase (MGMT) activity in tumor cells is associated with poor 
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temozolomide response [62]. MGMT is a critical DNA repair protein 

that protects tumor cells against alkylating chemotherapeutic 

agents. 

Other therapeutic strategies for GBM are molecularly 

targeted therapies designed to target tumor-specific recurrent 

genetic alterations as a novel approach to treating GBM, these 

include anti-angiogenic agents such as anti-VEGF monoclonal 

antibodies (Bevacizumab), anti -FGF, EGFR targeted monoclonal 

antibodies (Erlotinib and Gefitinib) and tyrosine kinase inhibitors  
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TUMOR MICROENVIRONMENT  
 

 

Despite the aggressive therapeutic regimen described above, 

the median survival of patients with GBM remains only 15/17 

months. This is mainly due to tumor-induced immunosuppression, 

which occurs through various mechanisms that create a complex 

network of mediators and cells that together limit the effectiveness 

of the therapy. In this process TME plays a fundamental role 

contributing to the heterogeneity of the tumor [137], and is strongly 

immunosuppressive since it contains different types of cells in 

addition to tumor cells, such as stromal cells, infiltrating 

inflammatory cells, immune cells, including microglia , endothelial 

cells, components of the extracellular matrix, which reprogram their 

metabolism according to the energy demand of the cancer cells 

[138]. The tumor microenvironment is, therefore, a unique 

environment that emerges during the progression of the tumor as a 
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result of the interaction with the host, and is dominated and modeled 

by the tumor to meet its energy demand [139]. TME is also composed 

of a complex network of cytokines, chemokines, growth factors and 

inflammatory and matrix remodeling enzymes [140]. 

TME promotes immune escape and tumor progression via the 

interaction between tumor cells and different cell populations which 

in turn influences tumor resistance, progression and metastasis 

[141]. 

Over the years, many studies have focused on understanding the 

various mechanisms responsible for immunosurveillance and 

immunosuppression. 

It has been shown that inflammatory cytokines are present 

within TME including tumor necrosis factor-α (TNF-α), IL-6 and IL-

8, which are often over-expressed and this promotes invasive 

properties of the tumor, such as angiogenesis and metastases 

[142,143]; but also cytokines such as IL-4, IL-13 and IL-10 which 
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promote an anti-inflammatory environment with consequent 

suppression of the adaptive immune response [144]. 

TME is also rich in immunosuppressive cells, a mixture of 

tumor-associated leukocytes, which are made up of myeloid cells, 

predominantly MDSC, macrophages and neutrophils at various 

stages of differentiation, as well as T lymphocytes [145] which are 

stimulated and act as promoters of carcinogenesis, metastasis and 

resistance to therapy [146,147], also influencing the activity of 

infiltrating effector tumor lymphocytes (TIL), which in turn 

influences the response to immunotherapy [148,149]. Furthermore, 

macrophages known as tumor-associated macrophages or TAM 

[150] are also abundant in TME, suppressing the functions of 

immune cells through the over-production of the enzyme arginase-1 

(involved in the metabolism of l-arginine), which synergizes with 

iNOS to increase the production of superoxide and NO, by 



 50 

attenuating the responses of lymphocytes [151] and by induction of 

iNOS in the surrounding cells [152]. 

 
 
 

Glioblastoma Multiforme Tumor Microenvironment 

Within and surrounding brain tumors, there is substantial 

presence of microglia and macrophages, which acquire an 

alternatively activated phenotype with potent tumor-tropic 

functions that contribute to glioma growth and invasion [153]. 

The glioblastoma immune microenvironment is recognized as 

highly immunosuppressive, posing a major hurdle for inducing 

immune-mediated destruction of cancer cells [154] (Figure 3). 

Microglia, critical effector cells of the immune response in the CNS, 

are found intermingled with tumor-associated macrophages (TAMs) 

as a major component (30–50%) of the non-neoplastic cell 

population in gliomas [155,156]; microglia play key roles under both 

normal and pathological conditions [157] and contribute to tissue 
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homeostasis by actively surveying the brain, and by promoting the 

development of healthy neural networks by removing apoptotic 

cells, eliminating synapses and enhancing the production and 

survival of neuronal precursor cells [158]. In particular, Glioma-

associated microglial cells (GAMs) are functionally similar to that of 

tumor-associated macrophages in the peripheral system and 

interact with GBM cells intimately via intracellular communications 

[159]. Although GAMs have a few innate immune functions intact, 

their ability to be stimulated via TLRs, secrete cytokines, and 

upregulate co-stimulatory molecules is not sufficient to initiate 

antitumor immune responses [160].  However, in malignant gliomas, 

there is M2-polarization of microglia [161] acquiring 

immunosuppressive and tumor-supportive properties and it occurs 

under the influence of tumor cytokines, such as transforming growth 

factor-β, interleukin-10, and prostaglandin E2 [162]. 
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Figure 3. Inflammatory microenvironment in brain cancers. (Mostofa, A G M 
et al. “The Process and Regulatory Components of Inflammation in Brain 
Oncogenesis.” Biomolecules vol. 7,2 34. 27 Mar. 2017, 
doi:10.3390/biom7020034). 

 

 

 

Glioma – Associated Microglia (GAMs) 

TME exhibits a complex structure and includes neoplastic 

cells as well as host and infiltrating immune cell varieties [163]. 

Microglia are part of the glioma microenvironment and are the 
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macrophages resident in the central nervous system (CNS) [155] 

that are involved in signaling tumorigenesis by producing 

chemokines and cytokines that promote tumor progression 

[164,165]. These cells are called glioma associated 

microglia/macrophages (GAM), which are abundant in the tumor 

mass and promote tumor growth [166,167]; in fact, they represent 

about 10-15% of the cells of the central nervous system (CNS) [168], 

and are distinguished from other cells by various characteristics, 

including the “ramifications” that emerge from the cell body [169]. 

Microglia are fundamental cells in the central nervous system, as 

they deal with the first and main immune defense. In fact, they 

respond quickly to traumatic and/or infectious stimuli by assuming 

the "amoeboid" phenotype, producing a set of cytokines, 

chemokines, reactive oxygen species and other pro-inflammatory 

mediators, designed to eliminate the pathogen [170]. However, the 

prolonged activation of these cells results in a pathological 
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inflammatory state, which in turn favors and promotes tumor 

progression [171]. 

Microglia show a remarkable degree of plasticity [172]. 

Following various stimulations, microglia can polarize into 

functional states classified as pro-inflammatory M1 activation 

(characterized by inflammatory and antitumor responses) [173] or 

cytoprotective and immunosuppressive M2 activation (shown by 

macrophages involved in tissue repair and resolution of 

inflammation) [174]. The M1/M2 continuum has been applied to 

CNS infiltrating macrophages/monocytes in the context of 

inflammation or tumor [175]. Classically activated macrophages 

assume an M1 phenotype characterized by the expression of the 

signal transducer and activator of transcription 1 (STAT-1) 

[176,177] and the overexpression of iNOS. While the alternatively 

activated pathway, M2, is characterized by CD163 and CD204 

[178,179] surface expression, intracellular STAT-3 expression [180] 
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and arginase production [166,181] (Figure 4). Indeed, several 

markers have been proposed to distinguish between M1 and M2-like 

states, for example, the expression of Arg1, Mrc1, Chi3l3, Socs2, 

CD163, Fizz-1 and Ccl2 mRNA marks the activation of M2, while 

macrophages M1 express Nos2, IL12b [160,182]. During an acute 

phase of brain injury, microglia mainly adopt the M1 phenotype and 

release chemical mediators such as nitric oxide (NO) [183], reactive 

oxygen species (ROS) [184], amino acids and proinflammatory 

cytokines: interleukin-1β (IL-1β ), IL-12, TNF-α and interleukin-6 

(IL-6); while, high levels of Arginase-1 (Arg1) [183], CCL17, CCL22, 

mannose receptors and scavengers and production of anti-

inflammatory cytokines such as: IL-4, IL-10 and TGF-β and low 

amounts of IL-12 and NO were found in microglia and M2-activated 

macrophages [173,185,186]. 

Glioma cells secrete a wide variety of immune cell 

suppressing factors, such as IL-10, IL-4, IL-6, M-CSF, macrophage 
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inhibitory factor (MIF), TGFβ, and prostaglandin E2 (PGE2) [187–

189]. These factors promote the M2 phenotype and/or and suppress 

the M1 phenotype [177]. For example, TGFβ inhibits microglia cell 

proliferation and proinflammatory cytokine production in vitro 

[190]. IL-4, IL-6 and IL-10 have also been shown to polarize 

microglia to an M2-like phenotype [191].  

 

 

Figure 4. Direct and indirect regulation of immune suppression or 
stimulation by tumor associated macrophage subtypes. (Cannarile, Michael A 
et al. “Colony-stimulating factor 1 receptor (CSF1R) inhibitors in cancer therapy.” 
Journal for immunotherapy of cancer vol. 5,1 53. 18 Jul. 2017, 
doi:10.1186/s40425-017-0257-y). 

 

 



 57 

Interplay between GAMs and Gliomas 

There exists an increasing body of evidence suggesting a 

cross-talk between GAMs and brain cancer cells [192]. Gliomas 

promote recruitment, proliferation and M2 polarization of 

microglia/macrophages into the TME [193] (Figure 5); these, in turn, 

are activated, polarized and reprogrammed to meeting their 

phenotype by facilitating survival, growth and above all the spread 

of glioma cells. Hence, tumor cells and cells of the tumor 

microenvironment work in synergy, involving numerous signaling 

pathways. For example, glioma-secreted factors, involving toll-like 

receptors and the p38 MAPK pathway, promote the expression and 

activity of type 1 membrane metalloprotease (MT1-MMP) on GAMs, 

which in turn activates glioma-derived pro-MMP-2 which in turn 

promotes glioma invasion [177,194]. Another mechanism associated 

with GAM is the CX3CR1/CX3CL1 interaction; this can also induce 

the production of MMP with consequent invasion of the glioma [195]. 
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STI1 (cochaperone stress inducible factor 1) secreted by microglia 

has been shown to promote tumor growth and invasion through the 

participation of MMP-9 [196]. Thus, glioma cells stimulate microglia 

to increase the degradation of the extracellular matrix, thus 

promoting the invasion of glioma cells [177]. Yet another mechanism 

involves CD200, which is a type I transmembrane glycoprotein that 

interacts with its CD200R receptor [197], which in turn inhibits the 

activation of central nervous system microglia; CD200 

downregulation in CD200-rich glioma cells could promote the 

formation of an activated microglia-associated tumor 

microenvironment, leading to glioma progression [198]. However, 

GAMs also have their role on GBM. GAMs of human GBM, express 

CCR2 to varying extents [199]. Lacking CCR2 solely on tumor 

microenvironmental cells leads to enhanced tumor progression, 

whereby high numbers of GAMs infiltrate gliomas independently of 

the CCR2/CCL2 signal [199]. Furthermore, CD11b+/CD163+ GAMs 
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secrete abundant pleiotrophin (PTN) to stimulate GSCs through its 

receptor PTPRZ1, promoting GBM malignant growth [200]. 

Furthermore, the expression of neuropilin 1 (NRP1) is related to 

poor prognosis and grade of glioma and is associated with the 

mesenchymal GBM subtype [201]. In human GBM, NRP1 expression 

is highly correlated with monocyte/macrophage markers, as well as 

with genes that contribute to the pro-tumorigenic phenotype of 

these cells [201]. 

Basically, it is still unclear whether microglia initiate or 

participate in early gliomagenesis, however, it is clear that 

neurodegeneration, neurotoxicity and neuroinflammation are 

associated with the chronic activation of microglia which has been 

hypothesized to contribute to gliomagenesis [202,203]. 
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Figure 5. Glioblastoma-immune system interactions. The expression of all 
presented factors/cytokines is upregulated in GBMs and inversely correlates with 
patient survival. (Gieryng, Anna et al. “Immune microenvironment of gliomas.” 
Laboratory investigation; a journal of technical methods and pathology vol. 97,5 
(2017): 498-518. doi:10.1038/labinvest.2017.19). 
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LACTATE 
 

 

Tumor cells must generate sufficient ATP and biosynthetic 

precursors in order to maintain cell proliferation requirements 

[204]. Several recent studies have further confirmed the importance 

of metabolic reprogramming in various cancers [205]. Glioblastoma 

TME includes different types of cells including tumor cells, stromal 

cells, and infiltrating immune cells (such as microglia and peripheral 

macrophages, granulocytes, myeloid-derived suppressor cells 

(MDSCs), and T lymphocytes) continuously interact and exchange 

signals through various secreted factors including cytokines, 

chemokines, growth factors, and metabolites, through which they 

are able to evade the immune response, [206,207];  TME plays vital 

roles in establishing malignancy [189,208,209] and exhibits high 

glycolytic metabolism with increased lactate production that is 

extruded to the tumor microenvironment through MCTs [210]. In 
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fact, most tumor cells use glycolysis rather than oxidative 

phosphorylation (OXPHOS) to produce ATP [211] and the excessive 

conversion of Glucose to Lactate is called Warburg effect. Moreover, 

the increased glycolysis leads, in turn, to an increase in lactate levels 

of up to 40 mM in tumors, while in normal conditions lactate levels 

are around 1.8 - 2 mM [212]. Consistently, clinical studies have 

demonstrated that patients with high levels of lactate showed poor 

prognoses and bad overall survival rates of head and neck cancer and 

non-small cell lung cancer [213].  

Lactate accumulation results is an acidification of the 

extracellular pH of TME, ranging between 6.0 and 6.5 [204]. In turn, 

acidosis promotes angiogenesis, metastasis, and 

immunosuppression, which has been associated to a worse clinical 

prognosis. Hence, lactate is considered an important and 

fundamental oncometabolite in the metabolic reprogramming of 

cancer.  
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Lactate Metabolism 

For many years it was thought that lactate was a “hypoxic 

waste product” [214] to be cleared from the muscles and blood, 

preferably converted into glucose in the liver via the Cori cycle. 

However, in recent years, lactate has been shown to be both a 

powerful fuel and a signaling molecule [215]. Furthermore, 

whenever glycolysis is active, lactate is formed which balances itself 

mainly by spreading through membranes via MCTs [216]. Several 

studies have shown that lactate can easily replace glucose as a fuel 

for almost any cell in the body (any cell with mitochondria), 

including the heart, liver, muscles, and even the brain [217], and that 

it is a powerful signaling molecule which triggers the stabilization of 

hypoxia-inducible factor-1α (HIF-1α), increasing the expression of 

VEGF and promoting angiogenesis; this has led scientists to study it 

in cancer models. 
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Lactate is the end product of glycolysis and is produced and 

secreted in high quantities by innate immune cells after 

inflammatory activation [218]. Moreover, high lactate 

concentrations in tumor microenvironments alter the phenotype of 

monocytes and macrophages by decreasing cytokine production and 

migration [219,220]. 

Several cell types, including cancer cells and immune cells, 

detect intracellular lactate concentrations via the membrane 

receptor GPR81, but it can also be taken up by cells via MCTs, 

affecting the cell's metabolism and it could help modulate the 

functions of immune cells [221]. 

Cancer cells are programmed to preferentially use aerobic 

glycolysis to meet their energy demand and consequently to support 

their proliferation and anabolic growth, an observation known as the 

Warburg effect [222–224]. Aerobic glycolysis rapidly generates ATP 

and glucose is preferably catabolized into lactate rather than 
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completely metabolized into carbon dioxide via mitochondrial 

oxidative phosphorylation (OXPHOS) [225,226]. This, therefore, 

leads to a greater production of lactate. In particular, glutaminase 

(GLS) promotes the conversion of glutamine into glutamate, which is 

then converted into α-ketoglutarate (αKG) by glutamate 

dehydrogenase which enters the TCA cycle [227]. The malate which 

is then generated from αKG can exit the TCA cycle and be converted 

into pyruvate by the malic enzyme (ME) [228], which contributes to 

redox homeostasis via the production of NADPH. An alternative use 

of glutamine in pancreatic ductal carcinomas involves the 

transamination of glutamate and oxaloacetate (OAA) into αKG and 

aspartate [229]. Aspartate exits the mitochondria and is 

transaminated back into OAA and glutamate; the OAA is then 

converted into malate and later into pyruvate. Finally, pyruvate is 

converted into lactate by the enzyme lactate dehydrogenase A 

(LDHA) [225]. In fact, a central enzyme in the metabolism of lactate 
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is lactate dehydrogenase (LDH). There are two different isoforms 

LDHA and LDHB [230]. LDHA has a higher affinity for pyruvate than 

lactate, thus converting pyruvate to lactate and NAD+, while LDHB 

preferentially converts lactate to pyruvate by fueling oxidative 

metabolism [231,232]. Furthermore, the activity of this enzyme is 

also very important in immune cells; in fact it has been shown that 

LDHA promotes both the production of IFNγ by T lymphocytes [233] 

and the antitumor activity of macrophages [234], while the function 

of LDHB in immune cells remains to be clarified. 

 

Lactate Transporters 

Lactate cannot cross the plasma membrane by free diffusion; 

a specific transport mechanism provided by proton MCTs is required 

[235,236]. MCTs are critical regulators of intracellular lactate. 

Glycolytic cells use MCT transporters to export the lactate produced 
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by LDH; however, MCT functions are also required for lactate import 

into cells that use lactate as an oxidative metabolite [225]. 

MCTs belong to the family of solute transporter (SLC), 

consisting of 52 families of membrane transport proteins; in 

particular, the SLC16 family encodes 14 MCT isoforms and plays a 

significant role in the absorption, tissue distribution and clearance of 

both endogenous and exogenous compounds [235]. All family 

members are expected to have 12 transmembrane (TM) helices with 

intracellular C- and N-terminals and a large cytosolic ring between 

TM 6 and 7 [237,238]. As in other members of the superfamily of 

major facilitators, TM regions are more conserved of the loops and 

C-terminal [237,239]. Among all MCTs, only MCT1-4 have been 

confirmed to serve as proton-bound MCTs. MCTs 1-4 are known 

lactate transporters, but can carry other monocarboxylates such as 

pyruvate and ketone bodies such as acetoacetate, hydroxybutyrate 

and acetate [240].  
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Excessive expression of lactate transporters is a common 

feature of some tumors with a high metabolic rate [241], in fact the 

expression of MCT1, MCT2 and MCT4 has been widely characterized 

in tumor cell lines and in multiple tumor types of patients. 

Furthermore, MCT1 and MCT4 overexpression is associated with 

poor prognosis in different cancers [242,243]. Hypoxia can induce 

gene expression of MCT1/SLC16A1, MCT2/SLC16A7 and 

MCT4/SLC16A3 directly via HIF-1 activation for MCT4/SLC16A3 

[244], or indirectly for the other two isoforms [210]. MCT1/SLC16A1 

is also a direct target gene of Wnt, which couples Wnt activation to 

increased lactate export in glycolytic colon cancer cells [245]. NFkB 

signaling and p53 loss of function may further trigger 

MCT1/SLC16A1 transcription [246]. 

Furthermore, MCTs are expressed not only in cancer cells but 

also in the tumor microenvironment, suggesting that they exert 

numerous roles in the tumor including metabolic exchanges, 
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metabolic signaling and cancer metastases. First, they facilitate 

lactate exchanges in tumors. Indeed, oxidative tumor cells express 

MCT1 and are able to absorb lactate secreted by glycolytic tumor 

cells expressing MCT4 [247–249], and since oxidative tumor cells 

preferentially use lactate as an oxidative fuel over glucose, they spare 

glucose which becomes more available for glycolytic tumor cells 

[250] (Figure 6). This relationship has been called "metabolic 

symbiosis" [251]. In the cytosol of oxidative tumor cells, lactate is 

oxidized to pyruvate by LDHA, resulting in a reduction of NAD+ to 

NADH+ and H+. Pyruvate and NADH (via the malate-aspartate 

shuttle) can therefore feed the TCA cycle [250,252]. 
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Figure 6. Lactate shuttles between cancer cells and other cells in tumor 
microenvironment. (Pereira-Nunes, Andreia et al. “Lactate and Lactate 
Transporters as Key Players in the Maintenance of the Warburg Effect.” Advances 
in experimental medicine and biology vol. 1219 (2020): 51-74. doi:10.1007/978-
3-030-34025-4_3). 
 

 

Furthermore, MCTs, together with the lactate receptor 

GPR81, control lactate signaling; in fact, it has been shown that 

lactate in addition to being a metabolite is also a signaling molecule 

that regulates gene expression and the activation of various proteins, 
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influencing tumor angiogenesis, amino acid metabolism, histone 

deacetylases and immune tolerance. 

 

 

The Lactate Receptor GPR81  

Lactate was generally regarded as a waste product of 

metabolism. However, lactate has been shown to act as a signaling 

molecule [253,254]; in fact, lactate carries out its pro-tumor activity 

also independently of MCTs, by binding to its receptor, GPR81, on the 

cell surface [255]. This reporting via GPR81 does not require H+ or 

MCT, nor a conversion to pyruvate or an alteration of the 

intracellular NADH/NAD+ ratio [256]. 

GPR81 belongs to the hydroxycarboxylic acid receptor subfamily 

(HCAR), which is composed of three members: HCAR1 (GPR81), 

HCAR2 (GPR109A) and HCAR3 (GPR109B) [257]. This receptor 

belongs to the class of Gi-coupled receptors and is mainly expressed 
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in adipocytes but has also been found in skeletal muscle and brain 

[254,258–261]. 

GPR81 has been shown to contribute to the growth and 

proliferation of cancer cells by responding to lactate in the 

extracellular environment in an autocrine or paracrine manner 

[256]. 

In the case of the autocrine response, the lactate released by the 

tumor cells is taken up by the GPR81 expressed on these cells. 

Instead, in the case of the paracrine response, lactate acts on GPR81 

expressed on non-cancerous cells located in the TME that support 

tumor growth [262], including immune cells (dendritic cells and 

macrophages), adipocytes and endothelial cells [263]. Although 

lactate signaling via GPR81 does not require H+ or MCT, that silencing 

of GPR81 in pancreatic cancer cell lines significantly decreased 

expression of the lactate transporters MCT1 and MCT4, and their 

chaperone protein CD147. Surprisingly, knockdown of GPR81 
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resulted in a significant reduction in mitochondrial activity and a 

marked increase in cell death. 

Furthermore, the presence of a high concentration of lactate 

in the extracellular environment of the tumor is associated with a 

poor prognosis; therefore, autocrine or paracrine GPR81 signaling is 

likely to be involved in promoting tumor growth and/or metastasis 

[264]. 

 

 

Metabolic Switch in Tumorigenesis 

Through the activation of oncogenes and tumor suppressor 

mutations, defects in cellular respiration and overexpression of 

glycolytic enzymes and metabolite transporters [265], tumor cells in 

glycolytic tumors undergo metabolic reprogramming transforming 

into highly glycolytic and poorly oxidative cells with the formation of 

lactate as a product final despite normoxic conditions. The 
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proliferating tumor cells, therefore, convert most of the glucose into 

lactate, even in the presence of high quantities of oxygen [266]. This 

phenomenon is called the "Warburg effect" [267]. It is well known 

that the Warburg effect is a key feature of all hypoxic cells as well as 

highly proliferating cells, such as activated effector T cells [268]. 

There are numerous oncogenes and tumor suppressor genes 

involved in the metabolic passage from oxidative phosphorylation 

(OXPHOS) towards an altered glycolysis of tumor cells; among them 

myc, NFκB, Akt/protein kinase B, epidermal growth factor (EGF), 

insulin growth factor I, phosphoinositol 3 kinase (PI3K), mTOR, 

homolog of the viral oncogene of Kirsten's rat sarcoma (KRAS ), AMP-

activated protein kinase (AMPK) and hypoxia-inducible factor 1α 

[214,223,269–274] (Figure 7).  

Cancer cells that have undergone this metabolic 

reprogramming possess an "inefficient" mechanism for producing 

ATP which therefore promotes aerobic glycolysis and lactate 
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production in the cytosol instead of glucose oxidation which 

progresses through mitochondrial oxidative phosphorylation [275]. 

To date, it is still unclear why cancer cells move away from an 

"efficient" metabolic mechanism and "choose" an inefficient pathway 

by producing two cytosolic ATPs per glucose molecule instead of ~ 

36-38 ATP via coupled mitochondrial respiration [275]. 

Furthermore, due to the enhanced expression of LDH-A, the enzyme 

that converts pyruvate into lactate, NAD+ is generated, which allows 

for continuous glycolysis and the production of ATP. Despite the high 

conversion rate of pyruvate to lactate at the end of the glycolytic 

pathway, some pyruvate remains to be used in the tricarboxylic acid 

(TCA) cycle for bioenergetic and biosynthetic purposes [276,277]. 

The TCA cycle and the pentose phosphate (PPP) pathway can 

maintain a high pool of precursors to maximize tumor cell 

proliferation at the expense of surrounding normal tissue or the host 
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in general [278]. Furthermore, PPP generates NADPH as a mediator 

of antioxidant reactions to protect cells from oxidative damage [279]. 

 

 

Figure 7. Alterations of oncogene and tumor suppressor and hypoxia drive 
cancer cells to aerobic glycolysis. (Zheng, Jie. “Energy metabolism of cancer: 
Glycolysis versus oxidative phosphorylation (Review).” Oncology letters vol. 4,6 
(2012): 1151-1157. doi:10.3892/ol.2012.928). 
 

 

Lactate as a Key Molecule in the “Immune Scape” 

TME is highly dynamic and constantly changing environment 

as the tumor grows. The innate and adaptive immune cells present 
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within it are responsible for the detection and elimination of tumor 

cells [280]. However, given the ability of tumor cells to secrete anti-

inflammatory cytokines, chemokines and various growth factors, 

there is the recruitment of immunosuppressive cell populations into 

TME, which directly inhibit immune responses [281,282]. Since 

cancer cells with an elevated glycolytic phenotype, in addition to 

creating demanding metabolic environments that invade the 

function of tumor-infiltrating immune cells, they also release 

immunosuppressive metabolites and by-products, such as lactate, 

form a metabolic symbiosis with immune cells and lead to the 

formation of an acid TME, which has a strong impact on immune cells 

(Figure 8). Paradoxically, immune cells also contribute to the 

production of intratumoral lactate [283]. In fact, in TME the lactate 

concentration can reach 40 mM, thus contributing to the immune 

escape, through various mechanisms. Lactate inhibits the migration 

of monocytes and the release of cytokines, tumor necrosis factor and 
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IL-6 [219]. Furthermore, lactate strongly inhibits the activation of T 

cells (173) and the differentiation of monocytes into dendritic cells 

[284–286]. Furthermore, it induces apoptosis of natural killer (NK) 

and natural killer T (NKT) cells, both of which have antitumor 

activity [287,288]. It also blocks the production of interferon (IFN)-

γ and interleukin (IL) -4 by antitumor NKT cells in TME by inhibiting 

mTOR signaling, thus preventing the activation of these immune cells 

[288]. Furthermore, lactate prevents DC differentiation leading to an 

increase in the production of IL-10, a potent immunosuppressive 

cytokine [289] which inhibits the production of proinflammatory 

cytokines such as IFNγ, TNFα, IL-1β and IL-6; moreover, IL-10 

prevents DC maturation and T cell activation [290]. Lactate also 

promotes the development of myeloid suppressor cells (MDSCs), 

capable of suppressing both innate and adaptive immunity. Finally, 

the lactate in TME is absorbed by TAMs through their MCTs, 

resulting in the transcription of VEGF factor HIF-α and the 
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metabolizing enzyme arginase-1 (ARG1), which promote 

polarization TAM [291] towards the M2 phenotype, known as the 

immuno-suppressive phenotype. 

Hence lactate is an important component of TME, promoting 

tumor growth and immunosuppression and thus carcinogenesis. 

 

Figure 8. Role of lactate in immune suppression. (de la Cruz-López, Karen G et 
al. “Lactate in the Regulation of Tumor Microenvironment and Therapeutic 
Approaches.” Frontiers in oncology vol. 9 1143. 1 Nov. 2019, 
doi:10.3389/fonc.2019.01143). 
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IGFBP6 
 
 
 
 

The Insulin-like Growth Factor System 

The IGF system plays an essential role in the regulation of 

various cellular processes, such as proliferation, survival, migration 

and differentiation [292]. The Insulin-like Growth Factor (IGF) 

family includes three ligands (IGF-1, IGF-2 and insulin), three 

membrane receptors (IGF-1R, IGF-2R and IR), IGF-binding proteins 

(IGF- binding proteins, IGFBPs) and IGFBP proteases [293] (Figure 

9). Insulin-like growth factors IGF-1 and IGF-2 are low molecular 

weight (7 KDa) peptides produced mainly by hepatocytes under the 

influence of somatotropic hormone (GH), but also by other tissues, 

even independently of GH [294]. Their name derives from the high 

structural homology with insulin, with which they share 50% of the 

amino acid sequence. Once produced, the IGFs are released into the 

circulation, and act with both autocrine, paracrine and endocrine 
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mechanisms [293]. Only 1% of IGFs circulate in free form [293], most 

form a ternary complex with the IGFBPs and the ALS (Acid Labile 

Subunit) [292]. Once the ALS subunit has been dissociated, the 

IGFBP-IGF complex leaves the vascular district, crosses the 

endothelium to reach the target tissues, at the level of which the IGFs 

interact with their specific membrane receptors [295]. The type 1 

receptor, IGF-1R, is the receptor that most mediates the effect of 

IGFs, it is a receptor with tyrosine kinase activity identified in most 

tissues, and in particular in striated muscle, cartilage, bone, liver, 

kidney and hematopoietic system [296]. This receptor is capable of 

binding both IGF-1 and IGF-2, and following the binding of the ligand 

there is the activation of the receptor and the modulation of 

numerous biological processes important both at the physiological 

and pathological level, in fact it has now been widely demonstrated 

its role in neoplastic development and progression [297]. 

Specifically, the binding of IGF-1 or IGF-2 with IGF-1R leads to the 
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auto-phosphorylation of the receptor, the recruitment of multiple 

adapter proteins (IRS, Shc and others) and the subsequent activation 

of multiple signaling pathways. Two well characterized pathways are 

the RAS/RAF/MAPK pathway and the PI3K/AKT pathway, pathways 

involved, respectively, in the stimulation of cell proliferation and 

survival [298].  On the contrary, the binding of IGF-2 to the IGF type 

2 receptor does not produce signaling events, but induces the 

degradation of IGF-2 itself, thus reducing its functionality. For this 

reason, IGF-2R is considered a tumor suppressor [299]. 
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Figure 9. Representation of the insulin and IGF receptor family. (Li, Heming et 
al. “IGF-IR signaling in epithelial to mesenchymal transition and targeting IGF-IR 
therapy: overview and new insights.” Molecular cancer vol. 16,1 6. 30 Jan. 2017, 
doi:10.1186/s12943-016-0576-5). 
 

Insulin Growth Factor Binding Proteins (IGFBPs) 

IGFBPs are a superfamily of six proteins (IGFBP 1-6) that are 

structurally related and expressed in a tissue-specific manner, 

mainly located in plasma and CSF [300]. All IGFBPs have a structure 

in which it is possible to distinguish two highly conserved domains 
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[301], namely the amino terminal domain and the carboxy-terminal 

domain, both containing amino acid residues involved in the binding 

with the IGFs, and finally a central domain of binding between the 

domain C- and N-terminal, containing sites of post-transductional 

modifications, such as glycosylation, phosphorylation and 

proteolysis [299,302]. There are also other subdomains, responsible 

for the binding of numerous proteins such as heparin, integrins, 

nuclear transport proteins, ALS and other ligands [303]. Post-

translational modifications involving IGF-binding proteins can 

influence their cellular effects, glycosylation, for example, does not 

modify the interaction with IGF but can influence the association 

with the cell surface, phosphorylation influences the affinity of 

binding to IGFs and sensitivity to proteases and, finally, proteolysis 

influences both IGF-dependent and independent actions [303]. All 

circulating IGFBPs are able to bind and convey IGFs within the body, 

regulating their concentration and also their activity at the target 
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tissue level [304]. In plasma the most represented IGF binding 

protein is IGFBP-3, it binds 75% of the circulating IGFs forming 

heterotrimers with the ALS glycoprotein [304,305]; also IGFBP-5 can 

form similar ternary complexes, these complexes extend the half-life 

of circulating IGFs from 20-30 minutes to over 15 hours [306]. 

However, all IGFBPs can be found in plasma in free form or in the 

form of binary complexes with IGFs, and only in this condition are 

they capable of crossing the vascular wall [303]. The formation of 

IGFBP-IGF complexes, in addition to protecting the IGFs from 

degradation, regulates their interaction with the receptor, since the 

latter does not occur as long as the IGFs are complexed with the 

IGFBPs [302]. The release of IGFs can occur following the proteolysis 

of IGFBPs or following the association of the IGFBP with the cell 

membrane or with extracellular matrix proteins, this association 

reduces the binding affinity between IGFBPs (in particular IGFBP-1, 

IGFBP -2, IGFBP-3 and IGFBP-5) and IGF, resulting in their release 
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[307]. The variation in the concentration of IGFBPs is linked, in 

addition to a different rate of secretion, to the modulating action 

carried out by more or less specific proteases, which are able to 

cleave IGFBPs into forms that show greater or lesser affinity for IGFs 

[303]. The activity of proteases depends on numerous factors which 

include the amount of the proteases themselves, their concentration 

in the affected area and, finally, the presence of molecules capable of 

modulating the proteolytic activity; among the modulators of the 

action of proteases there are the same IGFs [307]. 

The roles of the six IGFBPs in modulating the action of IGFs in 

different cellular processes, such as proliferation, differentiation, 

survival and migration, have been studied in different cell lines, 

moreover it has been seen that, while IGFBP-4 and -6 inhibit the 

action of IGFs, IGFBP-1, -2, -3 and -5 can both inhibit and enhance the 

action of IGFs [306]. In recent years it has been shown that IGFBPs 

can act through IGF-independent mechanisms and their effects 
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include inhibition of apoptosis, modulation of cell adhesion and 

migration [308]. These are actions mediated by the binding of 

IGFBPs to ligands other than IGFs, including extracellular proteins 

and proteoglycans, cell surface proteins and receptors, intracellular 

proteins [309]. Another mechanism by which IGFBPs exert IGF-

independent effects is linked to their translocation of the nucleus, 

due to their nuclear localization signal and the binding with 

importins, once these proteins have reached the nucleus, they 

modulate the transcription of target genes by interacting with 

transcription factors [307]. 

Insulin Growth Factor Protein Binding 6 (IGFBP6) 

The IGFBP-6 protein is a member of the family of IGF-binding 

proteins [310], although it shares a good part of its properties with 

the other members, it is distinguished from these by some structural 

and functional characteristics. In the first instance, it is distinguished 

from other IGFBPs in that it is capable of binding the IGF-2 factor 
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with an affinity 20 to 100 times higher than the IGF-1 factor, which 

is why this protein is considered a relatively specific inhibitor of IGF 

-2 [309]. Other distinctive features of IGFBP-6 reside at the level of 

the N-terminal domain, in particular in the lack of the two adjacent 

cysteines in the conserved GCGCC motif [311], and in having a 

structure stabilized by three disulfide bonds, and not by four as all 

the other IGFBPs [312]; in fact this region of IGFBP-6 has a different 

three-dimensional structure [309]. The protein sequence is highly 

conserved, human IGFBP-6 shares 70-85% homology with mouse, 

rat and pig IGFBP-6 [312] (Figure 10).  

 

 

 

 

 
 

Figure 10. IGFBP6 structure. (Bach, Leon A et al. “Insulin-like growth factor-
binding protein-6 and cancer.” Clinical science (London, England : 1979) vol. 124,4 
(2013): 215-29. doi:10.1042/CS20120343). 



 90 

Like all IGFBPs, IGFBP-6 is also expressed in many tissues 

such as lung, liver, intestine and central nervous system [313], and 

expression is regulated by various factors including cAMP, IGF, 

retinoic acid, vitamin D [314], p53 and glucocorticoids [299]. The 

expression of the protein is also regulated by the Hedgehog and Wnt 

signaling pathways [309]. The main function of the IGFBP-6 protein 

is to inhibit the action of IGF-2, and consequently to inhibit the 

proliferation, differentiation, migration and cell survival induced by 

IGF-2 in different cell lines [299], this occurs both in cells normal 

than in cancer cells, so IGFBP-6 is considered a tumor suppressor 

[312]. The same cellular processes, including angiogenesis, however, 

can be regulated by IGFBP-6 also with mechanisms independent of 

IGF-2 [315] (Figure 11).  

The IGFBP-6 protein can compromise cell survival by 

inhibiting the action of IGF-2, but also by increasing the transcription 

of EGR-1 (Early Growth Response 1), therefore in an IGF-
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independent manner [316]. EGR-1 is a tumor suppressor gene and 

the binding of the IGFBP-6 protein to the promoter of the gene 

promotes its expression [309]. Clearly IGFBP-6 exerts intracellular 

actions through importin-mediated nuclear translocation 

mechanisms, although it has been shown that both the α-importin 

and the Ku80 protein can bind to the nuclear localization sequence 

(NLS) of IGFBP-6, competing for the same binding site [317]. Ku80 is 

a component of the Ku complex (heterodimer of two polypeptides, 

Ku70 and Ku80), involved in DNA repair processes and in the 

maintenance of telomere length [318]. It has been hypothesized that 

the interaction with IGFBP-6 compromises the transport of Ku80 

from the cytoplasm to the nucleus, thus favoring the proapoptotic 

effect of IGFBP-6 through the interruption of DNA repair [309]. 

As far as cell migration is concerned, IGFBP-6 performs a 

double action, as in some cells it can inhibit migration, inhibiting IGF-

2 and promoting the transcription of EGR-1 (independent 
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mechanism from IGF-2), but it is also true that IGFBP-6 can promote 

tumor cell migration through binding to Phb-2 protein (Prohibitin 2) 

and/or activation of MAP kinases [319]. The modulation of the 

activity of prohibitins occurs through phosphorylation, following the 

binding with IGFBP-6; however, the same prohibitins, in turn, can 

regulate several intracellular signaling pathways, including the MAP 

kinase pathway [320].  

The IGFBP-6 protein is involved in the development and 

progression of various cancers and could be used as a prognostic 

biomarker in various cancers [321]. Numerous studies have shown 

that cancer cells have a lower level of protein expression than normal 

cells, which is why it is considered a tumor suppressor [299], 

although there are exceptions, as in certain circumstances it can 

stimulate cell migration [321]. 
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Figure 11. Extracellular actions of IGFBP‐6. IGFBP‐6 presents both IGF‐
dependent and IGF‐independent actions. (Liso, Arcangelo et al. “From fever to 
immunity: A new role for IGFBP-6?.” Journal of cellular and molecular medicine 
vol. 22,10 (2018): 4588-4596. doi:10.1111/jcmm.13738). 
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Abstract 

Background: Glioblastoma represents the most malignant primary brain tumor. 

Tumor microenvironment plays a pivotal role in establishing malignancy and it is 

associated with high glycolytic metabolism and increased lactate production, 

which accumulates in the TME through monocarboxylate transporters (MCTs). 

MCTs are a group of transmembrane proteins encoded by the SLC16 gene family 

and two members of this group, MCT1 and MCT4, modulate tissue metabolic 

activity through proton-coupled transport of monocarboxylates, specifically L-

lactate, ketone bodies, and pyruvate. The aim of the present study was to 

investigate the role of lactate in GBM progression and metabolic reprogramming 

in vitro and in an in vivo model. 

 

Methods: The in vitro study was carried out in three human Glioblastoma cell lines 

treated with Lactate (20 mM). Cell proliferation, migration, colony formation 

capacity,was evaluated. Lactate metabolism was assessed by the expression of its 

transporters MCT1 and MCT4, and β-Catenin, E-Cadherin and GRP81. These 

results were confirmed using a well-established pharmacological lactate receptor 

agonist, the 3,5-dihydroxybenzoic acid (150 µM). The expression of genes involved 

in mitochondrial metabolism was also evaluated. The results were validated in 

patient-derived GBM biopsies, by comparing MCT1 expression in high (H-) versus 

low (L-) proliferative index (PI) GBM samples. The in vivo study was carried out in 

a zebrafish model of GBM (doi: 10.1242/dmm.026500). The energy phenotype 

was assessed by Seahorse XFp, gene expression was evaluated by NGS sequencing, 

qPCR analysis and immunofluorescence. Effects of 20 mM lactate exposure on 

proliferation of developing brain tumors was assessed by counting phospho-

histone 3 positive cells. 

 

Results: Our results show that lactate significantly increased cell proliferation, 

migration and colony formation capacity of GBM cells, both in vitro and in vivo. We 

found that cells respond to high levels of extracellular lactate increasing MCT1 

transporter expression and in U-87 MG cells GPR81 stimulation increased β-

Catenin protein levels and suppressed E-Cadherin, while in both A-172 and U-251 
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MG we observed an increase of MCT1, β-Catenin and E-Cadherin expression. In a 

Zebrafish model of GBM, altered metabolism and increased expression of MCT1 

and GPR81 generate high levels of extracellular lactate, which in turn supports 

increased proliferation of tumor cells. Interestingly, 3,5-DHBA stimulation was 

able to increase significantly MCT1 in all tested cell lines. Furthermore, our results 

showed that both lactate and 3,5-DHBA exposure induced a significant increase in 

the expression levels of tested genes, confirming that lactate is involved in the 

metabolic switch of GMB cell lines. Finally, immunohistochemistry analysis on 

GBM biopsies demonstrated that High-PI GBM showed a significant increase in 

MCT1 and Ki67 expression levels when compared to Low-PI GBM. 

 

Conclusions: Our results suggest that lactate and its transporter (MCT1) and 

receptor (GPR81) play a major role in GBM proliferation and migration and it may 

represent a potential target to develop new strategies to counteract tumor 

progression and recurrencies. 
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INTRODUCTION 

 

Glioblastoma (GBM) represents the most common primary 

brain tumor in the adult population and is classified by WHO as a 

grade IV glioma. Current therapeutic approach for newly diagnosed 

GBM relies on surgical resection, radiotherapy and chemotherapy 

(i.e. temozolomide) [1]. However, despite aggressive therapeutic 

regimens, these tumors still have a dismal prognosis with medial 

overall survival of 12 to 15 months. Histologically, GBM is a highly 

cellular glioma composed by glial cells with significant 

pleomorphism and nuclear atypia [2]. Such cellular features are 

coupled with microvascular proliferation and palisading necrosis 

characterized by regular areas of necrosis and dense accumulation 

of GBM cells [2]. GBM characteristics are related to cell proliferation, 

usually assessed by evaluating KI-67 expressing cells classifying high 

proliferative index (HPI, KI-67 positive cells > 30%) and low 

proliferative index (LPI, KI-67 positive cells < 30%). Furthermore, 

GBM cell proliferation, migration and invasiveness are closely 

related to availability of blood-derived nutrients and oxygen. Indeed, 

two niches have been described in GBM in relation to availability of 
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oxygen, the so-called perivascular niches, in which GBM cell receive 

glucose and oxygen from blood stream and oxidative 

phosphorylation in these cells determines highly efficient 

metabolism, and the GBM hypoxic niches, for example tumor core, in 

which low oxygen levels shapes metabolisms towards a glycolytic 

state inducing lactate accumulation [3]. Indeed, such tumors have a 

rapid rate of glucose consumption and convert large amounts of 

glucose into lactic acid, even in the presence of oxygen [4]. This 

metabolic phenotype, known as Warburg effect contrasts sharply 

with that observed in normal tissues in which glycolysis occurs 

mainly in hypoxic conditions [5]. 

To maintain enhanced glycolytic flow, glioblastomas require 

rapid outflow of lactic acid into the tumor microenvironment (TME), 

facilitated by a series of plasma membrane transporters called 

monocarboxylate transporters (MCTs) [6]; among these only four 

(MCT 1-4) are known to play a role in lactic acid transport in 

mammalian tissues, including cancers [7] and MCT1 and MCT4 have 

been implicated in multiple aspects of GBM progression including 

angiogenesis, cell proliferation and immunity modulation [8]. 

Glycolytic cancer cells are known to upregulate lactate export by 
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increasing MCT4 expression to better adapt to lactate accumulation. 

In contrast, tumor cells of oxidative tumors have been reported to 

upregulate MCT1 expression to mediate lactate uptake from the 

extracellular environment to fuel metabolism [9]. A recent report  

suggests that this dynamic may create a metabolic symbiosis 

between the two GBM subpopulations maintaining a favorable 

environment for both subtypes [8,10]. 

Besides having a role as end-product metabolite of glycolysis 

and being utilized by cellular metabolic programs to produce energy, 

lactate also acts as signalling molecule through its receptor HCAR1 

(GPR81) [11]. Therefore, extracellular lactate is not a simple 

bystander causing milieu acidification but it also serves as a 

paracrine and autocrine signalling molecule in TME [12]. Elevated 

expression of HCAR1/GPR81 was found in carcinomas of the breast, 

pancreas and cervix, despite negligible expression in the 

corresponding benign epithelium [12,13]. Several groups have 

identified autocrine roles for HCAR1/GPR81 in TME, where lactate 

produced by tumor cells activates HCAR1/GPR81 and confers 

cancer-promoting phenotypes [14], including upregulation of 

transporter MCT1 and MCT4 and the secretion of factors that 



 104 

promote angiogenesis and tumor progression [15].  

The aim of the present study was to assess the role of lactate 

metabolism in cancer growth and progression in several 

glioblastoma cell lines, in pathological specimens and in an in vivo 

model.  
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MATERIALS AND METHODS 

 

GBM cell lines 

Human glioblastoma cell lines (U87-MG, A172 and U251) were 

purchased from ATCC Company (Milan, Italy). Cells were suspended 

in DMEM (Gibco, cat. no. 11965092) culture medium containing 10% 

fetal bovine serum (FBS, Gibco, cat. no. 10082147), 100 U/mL 

penicillin and 100 U/mL streptomycin (Gibco, cat. no. 15070063). At 

80% confluency, cells were passaged using trypsin-EDTA solution 

(0.05% trypsin and 0.02% EDTA, Gibco, cat. no. 25300054).  

Lactate (Sigma–Aldrich, Milan, Italy) and 3,5-Dihydroxybenzoic acid 

(Sigma–Aldrich, Milan, Italy) were added to cell culture of all 

experiments at final concentrations of 20 mM and 150 uM, 

respectively, for 24, 48 and 72 hours.  

 

Clonogenic assay  

Colony assays performed by seeding cells in 6-well plates at low 

density (2000 cells/well) and allowing growth for 10 days. Colonies 

were fixed, stained with crystal violet and colonies were quantified 
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with Operetta high content screening (HCS) System (Perkin Elmer). 

The experiments were done in quadruplicates. 

 

Real-Time Monitoring of Cell Proliferation 

xCELLigence experiments were performed using the RTCA (Real-

Time Cell Analyser) DP (Dual Plate) instrument according to 

manufacturers’ instructions (Roche Applied Science, Mannheim, 

Germany and ACEA Biosciences, San Diego, CA). The RTCA DP 

Instrument includes three main components: (i) RTCA DP Analyser, 

which is placed inside a humidified incubator maintained at 37 °C 

and 5% CO2, (ii) RTCA Control Unit with RTCA Software preinstalled 

and (iii) E-Plate 16 for proliferation assay. First, the optimal seeding 

number was determined by cell titration and growth experiments. 

After seeding the optimal cell number (3000 cells/well), cells were 

treated and automatically monitored every 15 min for 24h. Optimal 

cell number was determined in a preliminary set of experiments 

(data not shown) to obtain a significant cell index value and a 

constant cell growth during the entire duration of the experiment.  
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Cell Migration 

Cell migration was studied by employing the “wound healing” assay. 

Briefly, cells were seeded in 24 wells dishes and cultured until 

confluence. Cells were treated with vehicle, lactate or 3,5 - DHBA and 

were then scraped with a 200 μl micropipette tip and monitored at 

0, 24, and 48 h. The uncovered wound area was measured and 

quantified at different intervals with ImageJ 1.37v (NIH). 

 

Immunoblotting 

Briefly, for western blot analysis, 30 μg of protein was loaded onto a 

12% polyacrylamide gel MiniPROTEAN® TGXTM (BIO-RAD, Milan, 

Italy) followed by electrotransfer to nitrocellulose membrane 

TransBlot® TurboTM (BIO-RAD, Milan, Italy) using TransBlot® SE 

Semi-Dry Transfer Cell (BIO- RAD, Milan, Italy). Subsequently, 

membrane was blocked in Odyssey Blocking Buffer (Licor, Milan, 

Italy) for 1 h at room temperature. After blocking, membrane was 

three times washed in phosphate-buffered saline (PBS) for 5 min and 

incubated with primary antibodies against MCT1 (1:1000), MCT4 

(1:1000), β-catenin (1:500), E-Cadherin (1:500) and β-actin 

(1:1000) (anti-mouse, Cat. No. 4967S, Cell Signalling Technology, 
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Milan, Italy), overnight at 4 °C. Next day, membranes were washed 

three times in PBS for 5 min and incubated with infrared anti-mouse 

IRDye800CW (1:5000) and anti-rabbit IRDye700CW secondary 

antibodies (1:5000) in PBS/0.5% Tween-20 for 1 h at room 

temperature. All antibodies were diluted in Odyssey Blocking Buffer. 

The blots were visualized using Odyssey Infrared Imaging Scanner 

(Licor, Milan, Italy), and protein levels were quantified by 

densitometric analysis. Data were normalized to β-actin expression. 

 

Real-time RT-PCR for gene expression analysis 

RNA was extracted by Trizol® reagent (Invitrogen, Carlsbad, CA, 

USA). First-strand cDNA was then synthesized with Applied 

Biosystem (Foster City, CA, USA) reverse transcription reagent. 

Quantitative real-time PCR was performed in Step One Fast Real-

Time PCR System Applied Biosystems, using the SYBR Green PCR 

MasterMix (Life Technologies, Monza, Italy). The specific PCR 

products were detected by SYBR Green fluorescence. The relative 

mRNA expression level was calculated by the threshold cycle (Ct) 

value of each PCR product and normalized with that of actin by using 
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a comparative 2−ΔΔCt method. The sequence of primers used are 

presented in Table 1. 

Table 1. List of qRT-PCR primers. 

Gene of 

interest 

Forward primer (5′ ⟶  3′) Reverse primer (5′ ⟶ 3′) 

PGC1α ATGAAGGGTACTTTTCTGCCCC GGTCTTCACCAACCAGAGCA 

SIRT1 AGGCCACGGATAGGTCCATA GTGGAGGTATTGTTTCCGGC 

TFAM CCGAGGTGGTTTTCATCTGT AGTCTTCAGCTTTTCCTGCG 

ND4 CCAGTGGAATGCCTTGCCTA TTGATCGCGGTGAGATTCCC 

CyB ACGAGCCACCGAAACAGAAT ACGATTTTCGCCAGTCACCT 

COX II ACGACCTCGATGTTGGATCA ATCATTTACGGGGGAAGGCG 

COX IV GCGGCAGAATGTTGGCTAC AGACAGGTGCTTGACATGGG 

ATPsynthase CCGCCTTCCGCGGTATAATC ATGTACGCGGGCAATACCAT 

MCT1 TGTTGTTGCAAATGGAGTGT AAGTCGATAATTGATGCCCATGCCAA 

MCT4 TATCCAGATCTACCTCACCAC GGCCTGGCAAAGATGTCGATGA 

HCAR1 TTCGTATTTGGTGGCAGGCA TTTCGAGGGGTCCAGGTACA 

β-Actin CCTTTGCCGATCCGCCG AACATGATCTGGGTCATCTTCTCGC 

 

Zebrafish model 

Adult zebrafish (Danio rerio) were housed in the Model Organism 

Facility – Center for Integrative Biology (CIBIO) University of Trento 

and maintained under standard conditions [16]. All zebrafish studies 

were performed according to European and Italian law, D.Lgs. 
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26/2014, authorization 148/2018-PR to M. C. Mione. Fishes with 

somatic and germline expression of oncogenic HRAS were generated 

as described [17,18].  

The following zebrafish transgenic lines were used in the course of 

this study:  

Et(zic4:Gal4TA4, UAS:mCherry)hzm5  called zic:Gal4 [17] 

Tg(UAS:eGFP-HRAS_G12V)io006  called UAS:RAS [18]  

The characterization of the GBM model is described in detail in 

Mayrhofer et al., 2017 [17]. 

 

 

Gene expression analysis 

The analysis of expression of genes involved in glycolysis in zebrafish 

brain tumors was performed on previously generated data 

(GSE74754,  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74754). 

The heatmap was generated using the web application heatmapper 

(http://www.heatmapper.ca/) . 

For gene expression analysis of further samples, total RNA was 

extracted from larval heads and brains/tumors with TRIzol reagent 

(Invitrogen). Total RNA was cleaned up using RNeasy Mini Kit 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74754
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(Qiagen) following the manufacturer’s instructions and treated twice 

with DNase I (1 unit/μg RNA, Qiagen). The RNA concentration was 

quantified using nanodrop2000 (Thermo Fisher) and VILO 

superscript KIT (Thermo Fisher) was used for First-strand cDNA 

synthesis according to the manufacturer’s protocol. qRT-PCR 

analysis was performed using qPCR BIO Sygreen Mix (Resnova - PCR 

Biosystem) using a standard amplification protocol. The primers 

used for zebrafish mct1 were: forward 5’-

AGCCAGGTGTCATGGATCTCC-3’ and reverse 5’-

CAACTAATCCCGTGCCTGACA-3’; for hcar1 zebrafish were: forward 

5’- GACACGGCTTGGATCTCCTCTA-3’ and reverse 5’- 

TGCCAAGACCATACCCAATGA-3’; for zebrafish rps11 

(housekeeping): forward: 5’-ACAGAAATGCCCCTTCACTG-3’ and 

reverse: 5’- GCCTCTTCTCAAAACGGTTG-3’. Real-time PCR was 

performed with a CFX96 Real-Time PCR Detection System (Bio-Rad) 

machine. Q-PCR analysis was performed with Microsoft Excel and 

Graphpad Prism. In all cases, each PCR was performed with triplicate 

samples and repeated with at least two independent samples. 
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Immunofluorescence in zebrafish 

Adult zebrafish resulting from crosses between zic:Gal4 and 

UAS:RAS, or from somatic expression of UAS:RAS [19], were 

screened under a fluorescent stereomicroscope for the presence of 

GFP-HRASG12V  brain masses. Positive fish (over 90% of screened 

fish) were sacrificed by MS222 overdose, their brains removed, fixed 

and sectioned as previously described. 

Sections were then washed in PBS (pH 7.4) and incubated primary 

antibodies diluted in PBS containing 5% normal goat serum and 

0.1% triton x-100 at 4°C overnight. The antibody used and their 

dilutions were as follows: MCT1(Abcam, 1:100) and HCAR (Abcam 

1:100), Phospho Histone 3 (Abcam, 1:1000). A secondary antibody 

conjugated with Alexa 546 (1:250) was used for 2 hours at room 

temperature, and nuclei were counterstained with DAPI. Images 

were acquired using an inverted Leica TSP8 confocal microscope. 

For whole-mount immunofluorescence of 5 day postfertilization 

(dpf) zebrafish, larvae of the zic: Gal4 line (controls) or zic:Gal4 x 

UAS:RAS  line (tumor) were treated with 20 mM lactate or 10 mM 

AZ3965 in 1%  DMSO in E3, or with 1% DMSO alone. Solutions with 

the drugs were changed every day starting at 1dpf till 5dpf, when the 
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larvae were culled by anesthetic overdose, fixed in 4% PFA for 2 to 

12 hrs at 4 C, their brains carefully removed under a 

stereomicroscope and processed with Ph3 antibody, diluted 1:1000 

in 5% NGS, 0.5% Triton X100 in PBS overnight. A secondary antibody 

conjugated with Alexa 546 was used for 6 hours at room 

temperature. Images were acquired using an inverted Leica TSP8 

confocal microscope, after equilibrating the brains in 100% glycerol. 

 

Seahorse on zebrafish 

For Seahorse analysis, tumors from adult fish or control brains were 

dissociated with a pipette tip in the assay medium provided by the 

manufactory, passed through a 40 mM sieve and counted. 50K cells 

were seeded on poly-L-Lysin coated Seahorse XFP plates and 

incubated for 20 min in the absence of CO2 before adding medium 

up to a final volume of 180 ul. XF mitostress test kit including 

oligomycin, carbonyl cyanide p-trifluoromethoxy-phenylhydrazone 

(FCCP), and Rotenone A were obtained from Seahorse Bioscience 

Inc. (Billerica, MA, USA). XFp cell culture plates, sensor cartridges 

and XF base medium were also purchased from Seahorse Bioscience 

Inc.  The Agilent Seahorse XFp Sensor Cartridge is hydrated in 
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Agilent Seahorse XF Calibrant at 28 °C in a non-CO2 incubator 

overnight. Control and tumor zebrafish brain cells are plated in the 

Agilent Seahorse XFp Cell Culture Miniplate at the desired density 

(50 K per well) using the appropriate cell culture growth medium. 

PBS 1X is added to the chambers to prevent evaporation of the 

culture medium. Within 1 hour from plating the Agilent Seahorse 

XFp Cell Culture Miniplate is put into a 28 °C non-CO2 incubator for 

1 hour prior to the assay.  

 

 

 

Mito stress test assay 

Assay medium is prepared by supplementing Agilent Seahorse XF 

Base Medium with 1 mM pyruvate, 2 mM glutamine, and 10 mM 

glucose bringing the pH to 7.4 with 0.1 N NaOH. Cells are placed in 

28°C incubator with 5% CO2. 

Injections of oligomycin, FCCP and Rotenone A were diluted in the 

assay medium following Agilent Seahorse XFp Mito Stress Test User 

Guide and loaded into ports A, B and C, respectively. The machine 

was calibrated, and the assay was performed using mito stress test 
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assay protocol as suggested by the manufacturer (Seahorse 

Bioscience, Billerica, MA, USA). ECAR was measured under basal 

conditions followed by the sequential addition of oligomycin, FCCP 

and Rotenone A. 

 

Data analysis 

The XF reports of mito stress data were analysed with the freeware 

Wave and exported to Excel and Prism for further analysis and 

visualization. 

 

Human gene expression  

Dataset selection 

The NCBI Gene Expression Omnibus (GEO) database 

(http://www.ncbi.nlm.nih.gov/geo/) [20] was used to select 

transcriptomes datasets of interest. Mesh terms “human”, 

“glioblastoma”, and “tumor grade”, were used to identify the 

datasets. We sorted the datasets by the number of samples (High to 

Low), age and sex of the participants and by the clinical data made 

available by the authors. We selected the GSE108474 dataset [21] 

over the others available for the number of subjects recruited (541), 
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for the availability of clinical data (tumor staging) and for the variety 

of tumors analyzed (glioblastoma, oligodendrocytoma, astrocytoma 

and normal subjects). 

 

Data processing, experimental design and statistics 

To process and identify Significantly Different Expressed Genes 

(SDEG) within the datasets, we used the MultiExperiment Viewer 

(MeV) software (The Institute for Genomic Research (TIGR), J. Craig 

Venter Institute, La Jolla, USA). In cases where multiple genes probes 

have insisted on the same GeneID NCBI, we used those with the 

highest variance. For GSE108474 we performed a statistical analysis 

with GEO2R, applying a Benjamini & Hochberg (False discovery rate) 

[22–24]. 

Table  2; Samples selected from GSE108474 

Disease type Number  Grade  

NT 28 Negative 

Astrocytoma  148 G2=65; G3=58; Na=25 

Oligodendrocytoma 67 G2=30; G3=23; Na =14 

Glioblastoma 221 G4=130; Na =91 

G= tumor grade; Na= not assigned; NT= non tumor 
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Significant differences between groups were assessed using the 

Ordinary one-way ANOVA test, and Tukey’s multiple comparisons 

test correction was performed to compare data between all groups. 

Correlations were determined using Pearson correlation. All tests 

were two-sided and significance was determined at adjusted p value 

0.05. The dataset selected was transformed for the analysis in Z-

score intensity signal. Z score is constructed by taking the ratio of 

weighted mean difference and combined standard deviation 

according to Box and Tiao (1992) [25]. The application of a classical 

method of data normalization, z-score transformation, provides a 

way of standardizing data across a wide range of experiments and 

allows the comparison of microarray data independent of the 

original hybridization intensities. The z-score it is considered a 

reliable procedure for this type of analysis and can be considered a 

state-of-the-art method, as demonstrated by the numerous 

bibliography [26–37]. The efficiency of each biomarker across the 

different tumor grade was assessed by the receiver operating 

characteristic (ROC) curve analyses [38–40]. The ROC curves 

analyzed brain biopsies of healthy subjects (NT) vs glioblastoma 

patients, astrocytoma vs glioblastoma, and oligodendroglioma vs 
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glioblastoma. The area under the ROC curve (AUC) and its 95% 

confidence interval (95% CI) indicates diagnostic efficiency. The 

accuracy of the test with the percent error is reported [41]. 
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RESULTS 

 

We first analysed the effects of lactate on 3 human GBM cell lines (i.e. 

U-87 MG, A-172 and U-251 MG) by performing a clonogenic assay on 

lactate exposed cells (figure S1). We observed that lactate induced 

an increase of about 2-fold of both number (78.3 ± 9.0 control versus 

151.0 ± 17.1 lactate) and area (123.2 ± 8.2 control versus 215.0 ± 

30.4 lactate) of colonies of U-87 MG cells (figure S1). Interestingly, 

analysis of clonogenicity on A-172 revealed that lactate reduced the 

total number of colonies (35.7 ± 0.3 control versus 21.0 ± 1.2 lactate, 

figure S1), but dramatically affected the area of colonies that was 

more than 4-fold increased as compared to control cultures (731.3 ± 

0.5 control versus 3470.8 ± 30.3 lactate, figure S1). We also repeated 

our analysis on U-251 MG cell, that showed similar response to 

lactate as U-251 MG cells, with a significant increase of the total 

number of colonies (26.5 ± 0.9 control versus 38.0 ± 3.6 lactate) and 

mean colony area (700.0 ± 7.1 control versus 1409.4 ± 28.0 lactate, 

figure S1). 

We then moved to compare the effect of increased levels of 

extracellular lactate with the selective stimulation of the lactate 
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receptor hydroxycarboxylic acid receptor 1 (HCAR1) mediated by 

3,5-dihydroxybenzoic acid (3,5-DHBA). We observed in all tested 

cells a significant increase of normalized cell index after lactate 

exposure (figure 1a-c), confirmed by an increase of the total area 

under the curve for U-87 MG (76.5 ± 0.4 lactate versus 38.9 ± 0.2 

control, figure 1a), A-172 (86.6 ± 0.8 lactate versus 64.4 ± 0.4 

control, figure 1b) and U-251 MG (78.1 ± 1.1 lactate versus 40.5 ± 

0.8 control, figure 1c). 3,5-DHBA stimulation was also able to induce 

similar effects on cell proliferation on U-87 MG, A-172 and U-251 MG 

cell line, showing increased normalized cell index in all tested cell 

lines (figure 1a-c), confirmed by an increase of the total area under 

the curve for U-87 MG (106.3 ± 2.4, figure 1a), A-172 (134.6 ± 1.1, 

figure 1b) and U-251 MG (122.9 ± 1.3, figure 1c). We then tested 

whether lactate affects cell migration of GBM cells. Interestingly, we 

observed a reduced % of wideness of scratch assay test at 24 and 48 

hours in all tested cells lines (figure 1d-g). We also confirmed the 

effects of HCAR stimulation through 3,5-DHBA on cell migration, 

finding a significantly reduced % of wideness of scratch assay test at 

48 hours in all tested cells lines (figure 1d-g). 
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In an effort to link lactate, as a positive modulator of cell proliferation 

and migration, to the underlying molecular mechanisms activated in 

GBM cell lines, we performed western blot analysis for lactate 

transporters MCT1 and MCT4, and for β-Catenin and E-Cadherin on 

control and lactate treated U-87 MG, A-172 and U-251 MG cells. 

We found that U-87 MG cells responds to increased levels of 

extracellular lactate by increasing the levels of MCT1 transporter of 

about 2.5-fold as compared to control cultures and slightly, but 

significantly, reducing MCT4 expression levels (figure 2a). 

Importantly, the β-Catenin protein levels were found to be 

significantly increase of about 6-fold in lactate exposed U-87 MG cells 

and such a modulation was coupled with reduced expression levels 

of E-Cadherin (figure 2a). 

Notably, analysis of A-172 and U-251 MG exposed to increased 

extracellular lactate levels, revealed some differences in cellular 

responses as compared to U-87 MG cells. Indeed, we confirmed that 

exposure to lactate increased MCT1 and β-Catenin expression levels 

in both A-172 (figure 2b) and U-251 MG (figure 2c) but showed that 

both cell lines respond to lactate also inducing significantly higher 

MCT4, increased of about 1.2-fold in both cell lines, and E-Cadherin 
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expression levels (figure 2b-c). 

 

Given the evidence on cellular modulation exerted by increased 

extracellular levels of lactate, we sought to link molecular 

mechanisms underlying these phenomena with the activation of 

lactate receptor HCAR1. We first investigated HCAR1 mRNA 

expression levels on U-87 MG, A-172 and U-251 MG cell lines after 

exposure to lactate, finding a significant increase of HCAR1 mRNA 

levels in all tested cells at 24 hours (figure 2d). We then moved to 

evaluate the effects of 3,5-DHBA, confirming a significant increase of 

HCAR1 mRNA levels at 24 hrs post 3,5-DHBA incubation in all tested 

cell lines (figure 2e). 

To find whether HCAR1 selective stimulation was able to increase 

lactate transporters MCT1 and MCT4 we also checked the mRNA 

expression levels of these transporters, finding that 3,5-DHBA 

stimulation was able to significantly increase MCT1 expression of 

about 25-fold, 5-fold and 13-fold in U-87 MG, A-172 and U-251 MG, 

respectively (figure 2f). Such evidences were coupled with 

contrasting data on the other tested transporter MCT4. Indeed, we 

observed that U-87 MG cells respond to 3,5-DHBA stimulation by 
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increasing MCT4 mRNA expression of about 2-fold (figure 2g), but 

A-172 showed no significant changes in MCT4 expression and U-251 

MG cells showed a significant reduction of MCT4 expression upon 

treatment with 3,5-DHBA as compared to untreated cells (figure 2g).  

 

To further expand our evidences on molecular mechanisms induced 

by the increase of extracellular lactate, we analyzed a panel of 

mRNAs of genes involved in mitochondrial activity and energy 

metabolism. Our data show that U-87 MG significantly increase of 

about 4-fold the relative mRNA levels of transcription factor A 

mitochondrial (TFAM), PPARG coactivator 1 alpha (PGC1a) and 

sirtuin 1 (SIRT1) (figure 3a-b), coupled with an overall increase of 

ATP synthase (ATP syn), cytochrome c oxidase subunit 4 (COX IV) 

and COX II, mitochondrial Cytochrome b (CYTB) and mitochondrial 

NADH-ubiquinone oxidoreductase chain 4 (ND4, figure 3a), when 

exposed to lactate for 24 or 48 hours as compared with untreated 

cells (figure 3a-b). These observations were confirmed in A-172 

(figure 3c-d) and U-251 MG cell lines (figure 3e-f). Specifically, we 

observed superimposable effects on A-172 as compared to U-87 MG 

cells, where U-251 MG showed an increase of about 15-fold of TFAM, 
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PGC1a and SIRT1 at 48 hours as compared to untreated cells (figure 

3f), coupled with a slight reduction of COX IV mRNA at the same 

timepoint (-1.87 ± 0.1 log2 fold change over control, figure 3e). We 

also performed a computer-assisted analysis of mitotracker 

fluorescence intensity on control versus lactate treated cells, finding 

that lactate was able to significantly increase cytoplasmic 

mitotracker intensity 18 hrs post treatment (figure 3g-h). 

 

To link intracellular mediators of mitochondrial fitness with HCAR 

stimulation, we performed an mRNA expression level analysis of 

PGC1a, TFAM, SIRT1, ATP syn, COX II and COX IV on 3,5-DHBA 

stimulated cells. Our analysis revealed that U-87 MG cells exposed to 

3,5-DHBA recapitulate the molecular mRNA activation observed 

with lactate (figure 4a-b). Indeed, all tested genes, except for TFAM, 

were significantly increased in cultures exposed to HCAR stimulation 

(figure 4b). These data were confirmed in A-172 cells that showed 

increased levels of all tested genes upon 3,5-DHBA stimulation 

(figure 4c-d). Finally, U-251 MG showed a very similar mRNA 

expression profiles, but we observed that HCAR stimulation through 



 125 

3,5-DHBA did not modulate PGC1a expression at tested timepoint on 

this cell line (figure 4e-f). 

To finally link HCAR stimulation with the effects on mitochondria 

observed on GBM cell lines exposed to increased extracellular lactate 

levels, we performed a mitotracker analysis, finding a significant 

increase of normalized intensity in 3,5-DHBA stimulated cells as 

compared to control cultures (figure 4g). 

Given the capability of extracellular lactate to modulate β-Catenin 

and E-Cadherin expression levels, we performed a western blot 

analysis on 3,5-DHBA stimulated A-172 cells. Our analysis revealed 

that HCAR1 activation induces a significant increase of β-Catenin 

protein expression levels as compared to control cultures and this 

phenomenon was coupled with a significant reduction of E-Cadherin 

(figure 4h), revealing that lactate may also act via additional 

mechanisms that induce E-Cadherin not related to HCAR1 activation. 

 

To investigate whether lactate accumulation, resulting from 

increased glycolysis, may have similar effects in vivo, we used a 

zebrafish model of glioblastoma [17] (figure 5a), and analysed the 

metabolic phenotype of these tumors. Comparison of the expression 
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levels of 29 genes encoding for enzymes and transporters involved 

in the glycolytic pathway acquired through RNA-Seq (GSE74754, 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74754), 

revealed increased expression (log2 FC >1.2, P-value <0.001 or 

adjusted P-value <0.05) of 26 out of 29 genes, with aldh1a3, hk2 and 

hcar1-3 being the most upregulated in tumors (figure 5b). We then 

performed a mitostress test on freshly dissociated zebrafish control 

and tumor brains using the Seahorse XFp apparatus. This test 

confirmed that upon blockage of energy production through 

mitochondrial respiration, zebrafish GBM cells experience a huge 

increase of the extracellular acidification rate (ECAR), indicating a 

prominent role of anaerobic glycolysis in energy production, 

accompanied by increased proton leak (leading to high ROS 

production) and lower ATP yield (figure 5c). Staining for MCT1 and 

HCAR1 in sections of zebrafish brain tumors revealed an increase in 

the number of both MCT1+ and HCAR1+ cells (figure 5d), whereas 

q-PCR analysis of mRNA expression for mct1 and hcar1 revealed a 

significant increase in expression for mct1 in adult tumors compared 

to control brain, and a significant increase in expression of hcar1 in 
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both adult brain tumors and in 5days post-fertilization (dpf) larvae 

expressing oncogenic RAS (figure 5e).   

Then, we evaluated the effects of exposing to lactate or to the MCT1 

inhibitor, AZ3965 (AZD),  on the proliferation rate of control brains 

and brains expressing oncogenic RAS, using immunostaining for a 

mitotic marker (phospho-serine 10 on histone 3, PH3). Incubation of 

developing larvae from 1 to 5 dpf with 20 uM lactate induced a 

significant increase in proliferation in brains expressing oncogenic 

RAS, but not in control brains, while treatment with 10 uM AZD did 

not affect the proliferation rate in either control or RAS expressing 

brains (figure 5f). 

MCT1 gene expression analysis as a diagnostic and prognostic 

marker of glioma 

The MCT1 gene expression analysis obtained from the GSE108474 

dataset showed that there were significant differences when the 

expression levels obtained from brain biopsies of glioblastoma 

patients were compared to the other brain tumors stages. (figure 6). 

Specifically, patients with glioblastoma expressed significantly 

higher levels of the MCT1 messenger in the brain than patients with 

oligodendrocytoma (p<0.0001), astrocytoma (p<0.0001), or healthy 
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subjects (p<0.0001) (figure 6a). This finding was confirmed by the 

significantly positive correlation between MCT1 expression levels 

and tumor grade (r = 0.4026; p = 0.0223) (figure 6b). According to 

these results, we investigatated the prognostic potential of MCT1 

expression in the progression of main brain tumors. Currently the 

expression analysis of Isocitrate Dehydrogenase (NADP (+)) 1 

(IDH1) and the identification of its main mutations (e.g. R132H) are 

used for glioma diagnosis and prognosis [42]. By carrying out a 

Pearson correlation analysis between MCT1 and IDH1 brain tumor 

expression levels, we highlighted that in glioblastoma patients the 

expression levels of the two genes were significantly closely 

inversely correlated (r = -0.4163, p <0.0001) (figure 6c). 

Furthermore, in order to evaluate the potential diagnostic ability of 

MCT1 gene expression to discriminate against the brain tumors 

stages, we performed a Receiver operating characteristic (ROC) 

analysis. We confirmed the diagnostic ability of MCT1 to 

discriminate the glioblastoma patients from healthy subjects 

(AUC=0.7558, p<0.0001) (figure 6d) or from the patients affected to 

astrocytoma (AUC=0.7775, p<0.0001) (figure 6e) or 

oligodendrocitoma (AUC=0.8104, p<0.0001) (figure 6f).  
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DISCUSSION 

 

Cell metabolism and its related intercellular signalling has been 

shown to be of great importance in a number of physiological and 

pathological processes [43].  

In the present study, we first evaluated the effects of lactate on three 

human GBM cell lines, finding that it increases both migration and 

cell proliferation. Such a phenomenon was linked to a potential 

lactate dependent HCAR1 activation, as observed using 3,5-DHBA, a 

selective HCAR1 agonist.  

Several authors showed that stimulation of HCAR1 leads to the 

activation of cell survival signalling promoting cell proliferation via 

the inhibition of apoptosis and stimulates the secretion of several 

angiogenic factors in a PI3K/Akt-CREB signalling pathway-

dependent manner [44]. Interestingly, an essential part of the repair 

process after a neonatal brain injury is the generation of new cells by 

increase of proliferation and differentiation of stem cells, Lauritz H. 

K. et al., by neurosphere assays, demonstrated that the cells lacking 

HCAR1 had reduced proliferation ability [45].  
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Moreover, MCT1 is mainly used by oxidative cells to intake 

extracellular lactate and MCT4 is mainly used to release accumulated 

lactate into the extracellular milieu, in many cases by hypoxic and/or 

highly glycolytic cells [46–48]. Our data support the hypothesis that 

lactate leads GBM cells to increase HCAR1, acting as a sensor, levels 

and MCT1, mediating lactate intake from the extracellular milieu. 

This phenomenon is coupled with increased mitochondrial content 

and fitness, thus prompting GBM cells towards oxidative 

metabolism. It is worth noticing that this mechanism is not related to 

the increased lactate level itself but is dependent on the agonism on 

HCAR1 receptor. Indeed, we were able to reproduce these metabolic 

reshaping using the selective HCAR1 agonist 3,5-dhba. Consistently, 

a study performed in GPR81-silenced pancreatic cancer cells led to 

reduced mitochondrial activity and survival in several cancer cell 

[49]. In particular, several cancer cell types, including colon, breast, 

lung, cervical, and pancreatic showed an increase of HCAR1 

expression and functional studies indicated that it is important for 

lactate regulation of genes involved in lactate uptake and 

metabolism. Moreover, HCAR1 is critical for cancer cell survival only 

when glucose was absent and in the presence of lactate [50].  
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Interestingly, we observed critical differences in cell response to 

HCAR1 activation analyzing MCT4 levels. Indeed, we observed that 

24 hrs of exposure to lactate mediated a reduction of MCT4 protein 

levels in U-87 MG, whether we found a significant MCT4 increase in 

both U-251 MG and A-172. Such differential response to lactate 

among tested cell lines, may be linked to the metabolic reshaping of 

these cells. Noteworthy, quantification of the main mitochondrial 

genes revealed that U-87 MG cells underwent a rapid increase of 

mitochondrial content, although less pronounced versus basal levels, 

as compare to that of A-172 and U-251 MG. Our data suggest that U-

87 MG have a different response as compare to the other cell lines in 

terms of timing to repurpose their transporters and metabolism. 

Indeed, upon 3,5-DHBA stimulation of HCAR1 we observed a 

significant increase of MCT4 in U-87 MG, where we obtained 

contrasting results for A-172 and U-251 MG.  

This set of experiments suggest that HCAR1 activation induces MCT1 

increase, thus mediating lactate intake in stimulated cells. It is 

therefore conceivable that intercellular metabolism and 

mitochondrial content are closely related to HCAR1 activation by 

several pathways including lactate as a metabolite and other 



 132 

receptor-mediated mechanisms. To this regard, Zaho Y., et al., 

showed that increasing lactate concentration in liver tumor 

microenvironment could activate HCAR1 receptor and facilitate 

MCT1-mediated uptake of lactate, leading to increased ATP 

production and decrease of the AMP:ATP ratio in the intracellular 

compartment [51]. Tumor cells stimulate mitochondrial biogenesis 

not only for proliferation but also for promoting malignant 

transformation, in migration and invasiveness and during tumor 

adaptation to hypoxia [52,53]. As previously mentioned, we 

observed an increase of mitochondrial biogenesis in GBM cell treated 

with lactate or HCAR1 inducer, this phenomenon could be due to the 

increase of lactate uptake after MCT1 overproduction. Moreover, we 

also showed that the increase of mitochondrial mass also induces an 

increase of OXPHOS gene expression. Exogenous treatment of lactate 

in various tumor cell lines induced an increase in ROS levels. We 

hypothesize that this latter increase in oxidative state determines an 

enhances of mitochondrial biogenesis such as showed by increase of 

PGC1a, SIRT1 expression and oxidative genes. 

Interestingly, our results indicate also that HCAR1 activation 

promotes the modulation of b-catenin and e-cadherin expression 
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suggesting that lactate participates to the epithelial-mesenchymal 

transition (EMT) in GBM. Several studies have been conducted 

investigating the metabolic changes during EMT in breast, lung, and 

ovarian cancers, following an increased recognition of metabolic 

reprogramming as a hallmark of tumor development [54–56].  

Lactate produced and exported by tumor cells can be also used by 

adjacent tumor cells, in the tumor microenvironment, including 

endothelial cells and stromal cancer-associated fibroblasts, 

reprogramming their functions, and contributing to tumor 

progression [57].  Consequently, several authors hypothesized that 

lactate might also modulate the same epigenetic mechanisms in 

adjacent normal cells modulating also EMT processes [58,59].  

 

Given the insights coming from in vitro experiment on relevant 

human GBM cell lines, we enrolled a HRAS overexpressing zebrafish 

model of GBM to test whether similar metabolic changes are taking 

place in this model. Our data confirmed a widespread upregulation 

of glycolytic enzymes, with upregulation of HCAR1, thus indicating a 

prominent role for lactate signalling. In the tumor microenvironment 

HCAR1 upregulation was coupled with a significantly increased 
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proton leak and less efficient ATP production. The increased 

expression of lactate transporters (mct1) and sensor (hcar1) was 

already present at 5 dpf, when tumors start to grow. 

Lactate exposure determined a significant increase in proliferating 

PH3 positive cells in RAS-overexpressing zebrafish brain, but not in 

control brains, and this was reverted by selective inhibition of MCT1. 

This evidence suggests that lactate intake support cell proliferation 

in cancer and that metabolic reshaping is a critical stimulus in GBM 

microenvironment. Thus, both cell culture and in vivo studies, using 

different approaches and different genes, converge toward the same 

conclusion, i.e. that glycolysis is prominent in GBM and leads to 

massive lactate production which shapes the microenvironment 

towards an aggressive phenotype and represent a valid therapeutic 

target.  

Our data from human GBM biopsies were also consistent with 

preclinical evidence we are providing herein. We observed that in 

high proliferative GBM biopsies, KI67 negative cells were expressing 

significantly higher levels of MCT1 as compare to proliferative cells 

and low proliferative GBM cells. This indicates that GBM cells 

response to lactate, besides sustaining metabolic reshaping and 
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response, it favours proliferation of neighbourhood cells by 

cooperating with their glycolytic metabolism, sensing and removing 

extracellular lactate. Our data is consistent with other studies in 

patients with advanced cancer showing that MCT-1 inibition may 

provide a significant role in cancer growth and progression and may 

represent a druggable target for development of new therapeutic 

strategies (ClinicalTrials.gov identifier (NCT number): 

NCT01791595). Further confirmation of our study was obtained by 

analyzing the human GSE108474 dataset. The analysis allowed us to 

highlight that MCT1 is significantly modulated during the 

progression of the disease. In particular, significant expression 

changes were highlighted with the increase in the degree of 

malignancy. Furthermore, our results showed that MCT1 can 

potentially be used in order to discriminate patients with 

glioblastoma versus those with astrocytoma and 

oligodendrocytoma. These data are in agreement with the current 

bibliography which considers MCT1 a new prognostic biomarker 

and potentially target in human glioblastoma [60]. Interestingly, the 

correlation analysis between MCT1 and IDH1 brain expression levels 

in glioblastoma patients was inversely proportional, further 
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confirming recently obtained data in which mutant IDH1 expression 

is associated with down-regulation of monocarboxylate transporters 

[61]. 

In conclusion, we showed that lactate is involved in various 

mechanisms favoring tumor development and progression. In 

particular, lactate possesses a dual role being involved in the 

metabolic changes of tumor cells and acting as a molecule promoting 

cellular signaling through its membrane receptors. The ability to 

metabolically shift from glycolytic to oxidative metabolism and vice 

versa, is likely to confer an advantage in survival, progression and 

drug resistance. A glycolytic metabolism (Warburg effect) certainly 

in the first phase of disease expansion, determines an advantage in 

tumor proliferation. The lactate thus produced in the tumor 

microenvironment favors, on the one hand, the immune escape 

mechanisms, on the other, it may modify the metabolism of the 

adjacent tumor cells, becoming more oxidative and therefore more 

resistant also to antiblastic therapies. Therefore, lactate metabolism 

may be considered as a therapeutic target to develop novel 

pharmacological strategies to GBM therapy and improve the 

outcome and quality of life of such patients. 
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Supplementary Figure 1 
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FIGURE LEGENDS 

 

Figure 1. Lactate and 3,5-DHBA promote glioblastoma cell proliferation and 

migration 

Real-time cell proliferation monitoring by xCELLigence system following 

treatments with Lactate and 3,5-DHBA of U-87 MG cells (a), A-172 cells (b) and U-

251 cells (c). Cell index values were normalized at the time of pharmacological 

treatments in order to obtain a normalized cell index. Each line is expressing the 

average of four different experiments.  

Analysis of human glioblastoma cell migration through a wound healing assay 

following treatments of U-87 MG cells (e), A-172 cells (d-f) and U-251 MG cells (g) 

with Lactate and 3,5-DHBA. Figures presented are the representative of at least 

three independent experiments (means ± SEM). p values < 0.05 were considered 

to be statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). 

 

Figure 2. Lactate regulates the expression of MCTs and EMT markers in 

Glioblastoma cells. 

MCT1, MCT4, B-Catenin and E-Cadherin protein expression in U-87 MG cells (a), A-

172 cells (b) and U-251 MG cells (c) following 72 h of lactate treatment. Figures 

presented are the representative of at least four independent experiments and 

values represent the means ± SEM of experiments performed in quadrupled.  

HCAR1 gene expression (d) in U-87 MG, A-172 and U-251 MG cells following 24 h 

of lactate treatment. HCAR1 (e), MCT1 (f) and MCT4 (g) gene expression in U-87 

MG, A172 and U-251 MG cells following 24 h of 3,5-DHBA treatment.  
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Values represent the means ± SEM of experiments performed in quadrupled. p 

values < 0.05 were considered to be statistically significant (*p < 0.05; **p < 0.01; 

***p < 0.001 vs untreated).  

 

Figure 3. 

Lactate promotes up-regulation of Mitochondrial activity gene expression in 

Glioblastoma cells. 

Effect of Lactate on Mitochondrial biogenesis and OXPHOS gene expression in U-

87 MG cells (a-b), A-172 cells (c-d) and U-251 MG cells (e-f) following 24 and 48 h 

of treatment.  Computerized analysis of mitotracker fluorescence intensity on the 

control versus lactate 18 hours after treatment (g-h). Figures presented are the 

representative of at least three independent experiments. Values represent the 

means ± SEM of experiments performed in quadrupled. p values < 0.05 were 

considered to be statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001 vs 

untreated).  

 

Figure 4. 

HCAR1 selective stimulation promotes up-regulation of Mitochondrial 

activity gene expression and regulates the protein expression of EMT 

markers in Glioblastoma cells. 

Effect of 3,5-DHBA on Mitochondrial biogenesis and OXPHOS gene expression in 

U-87 MG cells (a-b), A-172 cells (c-d) and U-251 MG cells (e-f) following 24 h of 

treatment.  Computerized analysis of mitotracker fluorescence intensity on the 

control versus lactate 18 hours after treatment (g). Figures presented are the 
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representative of at least three independent experiments. B-Catenin and E-

Cadherin protein expression in A-172 cells (h) following 72 h of HCAR1 

stimulation. Figures presented are the representative of at least four independent 

experiments and values represent the means ± SEM of experiments performed in 

quadrupled. p values < 0.05 were considered to be statistically significant 

(*p < 0.05; **p < 0.01; ***p < 0.001 vs untreated).  

 

Figure 5.  

Metabolic changes in a zebrafish model of GBM leads to increased glycolysis 

and lactate transport and sensing. 

(a) schematic representation of the genetic components of the zebrafish GBM 

model (Mayrhofer et al., 2017); (b) increased expression of several members of the 

glycolytic pathway in GBM. Heatmap representing 29 glycolysis genes and their 

relative expression levels. (c) Analysis of mitochondrial metabolism (mitostress 

test) of tumor cells by XP Seahorse technology. d) Increased levels of HCAR1 in 

tumors vs control as visualized by immunofluorescence. Staining as detailed in the 

figures, which are representative of at least 3 different experiments. (e) Gene 

expression analysis through q-PCR expressed as fold changes compared to 

controls, at 5dpf and in the adult tumors. Values represent the means ± SEM of 

experiments performed in triplicate. p values < 0.05 were considered to be 

statistically significant (*p < 0.05 vs controls). (f) Whole mounts 

immunofluorescence of Ph3 proliferating cells in controls and in HRAS 

overexpressing larvae treated or not with 20 um lactate. Green fluorescence 
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represents tumoral cells expressing eGFP-HRASG12V.  (g) number of proliferating 

cells in the brains treated as indicated.  

 

Figure 6.  

MCT1 expression analysis from the human brain tumor GSE108474 dataset 

Analysis of MCT1 gene expression in brain biopsies of patients with astrocytoma, 

oligodendrocytoma, glioblastoma, and healthy subjects. b) Pearson correlation 

analysis between MCT1 expression levels and tumor grade of brain biopsies 

obtained from patients affected by main brain tumors. c) Pearson's correlation 

between MCT1 and IDH1 expression levels in brain biopsies of patients with 

glioblastoma. d) Receiver operating characteristic (ROC) analysis between MCT1 

brain expression levels in healthy subject’s vs glioblastoma patients, between 

glioblastoma patients vs astrocytoma patients (e), and vs oligodendrocytoma (f). 

Data are expressed as mean ± SD of at least four independent experiments. 

(*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). 

 

Supplementary Figure S 1.  

Lactate enhances colony formation capacity in glioblastoma cells.  

Effect of Lactate treatment on colony formation capacity in U-87 MG cells (a), A-

172 cells (b) and U-251 MG cells (c). Data are expressed as mean ± SEM of at least 

three independent experiments. (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). 
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Abstract 

Lactic acidosis has been reported in various solid tumor 
microenvironment (TME) including glioblastoma (GBM). In TME a 
number of signaling molecules, growth factors and metabolites have 
been identified to induce resistance to chemotherapy and to sustain 
immune escape. Indeed, in the early phases of the disease, microglia 
infiltrates TME, contributing to tumorigenesis instead of 
counteracting its growth.  
A critical role in this process is played by insulin-like growth factor 
(IGF) and IGF-binding proteins (IGFBPs). Among them, IGFBP-6 is 
expressed during development and it is involved in migration, 
immune escape and inflammation, thus making it an attractive target 
for GBM cells modulation and for studying potential interaction with 
tumor metabolism. 
In the present study we aimed at investigating the crosstalk between 
lactate and IGFBP-6 in microglial cells and how such an interaction 
modulates TME and GBM progression.  
Our results showed that microglia exposed to lactate significantly 
increased the expression of MCT1, and genes involved in 
mitochondrial metabolism. Consistently, we also showed an increase 
in the M2 markers, Arg-1, and a reduction of iNOS suggestive of an 
M1-proinflammatory state. Furthermore, lactate treatment induced 
a significant increase in IGFBP-6 expression in microglia and 
glioblastoma cells. Similarly, IGFBP-6 treatment in GBM cells induced 
an increase in lactate concentration. Treatment of GBM cells with 
IGFBP-6 also resulted in a significant increase in cell proliferation, 
migration and colony formation capacity. Finally, our data showed 
that IGFBP-6 treatment also resulted in an increase of M2 markers 
Arg-1, and a reduction of iNOS expression levels. These results were 
further confirmed in a separate set of experiments by evaluating the 
expression of mRNA levels of M1 and M2 markers on microglia cells 
cultured with conditioned media from IGFBP-6 pre-treated GBM 
cells. Therefore, our results suggested the existence of a crosstalk 
lactate/IGFBP-6 in microglial cells, so that IGFBP-6 expression is 
regulated by lactate production in GBM cells and in turn modulates 
microglia polarization. 
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INTRODUCTION 

 
Glioblastoma Multiforme (GBM) is the most common primary 

brain tumor and no effective therapy currently exists  [1, 2]. 

Treatment resistance, tumor recurrence and the poor prognosis is a 

product of both cancer cell proliferation and the interaction with 

tumor microenvironment (TME) [3–7] which includes different cell 

types such as glioma-associated microglia/macrophages (GAMs). 

Microglia are sentinels cells of the central nervous system 

(CNS) [6], and  plays key roles under both physiological and 

pathological conditions [8] contributing to tissue homeostasis in the 

brain [9]. GAMs are functionally similar to that of tumor-associated 

macrophages in the peripheral system and closely interact with GBM 

cells via intracellular communications [10, 11]. Although GAMs have 

a few innate immune functions intact, their ability to be stimulated 

via TLRs, secrete cytokines, and upregulate co-stimulatory 

molecules is not sufficient to initiate antitumor immune responses 

[11].  However, in malignant gliomas, M2-polarization of microglia 

leads to an immunosuppressive and tumor-supportive phenotype 

triggered by a series of tumor cytokines, such as transforming 
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growth factor-β, interleukin-10, and prostaglandin E2 [12] and other 

growth factors. 

TME is critical to establish malignancy [13–16] and it is 

characterized by high glycolytic metabolism with increased lactate 

production. Lactate is largely produced within the TME and is used 

as an energy-rich substrate, signaling molecule and as an important 

immune suppressor by tumors [17]. The glycolytic cancer cells and 

cancer–associated fibroblasts (CAFs) are the main producers of 

lactate, simply because they are the most abundant populations 

within the neoplasm [17]. TME enforce to metabolic adaptability, 

physical pressure, oxidative stress, nutrient deprivation and 

competition, immune surveillance as well as adaptability to hypoxic 

and acidic environment having an enormous impact on tumor 

malignancy [18]. Therefore, a high rate of aerobic glycolysis (glucose 

metabolism) [19, 20] efflux of resultant lactic acid [21], and 

concomitant acidification of the TME are hallmarks of several 

cancers, including GBM [22–24].  

Tumor-derived lactate is taken up by GAMs through their 

MCT active transporters on the cell membrane [25], leading to the 

transcription of the vascular endothelial growth factor (VEGF) and 
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the l-arginine- metabolizing enzyme arginase-1 (ARG1) genes [26, 

27] inhibiting T-cell activation and proliferation [28]. Furthermore, 

MCT-mediated H+ efflux exacerbates extracellular acidification and 

supports the formation of a hostile environment where cancer cells, 

that have adapted to these conditions, can outcompete normal cells, 

which further enhances tumor progression [29]. Over-expression of 

lactate transporters is a common feature of some cancers with high 

metabolic rate [30]. For instance, high expression of MCT1, MCT4 

and its chaperone CD147 is associated with decreased progression-

free survival in clear cell renal cell carcinoma, head and neck cancers 

and neuroblastoma [31, 32]. 

The insulin-like growth factor (IGF) system is ubiquitously 

present and includes the type I and type II IGF receptors (IGF-I and 

IGF-II) and specific insulin-like growth factor-binding proteins 

(IGFBPs), which are a family of six proteins functioning as transport 

proteins for IGF-I and IGF-II in the circulation and regulating their 

access to the potentially oncogenic IGF-I receptor (IGF1R) [33]. 

Interestingly, IGFBPs may inhibit and/or enhance IGF-I and IGF-II 

biological effects. In particular, the insulin-like growth factor binding 

protein 6 (IGFBP-6) is expressed in a variety of tissues and its 
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expression is developmentally regulated [34] and is characterized by 

its high IGF-II binding specificity. Several studies have shown that 

IGFBP-6 may exert biological effects independently from IGF-II [35], 

such as regulation of proliferation, apoptosis, angiogenesis and cell 

migration,  suggesting a major role in immunity and in inflammation. 

Among various growth factors, IGFBP-6 has been reported to play an 

important role in survival and migration of tumor cells [36], but its 

effects on tumor and immune system interaction is still poorly 

understood and the relationships between IGFBP-6 and cancer 

prognosis remain contradictory in many studies [37].  

To this regard, the aim of the present study was to evaluate 

the crosstalk between lactate and IGFBP-6 in microglial cells and 

how such interaction modulates TME and GBM progression. 
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MATHERIALS AND METHODS 
 
Cell Culture and Pharmacological Treatments 

Human glioblastoma cell lines (U87-MG, A172 and U251) were 

purchased from ATCC Company (Milan, Italy). Cells were suspended 

in DMEM (Gibco, cat. no. 11965092) culture medium containing 10% 

fetal bovine serum (FBS, Gibco, cat. no. 10082147), 100 U/mL 

penicillin and 100 U/mL streptomycin (Gibco, cat. no. 15070063). At 

80% confluency, cells were passaged using trypsin-EDTA solution 

(0.05% trypsin and 0.02% EDTA, Gibco, cat. no. 25300054).  

Human microglia cell line (HMC3) was purchased from ATCC 

Company (Milan, Italy). HMC3 cells were cultured according to the 

recommendations by ATCC, where EMEM (ATCC® 30–2003TM) was 

used as the base medium and completed by adding 56 mL FBS 

(ATCC® 30–2020TM) to a 500 mL of base EMEM.  

Lactate and IGFBP-6 (Sigma–Aldrich, Milan, Italy) was added to cell 

culture of all experiments at final concentrations of 20 mM and 400 

ng/mL, respectively, for 24, 48 and 72 hours.  
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Real-Time PCR for Gene Expression Analysis 

RNA was extracted by Trizol® reagent (category no. 15596026, 

Invitrogen, Carlsbad, CA, USA). The first-strand cDNA was then 

synthesized with High-Capacity cDNA Reverse Transcription kit 

(category no. 4368814, Applied Biosystems, Foster City, CA, USA). 

High cDNA quality was checked, taking into consideration the 

housekeeping gene Ct values. Quantitative real-time PCR was 

performed in Step-One Fast Real-Time PCR system, Applied 

Biosystems, using the SYBR Green PCR MasterMix (category no. 

4309155, Life Technologies, Monza, Italy). The specific PCR products 

were detected by the fluorescence of SYBR Green, the double - 

stranded DNA binding dye. Primers were designed using BLAST® 

(Basic Local Alignment Search Tool, NBCI, NIH), considering the 

shortest amplicon proposed: primers’ sequences are shown in Table 

1, and β-actin was used as the housekeeping gene. Primers were 

purchased by Metabion International AG (Planneg, Germany). The 

relative mRNA expression level was calculated by the threshold cycle 

(Ct) value of each PCR product and normalized with β-actin by using 

a comparative 2-ΔΔCt method. 
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Table 2. List of qRT – PCR primers 

 
Gene of 
Interest 

Forward primer (5′ ⟶ 3′) Reverse primer (5′ ⟶ 3′) 

PGC1α ATGAAGGGTACTTTTCTGCCCC GGTCTTCACCAACCAGAGCA 
TFAM CCGAGGTGGTTTTCATCTGT AGTCTTCAGCTTTTCCTGCG 
ATP 
synthase 

CCGCCTTCCGCGGTATAATC ATGTACGCGGGCAATACCAT 

COX IV GCGGCAGAATGTTGGCTAC AGACAGGTGCTTGACATGGG 
COX II ACGACCTCGATGTTGGATCA ATCATTTACGGGGGAAGGCG 
CyTB ACGAGCCACCGAAACAGAAT ACGATTTTCGCCAGTCACCT 
ND4 CCAGTGGAATGCCTTGCCTA TTGATCGCGGTGAGATTCCC 
Arg1 TCACCTGAGCTTTGATGTCG CTGAAAGGAGCCCTGTCTTG 
CD206 CAAGGAAGGTTGGCATTTGT CCTTTCAGTCCTTTGCAAGC 
CD163 TCCACACGTCCAGAACAGTC CCTTGGAAACAGAGACAGGC 
TNF𝜶 AGAAGTTCCCAAATGGCCTC CCACTTGGTGGTTTGCTACG 
IL1β CTGGTGTGTGACGTTCCCATTA CCGACAGCACGAGGCTTT 
β -Actin CCTTTGCCGATCCGCCG AACATGATCTGGGTCATCTTCTCGC 

 

 

Western Blot Analysis 

Briefly, for western blot analysis, 30 μg of protein was loaded onto a 

12% polyacrylamide gel MiniPROTEAN® TGXTM (BIO-RAD, Milan, 

Italy) followed by electrotransfer to nitrocellulose membrane 

TransBlot® TurboTM (BIO-RAD, Milan, Italy) using TransBlot® SE 

Semi-Dry Transfer Cell (BIO- RAD, Milan, Italy). Subsequently, 

membrane was blocked in Odyssey Blocking Buffer (Licor, Milan, 

Italy) for 1 h at room temperature. After blocking, membrane was 

three times washed in phosphate-buffered saline (PBS) for 5 min and 

incubated with primary antibodies against MCT1 (1:1000), MCT4 
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(1:1000), IGFBP (1:500) and β-actin (1:1000) (anti-mouse, Cat. No. 

4967S, Cell Signalling Technology, Milan, Italy), overnight at 4 °C. 

Next day, membranes were three times washed in PBS for 5 min and 

incubated with infrared anti-mouse IRDye800CW (1:5000) and anti-

rabbit IRDye700CW secondary antibodies (1:5000) in PBS/0.5% 

Tween-20 for 1 h at room temperature. All antibodies were diluted 

in Odyssey Blocking Buffer. The blots were visualized using Odyssey 

Infrared Imaging Scanner (Licor, Milan, Italy), and protein levels 

were quantified by densitometric analysis. Data were normalized to 

β-actin expression. 

 

Immunocytochemistry Analysis 

HMC3 cells were grown directly on coverslips before 

immunofluorescence and treated with lactate at the final 

concentration of 20 mM and with IGFBP-6 at the final concentration 

of 400 ng/mL for 72h. After washing with PBS, cells were fixed in 4% 

paraformaldehyde (category no. 1004968350 Sigma-Aldrich, Milan, 

Italy) for 20min at room temperature. Subsequently, cells were 

incubated with primary antibody against Arg – 1 and iNOS at dilution 

1:200, overnight at 4°C. The next day, cells were washed three times 
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in PBS for 5 min and incubated with secondary antibodies: TRITC 

(anti-goat, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at dilution 

1:200 for 1 h at room temperature. Cells were washed three times in 

PBS for 5 min and incubated with phalloidin at dilution 1:500 for 30 

minutes. The slides were mounted with medium containing DAPI 

(4′,6- diamidino-2phenylindole, category no. sc-3598, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) to visualize nuclei. The 

fluorescent images were obtained using a Zeiss Axio Imager Z1 

microscope with Apotome 2 system (Zeiss, Milan, Italy). As a control, 

the specificity of immunostaining was verified by omitting 

incubation with the primary or secondary antibody. 

Immunoreactivity was evaluated considering the signal-to-noise 

ratio of immunofluorescence. 

 

Lactate Concentration Assay 

The spectrophotometric determination of lactate was carried out 

using an Agilent 89090A spectrophotometer (Agilent Technologies, 

Santa Clara Ca, USA) and following the method described by Artiss et 

al. [38]. Briefly, the reaction mixture contained 100 mM Tris–HCl, 1.5 

mM N-ethyl-N-2-hydroxy-3-sulfopropyl-3-methylalanine, 1.7 mM 4-
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aminoantipyrine, and 5 IU horseradish peroxidase. Fifty microliters 

of serum were added to the mixture, let to stand for 5 min and read 

at 545 nm wavelength. The reaction was started with the addition of 

5 IU of lactate oxidase to the cuvette (finale volume = 1 ml) and it was 

considered ended when no change in absorbance was recorded for 

at least 3 min. To calculate lactate in samples, the difference in 

absorbance at 545 nm wavelength (Δabs) of each sample was 

interpolated with a calibration curve obtained by plotting Δabs 

measured in standard solutions of lactate with increasing known 

concentrations. 

 

IGFBP-6 ELISA Test 

Cell culture supernatant collected on 24h from cell-laden hydrogel 

were frozen at −80 °C until use. We determined in culture media the 

quantitative concentrations of IGFBP-6 with IGFBP-6 Human ELISA 

Kit (catalog #EHIGFBP-6, Invitrogen) according to the 

manufacturer’s instructions.  
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Cell Migration 

Cell proliferation was studied by employing the “wound healing” 

assay. Cells were seeded separately in 6-well dishes and cultured 

until confluence. Cells were scraped with a 200-μl micropipette tip 

and monitored at 0 h, 24 h and 48 h. The uncovered wound area was 

measured and quantified at different intervals with ImageJ 1.37v 

(NIH). The experiments were done in quadruplicates. 

 

Clonogenic Assay 

Colony assays performed by seeding cells in 6-well plates at low 

density (5000 cells/well) and allowing growth for 10 days. Colonies 

were fixed, stained with crystal violet and colonies were quantified 

with Operetta high content screening (HCS) System (Perkin Elmer). 

The experiments were done in quadruplicates. 

 

Zebrafish model 

Adult zebrafish (Danio rerio) were housed in the Model Organism 

Facility – Center for Integrative Biology (CIBIO) University of Trento 

and maintained under standard conditions [39]. All zebrafish studies 

were performed according to European and Italian law, D.Lgs. 
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26/2014, authorization 148/2018-PR to M. C. Mione. Fishes with 

somatic and germline expression of oncogenic HRAS were generated 

as described [40, 41].  

The following zebrafish transgenic lines were used in the course of 

this study:  

Et(zic4:Gal4TA4, UAS:mCherry)hzm5  called zic:Gal4 [40] 

Tg(UAS:eGFP-HRAS_G12V)io006  called UAS:RAS [41]  

The characterization of the GBM model is described in detail in 

Mayrhofer et al., 2017 [40]. 

 

Gene expression analysis 

For gene expression analysis of samples, total RNA was extracted 

from larval heads and brains/tumors with TRIzol reagent 

(Invitrogen). Total RNA was cleaned up using RNeasy Mini Kit 

(Qiagen) following the manufacturer’s instructions and treated twice 

with DNase I (1 unit/μg RNA, Qiagen). The RNA concentration was 

quantified using nanodrop2000 (Thermo Fisher) and VILO 

superscript KIT (Thermo Fisher) was used for First-strand cDNA 

synthesis according to the manufacturer’s protocol. qRT-PCR 

analysis was performed using qPCR BIO Sygreen Mix (Resnova - PCR 
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Biosystem) using a standard amplification protocol. The primers 

used for zebrafish igfbp6a were: forward 5’-

TTCAGGAGGAAGCAGTGTCG-3’ and reverse 5’-

CATCGCTTCTCCTACGGGAC-3’; for igfbp6b zebrafish were: forward 

5’-GGCCACATCCTTCACACAGT-3’ and reverse 5’- 

GAGGACCGACACTGCTTTTTC-3’; for zebrafish rps11 

(housekeeping): forward: 5’-ACAGAAATGCCCCTTCACTG-3’ and 

reverse: 5’- GCCTCTTCTCAAAACGGTTG-3’. Real-time PCR was 

performed with a CFX96 Real-Time PCR Detection System (Bio-Rad) 

machine. Q-PCR analysis was performed with Microsoft Excel and 

Graphpad Prism. In all cases, each PCR was performed with triplicate 

samples and repeated with at least two independent samples. 

 

Immunofluorescence in zebrafish 

Adult zebrafish resulting from crosses between zic:Gal4 and 

UAS:RAS, or from somatic expression of UAS:RAS [42], were 

screened under a fluorescent stereomicroscope for the presence of 

GFP-HRASG12V  brain masses. Positive fish (over 90% of screened 

fish) were sacrificed by MS222 overdose, their brains removed, fixed 

and sectioned as previously described.  
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Sections were then washed in PBS (pH 7.4) and incubated primary 

antibodies diluted in PBS containing 5% normal goat serum and 

0.1% triton x-100 at 4°C overnight. The antibody used and their 

dilutions were as follows: L-plastin (Abcam, 1:100). A secondary 

antibody conjugated with Alexa 546 (1:250) was used for 2 hours at 

room temperature, Images were acquired using an inverted Leica 

TSP8 confocal microscope. For whole-mount immunofluorescence of 

5 day postfertilization (dpf) zebrafish, larvae of the zic: Gal4 line 

(controls) or zic:Gal4 x UAS:RAS  line (tumor) were treated with 20 

mM lactate Solutions with the drugs were changed every day starting 

at 1dpf till 5dpf, when the larvae were culled by anesthetic overdose, 

fixed in 4% PFA for 2 to 12 hrs at 4 C, their brains carefully removed 

under a stereomicroscope and processed with Ph3 antibody, diluted 

1:1000 in 5% NGS, 0.5% Triton X100 in PBS overnight. A secondary 

antibody conjugated with Alexa 546 was used for 6 hours at room 

temperature. Images were acquired using an inverted Leica TSP8 

confocal microscope, after equilibrating the brains in 100% glycerol. 
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Glioblastoma biopsies 

Formalin-fixed and paraffin-embedded tissue specimens from 10 

patients affected by GBM were obtained from the surgical pathology 

files at the Anatomic Pathology, Department G.F. Ingrassia, 

University of Catania, Catania, Italy. Multiple sections (at least 5) 

were obtained from formalin-fixed and paraffin-embedded tissue 

specimens. Due to the retrospective nature of the study, no written 

informed consent from patients was obtained. The study included 6 

male and 4 female patients (mean age: 61 years; age range: 41-81). 

According to the World Health Organization criteria, the histologic 

diagnosis of GBM was rendered in presence of the following 

morphological criteria: i) high-grade glioma with astrocytic 

morphology; ii) diffuse growth pattern; iii) foci of necrosis and/or 

microvascular proliferation. 

 

Immunohistochemistry Analysis 

Sections were processed as previously described [43]. Then, the 

sections were incubated overnight at 4 °C with rabbit polyclonal 

anti-IGFBP-6 antibody (Sigma, Milan, Italy), ready to use in PBS 

(Sigma, Milan, Italy) and MIB-1, a monoclonal antibody directed 
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against the Ki-67 antigen (M7240; Dako Corporation, Glostrup, 

Denmark), diluted 1:75 in PBS (Sigma, Milan, Italy). The secondary 

antibody, biotinylated anti-rabbit antibody was applied for 30 min at 

room temperature, followed by the avidin–biotin–peroxidase 

complex (Vector Laboratories, Burlingame, CA, USA) for a further 30 

min at room temperature. The immunoreaction was visualized by 

incubating the sections for 4 min in a 0.1% 3,3'-diaminobenzidine 

(DAB) and 0.02% hydrogen peroxide solution (DAB substrate kit, 

Vector Laboratories, CA, USA). The sections were lightly 

counterstained with Mayer’s hematoxylin (Histolab Products AB, 

Göteborg, Sweden) mounted in GVA mountant (Zymed Laboratories, 

San Francisco, CA, USA) and observed with a Zeiss Axioplan light 

microscope (Carl Zeiss, Oberkochen, Germany). IGFBP6 staining 

(both nuclear and cytoplasmic staining) was semi-quantitatively 

evaluated according to a 0 to 3 scale of Intensity of Staining (IS) and 

to the percentage of positively stained cells (Extent Score, ES; on a 

five-tiered system: <5%; 5–30%; 31–50%; 51–75%; >75%. The 

immunoreactivity score (IRS) has been obtained by multiplying IS 

and ES: low (L-IRS) and high (H-IRS) expression of IGFBP-6 were 

respectively defined as IRS < 6 and IRS ≥ 6. 
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MIB-1 immunohistochemical expression was assessed as low if 

positive in less than 50% of neoplastic cells, as high if positive in 

more than 50% of neoplastic cells. 

 

Transcriptome analysis 

Dataset selection 

The NCBI Gene Expression Omnibus (GEO) database 

(http://www.ncbi.nlm.nih.gov/geo/) [44] was used to select 

transcriptomes datasets of interest. Mesh terms “human”, 

“glioblastoma”, and “tumor grade”, were used to identify the 

datasets. We sorted the datasets by the number of samples (High to 

Low), age and sex of the participants and by the clinical data made 

available by the authors. We selected the GSE108474 dataset [45] 

over the others available for the number of subjects recruited (541), 

for the availability of clinical data (tumor staging) and for the variety 

of tumors analyzed (glioblastoma, oligodendroglioma, astrocytoma 

and normal subjects). 
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Data processing, experimental design and statistics 

To process and identify Significantly Different Expressed Genes 

(SDEG) within the datasets, we used the MultiExperiment Viewer 

(MeV) software (The Institute for Genomic Research (TIGR), J. Craig 

Venter Institute, La Jolla, USA). In cases where multiple genes probes 

have insisted on the same GeneID NCBI, we used those with the 

highest variance. 

For GSE108474 we performed a statistical analysis with GEO2R, 

applying a Benjamini & Hochberg (False discovery rate) [46–48]. 

 

Table 2; Samples selected from GSE108474 

Disease type Number  Grade  

NT 28 Negative 

Astrocytoma  148 G2=65; G3=58; Na=25 

Oligodendroglioma 67 G2=30; G3=23; Na =14 

Glioblastoma 221 G4=130; Na =91 

G= tumor grade; Na= not assigned; NT= non tumor 

 

Significant differences between groups were assessed using the 

Ordinary one-way ANOVA test, and Tukey’s multiple comparisons 

test correction was performed to compare data between all groups. 
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Correlations were determined using Pearson correlation. All tests 

were two-sided and significance was determined at adjusted p value 

0.05. The dataset selected was transformed for the analysis in Z-

score intensity signal. Z score is constructed by taking the ratio of 

weighted mean difference and combined standard deviation 

according to Box and Tiao (1992) [49]. The application of a classical 

method of data normalization, z-score transformation, provides a 

way of standardizing data across a wide range of experiments and 

allows the comparison of microarray data independent of the 

original hybridization intensities. The z-score it is considered a 

reliable procedure for this type of analysis and can be considered a 

state-of-the-art method, as demonstrated by the numerous 

bibliography [50, 51, 60, 61, 52–59]. The efficiency of each 

biomarker across the different tumor grade was assessed by the 

receiver operating characteristic (ROC) curve analyses [62–64]. The 

ROC curves analyzed brain biopsies of healthy subjects (NT) vs 

glioblastoma patients, astrocytoma vs glioblastoma, and 

oligodendroglioma vs glioblastoma. The area under the ROC curve 

(AUC) and its 95% confidence interval (95% CI) indicates diagnostic 
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efficiency. The accuracy of the test with the percent error is reported 

[65]. 

 

Statistical Analysis 

Statistical analysis was performed using SPSS11.0 software. 

Statistical significance (p < 0.05) of differences between 

experimental groups was determined by the Fisher method for 

analysis of multiple comparisons. For comparison between 

treatment groups, the null hypothesis was tested by either single-

factor analysis of variance (ANOVA) for multiple groups or the 

unpaired t-test for two groups, and the data are presented as mean ± 

SD. 
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RESULTS 

 
Lactate induces the expression of MCT1 promoting an oxidative 

metabolism in microglia cells 

We firstly aimed at evaluating the effect of lactate on viability in 

microglia cells. As shown in Figure 1A, Lactate 20mM (48h) did not 

affect viability, and resulted in a significant increase of cell number 

(% 135.67 ± 10.03) compared to untreated control cells (% 100 ± 

3.7). Therefore, we used this concentration for subsequent 

experiments. We then evaluated the effect of lactate on MCTs 

expression and in mitochondrial metabolism concerning 

mitochondrial biogenesis and oxidative phosphorylation in 

microglia cells. Our results with microglial cells showed a significant 

increase in relative mRNA levels of MCT1 (6.97 ± 0.55) and MCT4 

(2.57 ± 0.3) when exposed to lactate for 24 or 48 hours as compared 

to untreated control cells (Figure 1B-C). These results were further 

confirmed by western blot analysis, which showed that lactate 

exposure (24 and 48 hours) induced a significant increase in MCT1 

expression levels (24h: 1.25 ± 0.03, 48h:1.43 ± 0.07 lactate vs 0.95 ± 

0.09 control) (Figure 1D-E). Because oxidative cancer cells 
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expressing MCT1 are capable of taking up lactate secreted by 

glycolytic cancer cells [66], we analyzed mRNA expression of a panel 

of genes involved in mitochondrial metabolism. Our results showed 

that lactate treatment induced a significant change in the expression 

of genes involved in mitochondrial biogenesis and oxidative 

phosphorylation. As shown in Figure 1F-L, following 24 or 48 hour 

of Lactate exposition, microglia cells showed a significant increase of 

the relative mRNA levels of PGC1𝜶 (48h: 6.97 ± 0.23, Figure 1F) and 

TFAM (24h: 1.2 ± 0.05, Figure 1G), coupled with an overall increase 

of COX IV (24h: 1.23 ±0.07, Figure 1I), COX II (24h: 1.40 ± 0.18, 

Figure 1J), CyTB (24h: 1.45 ± 0.13, Figure 1K) and ND4 (24h: 1.53 ± 

0.11, Figure 1L) compared to untreated control cells. We also 

performed analysis of mitotracker fluorescence intensity on control 

versus lactate treated cells, showing that lactate was able to 

significantly increase cytoplasm mitotracker intensity 18 hrs 

following treatment (Figure 1M). 
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Lactate promotes microglia M2 polarization through the 

expression of IGFBP-6 

To further confirm whether lactate serves as an oncometabolite 

driving microglia M2-polarization in TME and promoting tumor 

progression, we assessed the effect of Lactate exposure on the 

expression of M1 and M2 microglia polarization markers. Firstly, we 

evaluated the expression of Arg1, CD206, CD163, TGFß, IL6 and 

TNF𝜶 genes. Our data suggested that following 24 and 48 hours, 

Lactate treatment showed significantly increase in relative mRNA 

expression levels of M2-markers Arg1 (24h: 2.70 ± 0.23, 48h: 2.50 ± 

0.14, Figure 2A), CD206 (24h: 2.37 ± 0.09, 48h: 4.25 ± 0.12, Figure 

2B), CD163 (48h: 4.47 ± 0.34, Figure 2C), TGFß (24h: 2.67 ± 0.27, 

48h: 2.68 ± 0.23, Figure 2D) and IL6 (24h: 1.77 ± 0.18, 48h: 1.55 ± 

0.08 Figure 2E). Consistently, these results were confirmed by 

immunocytochemistry analysis, showing that Lactate treated cells 

(72 hours) showed lower levels of iNOS (M1-marker) and higher 

levels of Arg1 (M2-marker) compared to their untreated control cells 

(Figure 2G-H).  

Given the evidence on cellular modulation exerted by increased 

extracellular levels of lactate, we sought to link molecular 
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mechanisms underlying these phenomena with the expression of 

Insulin Growth Factor Protein Binding 6 (IGFBP-6). To this end, we 

first analyzed whether lactate was able to increase the expression of 

IGFBP-6 and, as shown in Figure 3A-B, treatment with lactate in 

microglia cells resulted in a significant increase in both relative of 

mRNA (24h: 2.02 ± 0.14, Figure 3A) and protein (24h: 3.77 ± 0.21, 

Figure 3B) expression levels compared with untreated control cells. 

These data were confirmed by the ELISA test performed on the cell 

culture supernatant (1752.6 ug ± 123.5 lactate versus 83.6 ug ± 1.29 

control, Figure 3C). Then, we treated the microglia cells with the 

recombinant protein IGFBP-6 (400 ng/mL) for 24 and 48 hours and 

evaluated whether IGFBP-6 was also able to promote oxidative 

metabolism and M2 polarization.  Consistently, we showed that, 

similarly to lactate, also IGFBP-6 was able to induce a significant 

increase in relative mRNA expression levels of genes involved in 

oxidative phosphorylation pathway, i.e. ATPsyn (24h: 2.14 ± 0.21, 

Figure 3D), COX IV (24h: 3.69 ± 0.44, Figure 3E), COX II (24h: 1.32 ± 

0.15, Figure 3F), CyTB (24h: 14.59 ± 0.8, Figure 3G) and ND4 (24h: 

14.21 ± 1.2, Figure 3H), confirming that IGFBP-6 promotes oxidative 

metabolism in microglia cells. These data were confirmed by analysis 
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of mitotracker fluorescence intensity, showing that IGFBP-6 treated 

cells showed significantly increase in cytoplasm mitotracker 

intensity 18 hrs post treatment compared to control cells (Figure 

3M). Then, we evaluated the effect on M1 and M2 markers, as shown 

in Figure 3 J-O. In this regard, our results showed an increase in Arg1 

(24h: 14.21 ± 1.2, 48h: 1.87 ± 0.36, Figure 3J), CD206 (48h: 1.80 ± 

0.36, Figure 3K), CD163 (48h: 2.09 ± 0.45, Figure 3L) and a decrease 

in TNF𝜶 (48h: 0.14 ± 0.03, Figure 3M) mRNA expression levels in 

IGFBP-6 treated microglia cells compared to untreated control cells. 

Furthermore, we confirmed these results by immunocytochemistry 

analysis, which showed a reduction in iNOS (Figure 3N) expression 

and an increase in Arg1 (Figure 3O) expression following 72 hours 

of IGFBP-6 treatment compared to untreated cells. 

 

IGFBP-6 enhances migration and colony formation capacity in 

glioblastoma cells 

Microglia plays an important role in the microenvironment that 

supports Glioblastoma progression. Since lactate promotes tumor 

proliferation and migration in GBM cells, we evaluated the effect of 

lactate on IGFBP-6 expression and the effect of IGFBP-6 exposure in 
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three human GBM lines (i.e. U-87 MG, A172 and U-251). 

Interestingly, Our results showed that in three GBM cell lines (U-87 

MG, A172 and U-251), Lactate induces a significant increase in 

relative IGFB-6 mRNA expression levels following 24 hours (U-87 

MG: 10.48 ± 0.8; A172: 12.79 ± 1.2; U-251: 2.11 ± 0.16, Figure 4A) 

and 48 hours (U-87 MG: 19.16 ± 2.9; A172: 4.96 ± 0.3; U-251: 4.02 ± 

0.3, Figure 4A) of treatment compared to their untreated control 

cells. Similarly, we evaluated IGFBP-6 production in cell culture 

supernatant following 24 hours of lactate treatment, showing that 

IGFBP-6 production was significantly increased in the supernatant of 

lactate treated U-87 MG (3.87 ug/mL ± 0.46, Figure 4B) cells 

compared to control cells (0.089 ug/mL ± 0.01, Figure 4B). The same 

results were observed in A172 (4.34 ug/mL ± 0.09 lactate versus 

0.23 ug/mL ± 0.04, Figure 4B) and U-251 (3.54 ug/mL ± 0.25 lactate 

versus 0.07 ug/mL ± 0.01 control, Figure 4B) cells. Therefore, in 

order to find a link between lactate and IGFBP-6, we also evaluated 

lactate production in supernatants of IGFBP-6-treated GBM cells and 

whether IGFBP-6 exposition affects expression of metabolic 

enzymes and cell migration on GBM cell lines. Interestingly, our 

results showed a significant increase in lactate production in 
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supernatants of IGFBP-6-treated cells, in all three tested cell lines 

U87 - MG (6.97 mM ± 0.3 lactate versus 6.01 mM ± 0.3 control, Figure 

4C), A172 (8.5 mM ± 0.7 lactate versus 7.1 mM ± 0.05 control, Figure 

4E) and U251 (8.65 mM ± 0.6 lactate versus 7.8 ± 0.16 control, 

Figure 4G). Furthermore, exposure to IGFBP-6 for 24 hours in GBM 

cells resulted in a significant increase in LDHA mRNA levels in U87-

MG (1.75 ± 0.15, Figure 4D), A172 (36.9 ± 3.9, Figure 4F) and U251 

(27.2 ± 3.2, Figure 4H) compared to their control cells, a significant 

increase in HK2 mRNA expression levels in all three cell lines (Figure 

4D – H), and a significant increase in ENO1 mRNA expression levels 

only in U87 - MG and A172 cells but not in U251 (Figure 4D – H). 

Consistently, we observed a reduced % of wideness of scratch assay 

test at 48 hours in U-87 MG (9.08 % ± 2.73 IGFBP-6 versus 29.9 % ± 

3.9 control, Figure 4J), A172 (3.86 % ± 2.3 IGFBP-6 versus 13.84 % 

± 4.9 control, Figure 4K-4I) and U-251 (7.25 % ± 2.01 IGFBP-6 

versus 39.97 % ± 2.5 control, Figure 4L) cells. We also confirmed the 

effects of IGFBP-6 on colony formation capacity, finding a 

significantly increased in n° of colonies (53.25 ± 3.7 IGFBP-6 versus 

32.75 ± 3.31 control, Figure 4M-N) but not in the growth area of each 

colony in U-87 MG cells (Figure 4M-O). Whereas, in the A172 cells 
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we observed a significant increase in both the number of colonies 

(89.25 ± 2.21 IGFBP-6 versus 48.75 ± 11.6 control, Figure 4P-Q) and 

the area of the colonies (1.83 mm2 ± 0.16 IGFBP-6 versus 0.93 mm2 

± 0.01 control, Figure 4P-R). Same results were obtained for U-251 

cells, showing an increase in number of colonies (436.5 ± 17.8 IGFBP-

6 versus 212 ± 44.2 control, Figure 4S-T) and in area of colonies (0.4 

mm2 ± 0.06 IGFBP-6 versus 0.13 mm2 ± 0.01 control, Figure 4S-U). 

 

Lactate induces changes in microglia and IGFB-6 and expression 

in a zebrafish brain tumor model   

To investigated whether lactate accumulation affect microglia in 

vivo, we used a zebrafish model of Glioblastoma [37] (Figure 5A), 

and analyzed the igfbp6 expression of these tumors. Our results 

showed that lactate exposure in the tumor brain leads to an increase 

in the number of microglia and a change in the morphology of the 

microglia. Hence, in order to analyze whether the effect of lactate on 

igfbp6 expression has similar effects in vivo, we analyzed the 

expression of the two isoforms of igfbp6 in healthy brain and 

zebrafish brain tumor after exposure to lactate. Interestingly, our 

results showed that there are no significant differences in the 
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expression of the igfbp6a isoform in both healthy and tumor 

zebrafish brains after lactate exposure compared to untreated brains 

(Figure 5B-C). Moreover we showed no difference in the expression 

of the igfbp6b isoform in the healthy brain (Figure 5D) but a 

significant up-regulation of the igfbp6b isoform expression in the 

lactate-exposed zebrafish tumor brain compared to the untreated 

tumor brain (8.78 ± 3.3 Ras + Lactate vs 1.03 ± 0.02 Ras, Figure 5E). 

 

IGFBP-6 was modulated in GBM patients 

Across the whole cohort of GBM patients, the immunohistochemical 

expression of IGFBP-6 was high (IRS ≥ 6) in 5 cases (50%) and low 

(IRS < 6) in the remaining 5 cases (50%). Interestingly, all cases (5 

out of 5) that showed high immunohistochemical expression of 

IGFBP-6, also exhibited MIB-1 levels > 50% (Figure 6); conversely, 

the remaining cases (5 out of 5) with low IGFBP-6 

immunoexpression had low MIB-1 proliferative rates (<50%). A 

positive correlation was found between IGFBP-6 

immunohistochemical expression and MIB-1 proliferative rate in all 

GBM cases examined. 
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IGFBP6 gene expression analysis in human glioma 

The IGFBP6 gene expression analysis obtained from the GSE108474 

dataset showed that there were significant differences when the 

expression levels obtained from brain biopsies of glioblastoma 

patients were compared to the other brain tumors stages. (Figure 

6). Specifically, patients with glioblastoma expressed significantly 

higher levels of the IGFBP6 messenger in the brain than patients with 

oligodendroglioma (p<0.0001), astrocytoma (p<0.0001), or healthy 

subjects (p<0.0001) (figure 6a). This finding was confirmed by the 

significantly positive correlation between IGFBP6 expression levels 

and tumor grade (r = 0.3926; p p<0.0001) (Figure 6B). According to 

these results, we investigatated the prognostic potential of IGFBP6 

expression in the progression of main brain tumors. Currently the 

expression analysis of Isocitrate Dehydrogenase (NADP (+)) 1 

(IDH1) and the identification of its main mutations (e.g. R132H) are 

used for glioma diagnosis and prognosis [67]. By carrying out a 

Pearson correlation analysis between IGFBP6 and IDH1 brain tumor 

expression levels, we highlighted that in glioblastoma patients the 

expression levels of the two genes were significantly closely 

inversely correlated (r = -0.3743, p <0.0001) (Figure 6C). 
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Furthermore, in order to evaluate the potential diagnostic ability of 

IGFBP6 gene expression to discriminate against the brain tumors 

stages, we performed a Receiver operating characteristic (ROC) 

analysis. We confirmed the diagnostic ability of IGFBP6 to 

discriminate the glioblastoma patients from healthy subjects 

(AUC=0.826, p<0.0001) (Figure 6D) or from the patients affected to 

astrocytoma (AUC=0.753, p<0.0001) (Figure 6E) or 

oligodendrocitoma (AUC=0.748, p<0.0001) (Figure 6F).  
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DISCUSSION 

The extensive production of acidic metabolites and the enhanced 

acid export to the extracellular space results in a significant 

acidification of TME, thus promoting the formation of an acid-

resistant tumor cell population with increased invasiveness and 

metastatic potential [68]. Lactic acidosis has been reported in the 

TME of several tumors including GBM [69], triggering a series of 

biochemical mechanisms that modify cell metabolism and signaling; 

furthermore a variety of oncogenic and environmental factors alter 

tumor metabolism to meet the distinct cellular biosynthetic and 

bioenergetic needs present during oncogenesis [70]. Among the 

most interesting biological processes that are reshaping cell 

metabolism, those that recap developmental processes, such as the 

one involving IGFBP-6, hold great potential to understand tumor-

related biological processes such as cell proliferation, migration, 

senescence and changes in metabolism [71]. For this purpose, we 

aimed at studying a potential crosstalk between lactate and IGFBP-6 

in microglial cells and the impact of this interaction on TME and GBM 

progression. Several studies showed that in the early phases of the 
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disease, GAMs are abundant in the tumor mass and infiltrate TME 

contributing to tumorigenesis [14, 72, 73]. 

We first showed that exposing microglia cells to lactate results in a 

significant increase in MCT1 gene and protein expression, 

responsible for the influx of lactate into the cell and involved in a 

lactate shuttle to provide energetic support. Consistent with our 

data, Moreira et al. demonstrated for the first time that microglia 

express the monocarboxylic transporter (MCT) 1 and 2 and take up 

lactate and ketones [74]. Our data also showed that lactate also 

induces a significant up-regulation of genes involved in oxidative 

phosphorylation. Interestingly, MCT1 has a high affinity for lactate 

and is preferentially expressed in oxidative cells that take up lactate 

[75–77]. In oxidative cells, lactate reacts intracellularly with NAD+ to 

yield pyruvate, NADH and H+ (the LDHB reaction), and both 

pyruvate and NADH can fuel the TCA cycle and OXPHOS in 

mitochondria, which depends on the malate–aspartate shuttle for 

the mitochondrial import of NADH [77, 78]. Interestingly, Gasior M. 

et al. showed that a ketogenic diet correlates with a suppression of 

microglia activation [79–81]. Therefore, we verified the ability of 

lactate to promote M2 polarization (immunosuppressive 
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phenotype) of microglia, showing both by RT-PCR and 

immunocytochemical analysis an increase in the expression of M2 

markers (i.e., Arg-1, CD 206, CD 163) and a decrease in M1 markers 

(iNOS) in treated cells as compared to untreated cells, suggesting 

that lactate was able to induce modification of microglia metabolic 

functions. Recent data have confirmed the link between metabolism 

and microglia polarization, similar to traditional macrophages. Our 

data are consistent with a study by Xianmin Mu et al., in which they 

demonstrate that tumor-derived lactate induced M2 macrophage 

polarization [82], via ERK / STAT3 signaling, which then facilitates 

angiogenesis, cancer cell migration, and invasion and that lactate is 

correlated with cell re-education in the TME  [26]. Moreover,  

increased glycolysis is observed in M1-like microglia, which is 

dependent on the increase of hexokinase and lactate dehydrogenase 

activity, and high expression of GLUT1 [83, 84]. Another study by 

Colegio et al. found that tumor-associated macrophage (TAM) 

polarization is dependent on tumor-derived lactic acid, and the 

mechanism is mediated by hypoxia-inducible factor 1α (HIF1α) [26, 

85]. The pathways, driven by lactate, that elicit M2-like functional 

polarization of TAMs are still not fully elucidated. Many signals are 
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involved in M2-like macrophage polarization, for instance, ERK1/2, 

STAT3, HIF1α,  STAT6 and so forth, can polarizes macrophage via a 

number of signaling pathways [82, 86, 87]. Furthermore, several 

studies also showed that lactic acid was sufficient to induce 

macrophage polarization via pH acidification of TME [82, 88, 89], 

even if cellular mechanisms and molecular pathways involved in 

such a modulation are still unknown  [85]. 

Thus, given the evidence on cellular modulation exerted by 

increased extracellular levels of lactate, we sought to link metabolic 

reshaping with IGFBP-6 and found that lactate modulates microglia 

M2 polarization and remodels tumor microenvironment in 

glioblastoma through IGFBP-6. 

Interestingly, we found that microglia exposed to lactate 

showed a significant increase in both gene and protein expression of 

IGFBP-6, and this was confirmed by measuring the levels of IGFBP-6 

in the supernatant of lactate-treated cells, which showed a 

significant increase in the production of IGFBP-6 compared to 

control cells and its release to the extracellular milieu. These data 

suggest that lactate influences IGFBP-6 signaling. This is in line with 

the well-known IGF system role and its interaction with cell 
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metabolism [90]. The regulation of IGF actions is of paramount 

importance due to their potential contribution to a number of 

common disease processes, including cancer [90]. Surprisingly, 

IGFBP-6 treatment was also able to upregulate oxidative 

phosphorylation and to induced an immunosuppressive phenotype 

in microglia cells. These data are consistent with the study of Chesik 

D. et al., in which they examined the expression of IGFBPs (from 1 to 

-6) in primary rat microglia cultures under basal conditions and after 

stimulation with LPS, one of the classic activators of microglia, 

demonstrating that stimulation of microglia by LPS led to a down-

regulation of IGFBP-4, -5 and -6 [91].  

In recent years, IGFBP-6 has been shown to inhibit IGF-II [92–94] 

and to modulate nuclear transcription of genes involved in 

differentiation and survival, leading to increase cell migration 

[95][96–98]. Indeed, GBM cells exposed to IGFBP-6 significantly 

increased LDHA mRNA expression, thus confirming the existence of 

IGFBP-6 to lactate axis that increases cell proliferation and colony-

forming capacity. This finding was confirmed on our cohort of GBM 

specimens; we studied the relationship between the 

immunohistochemical expression of IGFBP-6 and MIB-1, a widely 
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used marker of the tumor proliferative activity, and found that a 

positive correlation between these two markers did exist. In our 

series, while GBM cases that showed MIB-1 levels >50%, exhibited a 

strong and diffuse positivity for anti-IGFB6 antibody, those with low 

MIB-1 proliferative index (<50%) were weakly and patchly stained 

with IGFB6. Based on these findings, it can be hypothesized that 

IGFBP-6 may be used in the future as easily detectable prognostic 

marker of GBM, predictor of increased tumor aggressiveness. 

Besides the role of microglia-derived IGFBP-6 on GBM cells, 

we also observed that conditioned medium from IGFBP-6 treated 

GBM cells is able to modulate microglia polarization, inducing an M2-

like phenotype. Consistent with these data, Li et al. showed that in 

GBM, microglial cells have been shown to have a pro-tumor 

phenotype that is associated with the M2-like phenotype of 

macrophages due to its expression of specific factors, such as ILs, 

transforming growth factor beta 1 (TGF-β1), monocyte 

chemoattractant protein (MCP-1), and prostaglandin E2 (PGE-2) 

[14]. At the same time, the glial cells from TME also release factors 

that support GBM growth. Furthermore, other studies of 

Hambardzumyan et al. and Lisi et al. suggested that in the case of 
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GBM, glioma cells are able to suppress the microglial M1-like 

phenotype and induce an M2 anti-inflammatory phenotype through 

the above-mentioned cytokines and chemokines, which in turn 

induce microglial cells to release different factors that will stimulate 

tumor growth [99, 100]. Moreover, the presence of microglial M2-

like phenotype has been associated with the aggressiveness and 

poor prognosis in GBM patients [101–103] . These results are 

consistent with hallmarks of microglial activation seen in cases of 

disease and histopathological analysis of GBM tumors [104, 105]. 

Interestingly, several studies have shown that IGFBP-3, known to 

regulate cell proliferation, was also increased in GBM-microglia 

crosstalk, though its role in cancer progression remains to be fully 

understood [106–108]. 

Further confirmation of our study was obtained by analyzing the 

human GSE108474 dataset. The analysis allowed us to highlight that 

IGFBP6 is significantly modulated during the progression of the 

disease. In particular, significant expression changes were 

highlighted with the increase in the degree of malignancy. 

Furthermore, our results showed that IGFBP6 can potentially be 

used in order to discriminate patients with glioblastoma versus 
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those with astrocytoma and oligodendroglioma. These data are in 

agreement with the current bibliography which considers IGFBP6 a 

prognostic biomarker in human glioblastoma [109]. Interestingly, 

the correlation analysis between IGFBP6 and IDH1 brain expression 

levels in glioblastoma patients was inversely proportional. 

Currently, no data is available in the literature that confirms or 

refutes the correlation that has been highlighted between IGFBP6 

and IDH1 during our analysis. This result could be considered a good 

starting point for future investigation. 

In conclusion, our results demonstrate that IGFBP-6 

modulates polarization of microglia and that its expression is 

regulated by lactate production in GBM cells suggesting the existence 

of a lactate to IGFBP-6 crosstalk between microglial cells and GBM 

and this relationship modulates TME, which could affect tumor 

progression and resistance to therapy and that the complex network 

of interaction between microglial cells and GBM could be a potential 

therapeutic target to overcome tumor malignancy. 
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Figures Legends 

Figure 1. Lactate induces the expression of MCT1, promoting an oxidative 

metabolism in microglia cells. Effect of Lactate on (A) cell viability, (B) MCT1 

and (C) MCT4 mRNA expression levels, and (D - E) MCT1 protein expression levels, 

in microglia cells. Evaluation of relative mRNA expression levels of (F) PGC1a, (G) 

TFAM, (H) ATPsyn, (I) COX IV, (J) COX II, (K) CyTB, (L) ND4, following 24 and 48 

hours of lactate exposition, analyzed by Real time PCR. The calculated value of 2-

ΔΔCt in untreated controls is 1. (M) Cytoplasm Mitotracker Intensity. Data are 

expressed as mean ± SD of at least four independent experiments. (*p<0.05; 

**p<0.005; ***p<0.001; ****p<0.0001). 

 

Figure 2. Lactate promotes M2 polarization of microglia.  Evaluation of relative 

mRNA expression levels of (A) Arg1, (B) CD 206, (C) CD 163, (D) TGF b, (E) IL6, (F) 

TNF a, following 24 and 48 hours of lactate exposition, analyzed by Real time PCR. 

The calculated value of 2-ΔΔCt in untreated controls is 1. Immunocytochemistry 

analysis of (G) iNOS and (H) Arg1, following 72 hours of lactate treatment. Data 

are expressed as mean ± SD of at least four independent experiments. (*p<0.05; 

**p<0.005; ***p<0.001; ****p<0.0001). 

 

Figure 3. Lactate induces IGFBP-6 expression which promotes M2 

polarization of microglia. Effect of Lactate on IGFBP-6 (A) mRNA expression 

levels, (B) protein expression and (C) production in microglia cells. Evaluation of 

relative mRNA expression levels of (D) ATPsyn, (E) COX IV, (F) COX II, (G) CyTB, (H) 

ND4. (I) Citoplasm Mitoracker Intensity. Evaluation of Evaluation of relative mRNA 
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expression levels of (J) Arg1, (K) CD 206, (L) CD 163 and (M) TNF a, analyzed by 

Real time PCR. The calculated value of 2-ΔΔCt in untreated controls is 1. 

Immunocytochemistry analysis of (N) iNOS and (O) Arg1, following 72 hours of 

IGFBP-6 treatment. Data are expressed as mean ± SD of at least four independent 

experiments. (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). 

 

Figure 4. IGFBP-6 enhances migratory and colony formation capacity in 

glioblastoma cells. Effect of Lactate on IGFBP-6 (A) mRNA expression levels and 

(B) production in Glioblastoma cells. Effect of IGFBP-6 treatment on Lactate 

production in (C) U87 – MG, (E) A172 and (G) U251 cells. Evaluation of mRNA 

expression levels of LDHA, ENO1 and HK2 in (D) U87 – MG, (F) A172 and (H) U251 

cells. Effect of IGFBP-6 treatment on migratory capacity (I-L) and colony formation 

capacity (M-U) in Glioblastoma cells. Data are expressed as mean ± SD of at least 

four independent experiments. (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). 

 

Figure 5. IGFBP-6 produced by glioblastoma cells promote microglia M2 

polarization.  

Whole mounts immunofluorescence of L-plastin microglia cells in controls and in 

HRAS overexpressing 5dpi zebrafish treated or not with 20 um lactate. Gene 

expression analysis through q-PCR expressed as fold changes compared to 

controls, at 5dpf and in the adult tumors. Values represent the means ± SEM of 

experiments performed in triplicate. p values < 0.05 were considered to be 

statistically significant (*p < 0.05 vs controls). 
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Figure 6. IGFBP-6 was modulated in GBM patients.  

Analysis of IGFBP6 gene expression in brain biopsies of patients with astrocytoma, 

oligodendrocytoma, glioblastoma, and healthy subjects. b) Pearson correlation 

analysis between IGFBP6 expression levels and tumor grade of brain biopsies 

obtained from patients affected by main brain tumors. c) Pearson's correlation 

between IGFBP6  and IDH1 expression levels in brain biopsies of patients with 

glioblastoma. d) Receiver operating characteristic (ROC) analysis between IGFBP6 

brain expression levels in healthy subjects vs glioblastoma patients, between 

glioblastoma patients vs astrocytoma patients (e), and vs oligodendrocytoma (f). 

Data are expressed as mean ± SD of at least four independent experiments. 

(*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). 
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GENERAL DISCUSSION AND CONCLUSIONS 
 
 
 
 

The first part of the present project aimed to investigate the 

role of lactate and GPR81 agonist (3,5 – DHBA) in Glioblastoma 

progression and metabolism both in an in vitro and in vivo model.  

Firstly, we evaluated the effect of lactate and its receptor 

stimulation in cell proliferation, cell migration and colony formation 

capacity. In this regard, we used three human Glioblastoma cell lines 

(i.e., U-87 MG, A-172 and U-251 MG). Our results showed that both 

Lactate (20 mM) and 3,5 – DHBA (150 uM) result in a significant 

increase in cell proliferation, cell migration and colony formation 

capacity in all three tested cell lines, compared to their untreated 

cells. Several authors showed that stimulation of GPR81 leads to the 

activation of cell survival signaling promoting cell proliferation via the 

inhibition of apoptosis and stimulates the secretion of several angiogenic 
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factors in a PI3K/Akt-CREB signaling pathway-dependent manner [322]. 

Consistently, another study of Brown, T.P. et al. showed that lactate 

receptor GPR81 is important as drivers of tumor growth [323].   

Gliomas exhibit high glycolytic rates, and MCTs play a major role 

in the maintenance of the glycolytic metabolism through the proton-

linked transmembrane transport of lactate [324]. Over the years, in fact, 

the study of the metabolic reprogramming of cancer cells has assumed 

considerable importance; these, at least in the early stages of the disease, 

are reprogrammed to preferentially use glycolysis rather than OXPHOS 

for energy production. This phenomenon, called Warburg effect, 

involves the excessive conversion of glucose into lactate, with a 

consequent increase in the concentration of lactate which in tumors can 

reach 40 mM, while in physiological conditions the concentration is 

about 1.8-2. mM. Therefore, lactate trafficking in cancer cells is regulated 

by lactate MCTs which also regulate cell metabolism. MCT1 

(responsible for the influx of lactate inside the cell) is preferentially 
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expressed in oxidative cells, while MCT4 (responsible for the efflux of 

lactate towards the outside of the cell) in glycolytic cells. Therefore, to 

link lactate as a positive modulator of cell proliferation and migration and 

to determine the metabolic phenotype of the cells under examination, we 

analyzed the expression of MCT1 and MCT4 proteins. Our results 

showed that all three cell lines exhibited significant MCT1 up-regulation, 

and only two of the cell lines (A-172 and U-251 MG) exhibited 

significant increases in MCT4 expression, while in U-87 MG we showed 

a significant decrease in MCT4 expression. These results are in 

accordance with the study of Froberg et al. [325], who showed that 

MCT1 was upregulated in glioblastoma tissues (n=17), compared 

with normal brain and low-grade astrocytomas (n=14). Our results 

are, also, consistent with previous study, in which it was shown that 

There was a significant increase in MCT1, MCT4, and CD147 

expressions in human glioblastomas samples, compared to 

nontumoral tissues [324].  The same study also demonstrated that 
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inhibition of expression of one of the lactate transposers, MCT1, 

resulted in a reduction in cell migration and lactate production. 

Moreover, our data suggest that U-87 MG have a different response 

as compared to the other cell lines in terms of timing to repurpose 

their transporters and metabolism. Indeed, upon 3,5-DHBA 

stimulation of HCAR1 we observed a significant increase of MCT4 in 

U-87 MG, where we obtained contrasting results for A-172 and U-

251 MG.  

This set of experiments suggest that HCAR1 activation 

induces MCT1 increase, thus mediating lactate intake in stimulated 

cells. It is therefore conceivable that intercellular metabolism and 

mitochondrial content are closely related to HCAR1 activation by 

several pathways including lactate as a metabolite and other 

receptor-mediated mechanisms. To this regard, Zaho Y., et al., 

showed that increasing lactate concentration in liver tumor 

microenvironment could activate HCAR1 receptor and facilitate 



 241 

MCT1-mediated uptake of lactate, leading to increased ATP 

production and decrease of the AMP:ATP ratio in the intracellular 

compartment [326]. 

Thus, upregulation of MCTs likely plays an important role in glioma 

intracellular homeostasis and, thus, contributes to its high 

aggressiveness [324].  

 Several studies showed that MCTs are involved in metabolic 

reprogramming in cancer cells. To this regard we examined the effect 

of Lactate and its receptor stimulation in the expression of genes 

involved in mitochondrial metabolism, showing that both lactate and 

GPR81 agonist induce a significant increase in PGC1a, TFAM and 

SIRT1 gene expression, suggesting that lactate (both as a metabolite 

and as a signal molecule) promotes mitochondrial biogenesis, and 

also induce a significant increase in genes involved in OXPHOS, in all 

three tested cell lines. Tumor cells stimulate mitochondrial biogenesis 

not only for proliferation but also for promoting malignant 
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transformation, in migration and invasiveness and during tumor 

adaptation to hypoxia [327,328]. As previously mentioned, we observed 

an increase of mitochondrial biogenesis in GBM cell treated with lactate 

or HCAR1 inducer, this phenomenon could be due to the increase of 

lactate uptake after MCT1 overproduction. Moreover, we also showed 

that the increase of mitochondrial mass also induces an increase of 

OXPHOS gene expression. Exogenous treatment of lactate in various 

tumor cell lines induced an increase in ROS levels. We hypothesize that 

this latter increase in oxidative state determines an enhances of 

mitochondrial biogenesis such as showed by increase of PGC1a, SIRT1 

expression and oxidative genes [329–331]. 

Interestingly, our results indicate also that HCAR1 activation promotes 

the modulation of b-catenin and e-cadherin expression suggesting that 

lactate participates to the epithelial-mesenchymal transition (EMT) in 

GBM. several studies have been conducted investigating the metabolic 

changes during EMT in breast, lung, and ovarian cancers, following an 
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increased recognition of metabolic reprogramming as a hallmark of 

tumor development [332–334].  

Given the insights coming from in vitro experiment on relevant 

human GBM cell lines, we enrolled a HRAS overexpressing zebrafish 

model of GBM. Our data confirmed that tumor microenvironment 

induced HCAR1 upregulation and this was coupled with a significantly 

increased proton leak and less efficient ATP production. 

Lactate exposition determined a significant increase in proliferating PH3 

positive cells in RAS-overexpressing zebrafish brain, and this was 

reverted by selective inhibition of MCT1. This evidence suggest that 

lactate intake support cell proliferation and that metabolic reshaping is a 

critical stimulus in GBM microenvironment. Our data from human GBM 

biopsies were also consistent with preclinical evidence we are providing 

herein. We observed that in high proliferative GBM biopsies, Ki67 

negative cells were expressing significantly higher levels of MCT1 as 

compared to proliferative cells and low proliferative GBM cells. This 
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indicates that GBM cells response to lactate, besides sustaining metabolic 

reshaping and response, it favours proliferation of neighborhood cells by 

cooperating with their glycolytic metabolism, sensing and removing 

extracellular lactate. Our data is consistent with other studies in patients 

with advanced cancer showing that MCT-1 inhibition may provide a 

significant role in cancer growth and progression and may represent a 

druggable target for development of new therapeutic strategies 

(ClinicalTrials.gov identifier (NCT number): NCT01791595). 

In the second part of the present project, we studied the crosstalk 

between lactate and IGFBP6 in microglial cells and how such 

interaction modulates TME and the GBM progression.  

The extensive production of acidic metabolites and the 

enhanced acid export to the extracellular space results in a 

significant acidification of TME, thus promoting the formation of an 

acid-resistant tumor cell population with increased invasive and 

metastatic potential [335]. Furthermore, several studies showed that 
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in early phases of the disease, Glioma-associated 

microglia/macrophages (GAMs) are abundant in the tumor mass and 

infiltrate TME thus contributing to tumorigenesis [166,167,336] and 

it has recently been suggested that IGFBP6 is involved in such 

mechanisms by also modulating important biological processes, 

including cell proliferation, survival, migration [319], senescence, 

autophagy and angiogenesis [337], metabolism, maintenance and 

stem cell differentiation and immune regulation [301,338,339], and 

although it appears to exert an inhibitory effect on the tumorigenic 

properties of IGF-II [309,312], this protein has been raising a 

growing interest for its properties in promoting cancer cell 

migration [340–342]. We firstly studied the effect of lactate on 

microglia metabolism, showing that the direct exposure of microglia 

cells to lactate (20 mM) results in an increase in mitochondrial 

metabolism. Consistently with our data, Lauro C et al., and Cherry JD 

et al., in their studies showed that a metabolic switch toward 
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oxidative metabolism might contribute to promote protective 

microglia in some pathophysiological conditions, resulting in the 

production of metabolites beneficial for neurons [343,344]. 

Furthermore, in our study, Lactate was able to induce microglia M2 

polarization. This is in agreement with the results of a study by 

Xianmin Mu et al. [345]where it appears that lactate is a key 

oncometabolite in TME that drives M2 polarization of macrophages 

to promote breast cancer proliferation, migration and angiogenesis 

through activation of the ERK/STAT3 pathway. Furthermore, the 

metabolism of lactate is particularly relevant not only for the 

metabolic balance between hypoxic (lactate-generating) and 

normoxic (important lactate) tumor cells [346] but also for the 

polarization of TAMs by hypoxic tumor cells towards a similar 

profile. a low glycolytic M2 [220,347]. Lactate specifically directs 

TAMs to a "tumor-friendly" M2-like phenotype, which helps tumor 

cells evade immunosurveillance [348]. In the study of Anke Zhang et 
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al. [349] they found that invasive PAs produce excess lactate to 

promote polarization of TAM towards an M2-like phenotype. These 

data indicated that lactate plays a key role in TME remodeling and 

the regulation of intracellular crosstalk between PA and TAM cells.  

Given the evidence on cellular modulation exerted by 

increased extracellular levels of lactate, we sought to link molecular 

mechanisms underlying these phenomena with the expression of 

IGFBP6. It is well known that the IGF system plays general roles in 

metabolism that are evolutionarily conserved [350]. our results 

showed that microglia exposed to lactate showed a significant 

increase in both gene and protein expression of IGFBP6, and this was 

confirmed by measuring the levels of IGFBP6 in the supernatant of 

the lactate-treated cells, which showed a significant increase in the 

production of IGFBP6 compared to control cells. These data suggest 

the existence of a crosstalk between lactate and IGFBP6. Therefore, 

we analyzed the effect of IGFBP6 treatment on the metabolism and 



 248 

polarization of microglia cells. Surprisingly, IGFBP6 treatment was 

also able to upregulate the genes involved in the oxidative 

phosphorylation pathway and induced the M2 polarization of 

microglia, as shown by the increase in M2 markers (i.e. Arg - 1, 

CD206, CD163) and by the reduction of M1 markers (i.e. TNF-, 

iNOS). These data are consistent with the study of Chesik D. et al., in 

which they examined the expression of IGFBPs (from 1 to -6) in 

primary rat microglia cultures under basal conditions and after 

stimulation with LPS, one of the classic activators of microglia, 

demonstrating that stimulation of microglia by LPS led to a down-

regulation of IGFBP-4, -5 and -6 [351]. In this regard, we studied the 

effect of IGFBP6 exposure in GBM cells. Our results showed a 

significant increase in IGFBP6 production in lactate-treated GBM 

cells compared to their control cells.  Furthermore, direct exposure 

to IGFBP6 in GBM cells induced a significant increase in the 

expression of LDHA enzyme mRNA, further confirming the existence 
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of lactate/IGFBP6 crosstalk. Interestingly, in our experiments, the 

IGFBP6 protein also induced a significant increase in cell 

proliferation and colony-forming capacity in GBM cells. 

[299,352,353]. In addition, IGFBP6 seems able to enter the nucleus 

where it modulates cell differentiation and survival [312], to 

interfere with angiogenic processes and to favor cell migration. In 

particular, recent data suggest that it can induce the migration of 

tumor cells thus worsening the prognosis of the disease [340–342]. 

These results were confirmed by transcriptome analysis 

showing that glioblastoma patients showed a significant increase in 

IGFBP6 expression compared both to healthy control and 

Astrocitoma and Oligodendrocitoma patients. 

 

 

In conclusion, our study showed that lactate is involved in 

various mechanisms favoring tumor development and progression. 
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In particular, lactate possesses a dual role being involved in the 

metabolic changes of tumor cells and acting as a molecule promoting 

cellular signaling through its membrane receptors. The ability to 

metabolically shift from glycolytic to oxidative metabolism and vice 

versa, is likely to confer an advantage in survival, progression and 

drug resistance. A glycolytic metabolism (Warburg effect), at least in 

the first phase of disease expansion, determines an advantage in 

tumor proliferation. Therefore, lactate metabolism may be 

considered as a therapeutic target to develop novel pharmacological 

strategies to GBM therapy and improve the outcome and quality of 

life of such patients. Moreover, our results demonstrate that IGFBP6 

modulates polarization of microglia and that its expression is 

regulated by lactate production in GBM cells suggesting the existence 

of a lactate/IGFBP6 crosstalk between microglial cells and GBM and 

this relationship modulates TME which could affect tumor 

progression and resistance to therapy and that the complex network 
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of interaction between microglial cells and GBM could be a potential 

therapeutic target to overcome tumor malignancy. 
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