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Abstract  

Pathophysiologic lactate accumulation is characteristic of solid tumors and has 

been associated with metastases and poor overall survival in cancer patients. In recent 

years, there has been a resurgence of interest in tumor lactate metabolism. In the past, 

our group has shown that lactate can be used as a fuel in some cancer cell lines; 

however, survival responses to exogenous lactate alone are not well-described. We 

hypothesized that lactate utilization and cellular responses to exogenous lactate were 

varied and dynamic, dependent upon factors such as lactate concentration, duration of 

lactate exposure, and of expression of the lactate transporter, monocarboxylate 

transporter 1 (MCT1). We hypothesized that pharmacological inhib ition of MCT1 with a  

small molecule, competitive MCT1 inhibitor, ϔ-cyano-4-hydroxycinnamic acid ( CHC), 

could elicit cancer cell death in high lactate conditions  typical of that seen in breast 

cancer.  

My work focused on  defining : 1. Lactate levels in locally advanced breast cancer 

(LABC); 2. Lactate uptake and catabolism in a variety of cancer cell lines; 3. The effect of 

exogenous lactate on cancer cell survival; 4. Whether the lactate-transporters, MCT1 and 

MCT4 can be used as markers of cycling hypoxia.  

Lactate levels in LABC biopsies were assessed ex vivo by bioluminescence. NMR 

techniques were employed extensively to determine metabolites generated from 13C-
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labeled lactate. Cell viability in response to extracellular lactate ( ± glucose and ± CHC) 

was measured with Annexin V / 7 -AAD staining to assess acute survival responses and 

clonogenic assays to evaluate long-term colony forming ability after lactate treatment. 

MCT1 and MCT4 protein expression was evaluated in cancer cell lines with Western 

blots after exposure to chronic or cycling hypoxia. Immunofluorescence was employed 

to assess MCT1 and MCT4 expression in head and neck cancer biopsies, and the 

expression patterns of the transporters were correlated to areas of hypoxia, as indicated 

by hypoxia marker EF5.  

Lactate concentrations in LABC biopsied  ranged from  0 ɬ 12.3 µmol/g of tissue. 

The LABC dataset was too small to derive statistical power to test if lactate accumulation 

in LABC biopsies was associated with poor patient outcome or other clinic al parameters 

of known prognostic significance. All cell lines tested (normal and cancer) showed 

uptake and metabolism of labeled lactate, with dominant generation of alanine and 

glutamate; however, relative rates and the diversity of metabolites generated was 

different among cell lines. MCF7 cells showed greater overall lactate uptake (mean = 

18mM) over five days than MDA -MB-231 cells (mean = 5.5mM). CHC treatment 

effectively prevented lactate uptake in cancer cells when lactate concentrations were 

ȀƖƔÔ,.  

Cell survival was dependent upon lactate concentration and glucose availability . 

Acute responses to exogenous lactate did not reflect the long-term consequences of 



 

 

vi  

lactate exposure. Acutely, HMEC and R3230Ac cells were tolerant of all lactate 

concentrations tested (0-40mM) regardless of presence or absence of glucose. MCF7 and 

MDA -MB-231 cells were tolerant of lactate within the concentration ranges seen in 

biopsies.  Cytotoxicity was seen after 24 hr incubation with 40mM lactate ( -glucose), but 

this concentration is three times higher than any measurement made in human biopsies 

of LABC. Similarly, HMEC and MCF7 cells showed significantly  decreased colony 

formation in response to 40mM exogenous lactate (+ glucose) while R3230Ac and MDA-

MB-231 cells showed no impairment in colony -forming abilities with any lactate 

concentration (+ glucose). 5mM CHC significantly increased cell death responses 

independent of lactate treatment, indicating off -target effects at high concentrations.  

MCT1 was found to be expressed in a majority of the cell lines tested, except for 

MDA -MB-231 cells. Cancer cells exposed to exogenous lactate showed upregulation of 

MCT1 but not MCT4. Chronic hypoxia resulted in an increase in protein expression of 

MCT4 but a decrease in MCT1 expression in cancer cell lines. The time course of 

regulation of protein levels of each transporter suggested the possibility of expression of 

both transporters during cycling hypoxia. When cancer cells were exposed to cycling 

hypoxia, both transporters showed up regulation. In head and neck tumor biopsies, 

MCT1 expression was significantly positively correlated to aerobic tumor regions and 

inversely correlated to hypoxic tumor regions .  
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Cancer cell responses to exogenous lactate were not uniform . Some cell lines 

demonstrated a lactate-tolerant and/or a lactate-consuming phenotype while other cell 

lines demonstrated lactate-intolerant and/or non -lactate-consuming phenotype. My 

work indicates that  exogenous lactate was well-tolerated at clinically relevant 

concentrations , especially in the presence of glucose. Evidence of glutamate metabolism 

from lactate indicated that exogenous lactate partially progresses through the TCA cycle, 

suggesting that lactate may be utilized for fuel.  The cell death elicited from 5mM CHC  

treatment was not dependent upon presence of lactate, indicating that manipulation of 

lactate metabolism may not be the best option for targeting cancer metabolism. When 

attempting to manipulate  lactate metabolism in tumors, microenvironmental factors , 

such as hypoxia and glucose, must be taken into account in order to ensure a predictable 

and favorable outcome. Together, these results illustrate the importance of 

characterizing tumor metabolism before therapeutic intervention.  
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1. Introduction   

In 2008, the estimated number of new cancer cases was 12.7 million worldwide [1, 

2]. 40% of these new cases can be attributed to lung, female breast, colorectal and 

stomach cancers. Cancer is the leading cause of death in developed countries and the 

second leading cause of death in developing countries [3]. 13% of all deaths that 

occurred in 2008 were due to cancer; the percentage is equivalent to 7.6 million people 

[2].  This year, over half a million Americans  are expected to die from cancer [4]. Future 

projections of cancer burden in the world population for 2030 estimates a 75% increase 

compared with 2008, which is roughly 22 million cases each year [5].  

Breast cancer is one of the most common cancers diagnosed in women (23% of all 

new cancer cases) and is the leading cause of cancer death in females worldwide (14% of 

total cancer deaths in women)[1, 2]. One in eight women will be diagnosed with breast 

cancer during her lifetime [6], and, in the U.S., breast cancer accounts for one third of 

cancer diagnoses in women. While a 7% decline in breast cancer incidence rates in the 

U.S. was reported in 2002-2003 [7], this trend has not continued [8].  

Though not restricted to elderly individuals, cancer is a disease of the aging 

population  [9].The world population continues to rise, and, in developed countries, life 

expectancy is also increasing. In the U.S., life expectancy has increased by 8 years since 

1970. As individuals live longer, the risk for cancer incidence also increases [9]. While 

medical science has made considerable progress in cancer treatment and prevention, this 
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disease not only has an personal and emotional impact on individual lives, but it also 

carries a heavy economic burden: the economic cost of premature death and disability 

from cancer worldwide is equivalent to $895 billion [10].  

The greatest gift we could give to future generations is freedom from the burdens of 

cancer. If such an idealistic goal is not within reach just yet, we can continue to strive to 

ÓÌÚÚÌÕɯÛÏÌɯÓÖÈËȭɯ"ÈÕÊÌÙɯÐÚɯÛÏÌɯÌÕÌÔàȮɯÈÕËɯÞÐÚËÖÔɯÙÌÎÈÙËÐÕÎɯÞÈÙɯÈÎÈÐÕÚÛɯÖÕÌɀÚɯÌÕÌÔàɯ

ÊÖÔÌÚɯÍÙÖÔɯ2ÜÕɯ3áÜɀÚɯArt of War:  

Ɂ(ÍɯàÖÜɯÒÕÖÞɯÛÏÌɯÌÕÌÔàɯÈÕËɯÒÕÖÞɯàÖÜÙÚÌÓÍȮɯàÖÜɯÕÌÌËɯÕÖÛɯÍÌÈÙɯÛÏÌɯÙÌÚult of a 

hundred battles. If you know yourself but not the enemy, for every victory gained 

you will also suffer a defeat. If you know neither the enemy nor yourself, you will 

ÚÜÊÊÜÔÉɯÐÕɯÌÝÌÙàɯÉÈÛÛÓÌȭɂ [11] 

We must know our enemy.  

Ɂ"ÈÕÊÌÙɂɯÐÚɯÛÏÌɯÔÖÙÌɯÊÖÔÔÖÕɯÛÌÙÔɯÍÖÙɯÞÏÈÛɯÐÚɯÒÕÖÞÕɯÔÌËÐÊÈÓÓàɯÈÚɯÔÈÓÐÎÕÈÕÛɯ

neoplasms (new growth). Tumors consist of proliferating neoplastic cells (the 

parenchyma) and the supporting connective tissue and blood vessels (the stroma). 

Tumors are classified as benign or malignant based on distinct features (Table 1, [12]). 

Progression to a malignant phenotype involves four basic steps: 1. Transformation, 2. 

Growth, 3. Local invasion, and finally 4. Metastases [12]. Metastatic spread greatly 

reduces the possibilities of tumor control, effective treatment and patient survival [12].  
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Table 1: Classification of tumors  

Benign  Malignant  

Well differentiated  Poorly differentiated  

Slow, pr ogressive growth  Rapid and/or erratic growth  

Usually smaller  Larger 

Demarcated Poorly demarcated 

Noninvasive  Invasive and infiltrating normal 

tissue 

Nonmetastatic  Metastatic 

 

Neoplasms are considerably heterogeneous and diverse, which poses a challenge 

when it comes to accurately defining cancer. In 2000, Hanahan and Weinberg published 

the six hallmarks of cancer, compiling the insights and discoveries in the previous 25 

years of cancer research into an organized outline defining features of the disease [13]. In 

ƖƔƕƕȮɯÛÏÌàɯÜ×ËÈÛÌËɯÛÏÌɯÓÐÚÛȮɯÈËËÐÕÎɯÛÞÖɯɁÌÕÈÉÓÐÕÎɯÍÌÈÛÜÙÌÚɂɯÈÕËɯÛÞÖɯɁÌÔÌÙÎÐÕÎɯ

ÏÈÓÓÔÈÙÒÚȮɂɯÖÕÌɯÖÍɯÞÏÐÊÏɯÏÈ××ÌÕÚɯÛÖɯÉÌɯɁËÌÙÌÎÜÓÈÛÐÕÎɯÊÌÓÓÜÓÈÙɯÌÕÌÙÎÌÛÐÊÚɂɯȹÖÙɯÈÓÛÌÙÌËɯ

metabolism) [14]. With the rampant and unchecked pro liferation that occurs in tumors, 

nutrients, energetic substrates and ATP production are in high demand. The observation 

of altered tumor metabolism was made over 80 years ago [15], indicating that glycolysis, 

rather than oxidative phosphorylation, was the favored metabolic pathway for tumor 

cells [16, 17]. The end product of the glycolytic pathway is lactate, the focus of this 

dissertation.  
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1.1 Introduction to Lactate in Cancer 1 

Several clinical studies have linked high lactate levels found in solid tumors with 

poor patient prognosis, poor overall survival and increased incidence of metastases 

(Table 2). 

Table 2: Lactate in solid tumo rs 

Type of cancer Lactate levels 

Cervical  ŷ with metastases [19], poor DFS, OS [20] (bioluminescence) 

 

Head & Neck  ŷ with metastases [21], poor DFS, OS [22]. (bioluminescence) 

HMRS studies: lactate SI did not correlate with tumor pO2, treatment 

response or locoregional response [23] 

 

Colorectal  ŷ with metastases [24] (bioluminescence) 

Liver  Utilization in rat hepatomas [25, 26] (NMR)  

Breast  unknown  

Brain  ŷ in gliomas [27-29] utilization in rat glioma [30-32] (NMR)  

 

Lung  [Lactate] significantly ŷ in patients with recurrence and correlates with 

poorer mean survival [33] 

 

 

Otto Warburg was the first to discover high concentrations of lactate within solid 

tumors [15, 34, 35]. Since the pioneering work of Warburg, production and accumulation 

of lactate has been documented to have clinical significance in a number of different 

cancer types (Table 2). In the 1970s, lactate metabolism in malignant metastatic 

carcinomas and colorectal cancers was beginning to be explored with blood samples 

                                                      

1 A majority of Sections 1.1 ɬ 1.3 are excerpts from review article: 18. Kennedy, K.M. and M.W. Dewhirst, 

Tumor metabolism of lactate: the influence and therapeutic potential for MCT and CD147 regulation. Future Oncol, 

2010. 6(1): p. 127-48. 
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from patients who  were injected or infused with radiolabeled glucose and pyruvate [36, 

37]. These studies indicated that lactate levels in plasma and venous blood were elevated 

in patients with metastatic cancer [37].  

In the 1980s, quantitative bioluminescence imaging was used to assess 

metabolites such as lactate and glucose from flash-frozen biopsies to study ischemia in 

brain tissue [27, 38]. This technique was later applied to assess these same metabolites in 

cancer [28, 39, 40] (Figure 1). More recent studies investigating lactate accumulation in 

human tumors has found that cervical tumors, head and neck cancers and rectal 

adenocarcinomas with metastatic spread exhibited a wider range and significantly 

higher levels of lactate than non-metastatic tumors [19, 21, 24] (Figure 1). Subsequently, 

it was found that elevated lactate levels correlate with worse patient prognosis, poor 

disease-free or metastasis-free survival and overall survival in human cervical cancers 

[20], head and neck cancer [22], high grade gliomas [28, 41, 42], rectal adenocarcinoma 

[24] and non-small-cell lung cancer [33] (Table 2). Mean lactate content can vary widely 

between individual tumors even if tumors are of the same size, grade or entity [20, 21]. 

The underlying mechanisms that give rise to these different metabolic phenotypes are 

actively being studied currently (Section  1.1.2). 
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Figure 1: High lactate in solid tumors is associated with poor patient out come 

and increased metastases in head and neck cancer (top) and colorectal cancer (bottom). 

Top: Patients with H&N tumors with high lactate show significantly decreased OS (left) 

and DFS (right) compared to patients with low tumor lactate levels. Bottom: M etastatic 

rectal adenocarcinoma shows significantly higher lactate concentrations than 

nonmetastatic adenocarcinoma (left); metabolite levels as measured by bioluminescence 

show high lactate ex vivo (right).  Reprinted with permission  [22, 24].  

 

For nearly a century it has been known that tumors demonstrate high lactate 

levels compared to normal tissue. Yet, we still know little about lactate metabolism 

within the tumor. Elucidating the intricacies of lactate metabolism, we may have the 

potential to modify the metabolism of the tumor. Manipulating  tumors to utilize lactate 
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(decreasing its accumulation) or finding ways to reduce glycolysis and lactate formation 

may affect tumor aggressiveness and invasiveness. In summary, lactate has been shown 

to be a prognostic indicator across a wide variety of tumors and types of cancer; this 

feature makes lactate metabolism of interest for further investigation as not only a 

biological marker but also as a potential therapeutic endpoint or target.  

1.1.2 Characteristics of the Tumor Microenvironment and Cancer 

Metabolism  

The tumor microenvironment (TME) consists of cancer, immune  and stromal 

cells, blood vessels, cytokines and chemokines, the ECM, and nutrients, chemicals and 

metabolites. TME pathology is influenced by several key factors: oxygen and 

biochemical transport, vascular structure/perfusion, pH, and oncogenic and tumor 

suppressor regulation [43, 44]. Tumors do not grow as functional organ systems. The 

arrangement of vessels and the red blood cell flux is haphazard and unorganized [45]. 

This affects transport of oxygen, substrates and metabolites. The high proliferative 

demands of tumor cells are often not met due to diffusion limits imposed by the 

vascular structure (Figure 2) and the constant, inefficient metabolism of neighboring 

tumor cells. Tumor cells have adapted their metabolism to suppress oxidative 

phosphorylation in favor of glycolysis [46-48]. 



 

8 

 

Figure 2: Theoretical representation of oxygen and metabolite concentrations 

in relation to intervessel distance in solid tumors . Tumor vessels = red bars, [lactate] = 

green line, [glucose] = purple line, [ATP] = orange line, pH e = black line, pO2 = blue line. 

Areas of hypoxia are represented by the light blue box. Areas of anoxia are represented 

by the dark blue box. As intervessel distance increases, pO2, ATP, pH e and glucose levels 

decrease while extracellular lactate increases, resulting in a hypoxic and acidic 

microenvironment . Adapted from [45]. 

 

Glycolysis is an ancient metabolic pathway, as it occurs in almost all organisms 

with some variation. Glycolysis occurs in all cells in the body to metabolize gluco se to 

two pyruvate molecules that will enter into the tricarboxylic acid ( TCA) cycle for 

oxidative phosphorylation (OXPHOS). OXPHOS is a multi -step process carried out in 
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mitochondria that requires oxygen to generate 36 ATP from a glucose molecule [49]. 

Glycolysis occurs in the cytosol and does not require oxygen, thus, it serves as the 

primar y metabolic pathway to generate ATP in anaerobic or hypoxic conditions. Under 

normal conditions in the human body, glycolysis exclusively occurs mainly in red blood 

cells, which lack mitochondria, or in temporarily hypoxic tissue, such as exercising 

muscle [49]. Pathological states that are associated with upregulated glycolysis are 

certain geÕÌÛÐÊɯËÐÚÌÈÚÌÚȮɯ ÓáÏÌÐÔÌÙɀÚɯdisease and cancer [48, 50, 51]. Upregulation of the 

ÎÓàÊÖÓàÛÐÊɯ×ÈÛÏÞÈàɯÊÈÕɯÖÊÊÜÙɯÐÕɯÈÕÈÌÙÖÉÐÊɯÊÖÕËÐÛÐÖÕÚȮɯÛÌÙÔÌËɯÛÏÌɯɁ/ÈÚÛÌÜÙɯ$ÍÍÌÊÛɂɯÖÙɯ

ÈÌÙÖÉÐÊɯÊÖÕËÐÛÐÖÕÚȮɯÛÌÙÔÌËɯÛÏÌɯɁ6ÈÙÉÜÙÎɯ$ÍÍÌÊÛȰɂɯÉÖÛÏɯÈÙÌɯÙÌÓÌÝÈÕÛɯÛÖɯÛÏÌɯ3,$ɯÈÕËɯ

cancer metabolism. 

1.1.2.1 Hypoxia and the Pasteur Effect 

In 1857, Louis Pasteur discovered that fermentation in yeast was inhibited by 

ÖßàÎÌÕȰɯÛÏÐÚɯÞÈÚɯÛÌÙÔÌËɯÛÏÌɯɁ/ÈÚÛÌÜÙɯ$ÍÍÌÊÛȭɂɯ[52] In cancer biology, the Pasteur Effect is 

used to describe lactate production as a result of increased glycolysis due to hypoxia 

within tumors. Tumor hypoxia significantly contributes to tumor aggressiveness and 

treatment resistance [53]. Poor patient prognosis and survival and increased incidence of 

metastases correlates significantly with tumor hypoxia in HNSCC [54], sarcoma [55],  

cervical cancer [56, 57], and breast cancer [58] among many others [59]. As mentioned 

previously, high lactate also correlates significantly with poor patient prognosis and OS 
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[20-22, 24, 60]. In some instances, when the tumor is also hypoxic, this lactate 

accumulation can be a direct result of the Pasteur Effect.  

Features of tumor physiology that affect oxygen transport (hypoxia) can be 

ÚÜÔÔÈÙÐáÌËɯÐÕɯɁÚÌÝÌÕɯ×ÖÐÕÛÚɯÖÍɯÙÌÎÜÓÈÛÐÖÕȮɂɯÈÚɯËÌÚÊÙÐÉÌËɯÉàɯ#ÌÞÏÐÙÚÛɯet al. [61]. 

Compared to normal tissues, these points are 1). The steep longitudinal oxygen 

gradients within the tumor ; 2). Increased intravascular gradients ; 3). Shunt flow in the 

vascular structure to evade the tumor tissue; 4). Lower  vascular density; 5). Inefficient  

and unorganized vascular orientation and structure ; 6). Imbalance between oxygen 

consumption and delivery rates ; 7). slower blood flow due to increased blood viscosity 

from intravascular hypoxia [61]. While these effects develop gradually, temporal oxygen 

fluctuations can occur in matter of minutes [62, 63]. Instabilities in tumor oxygenation 

have been found in a number of tumor types [62, 63]. Different regions of the solid 

ÛÜÔÖÙÚɯÌß×ÌÙÐÌÕÊÌɯËÐÍÍÌÙÌÕÛɯÛà×ÌÚɯÖÍɯÏà×ÖßÐÈȯɯÊÏÙÖÕÐÊɯÖÙɯÈÊÜÛÌɯȹÈÓÚÖɯÛÌÙÔÌËɯɁÊàÊÓÐÕÎɂɯÖÙɯ

ɁÍÓÜÊÛÜÈÕÛɂȺȭɯ 
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Figure 3: ɁTÐËÌÚɂɯÖÍɯÖßàÎÌÕɯËÜÙÐÕÎɯÊàÊÓÐÕÎɯÏà×ÖßÐÈȭɯMicroregions of tissue 

experience varying severity of hypoxia due to temporal fluctuations in pO 2 levelsȭɯɁ+ÖÞɯ

ÛÐËÌɂɯÐÚɯÈÕɯÈÕÈÓÖÎàɯËÌÚÊÙÐÉÐÕÎɯÓÈÊÒɯÖÍɯÖßàÎÌÕɯÚÜÙÙÖÜÕËÐÕÎɯÈɯÙÌÎÐÖÕɯÖÍɯÛumor tissue when 

pO2 is low (left). In regions of the tumor in which pO 2  is higher, microregions experience 

adequate oxygenation. Adapted from [64]. 

 

A useful analogy to discuss tumor hypoxi a is an island experiencing the tidal 

cycles of the ocean [64]. Tumor tissue that is chronically hypoxic is like the center of the 

island that the tid es will never reach. As described by Dewhirst [64] and illustrated in 

Figure 2, oxygen will not reach certain areas of tumor tissue that are too far from vessels 

[45]. However, as red cell flux and perfusion change, there are areas within the tumor 

ÛÏÈÛɯÈÙÌɯÓÐÒÌɯÛÏÌɯÖÜÛÌÙɯ×ÌÙÐÔÌÛÌÙɯÖÍɯÛÏÌɯÐÚÓÈÕËȯɯÛÏÌɯɁÛÐËÌÚɂɯÖÍɯÖßàÎÌÕɯÊÈÕɯÉÌɯÏÐÎÏɯÖÙɯÓÖÞȭɯ

 ÛɯɁÏÐÎÏɯÛÐËÌȮɂɯÛÏÌɯÛÜÔÖÙɯÛÐÚÚÜÌɯÞÐÓÓɯÌß×ÌÙÐÌÕÊÌɯÈɯÙÌÓÈÛÐÝÌÓàɯÐÕÊÙÌÈÚÌËɯÌß×ÖÚÜÙÌɯÛÖɯ

ÈÝÈÐÓÈÉÓÌɯÖßàÎÌÕȮɯÈÕËɯÈÛɯɁÓÖÞɯÛÐËÌȮɂɯÛÏÌɯÛÐÚÚÜÌɯÞÐÓÓɯÈÎÈÐÕɯbe starved of oxygen [64]. The 

kinetics of cycling hypoxia ha ve been measured in vivo in R3230Ac rat mammary 

carcinoma, FSA rat fibrosarcoma and 9L glioma tumors [62]. Much inter - and intratumor 
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heterogeneity was found in the patterns of oxygen flux in these tumors; however, 

R3230Ac and FSA tumors showed a greater spatial relatedness of oxygen fluctuation 

than 9L tumors [62, 63]. The time coÜÙÚÌɯÖÍɯÏà×ÖßÐÊɯɁÛÐËÌÚɂɯÊÈÕɯÓÈÚÛɯÈÚɯÚÏÖÙÛɯÈÚɯÈɯÊÖÜ×ÓÌɯ

hours to as long as a couple days [64]. What is currently unknown is whether cycling 

hypoxia and chronic hypoxia are distinct pathophysio logic entities and if the 

consequences of each are markedly different. Current cancer research is investigating 

the metabolic and genomic differences in cycling v. chronic hypoxic areas of tumors [61, 

65]. It seems intuitive that with acute and chronic changes in oxygen transport that the 

substrate/metabolite concentrations would also be directly affected by thi s. The 

differences in metabolites in tumor areas of cycling v . chronic hypoxia have not been 

tested, but, as different imaging modalities are invented, this is a possible future 

direction in cancer metabolism research.       

1.1.2.2 The Warburg Effect 

The discovery by Otto Warburg  of aerobic glycolysis resulting in increased 

lactate production within tumors led to a re -evaluation of the potential role and 

significance of lactate in cancer studies [15-17, 34, 35]ȭɯ3ÏÐÚɯȿÔÌÛÈÉÖÓÐÊɯÚÞÐÛÊÏɀɯÍÙÖÔɯ

normal metabolism (glycolysis followed by mitochondrial oxidative pho sphorylation) to 

ÈÌÙÖÉÐÊɯÎÓàÊÖÓàÚÐÚɯÐÚɯÛÌÙÔÌËɯÛÏÌɯɁ6ÈÙÉÜÙÎɯ$ÍÍÌÊÛɂɯÈÕËɯÏÈÚɯÉÌÌÕɯÛÏÌɯÛÖ×ÐÊɯÖÍɯÔÈÕàɯ

extensive reviews [46, 48, 66-69]. Originally implicated by Warburg as a cause of this 

tumor phenotype ÞÈÚɯɁÐÙÙÌÝÌÙÚÐÉÓÌɯÐÕÑÜÙÐÕÎɯÖÍɯÙÌÚ×ÐÙÈÛÐÖÕɂ [16]. Since then, a niche in 
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cancer research has focused on mitochondria within tumors that contribute to or 

determine the metabolic phenotype through mtDNA alterations/mutations, TCA cycle 

enzyme regulation and/or redox signaling [67].  

Functional mitocho nËÙÐÈɯÈÙÌɯÕÌÌËÌËɯÍÖÙɯÊÈÕÊÌÙɯ×ÙÖÎÙÌÚÚÐÖÕȭɯ(ÕɯϤȘɯÊÈÕÊÌÙɯÊÌÓÓÚȮɯ

which lack mtDNA, growth rates are slow and tumor formation in mouse models is 

delayed [70, 71]. One of the causes of decreased respiration in cancer cells is the 

propensity to acquire defects in the mitochondrial genome [70], leading to insufficient 

ATP production to satisfy the proliferative demand thereby instilling a need for a 

glycolytic shift. Notably, cancer cells experience high oxidative stress [70]. The electron 

transport chain is one of the primary sources of reactive oxygen species (ROS) 

generation via the metabolism of molecular oxygen [12, 49]. Other endogenous sources 

include peroxisomes and cytochrome P450 [72]. In addition to endogenous sources of 

ROS, there are exogenous sources which include UV light, pathogens, and inflammatory 

cytokines [12, 72].  

Treatment-induced ROS is relevant to cancer research. For example, 

cyclophosphamide, radiotherapy  and hyperthermia have been shown to increase 

oxidative stress in the TME: cyclophosphamide treatment elicited an infiltration of 

macrophages while radiotherapy enhanced ROS via HIF-1 activation, and hyperthermia 

indirectly activated NADPH oxidase [73-75]. Oxidative stress contributes greatly to 

membrane, lipid and protein damage; mutations; loss of organelle function and genomic 
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instability, which all contribute to cancer progression [72]. Tumor cells demonstrate 

increased proliferation and aberrant metabolism, both of which c ontribute to increases 

in ROS; ROS also contribute to the aberrant metabolic phenotype of cancer cells.  

Eliciting DNA damage and increasing genomic instability is one of the primary 

ways ROS contribute to cancer progression. Many signaling pathways are activated or 

interact with ROS. Though the detailed mechanisms are still unclear, ROS have been 

found to activate Mitogen Activated  Protein Kinase (MAPK) [76]. MAPKs are 

serine/threonine kinases that regulate phosphorylation of a wide variety of transcription 

factors that influence motility, proliferation, apoptosis and metabolism [77]. One MAPK 

family member, the extracellular signal -related kinase (ERK) [78],  is important to cell 

proliferation signaling, which is closely associated with the resulting metabolic profile o f 

a cell. Another transcription factor associated with cell proliferation and transformation 

is NF-KB, also known to respond ROS [79]. The final contribution of ROS to cancer 

metabolism that will be mentioned is stabilization of hypoxia -ind ucible factor-1 (HIF-1), 

a transcription factor that greatly contributes to both the Pasteur and Warburg effect 

(Section 1.1.2.3).  

The signal transduction pathways described above are by no means a 

comprehensive view of all the factors that influence prop agation of the Warburg Effect. 

Notably, PI3K / Akt, mTOR and AMPK signaling , microRNAs , p53 interactions, and 
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glutamine metabolism all influence the progression and maintenance of the Warburg 

Effect [69, 70, 80].  

1.1.2.3 HIF and c-Myc regulation of metabolism  

A consequence of tumor hypoxia and a necessary adaptation for mammalian 

cells to survive in hypoxic conditions is the increase in hypoxia -inducible factor -1 (HIF-

1) expression. HIF-1 is a heterodimeric transcription factor consisting of ϔ and ϕ 

subunits. Much of the biological activity of HIF -1 is attributed to the expression of the ϔ 

subunit, which is regulated by a degradation pathway in response to oxygen 

availability. Under normal aerobic conditions, proline residues in the oxygen -dependent 

degradation (ODD) domain are hydroxylated by prolyl h ydroxylases for recognition by 

the VHL complex for subsequent degradation [81]. This is one of the major mechanisms 

of HIF-ƕϔɯÙÌÎÜÓÈÛÐÖÕȮɯÉÜÛɯÖÛÏÌÙɯÌÕÝÐÙÖÕÔÌÕÛÈÓ influences can increase HIF-ƕϔɯ

expression.  

Hypoxia inducible factors (HIFs) are considered one group of master regulators 

of tumor metabolism [82-84]. HIF-1 and HIF-2 play an integral role in the survival and 

proliferation of hypoxic cells. HIF -1ϔɯÕÜÓÓɯÊÌÓÓÚɯÞÐÓÓɯÌß×ÌÙÐÌÕÊÌɯÚÐÎÕÐÍÐÊÈÕÛɯÚÜ××ÙÌÚÚÐÖÕɯÖÍɯ

metabolism (lactate production, acidosis) and ATP generation in hypoxic conditions 

compared to HIF-1ϔɯ63ɯÊÌÓÓÚɯ[85]. This illustrates the dependence of mammalian cells 

on HIF-1ϔɯÌß×ÙÌÚÚÐÖÕɯÈÕËɯÈÊÛÐÝÐÛàɯÍÖÙɯÎÙÖÞÛÏɯÐÕɯÏà×ÖßÐÈȭɯ'à×ÖßÐÈɯÙÌÎÜÓÈÛÌÚɯÖÝÌÙɯƖƔƔɯ

genes [86] and HIF-1ϔɯÏÈÚɯÖÝÌÙɯƘƔɯÛÈÙÎÌÛɯÎÌÕÌÚɯ[87, 88]. Notably, glycolytic genes are 
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upregulated by HIF-1ϔȯɯ×ÏÖÚ×ÏÖÎÓàÊÌÙÈÛÌɯÒÐÕÈÚÌɯƕɯȹ/&*-1), glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), triose phosphate isomerase (TPI), glucose 

transporters GLUT1 and GLUT4, lactate dehydrogenase A (LDHA), aldolase A and C, 

enolase 1, hexokinase 1 and 3, phosphofructokinase and pyruvate dehydrogenase kinase 

1 (PDK-1) [84, 85, 87, 89]. Thus, HIF-1ϔɯÌß×ÙÌÚÚÐÖÕɯÈÕËɯÍÜÕÊÛÐÖÕɯÐÚɯÐÕÏÌÙÌÕÛÓàɯÓÐÕÒÌËɯÛÖɯ

the Pasteur Effect in tumors. Additional oncogenic regulation that HIF-1ϔɯÐÕËÜÊÌÚɯÐÚɯ

upregulation of vascular endothelial growth factor (VEGF), and insulin -like growth 

factor 2 (IGF2), which promotes tumor angiogenesis and tumor cell survival, 

respectively [87, 90]. Many of the signaling pathways that lead to lacta te accumulation in 

the Pasteur Effect are also activated in the Warburg Effect; one of the main distinctions 

between the two phenotypes is the absence or presence of adequate oxygen, 

respectively. Besides hypoxia, reactive oxygen species (ROS) and certain substrates, such 

as succinate, can stabilize HIF-ƕϔɯ[73, 91-94] 

The proto-oncogene c-Myc also influences tumor metabolism, and crosstalk 

between c-Myc and HIF signaling has been documented [43, 95]. One area of 

convergence between the signaling of these two oncogenic factors is the glycolytic 

pathway; all the glycolytic genes mentioned above in relation to HIF-1ϔɯÚÐÎÕÈÓÐÕÎɯÈÙÌɯ

also upregulated by c-Myc [43]. However, where HIF-1ϔɯÈÊÛÚɯÌßÊÓÜÚÐÝÌÓàɯÛÖɯÜ×ÙÌÎÜÓÈÛÌɯ

glycolysis, c-Myc also promotes mitochondrial biogenesis [43, 96, 97]. Due to this 

divergent metabolic regulation and because HIF-1ϔɯÐÕÏÐÉÐÛÚɯÊÌÓÓɯÊàÊÓÌɯ×ÙÖÎÙÌÚÚÐÖÕɯÞÏÐÓÌɯ
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c-Myc promotes it, HIF-1ϔɯÈÕËɯÊ-Myc can be described as acting antagonistically [98, 

99]. There are other HIFs active besides HIF-1ϔɯÛÏÖÜÎÏȮɯÈÕËɯÊ-Myc activity has been 

found to be transcriptionally enhanced by HIF-2ϔɯÛÖɯÐÕÊÙÌÈÚÌɯÏà×ÖßÐÊɯÊÌÓÓɯ×ÙÖÓÐÍÌÙÈÛÐÖÕɯ

[100]. In this way, HIFs and c-Myc can work in concert to enhance a glycolytic 

phenotype, which leads to increased lactate in tumors.  

1.1.2.4 Spatial distribution of lactate in tumors  

As mentioned previously, the TME is a result of a compilation of dynamic 

processes, and solid tumors show pronounced intra- and inter -tumoral heterogeneity 

[101-103].  Likewise, lactate production and utilization may be constantly changing in 

the tumor. Frozen biopsy sections provide a snapshot of the metabolic profile. A 

limitation to using frozen sections is the lack of temporal information; however, 

bioluminescent techniques measuring lactate accumulation in frozen tissue can provide 

spatial information on lactate accumulation. In rat mammary R3230Ac tumors, lactate 

has been found to be associated with hypoxia, demonstrating the Pasteur Effect. This is 

illustrated in Figure 4 with lactate (green) overlapping hypoxic (yellow) and necrotic 

ȹɁÕɂȺɯÛÜÔÖÙɯÙÌÎÐÖÕÚɯ[104]. In other cancer types such as FSA rat fibrosarcoma, there is 

ÌÝÐËÌÕÊÌɯÖÍɯÓÈÊÛÈÛÌɯȹÎÙÌÌÕȺɯÈÊÊÜÔÜÓÈÛÐÕÎɯÐÕɯÈÌÙÖÉÐÊɯȹÕÖɯàÌÓÓÖÞȺɯÈÕËɯÝÐÈÉÓÌɯȹɁÝɂȺɯÙÌÎÐÖÕÚɯ

of the tumor as well ( Figure 4) [104], which is similar to the Warburg Effect. Likewise, 

lactate accumulation was consistently correlated with low glucose concentrations in FSA 
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tumors, but this correlation can also vary considerably in other tumor types [104]. These 

findings are consistent with the known heterogeneity of cancer.  

 

Figure 4: Spatial distribution of lactate in rat tumors. Lactate (green) 

accumulates in hypoxi c (yellow), necrotic (n) and viable (v) tumor regions of rat tumors, 

R3230 Ac (top) and FSA (bottom). The tumor edge is indicated (e). Ranges of lactate 

measurements in microregions of represented tumor slices are indicated on the right. 

Reprinted from [104] with permission.  

 

To address the limitation of the bioluminescence technique, other lactate imaging 

is available. Both magnetic resonance spectroscopic imaging (MRSI) and dynamic 

contrast-enhanced (DCE) MRI techniques can measure lactate non-invasively. The 
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advantages using these techniques are the ability to measure lactate in vivo and to gather 

temporal information on changes in the metabolite. Some recent efforts have been made 

in improving MRSI measurements of lactate levels in the brain, with encouraging results 

of more accurate detection [105]. MRSI also has been used in cancer studies in glioma 

patients [106] and in mouse models of breast and prostate cancer, both of which 

concluded that increased lactate detection correlated with tumor aggressiveness [107, 

108]. Serganova et al. investigated the metabolic phenotype of different mouse 

mammary tumors using thi ÚɯÛÌÊÏÕÐØÜÌɯÈÕËɯÙÌ×ÖÙÛÌËɯÐÛɯÛÖɯÏÈÝÌɯÈɯɁÎÙÌÈÛÌÙɯËàÕÈÔÐÊɯÙÈÕÎÌɯ

than [18F]FDG-PET and may be a more sensitive measure with which to evaluate the 

ÈÎÎÙÌÚÚÐÝÌɯÈÕËɯÔÌÛÈÚÛÈÛÐÊɯ×ÖÛÌÕÛÐÈÓɯÖÍɯ×ÙÐÔÈÙàɯÉÙÌÈÚÛɯÛÜÔÖÙÚȭɂɯ[107] Future possibilities 

of pairing FDG -PET imaging with lactate MRSI include a more comprehensive view of 

the metabolic profile of individual tumors, which may improve tailored treatm ent 

regimens; this is discussed in Section 9: Conclusions and Future Directions.  

 

1.2 Lactate Metabolism  

Lactic acid is a three-carbon carboxylic acid with D and L isomers, L being the 

physiologically relevant form. Lactate is the conjugate base of lactic acid, which has a 

pKa of 3.86 [49]; thus, the molecule exists in ionic form in the human  body. The 

physiological relevance of lactate to human health was first discovered in the mid -1800s 

by two individuals. Johann Joseph Scherer discovered lactic acid in human blood 
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postmortem following shock, and Carl Folwarczny discovered lactic acid in th e blood of 

a living patient [109]. About a century later, Meyerhof and Hill independently embarked 

on lactate research, both utilizing frog muscle for their studies, and they were jointly 

awarded the 1922 Nobel Prize for Physiology or Medicine for discovering the distinction 

between aerobic and anaerobic metabolism [110-112]. This distinction between these two 

pathways is relevant to tumor physiology, as described in section 1.1.2.1-2.  

There are five requisite conditions for lactate oxidation: 1) Lactate must enter the 

cell; 2) The movement of lactate in (and out) of the cell requires a membrane-bound 

monocarboxylate transporter, such as MCT1;  3) Lactate dehydrogenase (LDH) is 

required to convert lactate to pyruvate before it can enter into the tricarboxylic  acid 

(TCA) cycle; 4) An adequate concentration of oxygen is requiredɬ lactate cannot be used 

for energy production anaerobically ; 5) Healthy, functional mitochondria are required to 

carry out TCA cycle and the electron transport chain (ETC). Beyond this, there are other 

regulatory influences on lactate metabolism: 1) pyruvate dehydrogenase complex (PDC) 

regulation by phosphorylation via pyruvate dehydrogenase kinase (PDK ;) 2) PDK 

inhibitors/phosphatases determine if pyruvate is converted to acetyl -coA for the first 

step of TCA cycle; 3) regulation of glycolysis via phosphofructokinase (PFK) and ot her 

glycolytic enzymes or intermediaries will contribute to overall cell metabolism. Other 

factors to mention that contribute to the trafficking of lactate into the cell or to particular 
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metabolic pathways are pH, the ratios of ATP/ADP, AMP/cAMP, NAD+/NADH , AMPK 

and inorganic phosphate (Pi) levels [113, 114].  

1.2.1 Lactate Consumption in Normal Tissue  

 Studies on direct utilization of lactate in normal cells can provide a 

window into the potential metabolic processes in cancer cells, therefore, we will briefly 

explore lactate metabolism in normal tissue. Lactate movement and metabolism as 

participating  in a cell-to-cell shuttle system was first intimated by the work of Carl and 

Gerty Cori with their discovery of the Cori cycle, a cycle in which lactate picked up from 

the bloodstream by the liver undergoes gluconeogenesis [115]. Later, in 1984, Brooks 

initiated the new wave of lactate shuttle research [116]. The basic observations of lactate 

transport and utilization were first studied in muscle. From here, as Gla dden 

summarizes [117], the lactate shuttle theory that has grown to include the cell -to-cell 

lactate shuttle within muscle, intracellul ar lactate shuttle [118-120], the astrocyte-neuron 

lactate shuttle [32, 121-123], a lactate-alanine shuttle [124, 125], a peroxisomal lactate 

shuttle [126] and the spermatogenic lactate shuttles [127]. Organ systems most relevant 

to lactate utilization are liver, brain and cardiac and skeletal muscle. Below, lactate 

consumption in skeletal muscle and brain are briefly described.  
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1.2.1.1 Lactate Utilization in Muscle  

 Muscle cells have the ability to produce and export lactate as well as 

import and directly utilize lactate. During exercise, myocytes, which normally 

participate in oxidative phosphorylation, will begin to undergo glycolysis as the energy 

demand increases and oxygen supply decreases. Cells will export the accumulated 

intracellular lactate concentrations. Lactate will filter into the bloodstream and enter the 

liver, primarily, to undergo the Cori Cycle for gluconeogenesis [114, 115]. What is of 

more interest is the ability of myocytes to directly consume lactat e.  

 Myocytes are efficient in their ATP generation, utilizing glucose, lactate, 

fatty acids and ketone bodies as energy sources. Briefly, the muscle-lactate shuttle occurs 

when lactate generated and excreted by exercising muscle is taken up by nearby resting 

muscle  via bloodstream delivery or directly. Of the lactate generated during exercise, 

55-75% will be oxidized by muscle [128]. Muscle cells express both MCT1 and MCT4, 

though the expression pattern and regulati on in tissue is isoform-specific. Expression of 

MCT1 (Km ~3.5mM for lactate)  is significantly higher in heart [129] and oxidative muscle 

fibers compared to glycolytic muscle fibers, and strong ly correlates with lactate uptake 

[130] while MCT4 (K m ~ 34mM for lactate) expression is seen primarily in glycolytic 

muscle [129]. Lactate accounts for up to 40% of oxidative substrate utilized by the heart 

at rest and this portion climbs to 60% with work [131]. Experiments in rabbits show that 

oxidative myocytes take up and oxidize lactate at 2.5mM, while glycolytic myocytes use 
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lactate for gluconeogenesis and will not take it up until the concentration  reaches 4mM 

[132]. Other studies have shown that lactate transport capacity in slow twitch muscle 

fibers (oxidative)  is nearly twice that of fast twitch fibers  (glycolytic)  [133].  

  

1.2.1.2 Lactate Utilization in Brain  

 Though glucose was thought of as the primary energy substrate of 

normal, healthy brain tissue, recent studies have found that brain tissue is an avid 

consumer of lactate, with the capability to take up lactate from the bloodstream after 

exercise [134] as well as direct consumption by neurons from lactate produced by 

astrocytes. Neurons account for about 90-95% of brain energy consumption as compared 

to glial cells, and there is evidence that lactate is a  preferential substrate to glucose by 

neurons [135]. Lactate and glucose administered in equimolar concentrations in vitro  are 

utilized for neuronal  oxidative metabolism, 90% (direct lactate) and 10% (glucose-

derived pyruvate) respectively [32]. In a metabolic model within the brain, astrocytes, 

which express MCT1 and MCT4, undergo aerobic glycolysis, exporting a considerable 

amount of lactate into the extracellular space. The lactate is then taken up to be used as 

an energy source by neighboring neurons via the lactate transporter, MCT2 (Km for 

lactate ~ 0.7mM) [136] expressed on the surface [137].  

Not all lactate is of equal energetic value. Studies in the early 2000s have shown 

that neurons in culture have a kinetic preference for extracellular lactate over 
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intracellular lactate (or pyruvate) generated via glycolysis from previously acquired 

glucose [138]. This supports a two-compartmental theory of lactate utilization. To 

support the assertion that lactate is being used as an energy substrate and not merely 

shuttled back out of the cell, NMR studies in neurons have shown the output of labeled 

TCA cycle intermediates and amino acids following administration of 13C-lactate [125]. 

Further evidence for lactate as a preferential substrate for brain comes from in vivo 

studies with NMR, showing decreased utilization of glucose after raising plasma lactate 

levels [139, 140].  

1.2.2 Lactate Utilization in Tumors  

 Though a majority of studies on lactate in relation to cancer have 

predominantly focused on its presence and accumulation, a number of studies have 

found that tumor cells have the ability to take up lactate and utilize it for energetic 

purposes as well as amino acid formation. Lactate uptake is not to be confused with its 

metabolism to generate ATP, as it is possible that the cell can take up lactate that may 

then generate alanine and glutamate. Lactate uptake occurs in vitro  in cervical cancer 

SiHa cells [141] and breast cancer MDA-MB-231 cells in a pH-dependent manner [142]. If 

lactate uptake in tumor tissue is similar to muscle, areas with increased blood flow 

would show greater uptake [143].While muscle and brain tissue may be able to make 

use of lactate as an efficient substrate, the microenvironment of a tumor often does not 

have adequate oxygenation or an efficient and functional vascular network. Therefore, 
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tumor utilization of lactate is dependent upon oxygen availability, lact ate 

concentrations, presence of healthy mitochondria and appropriate MCT subtype 

expression for lactate uptake [116, 144]. 

  In 1991, metabolic studies were conducted on EMT6/Ro multicellular 

spheroids. A benefit to this method is that the spheroid mimics tumor micro -areas in 

vivo. Since the cells are not grown in a monolayer, they are exposed to varying degrees 

of oxygenation and nutrient availability based on their spatial distribution. Metabolic 

data on glucose and lactate levels were measured after spheroids were subjected to 

progressively increasing concentrations of lactate under conditions of 20% O2 and 5% O2. 

Cells showed lactate consumption at the highest lactate concentration (20mM) tested in 

both oxygenation states [145]. Other experiments in this same study showed a depressed 

cell growth rate when exposed to high lactate as compared to glucose, but yet, the viable 

rim of the spheroids showed high metabolic activity and O 2 consumption in the 

presence of high lactate concentrations [145]. Likewise, studies conducted in the 1970s 

found that three strains of Ehrlich ascites tumor cells oxidized exogenous 14C-labeled 

lactate resulting in incorporation of 14C in amino acids, acetate and CO2 to varying 

proportions among the strains [146].  

 About one third of a series of 29 rat hepatomas were shown to utilize 

lactate based on calculations of arteriovenous substrate differences. The production or 

utilization of lactate was dependent on arterial lactate concentration and not arterial 
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glucose concentration or glucose utilization [25, 26]. These results showed that tumor 

utilization of lactate occurred when the arterial lactate concentrations rose above 2-3mM 

[26]ȭɯ3ÏÌɯȿÔÌÛÈÉÖÓÐÊɯÍÈÛÌɀɯÖÍɯÛÏÌɯÓÈÊÛÈÛÌɯÙÌÔÖÝÌËɯÍÙÖÔɯÛÏÌɯÈÙÛÌÙÐÈÓɯÉÓÖÖËɯÞÈÚɯÕÖÛɯ

investigated in this particular study, and the mechanisms underlying this observation 

were not fully understood at the time.  

 Later studies with glioma cell l ines in vitro  and rat gliomas in vivo showed 

that exogenous lactate was a major source for oxidative metabolism in spite of net lactate 

production from aerobic glycolysis [31, 147]. In vitro studies were conducted using NMR 

with [3 -13C] L-lactate and [1-13C] D-glucose in C6 glioma cells. Cells were incubated with 

either 5.5mM of labeled glucose, 11mM of labeled lactate or a combination of 5.5mM of 

labeled glucose with 11mM of unlabeled lactate for 4 hours before NMR samples were 

collected. Accounting for the fact that [1 -13C]D-glucose metabolizes to one mole of 

unlabeled lactate and one mole of [3-13C]L-lactate, they found there was a high yield of 

glucose conversion to lactate [31]. From the NMR spectrum, peaks corresponding to 3C 

alanine and 4C glutamate were also seen; the former indicating [3-13C] L-lactate 

conversion to alanine, and the latter indicating [3 -13C] L-lactate entering the TCA cycle to 

produce glutamate. Comparing the results from the dishes with lone labeled substrates, 

ÛÏÌàɯÍÖÜÕËɯÈɯɁÏÐÎÏɯàÐÌÓËɯÖÍɯ13C incorporation into glutamate when starting from [3 -

13C]L-ÓÈÊÛÈÛÌɂɯ[31]ȭɯ ËËÐÛÐÖÕÈÓÓàȮɯÛÏÌÐÙɯÍÐÕËÐÕÎÚɯÚÜÎÎÌÚÛɯÛÏÈÛɯɁÓÈÊÛÈÛÌɯÞÈÚɯÈɯÉÌÛÛÌÙɯ

precursor for alÈÕÐÕÌɯÈÕËɯÎÓÜÛÈÔÈÛÌɯÛÏÈÕɯÎÓÜÊÖÚÌɂɯ[31]. From these results, we can 
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conclude that certain tumors have the ability to utilize the lactate they take up for either 

energetic metabolism, as indicated by the labeled glutamate metabolite, or for amino 

acid formation, as indicated by the labeled alanine metabolite.  

 Based on observations that lactate production and utilization can occur 

simultaneously and/or shift from net lactate production to net lactate uptake based on 

the external lactate concentrations [31, 145], a two-compartmental theory was proposed. 

Briefly, it described two separate metabolic pools of both lactate and pyruvate with in the 

cell; one pool of lactate being a result of cytosolic glycolysis that is separate from 

oxidative metabolism, and the other pool being the imported exogenous lactate to be 

used for oxidative phosphorylation [30, 31]. Using NMR, results from a 2001 study in 

perfused rat hearts support the idea of lactate compartmentalization. Glycolytically -

derived lactate efflux can occur simultaneously with exogenous labeled lactate uptake, 

demonstrating that these metabolic pathways function separately [148].  

 These studies beg the question of what effects lactate utilization will have 

on tumor survival, aggressiveness and clinical profile. If accumulation of lactate 

correlates with increased metastasis and poor disease-free and overall survival [19-22, 

24, 28, 33, 42], does the ability of the tumor to utilize lactate contribute to its survival, 

furthering cancer progression? Or does the ability to utilize lactate reduce the 

accumulation of lactate, and, in turn, lessen the negative effect of a hostile tumor 

environment? Does the ability to utilize lactate indicate a less aggressive tumor that 
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ÚÏÖÞÚɯÈɯÔÖÙÌɯȿÕÖÙÔÈÓɀɯÔÌÛÈÉÖÓÐÊɯÈÉÐÓÐÛàȮɯÕÈÔÌÓàȮɯÜÚÐÕÎɯÈÝÈÐÓÈÉÓÌɯÖßàÎÌÕɯÈÚɯÖ××ÖÚÌËɯÛÖɯ

ÜÕËÌÙÎÖÐÕÎɯÛÏÌɯȿ6ÈÙÉÜÙÎɯÌÍÍÌÊÛȳɀɯ.ÙɯÞÐÓÓɯÛÏÌɯÐncreased oxygen consumption necessary 

for lactate oxidation ultimately lead to a more hypoxic tumor with increased reactive 

oxygen species? Of course, lactate may not be utilized for oxidation or energetic 

purposes; it may contribute to amino acid producti on through transamination reactions. 

In this case, will it serve to promote tumor survival, providing the tumor with the 

building blocks of protein synthesis? These are important questions in the field of cancer 

metabolism; ones that strongly encourage more research on the intricacies of tumor 

metabolism. 

1.2.3 Lactate Uptake Rates 

 Many of the K m values cited for MCT subtype 1 and 4 are relatively 

consistent among the literature. Determination of K m values for lactate uptake can be 

found in studies conduct ed with Xenopus laevis oocytes. In vitro , oocytes expressing 

MCT1 showed a rate of 828 ± 79 (pmol/10 min) for uptake of 5mM lactate [149]. In a 

separate study, MCT4-expressing oocytes took up lactate at a rate of 323 ± 25 (pmol/10 

min per oocyte) when incubated with 1mM lac tate, which is still higher than oocytes 

without MCT4 expression (60 ± 3 pmol/10 min) [150]. When comparing one MCT 

subtype to another, many studies use their Km or Vmax values as a basis for comparison. 

As stated above, MCT1 as well as MCT2 both have a Km for lactate lower than MCT4, 

illustrating that subty pe 1 and 2 have a greater affinity for lactate than MCT4 [136]; 
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however, the affinity for lactate in MCT4 can be increased (and the Km decreased) by 

exposure to lower pH values. When X.laevis oocytes were incubated in a pH of 7, 6 and 5 

the MCT4 Km value for lactate dropped from 34 ± 5 mM to 10 ± 2 mM to 1.4 ± 0.5 mM, 

respectively [150].   

 Besides oocytes, lactate metabolism rates have also recently been studied 

in C6 glioma cells. Using 13C and 2H NMR, Rodrigues et al. were able to track lactate 

ÔÖÓÌÊÜÓÌÚɯÐÕɯÈɯɁÙÌÊàÊÓÐÕÎɂɯ×ÙÖÊÌÚÚɯÛÏÙÖÜÎÏɯÛÏÌɯ×ÓÈÚÔÈɯÔÌÔÉÙÈÕÌɯÝÐÈɯ,"3ƕɯ[151, 152]. 

Rates of net 3-13C lactate consumption were calculated to be 0.119 ± 0.012 ϟmol/mg 

protein/hr and a time constant of 0.227 ± 0.031/hr for lactate extrusion. A calculated 

lactate extrusion flux for intracellular lactate concentrations of ~ 5mM would amount to 

ƕȭƕƗƙɯǷɯƔȭƕƙƙɯϟmol/mg protein/hr. To compare lactate equilibration to la ctate uptake 

ÛÏÙÖÜÎÏɯ,"3ƕȮɯÛÏÌÚÌɯÍÓÜßɯÙÈÛÌÚɯÐÕËÐÊÈÛÌɯÛÏÈÛɯÓÈÊÛÈÛÌɯÌØÜÐÓÐÉÙÈÛÐÖÕɯÐÚɯɁÈ××ÙÖßÐÔÈÛÌÓàɯƕƔɯ

ÛÐÔÌÚɯÍÈÚÛÌÙɯÛÏÈÕɯÕÌÛɯÓÈÊÛÈÛÌɯÜ×ÛÈÒÌɂ[151]. Lactate recycling also occurs in the presence of 

physiologic glucose concentrations, and the recycling rate is faster than either glucose or 

lactate metabolism [151, 152]ȭɯ(ÕɯÈÊÊÖÙËÈÕÊÌɯÞÐÛÏɯÖÜÙɯÓÈÉɀÚɯÍÐÕËÐÕÎÚɯÈÕËɯ×ÜÉÓÐÚÏÌËɯ

ÊÖÓÓÈÉÖÙÈÛÖÙÚɀɯÙÌÚÜÓÛÚ [86], this study also indicates that lactate production from 

glycolysis is inhibited in conditions of high lactate and hypoxia [151].  

1.2.4 Lactosis versus Acidosis 

 Lactate and acidity are concepts that are often assumed as a singular 

phenomenon. Though ÛÏÌɯÔÖÓÌÊÜÓÌɯÐÚɯÖÍÛÌÕɯÙÌÍÌÙÙÌËɯÛÖɯÈÚɯɁÓÈÊÛÐÊɯÈÊÐËȮɂɯÓÈÊÛÈÛÌɯÌßÐÚÛÚɯ
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primarily in ionic form within the body at physiological pH, with over 99% of it being 

dissociated from the proton [117]. Upon transport, the proton and lactate anion are 

associated as they cross the cell membrane by MCTs [143]. Though MCTs have the 

ability to contribute to pH regulation, there are other transporters on the cell surface that 

specialize in pH regulation, such as the vacuolar proton pump (V -ATPase), sodium-

proton exchangers (NHE1) and bicarbonate transporters (BCT). Many of these pH-

regulatory transporters undergo expression or regulatory changes with malignant 

transformation, contributing to enha nced growth signaling, motility, and multi -drug 

resistance [153]. Low extracellular pH (pH e) within the tumor cannot be primarily 

attributed to lactate or the ionic transport of MCTs. Table 3 provides a summary of the 

relevance of pH regulators to the tumor microenvironment, including their basic 

functions, expression in tumors, influences on cell migration and downstream targets 

and a brief reference to potential inhibitor s.  
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Table 3: Cellular pH regulators  

pH regulator *  Function/ 

mechanism  

Expression in 

tumors 

Cell migration  Associated/ regulated 

molecules 

Inhibitors  

Na+/H + 

exchanger: 

NHEs (1) 

Regulates pHe and 

pH i: expels H+ from 

cytosol, promotes 

cell polarity [154], 

necessary for cell 

proliferation and 

stable cell volume 

[153] 

Anti -

apoptotic 

activity [153] 

ŷ invasiveness of 

breast carcinoma cells 

[154, 155], required 

for migration, 

accumulates on 

leading edge of 

lamellipodium [154, 

156] Ą tumor cell 

pseudopodia 

MMP activity 

dependent on NHE1 

activity [154]. Ras-

mediated ERK, G 

protein -coupled 

receptors, PKC, RhoA 

and integrin receptors 

regulate NHE1 activity 

[153].  

i) Amiloride 

and 

derivatives  

ii) 

guamidine 

and 

derivatives  

Bicarbonate 

transporters: 

BCTs:  

i) SLC4 = Na+-

HCO 3-

cotransporters 

(NBCs 1-4), Cl-

/HCO 3- 

exchangers 

(NCBE) and 

anion 

exchangers 

(AE1-4) 

ii) SLC26 

Regulates pHi and 

cell volume, ŷ in 

NHE1-deficient cells 

[154, 157] 

 NBC has less 

influence on cell 

migration compared 

to NHE1, but will 

contribute to 

migration during 

acute intracellular 

acid load [157] 

  

Coexpression with 

CA9 for AE1-3 

increases AE-mediated 

bicarbonate transport 

[158] 

 

Carbonic 

anhydrases: 

CAs (9 and 12) 

Extracellular 

production of HCO 3- 

is transported into 

cytosol. H+ ions 

remain at cell 

surface, Ź pH e [154] 

CA 9 ŷ in 

solid tumors, 

ŷ tumor cell 

growth  [154] 

 CA 9 regulated by HIF -

1 [154] 

 

Monocarboxyl

ate 

transporters: 

SLC16A = 

MCTs (1 and 4) 

Facilitated passive 

H + transport with 

monocarboxylates 

*Refer to  

Table 2 

MCT4 colocalized 

ÞÐÛÏɯϕƕɯÐÕÛÌÎÙÐÕɯÈÛɯ

focal adhesions, 

expressed on leading 

edge of migrating 

cells [154] [159] 

CD147 chaperone, 

MCT4 regulated by 

HIF-1 

i) Aromatic 

monocarbox

ylates 

ii) Anion 

transport 

inhibitors  

iii) 

Bioflavenoid

s  

[153] 

V-ATPases H + pump, 

cytoplasmic pH 

homeostasis, 

endocytosis, 

intracellular 

transport [153] 

ŷ in 

multidrug 

resistant 

cells [153] 

c subunit interacts 

with  ϕƕɯÐÕÛÌÎÙÐÕɯ[153] 

E subunit interacts 

with mSos -1 Ą Ras 

and Rac-1 signaling 

[153] 
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Glycolysis-generated lactate itself is not inherently a source of acidity; 

acidification can occur without glycolysis. Two different studies were conducted 

comparing LDH -competent verses LDH- deficient cell lines [160] and glycolysis-

competent verses glycolysis-impaired ras94- and 7ras3- cell lines [161] in both in vitro  and 

in vivo systems. The non-lactate producing cells from both studies showed acidification 

of the culture media and tumor . The drop in pH e tended to be greater in the LDH-

competent cells than the LDH-deficient cells although this finding was not statistically 

significant ; however, the LDH -deficient cells showed a significantly greater fraction of 

their 14CO2 production from 14C alanine rather than from 14C glucose [160]. In vivo, the 

pH e of the tumor tissue was similar for both LDH -competent (7.03 ± 0.03) and LDH-

deficient (7.03 ± 0.05) tumors, despite the wide disparity in lactate content (1877 ± 135 

verses 488 ± 91 µg/g wet weight, respectively) [160]. Studies with the glycolysis -

impaired ras94- and 7ras3- cells showed similar results to the LDH -deficient cells in 

regards to media acidification. The H 3O+/lactate ratio was significantly higher in the 

glycolysis-impaired cell lines, indicating that there was a source of acidity besides 

lactate. In vivo studies with tumors of these cell lines showed a mean interstitial pH that 

was not significantly different between the glycolysis -competent verses glycolysis-

impaired. After measuring metabolites in the tumor interstitial fluid of parental and 

glycolysis-impaired tumors, it was found that lactate levels were 28% lower in the 
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glycolysis-impaired tumors, though CO 2 and pH levels were comparable to the parental 

tumors [161].  

 Implicated in the increased acidification of the abovementioned studies 

was increased levels of CO2 [161], as hydrated CO2 generates bicarbonate (HCO3-) and H+ 

[162]. Briefly, a recent review highlights three sources of CO2 that can lead to 

acidification  of the extracellular milieu. CO 2 can be generated from the TCA cycle since 

one carbon atom that passes through will generate one molecule of CO2. The pentose 

phosphate shunt is another pathway that generates CO2. Finally, as indicated at the 

beginning of this paragraph, titration of bicarbonat e with protons can lead to increased 

CO2 [162]. This discussion is expanded and detailed in review by Swietach et al. [162]. 

Carbonic anhydrase (CA) catalyzes this reaction; there are 14 mammalian isoforms. 

Certain CA isoforms, such as 9 and 12, are increased in many cancers and are HIF-ƕϔ- 

regulated [163]. Bicarbonate transport has been found to be increased through CA 

colocalization and interaction with some bicarbonate transporters [164, 165], which is 

partially regulated by protein kinase C (PKC) [166].  Additionally, when a sodium -

bicarbonate cotransporter (NBC) was expressed together with MCT1 in Xenopus oocytes, 

the transport of lactate and H + by MCT1 increased almost twofold, suggesting that the 

buffering capability of NBC reduced H + intracellular accumulation, which would 

normally hinder MCT1 activity [151]. It is clear that no one transporter is responsible for 
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cellular pH regulation, and not only can many different transporters fulfil l the same 

function, they can also assist or enhance the activity of other transporters.      

 Though lactate accumulates within tumors via the Pasteur Effect, the 

cellular response to hypoxia is not the same as with lactosis or acidosis. Both hypoxia 

and accumulated lactate show correlation to more aggressive cancers, poor patient 

prognosis and disease-free and overall survival [54, 167, 168]. However, in studies that 

carefully controlled for conditions of hypoxia, (non -lactate) acidosis, lactosis and lactic 

acidosis, the range of cell responses was intriguing. A strong lactic acidosis genomic 

response has been found to not only negatively correlate with a hypoxic response score, 

but the lactic acidosis response additionally predicts a favorable prognosis in a series of 

clinical breast cancer trials [86]. Found within the same data set, the cellular response to 

high lactic acidosis was upregulat ion of  genes associated with aerobic metabolism, 

including factors involved in TCA cycle and electron transport, while the response for 

low lactic acidosis showed an upregulation of genes associated with matrix 

metalloproteinases (MMP) [86] that are implicated in many aggressive cancers that are 

also induced by HIF [169].  

1.3 The monocarboxylate transporter (MCT) family  

 Proton-coupled monocarboxylate transporters are 12-span 

transmembrane proteins with N -terminus and C-terminus in the cytosolic domain. 

While there are 14 members/subtypes of MCTs coded by the SLC16A gene family, not all 
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these are currently characterized [136]. MCTs account for 70-90% of muscle lactate 

transport [133]. While it could be said that the distinguishing common feature among 

members of this family was the transport of monocarboxylates (lactate, pyruvate, 

butyrate, acetate, propionate), it has been found that certain subtypes have the ability to 

transport a wider range of substrates such as ketone bodies, some aromatic amino acids 

and even some pharmacological agents, such aÚɯϖ-hydroxybutyrate (GHB) and statins, 

among others [170, 171]. Other members, MCT6, MCT8 and MCT10, will transport 

substrates such as diuretics, thyroid hormones T3 and T4, and aromatic amino acids, 

respectively [136, 170]. 

 Of the characterized family members of SLC16A, MCT1 is reported to 

have the most ubiquitous tissue expression [136]. Other subtypes show tissue-specific 

expression. Expression and regulation of MCT1, MCT2, MCT3 and MCT4 have been 

reported in a wide variety of cancers [172-180]. For brevity and clarity, we will be 

addressing the subtypes of proton-coupled MC Ts best characterized in human tissue, 1-

4, largely focusing on MCT1 and MCT4 with only passing mention of MCT2 and MCT3 

when relevant.  

 Sodium-coupled MCTs (SMCTs) of the SLC5A gene family were 

discovered in the early-ÔÐËɯƖƔƔƔɀÚȮɯÕÈÔÌÓàɯSLC5A8 [181, 182] and SLC5A12 [183]. 

SMCTs transport similar substrates as many of the SLC16A MCT family members; 

however, they show differences in patterns of tissue distribution and their potential 
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roles in cancer or cancer progression [170, 184]. SLC5A members will be mentioned 

when relevant, but the focus for a portion of my dissertation will be on SLC16A MCTs, 

particularly subty pes 1 (SLC16A1) and 4 (SLC16A3).    

 

1.3.1 MCT1 and MCT4 expression and regulation  

 The characteristics of these two transporters are being covered together 

since they share some common traits. It is known that the function of both transporters 

is dependent upon interactions with other proteins, such as the chaperone CD147 [136]. 

Many studies have shown the tight association of CD147 with MCT1 and MCT4 with 

coimmunoprecipitation, and immunohistochemical techniques have sh own co-

expression on the plasma and mitochondrial membranes [185-188]. MCT1, MCT3 and 

MCT4 depend on association with the mature, glycosylated form of CD147 in  order for 

these MCTs to be expressed and functional on either plasma or mitochondrial 

membranes [188, 189]. Conversely, it appears that CD147 maturation is affected by MCT 

expression. In MCT1 knock-down experiments in Caco-2 cells, accumulation of the 

immature, core-glycosylated form and disappearance of the mature glycosylated form 

occurred with no difference in  the mRNA [188]. In other experiments, abrogation of 

fully glycosylated of CD147 was observed and the core-glycosylated form was restricted 

to the endoplasmic reticulum when MCT4 siRNA was added to MDA -MB-231 cells 

[176]. 
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 There is seemingly contradictory evidence in the literature supporting 

both upregulation and absence of regulation of MCT1 expression by exogenous and 

hypoxia. Studies on rat and human muscle cells, have shown that MCT1 mRNA is 

upregulated in response to 10mM lactate exposure for 1 or 6 hr in vitro  [119] or in 

response to the increase of local lactate in exercising muscle, in vivo [190]. The increase in 

MCT1 mRNA also corresponds to significant increases in PGC-ƕϔɯÔ1- ɯ[119]; PGC-ƕϔɯ

signaling is important to muscle metabolism, promoting oxidation [191]. Total and 

mitochondrial protein levels of MCT1 and CD147 have been shown to increase 

significantly with exposure to exogenous lactate, while MCT4 expression remains 

unchanged [119]. In vivo exercise studies found that while MCT1 and MCT4 will 

increase after training, the increase of MCT1 correlates with citrate synthase activity, 

indicating an active TCA cycle [190]. MCT4 did not show the same correlation, 

indicating that MCT1 regulation can be importa nt to the ability of the muscle cell to 

directly consume lactate to be used in TCA cycle/oxidative phosphorylation while MCT4 

regulation is more likely to correspond to lactate -efflux from the more glycolytic 

myocyte. This begs the question of whether cancer cells also have the ability to consume 

lactate or if the upregulation of MCT1 is more likely an adaptation to higher 

concentrations of intracellular lactate generated from increased glycolysis in cancer cells.  

 In a separate study conducted in a number of cancer cell lines (MDA-MB-

231, MCF7, HeLa, SiHa, p53-WT HCT116 and p53 -/- HCT116), it was found that MCT1 
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mRNA regulation did not change in response to 10mM lactate exposure for 24-96 hrs. 

However, loss of p53 correlated with MCT1 mRNA upregulation af ter exposure to 

hypoxia for 24-96 hr, and MCT1 mRNA stability was dependent upon not only p53 

expression, but also NF-ϝB expression [192]. It is important to note that the experiments 

carried out by Boidot et al. [192] consisted of considerably longer exposure times to 

lactate than experiments conducted by Hashimoto et al. [119]; the differences are 24-96-

hr-exposures vs. 1-6-hr-exposures, respectively. 

 Lactate is not the only substrate that can upregulate MCT1 expression. 

Butyrate, a short chain fatty acid synthesized by bacterial fermentation in the colo n, has 

been shown to stimulate MCT1 promoter activity [193]. Hormones act to regulate the 

expression of MCT1: both testosterone [194] and thyroid stimulating hormone (TSH) 

[195] will stimulate tissue protein expression of MCT1. The metabolite milieu is affected 

by the expression and function of MCTs. Inhibition of MCT1 and MCT2 via siRNA 

showed significant decrease in malignant glioma cell viability and lactate efflux ( i.e. 

glycolysis) in vitro ; these effects were increased when both were inhibited 

simultaneously [196]ȭɯ,"3ƕɯÖÝÌÙÌß×ÙÌÚÚÐÖÕɯÐÕɯÙÈÛɯϕ-cells has been shown to increase 

pyruvate oxidation, and when co -overexpressed with LDHA, islet cells will additionally 

increase lactate oxidation [197]. A recent study in cultured astrocytes found that basal 

lactate uptake was decreased with MCT1 silencing but not with MCT4 silencing. The 

effect was more profound than CD147 silencing, which decreased basal lactate influx 
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and efflux and glutamate -activated lactate release. The results from this study indicate 

the possibility of an uncharacterized MCT subtype or an unidentified transporter 

functioning wit hin astrocytes [198].  

  

1.3.2 MCTs and cancer 

 MCT expression in cancer is summarized in Table 4. Colorectal cancer 

provides intriguing information of MCT expression in cancer. MCT1 is expressed in 

normal colonic epithelium to facilitate the transport of butyrate, the primary energy 

source for these cells [199]. Butyrate has been shown to be important in prolife ration, 

apoptosis and differentiation, with declining levels indicative of colon cancer 

progression [200]. Since butyrate is imperative for differentiation of colon cells [201, 202] 

as well as breast cells [203], it makes sense that low levels of this substrate would 

contribute to carcinogenic transition or progression. Butyrate unavailability may be due 

to microenvironmental levels as well as a decreased ability of the cells to take up the 

substrate. The loss or silencing of MCT1 has been shown to correlate with the 

deregulation of butyrate -responsive genes involved in differentiation and apoptosis 

[179, 204], transition from normalcy to malignancy in colonic epithelium [205] along 

with a simultaneous increase in GLUT-1 expression [173, 205], supporting the 

hypothesis that the primary energy source for cancerous colon cells switches from 

butyrate to glucose. SLC5A8, termed SMCT1, is also responsible for mediating uptake of 
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butyrate [184] and has been shown to act as a tumor suppressor in colon epithelium, 

with its silencing via aberrant corr elating to neoplastic transformation of colon cells 

[206]. An opposing finding on MCT expression in colon tissue indicates that there is an 

increase in MCT1, MCT2 and MCT4 in colorectal carcinoma compared to normal colonic 

epithelium [172]. Expression patterns of MCT1 within a separate study showed that both 

membrane and cytoplasmic MCT1 expression was seen in both normal colonic tissue as 

well as in colonic tumor cells and tumor -associated fibroblasts [173]. Studies mentioned 

used immunohistochemical analysis to assess MCT1 abundance; no conclusion can be 

drawn about the discrepancy between results. Further studies are needed to elucidate 

MCT expression and its implications in colorectal cancer.  
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Table 4: MCT1 and MCT4 expression in solid tumors  

Type of cancer MCT1 expression  MCT4 expression  

Cervical  ŷ from pre -invasive to invasive 

[180] 

ŷ from pre -invasive to 

invasive [180] 

Head & Neck  (+) (unpublished data)  (+) (unpublished data)  

Colorectal  (+) in tumor cells in samples tested 

[173], ŷ in tumor cells compared to 

normal epithelium [172] 

(-) or loss from normalcy to 

malignancy [205] 

Weak (+) in tumor cells [173], 

ŷ in tumor cells compared to 

normal epithelium [172] 

Melanoma  (+) [207] (+) [207] 

Breast  Ź in MDA -MB-231 and some 

clinical samples by 

hypermethylation of CGI upstream 

[203] ŷ in basal-like breast 

carcinoma [208] 

ŷ in MDA -MB-231, 

metastatic breast cancer 

[176]  

Brain  + in gliomas, silencing leads to cell 

death [196] 

 

 

Lung  + in tumor cells, - in normal [209], 

cytoplasmic accumulation in 

alveolar soft part sarcoma [210] 

 

+ in tumor cells, - in normal 

[209] 

Pancreatic + [175] + [175] 

Neuroendocrine  ŷ in neuroblastoma [211]  

 

Differential expression of MCT1 has been seen in clinical breast samples with 

hypermethylation of a CpG island  ȹ"&(ȺɯÐÕɯÛÏÌɯƙɀɯÜ×ÚÛÙÌÈÔɯÙÌÎÐÖÕɯÖÍɯ,"3ƕɯÈÊÊÖÜÕÛÐÕÎɯ

for silencing, similar to the expression seen in the MDA -MB-231 cell line [203]. After 

analysis of tumor tissue from 249 breast carcinoma cases compared to normal breast 

tissue, it was found that MCT1 was significantly upregulated in basal -like breast 

carcinoma. Upregulation of both MCT1 and CD147 were associated with poor 

prognostic variables [208]. In accordance with these findings, it was also reported that 
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breast cancer patients harboring p53 mutations in hypoxi c tumors showed a significant 

increase in MCT1 expression and significantly lowered overall survival rates [192].  

In lung cancer, MCT1, MCT2 and MCT4 expression are found among tumor cells 

while very weak expression was seen in stroma, and no MCT expression was found in 

normal lung tissue [209]. Though MCT signaling pathways are not completely known, 

MCT2 expression/regulation h as been linked to IGF-1 [212] and PI3k/Akt or mTor 

pathways [213], which may be relevant to other subtypes as well. Interestingly, current 

research on SMCT1 shows a more consistent expression pattern in different cancers 

compared to MCT1; SMCT1 is reputedly silenced in thyroid, stomach, brain, breast, 

pancreas and kidney cancers [184]. Perhaps this indicates that the SMCTs may have an 

unambiguous expression pattern in cancers compared to proton-coupled MCTs; further 

research on the expression and function of SMCT and MCT subtypes in cancer is 

warranted to elucidate these possibilities. 

1.3.2.1 Inhibition of MCT1 as a potential therapeutic option in cancer treatment   

Rationale behind MCT inhibition is multifactorial. Inhibition of MCTs wi ll have a 

direct effect on monocarboxylate transport and pH. It has been shown that MCT1 

inhibition decreases intracellular pH, resulting in cell death [141, 153, 211, 214]. Since 

MCT1 is bidirectional, inhibition of this transporter may also cause the extrace llular 

environment to become more acidic. While this effect is usually associated with a more 

aggressive phenotype, the increase in acid allows for more lactate uptake [142] and may 
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have additional aid in treatment if candidate drugs require lower extracellular pH to 

enhance their uptake [215].  

 Another hypothesis regard ing potential efficacy of MCT1 inhibition as a 

ÊÈÕÊÌÙɯÛÙÌÈÛÔÌÕÛɯÐÚɯÐÕɯÙÌÓÈÛÐÖÕɯÛÖɯÛÏÌɯ×ÙÖ×ÖÚÌËɯɁÔÌÛÈÉÖÓÐÊɯÚàÔÉÐÖÕÛɂɯÔÖËÌÓɯÉÌÛÞÌÌÕɯ

hypoxic and aerobic cells within the tumor microenvironment. Briefly, this model states 

that aerobic cells, which have the ability to consume lactate, can confer a survival 

advantage to the hypoxic tumor cells by allowing glucose to reach the hypoxic cells 

farther from vessels. By inhibiting MCT1, lactate is no longer available to the aerobic 

cells, forcing them to take up the glucose. This starves the more treatment-resistant 

hypoxic cells [141]. Inhibition of MCT1 has been found to decrease tumor growth rate 

[141] and elicit cell death via apoptosis and necrosis when silenced in conjunction with 

MCT2 [196]. 

 Finally, inhibition of MCTs may suppress cell migration. Silencing of 

MCT4 via siRNA has been shown to reduce transwell migration of MDA -MB-231 cells 

by as much as 85% [176]ȭɯ,ÖÙÌɯÙÌÊÌÕÛɯÚÛÜËÐÌÚɯÉàɯ/ÏÐÓ×ɀÚɯÎÙÖÜ×ɯÏÈÝÌɯÐÓÓÜÚÛÙÈÛÌËɯÛÏÌɯ

ÊÖÐÔÔÜÕÖ×ÙÌÊÐ×ÐÛÈÛÐÖÕɯÈÕËɯÊÖÓÖÊÈÓÐáÈÛÐÖÕɯÖÍɯ,"3ƘɯÈÕËɯϕƕ-integrin in the leading edge 

lamellapodia of migrating cells [159]. Both "#ƕƘƛɯÈÕËɯ,"3ƘɯÐÕÛÌÙÈÊÛɯÊÓÖÚÌÓàɯÞÐÛÏɯϕ-1-

integrin; these findings paired with the dependency of CD147 expression on MCT4 

expression [176], indicate that MCT4 may be exerting more of an influence on focal 

adhesion- and integrin -associated cell migration than previously imagined.  
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There are several small molecules that inhibit MCT function. The efficiency of 

inhibition of MCT4 function tested under conditions of 30mM lactate has been evaluated 

for the following inhibitors ȯɯϔ-cyano-4-ÏàËÙÖßàÊÐÕÕÈÔÈÛÌɯȹ"'"ɯÖÙɯ"(--Ⱥɯȹ*ÐɯȃƖƛϟ,ȺȮɯ

phloretin (Ki ~1.Ƙϟ,ȺȮɯƙ-nitro -2-(3-phenylpropylamino)benzoate, 3 -isobutyl -1-

methylxanthine and p -chloromercuribenzene sulphonate (pCMBS) ȹ*ÐɯɉƕȭƔϟ,Ⱥ. pCMBS 

inhibits MCT1 via reaction with CD147 as opp osed to direct MCT1 interaction [216, 217]. 

There are some variations of efficiency of functional in hibition of the different inhibitors 

based on the subtype. Of these CHC, pCMBS and phloretin are well established MCT1 

inhibitors . Treatment with these drugs reduces lactate influx by up to ~80% in normal 

hepatocytes in a dose-dependent manner, starting at concentrations of 5mM. Similar 

effects have been shown with 4,4ɛ-dibenzamidostilbene -2,2ɛ-disulfonate (DBDS) and 4,4ɛ-

diisothiocyanostilbene -2,2ɛ-disulfonate (DIDS) [218] and with the tumor cell line Ehrlich -

Lettre, though with some variation [219, 220]. CHC is supposedly a specific MCT1 

inhibitor [216]; however, studies have shown that CHC will disrupt activity of the anion 

exchanger AE1 and that CHC is a more potent inhibitor of the mitochondrial pyruvate 

carrier (MPC) than of MCT1 [136, 221]. Concentrations of CHC as low as 1ϟM have been 

found to inhibit the MPC, while at least 50ϟM are needed to inhibit MCTs  [136, 221-223]. 

A recent MCT1-specific inhibitor, AR -C117977, has been found to have 

immunosuppressive properties that will significantly prolong skin graft and heart 

allograft survival in mice [224]. Some of these inhibitors can be used as broad spectrum 
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pH regulator inhibitors, and likewise, will inhibit lactate and proton efflux via MCTs. 

Inhibitors that are more MCT -specific hold promise in facilitating tumor metabolism 

manipu lation as well as potentially acting as an immunosuppressor.  

When considering MCTs as a target for therapy, it is imperative to evaluate 

toxicity to normal tissue. MCT inhibitors  have the potential for altering metabolism, 

inflammatory response, intracell ular pH, and angiogenic response on a broad spectrum. 

Local delivery may be required to prevent deleterious whole -body effects. Systemic 

delivery of an MCT inhibitor, and specifically MCT1, could affect almost every organ of 

the body with the most drastic effects on cardiac and skeletal muscle. Possible side 

effects in skeletal muscle include muscle fatigue and inability to tolerate moderate - to 

high -intensity exercise due to the build -up of intracellular lactate as well as hydrogen 

ions [225]. In the worst case scenario, the side effects of MCT inhibition in the heart may 

lead to exercise intolerance or other more severe cardiac toxicities [217, 225]. Since MCT1 

is one of the transporters that will take up butyrate,  it is possible that with MCT1 

inhibition there may prevent or reduce proper differentiation or cell proliferation in the 

colon. 
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1.4 The epithelial to mesenchymal transition (EMT) in cancer and 

connections to tumor metabolism  

The epithelial  to mesenchymal transition is described here due to the potential 

relevance of lactate to this process. Experiments evaluating the connection between 

lactate and EMT are not included in the body of this dissertation but are included in 

Appendix E.  

Epithelium is the tissue that lines body cavities and forms lumens and glands.  Epithelial 

cells are polarized and firmly attached to the basement membrane unless part of a 

stratified epithelial structure [12]. Mesenchymal cells (also called mesenchymal stem 

cells (MSC)) retain multi potency, meaning they have the ability to differentiate into 

many different types of cells [226]. Morphologically, mesenchymal cells are typically  

longer and thinner than epithelial cells and have some cell processes. It has been found 

that MSC reside in almost all post-natal organs and tissues [227]. Cellular markers for 

epithelial and mesenchymal cells are provided (Table 5). The epithelial -mesenchymal 

transition (EMT) describes the process of an epithelial cell acquiring the phenotype of a 

mesenchymal cell. Contrarily, the mesenchymal-epithelial transition (MET) describes the 

process of a mesenchymal cell acquiring an epithelial phenotype. Normally, these 

processes are tightly regulated and balanced, each occurring at specific times in 

specialized tissues (e.g., MET occurring during development . The three primary contexts 

in which EMT occurs are in embryonic development, fibrosi s and cancer [228] (Table 5). 
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Table 5: Markers of epithelial and mesenchymal cells  

Cell phenotype  Markers  

Epithelial  E-cadherin, Cytokeratin, ZO -1, Laminin -1, Entactin, MUC-1, 

Syndecan, Desmoplakin, ϔ1 (IV) collagen, miR200  

Mesenchymal  N-cadherin, Vimentin, Snail, Slug, Fibronectin, Twist, 

Goosecoid, LEF-1, ϔ-SMA, FOXC2, ϕ-catenin, SIP1, FSP-1, 

ϔ5ϕ1 integrin, miR21, miR10b 

 

Cellular plasticity has been receiving more attention in cancer research recently, 

after several findings of EMT or MET events in tumor cells [229, 230]. Signaling 

pathways for EMT initiation and maintenance in cancer are in the beginning stages of 

discovery.  It is known that factors of the tumor microenvironment , such as oxygen 

concentration, can influence EMT or MET [231, 232]. As mentioned in Section 1.1.2 of the 

Introduction, tumor hypoxia is a common occurrence in many types of solid tumors  [63, 

233] that correlates with poor patient prognosis and survival [54, 167], increased 

metastatic potential [55, 56] and can lead to treatment resistance [168]. EMT contributes 

to this aggressive phenotype. In order for metastases to occur, tumor cells must 

disengage from their cell-to-cell contacts and deregulate polarity in order to gain the 

ability to invade the BM and neighboring tissue. EMT signaling has been found to 

contribute to migratory, invasive and metastatic phenotyp es in cancer cells [229, 230, 

234, 235] that can be ablated with siRNA techniques [236, 237]. Lactate is another factor 

associated with poor patient prognosis and survival and an increased incidence of 
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metastases [19-22, 24, 60]. Lactate may be another TME-associated factor that influences 

EMT.  

1.4.1 The potential importance of lactate signaling in EMT  

There are three types of EMT [228] (Table 6). The first connection between lactate 

signaling and EMT is in wound -healing . EMTs are associated with fibrosis in several 

organs, and inflammation can initiate EMT events through cytokine signaling [228, 238-

240].  Lactate is known to play an integral role in wound -healing by increasing 

inflammatory -like signaling and facilitating angiogenes is [241]. Some common 

pathways involved i n lactate signaling are also involved in EMT. TGF-ϕ is one of the 

primary cytokines to be upregulated in inflammation [242] and wound healing [241]. In 

wound -healing , high lactate concentrations stimulate TGF-ϕȮɯÓÌÈËÐÕÎɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯ

increase in this cytokine [241].TGF-ϕ also plays a role in EMT signaling: Snail (an 

important EMT initiator) is required for TGF - ϕ  involvement to induce EMT via 

activating the PI3K/Akt pathway [243] and/or NF -KB [244].  NF-KB activation occurs in 

a time-dependent and dose-dependent manner in trabecular meshwork cells within five 

minutes after addition of ex ogenous lactate [245].  Additionally, lactate uptake  via MCT1 

in HUVEC cells activates NF-KB through IL -8 signaling, which facilitates tumor 

angiogenesis [246]. From these findings, we can see that TGF-ϕ and NF-KB signaling are 

two potential points of convergence of lactate signaling and EMT signaling, also 
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indicating the po tential for crosstalk between lactate-relevant TME and EMT signaling 

pathways (Table 6).   

Few studies focus on the relationship between lactate and EMT, but there are 

some hints to suggest that nutrient balance may influence differentiation and/or EMT 

ini tiation and maintenance [247-249]. Additional evidence of the relevance of lactate to 

EMT signaling comes from exon-array transcriptional analyses conducted in MCF7 cells 

exposed to 10mM L-lactate for 48 hr [247]. In this study, >4,000 genes were differentially  

regulated in response to exogenous lactate. Gene set enrichment analysis showed >3,000 

ÎÌÕÌÚɯÞÌÙÌɯÈÚÚÖÊÐÈÛÌËɯÞÐÛÏɯɁÚÛÌÔÕÌÚÚȯɂɯǿƕȮƔƔƔɯÎÌÕÌÚɯÚÐÔÐÓÈÙɯÛÖɯÌÔÉÙàÖÕÐÊɯÚÛÌÔɯÊÌÓÓɯ

profiles and >2,000 genes similar to neural stem cells [247]. Lactate has also been found 

to induce genetic regulation in mesenchymal stem cells, mainly in genes associated with 

cell cycle, cell adhesion and communication, transcription factor, cytokine, apoptosis 

and oxidative m etabolism; however, lactate did not induce any changes in cell surface 

epitope expression [250]. In sheep thyroid cells, lactate utilization was found to be 

associated with the degree of differentiation [248].  

The studies summarized indicate a promising avenue of research in the link 

between EMT and lactate metabolism and/or nutrient balance. Recognizing the 

connections between lactate signaling and EMT signaling led me to question the 

possibility of lactate inducing EMT. In my dissertation, I will present brief preliminary 

evidence suggesting exogenous sodium lactate can elicit cell morphology changes, 
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regulate expression of Snail-1 and mildly increase the formation of mammospheres in 

breast cancer cells in tissue culture.  

 

Table 6: Potential relevance of lactate to different EMT subtypes  

Subtype of EMT  Description  Relevance of lactate 

1: Implantation / 

Embryonic 

gastrulation  

Epiblast forms primary 

mesenchyme through EMT. 

(Secondary epithelium 

derived from primary 

mesenchyme through MET.) 

[228] 

Mouse embryo post-

implantation: >90% of 

glucose converted to 

lactate. Addition of 24mM 

of exogenous lactate 

inhibited glucose and 

pyruvate metabolism in 

embryos. [251] 25mM 

lactate cannot support first 

cleavage division of mouse 

embryo [252]. 

2: Inflammation / 

Fibrosis  

Inflammatory cells and 

resident fibroblasts secrete 

growth signals and 

chemokines Ą partial EMT. 

Destruction of basement 

membrane Ą full EMT [228]. 

Slug is upregulated during 

wound healing [253]. 

Lactate increased in 

wound -healing context. 

Signals to increase VEGF, 

TGF-ϕ1, and collagen 

deposition and decrease 

IGF-1 [241].  

3: Cancer 

Loss of epithelial markers 

and adhesion molecules 

leads to resistance to cell 

death and an increased 

migratory phenotype [254, 

255].  

High lactate correlates with 

poor patient prognosis and 

survival [20, 22, 24, 33, 60]; 

high lactate correlates with 

metastatic disease [20-22, 

24, 60]. 
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1.5 Objective 

What has become more apparent in last few decades of metabolism research is 

that lactate is more than merely a byproduct of glycolysis . It has the ability to influence 

angiogenesis, expression of surface molecules, genetic response, ATP generation, and 

cell migration. My  dissertation w ork shows that: 

1. Lactate accumulation can be measured in LABC biopsies. Lactate concentrations 

are higher than what is seen in most normal tissues,  but are lower than lactate 

concentrations previously reported clinical trials in other cancer types. . 

2. Lactate metabolism occurs in all cell lines tested, generating the metabolites 

alanine and glutamate. 

3. Lactate can serve dually as fuel or a toxin, depending upon the concentration, 

duration of exposure  and/or additional insults.  

4. MCT1 and MCT4 have the potential  to serve as biomarkers for cycling hypoxia in 

tumors.  
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2. M ethods 

2.1 Lactate and CHC 

Sodium L-lactate (C3H 5NaO3) was purchased from Sigma-Aldrich (St. Louis, MO, 

USA) and added to 50mL of media to make up 80mM or 40mM stock solutions.  Stock 

solutions were used within 3 weeks after preparation . Sodium L-lactate-3-13C solution 

(45-55% w/w in H2O) and  99 atom % 13C and ϔ-cyano-4-hydroxy -cinnamic acid (CHC) 

were acquired from Sigma-Aldrich. CHC was solubilized in sterile DMSO to yield 1M 

and 100mM stock solutions. From these stock solutions, CHC was added to cell media to 

yield 5mM and 0.1mM for drug treatments.  

2.2 Cell Culture  

Cells were maintained in 37°C, 5% CO2, 20% O2 in a Forma Scientific (Marietta, 

.'ȺɯÐÕÊÜÉÈÛÖÙȭɯ ÓÓɯÊÌÓÓɯÓÐÕÌÚɯÞÌÙÌɯÈÊØÜÐÙÌËɯÛÏÙÖÜÎÏɯ#ÜÒÌɯ4ÕÐÝÌÙÚÐÛàɀÚɯ"ÌÓÓɯ"ÜÓÛÜÙÌɯ

Facility and from ATCC (Manassas, VA), except HMEC, which were acquired from 

Clonetics (Switzerland). Cell lines used were: HMEC (human mammary epithelial cells), 

MCF7 cells (ER+, PR+, Her2-, invasive ductal carcinoma, luminal), MDA MB 231 cells (ER -

, PR-, Her2-, adenocarcinoma, basal), HepG2 cells (hepatocellular carcinoma) and WRL-

68 cells (normal liver). Other cell lines included in limited studies  were: R3230Ac (rat 

mammary carcinoma), CCD1112Sk (normal foreskin cells) , BJ (normal foreskin cells)  and 

SNU-182 (hepatocellular carcinoma) cells. HMEC cells were cultured in MEBM media 
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from LÖÕáÈɤ"ÓÖÕÌÛÐÊÚɯȹ2ÞÐÛáÌÙÓÈÕËȺɯÞÐÛÏɯÈËËÌËɯÚÜ××ÓÌÔÌÕÛÚɯȹɁ,$&,ɯÔÌËÐÈɂȮɯ

Single®Quots®: 2mL BPE, 0.5mL hEGF, 0.5mL insulin, 0.5mL hydrocortisone, 0.5mL 

GA-1000). MCF7 cells were cultured in MEM media from Gibco (Invitrogen, Carlsbad, 

CA), supplemented with 10% f etal bovine serum (FBS: Gemini, West Sacramento, CA), 

1% sodium pyruvate (Gibco), 0.1mM of non -essential amino acids (Gibco) and 1% 

antibiotic/antimycotic (Gibco). MDA MB 231 cells were cultured in high glucose DMEM 

(Gibco) +10% FBS + 1% antibiotic/antimyc otic. T47D cells were cultured in RPMI 1640 

media (Gibco) with 10% FBS, 1% sodium pyruvate (Gibco) and 1% antibiotic/antimycotic 

(Gibco). WRL-68 and HepG2 cells were cultured in MEM (Gibco) +10% FBS + 1% 

antibiotic/antimycotic with 1% sodium pyruvate (Gibc o) and 0.1mM of non-essential 

amino acids (Gibco).   

2.3 Protein extractions and concentration assay  

2.3.1 Total Protein (RIPA buffer)   

Cells were grown to 70-90% confluency in 10cm dishes. On ice, cells were 

washed twice with cold 1x PBS and all adherent cells were scraped off after the addition 

of complete RadioImmuno Precipitation Assay (RIPA) lysis buffer (150mM sodium 

chloride, 50mM Tris-HCl (pH 7.4), 1mM EDTA, 10% NP-40, 0.1% protease inhibitor, 

0.5% sodium fluoride, 0.5% sodium vanadid, 0.5% PMSF 

(phenylmethanesulphonylfluoride), and 2.5% sodium deoxychlorate ). For protein 

analysis in  RIPA buffer, cells were collected in 1.5ml Eppendorf tubes, incubated on ice 
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for 15 minutes and then centrifuged at 15,000 RPMs in a microfuge for 10 minutes in 

4°C. The pellet was discarded, and the supernatant was frozen and stored at -80°C.  

2.3.2 Total Protein (Triton X lysis buffer)   

For analysis of total protein in Triton X lysis buffer, cells were scraped with 1X 

DPBS and centrifuged at 8,000 RPM for 1 minute. DPBS was decanted, and  Triton X 

lysis buffer ( 1M Tris (pH 7.5), 5M NaCl, 100mM EDTA, 100mM EGTA, 10% Triton X 100 

dissolved in diH 2O with 1:100 protease cocktail added) was used to resuspend cells. 

Cells were vortexed, then were placed on a rocker for 45 minutes in the cold room for 

solubilization . After 45 minutes, cells were spun at 12,000 RPM for 10 minutes. The 

supernatant was collected and frozen at -80°C.  

2.3.3 Protein concentration assay 

Following protein extraction, samples were diluted in DI water , and 5 µL of the 

diluted sample was pipetted into a 96-well plate. BSA standards were serially diluted 

(initial concentration: 1.47 mg/mL, range: 1 ɬ 1:16) and included in the assay. The Bio-

1ÈËɯ#"ɚɯ/ÙÖÛÌÐÕɯ ÚÚÈàɯȹ!ÐÖ-Rad) was used to determine protein concentration 

ÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯThe absorbance was measured at 750 nm 

using a microplate reader. A standard curve was generated to calculate the total protein 

in the samples. 

2.4 Western Blots 

2.4.1 MCT blots   
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For MCT1 and MCT4 Western blots, 15-50ug per sample were loaded onto 12% 

SDS-PAGE gels (Bio-Rad, Hercules, CA) and were separated by SDS-PAGE at 120 volts. 

The  gel was transferred to a polyvinylidene fluoride  (PDVF) membrane (Bio-Rad) and 

then blocked either for one hour or over night at 4°C in non-fat, dry milk reconstituted in 

TBST (4g dry milk/100mL TBST). MCT1 rabbit anti-human IgG primary antibody 

(Millipore, Billerica, MA) was used, diluted 1:1000 in TBST and incubated in 4°C 

overnight. The membrane was washed three times for 10 minutes in TBST + 0.01% 

Tween. The secondary goat anti-rabbit IgG horseradish peroxidase-linked antibody 

(Jackson ImmunoResearch Labs, West Grove, PA) was diluted 1:2000 in TBST and 

incubated in room temperature for one hour. The membrane was washed three more 

times before incubating for 5 minutes with SuperSignal® West Pico Luminol/Enhancer 

Solution (Pierce, Rockford, IL). Kodak film (Rochester, NY) was used to capture the 

luminescent protein bands, and the film was developed on the Kodak processor wi th 

Spectra-2 developer (Merry X -Ray Corp, Mentor, OH) for x -ray film processing. Pan-

actin controls were run in accordance for quantification.  

2.4.1.1 MCT1/4 expression regulation 

A549 and HT1080 cells were incubated in DMEM with 10% FBS and 1% 

antibiotic /antimycotic (10,000 units of penicillin (base), 10,000 µg of streptomycin (base), 

and 25 µg of amphotericin B/ml utilizing penicillin G (sodium salt), streptomycin 

sulfate, and amphotericin B as Fungizone® Antimycotic in 0.85% saline) in hypoxic 
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(0.5% O2, 5% CO2, 94.5% N2) and normoxic conditions for 0- 48 hrs. Cell culture media 

were acquired from Gibco (Invitrogen, Carlsbad, CA). The same cell lines were 

incubated with high lactate media: glucose -free, pyruvate-free DMEM with 10% FBS, 

20mM lactate and 1% antibiotic/antimycotic for the same time course. MCT1/4 

expression levels were assessed by Western blot to compare their regulation under each 

condition.  

2.4.2 Snail, Slug and Twist  Western blots  

To prepare total cell lysate, cell pellets were washed with  HBSS (Gibco) and 

pelleted into a 1.5 ml eppendorf  tube.  The pellet was lysed with a solution of 25mM 

Tris pH 7.5, 1% SDS, 1mM EDTA containing 1mM PMSF and Halt Protease / 

Phosphatase Inhibitors (Pierce).  Benzonase (Sigma) was added to the samples to 

increase protein purity and reduce viscosity. Samples were incubated on ice for 15 to 20 

minutes.  Samples were centrifuged at 21000xG for 15 minutes at 4°C.  Supernatants 

were removed and stored at -80°C.  Total protein was determined by the BCA Protocol 

(Pierce). 

Preparation of c ytosol ic lysates: Cytosol lysis buffer was made with the following: 

10mM Hepes (7.6 pH), 10mM KCl, 1.5mM MgCl 2, 0.5% NP40, Protease/Phosphatase  

Inhibitors (Halt -Pierce), and 1mM PMSF. 

Cell pellets were washed twice with 5mL HBSS, then transferred to 1.5ml 

Eppendorf tube and pelleted again.   Next, 500 to 750 µL of cytosol lysis buffer was 
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added, and samples were incubated on ice for 10 minutes. Samples were centrifuged at 

15000xG, and the cytosolic fraction was removed.  The pellet was washed twice with 

cytosol lysis buffer, after which, the nuclear extraction was executed. 

Preparation of n uclear lysates: The pellet was lysed with 50 to 150ul of  25mM Tris pH 

7.5, 1% SDS, 1mM EDTA containing 1mM PMSF and Halt Protease / Phosphatase 

Inhibitors (Pierce).  Benzonase (Sigma) was added to the samples and incubated on ice 

for 15 to 20 minutes.  Samples were centrifuged at 21000xG for 15 minutes at 4°C.  

Supernatants were removed and stored at -80°C.  Total protein was determined.   

Gel Electrophoresis: Fifty to 100 µg of sample was mixed with reducing gel loading 

buffer and boiled for 5 minutes.  Samples were loaded into a 10% Bis-Tris Nupage Gel 

(Invitrogen).  Gel running buffer was MOPS -SDS.  Gels were electrophoresed at 150V 

constant voltage until  loading dye reached the bottom. 

Western Transfer: Electrophoresed gels were incubated in cold western transfer buffer 

(Tris-Glycine plus 10% Methanol) for 5 to 10 minutes at 4°C.  Proteins were transferred 

to 0.22 micron nitrocellulose membranes (GE Water & Process Technologies) at 100V 

constant voltage with an ice pack for 40 minutes.  The transferred nitrocellulose was 

incubated in Blocking Buffer (Rockland) for 30 minutes at RT in black incubation boxes.  

Detection: Anti -Snail-1(Cell Signaling), anti-Slug (from the Garcia-Blanco lab)  and anti-

Twist (Abcam) antibodies were added directly to blocked nitrocellulose and incubated 

overnight at 4°C. The following day the blots were washed 3 times with TBS /Tween 20.  
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Blocking buffer was added again and the fluorescently-labeled secondary detection 

antibodies for the Odyssey were added (diluted 1:5000 in 1:1 Odyssey Blocking Buffer 

(LI -COR Biosceinces) to TBS + 0.1 to 0.2% Tween20 + 0.01% SDS).  This was incubated for 

40 minutes at RT.  Blots are washed 3 times with TBS/Tween 20 followed by 3 washes 

with PBS.  Blots were imaged on an Odyssey scanner (LI-COR System). 

2.5 Human LABC and HNSCC samples 

2.5.1 Sample Storage  

LABC human biopsies were acquired from clinician Kimberly Blackwell, MD  

with IRB appro val. These samples were snap frozen in liquid nitrogen, stored at -80°C 

and transported on dry ice. The head and neck tumor samples were collected and stored 

similarly. Normal frozen breast tissue was acquired from Duke Comprehensive Center 

Shared Resource for Tissue and Blood Procurement. All samples were stored at -80°C 

until sectioning.  

2.5.2 Cryosectioning  

Cryosectioning of human LABC biopsies, normal breast samples and HNSCC 

samples was performed at -30°C. Sections for immunohistochemistry were cut at 10 

microns and mounted on Superfrost Plus Micro Slides (VWR, West Chester, PA). Sctions 

for metabolite bioluminescence were cut at 20 microns and mounted on 22x40 micro 

cover glass (VWR) coverslips. 
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2.5.3 Immunohistochemistry on LABC biopsies  

Routine H&E  staining was carried out at room temperature. All tissue sections 

were fixed in 4% PFA for one hour. Following fixation, sections were incubated in 

hematoxylin (VWR, West Chester, PA, USA) for four minutes and subsequently rinsed 

for four minutes under sl owly running tap water. Slides were then incubated in eosin 

(VWR, West Chester, PA, USA) for one minute. For dehydrating the sections, slides 

were dipped three times in 70%, 80%, 90% and 95% ethanol. Slides were then incubated 

in 100% ethanol for five minu tes to extract any residual water. Finally, specimens were 

ÐÕÊÜÉÈÛÌËɯÐÕɯ%ÐÚÏÌÙɯ!ÙÈÕËɯ"ÐÛÙÐÚÖÓÝɚɯȹ%ÐÚÏÌÙɯ2ÊÐÌÕÛÐÍÐÊȮɯ%ÈÐÙɯ+ÈÞÕȮɯ-)Ȯɯ42 ȺɯÍÖÙɯÍÐÝÌɯ

minutes before being mounted with Richard - ÓÓÈÕɯ2ÊÐÌÕÛÐÍÐÊɯ"àÛÖÚÌÈÓɯɚɯ78+ɯÔÖÜÕÛÐÕÎɯ

media (Thermo Fisher Scientific, Waltham, MA, USA). Brightfield images of the H&E 

slides were imaged under 10x magnification. These images were then stitched together 

in Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA) and used for co-

registration. A serial set of H&E slides w ere submitted to a pathologist at Duke 

University for analysis of percent invasive cancer in each sample.  

Microvessel density (MVD) was assessed by CD31 immunofluorescence (IF) 

staining of frozen tissues. The frozen sections were fixed with ice cold 100% acetone for 

20 minutes, then was washed three times with PBS + 0.2% Tween (Bio-Rad, Hercules, 

" Ȯɯ42 ȺɯȹɁ/!23ɂȺɯÍÖÙɯƗ-5 minutes. To block nonspecific binding of the primary 

antibody, the tissue was exposed to 10% donkey serum (Sigma-Aldrich, St. Lois, MO, 
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USA) for 30 minutes at room temperature before adding the primary antibody,  mouse 

anti-human CD31 (BD Pharmigen, San Jose, CA, USA), diluted 1:100 in 10% donkey 

serum, for  one hour  at room temperature in the dark. The section was washed again 

with PBST, and the secondary antibody, DyLight 488 AffiniPure donkey anti -mouse IgG 

(Jackson ImmunoResearch, West Grove, PA, USA), was diluted 1:1000 in PBS and placed 

on the tissue for one hour at room temperature, in the dark. Slides were imaged on a 

Leica SP5 confocal microscope (Leica Microsystems, Buffalo Grove, IL, USA). Discrete 

microvessels were identified by positive CD31 staining; these were counted and 

summed for the entire section. Three separate tissue sections for each patient sample 

were measured for MVD, and these results were averaged for the final measurement per 

patient sample.  

The proliferating capillaries index (PC index) was also assessed with IF staining, 

using the same procedure as MVD staining and imaging except mouse anti-human CD 

105 (BD Pharmigen, San Jose, CA, USA) primary antibody was used in the procedure 

instead of anti-human CD31.  

2.5.4 LABC genomics 

Genomic analysis on 37 LABC biopsies was performed using Affymetrix U133 

Plus 2.0 GeneChip arrays. All tissue specimens used for gene expression analysis were 

verified by a pathologist to have ȁ60% invasive cancer before RNA harvesting. Detailed 

methods are provided in a previous publication [256]. Of the 23 patients with specimens 
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represented in the lactate analysis, 20 patients had matched genomic analysis. In order 

to retain statistical power in the analysis of a small sample set, specific pathways were 

chosen for analysis, which contained a total of 80 genes (Appendix A). Networks of 

interest included the full metabolic pathway of glycolysis and some TCA cycle genes , 

genes corresponding to cytoskeletal rearrangement, epithelial-mesenchymal transition 

(EMT), ion and nutrient transport , and cell death, oncogenic and inflammatory 

signaling. The rationale for choosing these networks was based on pathways known to 

be involved in lactate accumulation (glycolysis) and utilization (TCA cycle / OXPHOS) 

[86], as well as previous reports in breast cancer cells that lactate regulated metabolism, 

EMT, and tumor -promoting factors [86, 247]. Serum biomarkers found to be significantly 

correlated to patient treatment response to combined hyperthermia and neoadjuvant 

chemotherapy were also included in the analysis [257]. 

2.5.5 Data analysis and statistics for LABC samples  

The samples were de-identified prior to cryosectioning and staining/bioluminescence , 

then retroactively linked  to patient clinical data by a third party, following an approve d 

IRB protocol. Four samples represented duplicate biopsies from the same patients. The 

remaining samples represented one biopsy per patient. Therefore, the total number of 

patients represented in the lactate bioluminescence data set is 23 (Table 8). Two samples 

could not be matched to patient information due to mislabeled specimens that did not 

reflect the actual tissue bank number. This reduced the number of total specimens 
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analyzed for correlations of lactate concentrations with clinical parameters from 23 to 21. 

There were 5 samples with incomplete clinical records. Nine of the samples studies 

(representing 8 patients) had parallel DCE-MRI data (Table 9).  

The overall distribution of lactate concentrations was de scribed by the median 

and interquartile range.  Two methods were used to analyze whether  lactate levels were 

correlated to clinical parameters (TMN, ER/PR/Her2 status etc: 1. The frequencies of 

clinical parameters were compared between subgroups of patients, split at the median 

value (high v. low lactate group). 2. The median, mean and standard deviation of lactate 

concentrations were compared for each clinical subgroup (i.e. ER+ v. ER-, etc.).  

Four biopsies found to contain no invasive cancer. We termed tÏÌÚÌɯɁÉÌÕÐÎÕɯ

ÉÙÌÈÚÛɯÛÐÚÚÜÌȮɂɯÈÕËɯÈÚÚÐÎÕÌËɯÛÏÌÔɯÈɯÚÈÔ×ÓÌɯÕÈÔÌɯÖÍɯɁÉÉșȭɂɯ ÚɯÚÌÌÕɯÐÕɯ3ÈÉÓÌɯ9, one of 

ÛÏÌÚÌɯÚ×ÌÊÐÔÌÕÚɯȹɁÉÉƖɂȺɯÞÈÚɯÜÕÔÈÛÊÏÌËɯÛÖɯÊÓÐÕÐÊÈÓɯËÈÛÈȭɯ2ÐÔÐÓÈÙÓàȮɯÚ×ÌÊÐÔÌÕɯɁ+ !"ƙɂɯÐÚɯ

missing matched clinical data (Table 9). While both of the unmatched specimens could 

not be analyzed for clinical parameters, they could be measured for lactate and % 

invasive cancer, so they were included in this analysis. To determine if lactate 

concentrations were significantly different based on the percent invasive cancer seen in 

ÛÏÌɯÉÐÖ×ÚàȮɯÈɯ/ÌÈÙÚÖÕɀÚɯ"ÖÙÙÌÓÈÛÐÖÕɯ"ÖÌÍÍÐÊÐÌÕÛɯ3ÌÚÛɯÞÈÚɯÊÖÕËÜÊÛÌËɯÛÖɯÊÖÔ×ÈÙÌɯÓÈÊÛÈÛÌɯ

concentrations to percent invasive cancer.  

To evaluate whether  lactate levels or pO2 was significantly correlated to patient 

treatment response, ER/PR/Her2 status and inflammatory breast cancer status an 
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Asymptotic Wilcox Mann -6ÏÐÛÕÌàɯ1ÈÕÒɯ2ÜÔɯ3ÌÚÛɯÞÈÚɯÊÖÕËÜÊÛÌËȭɯ ɯ*ÌÕËÈÓÓɀÚɯ3au 

Coefficient Test was conducted to evaluate concordant or discordant relationships 

between gene/pathway (Table 18) and lactate concentrations. To determine if either 

lactate or pO2 levels predicted patient outcome, a Log Rank Test was used. All statistical 

tests were conducted and analyzed by Dr. Kouros Owzar, a biostatistician at Duke 

University.  

2.6 Immunofluorescence in cells and tissue 

2.6.1 Preparation of Coverslip s for Staining  

Round coverslips (18mm, VWR) were treated with a 1:10 dilution of hydrochloric 

acid in DI water for 5 minutes at room temperature. Coverslips were then rinsed twice 

wi th 70% ethanol. Excess ethanol was removed before placing coverslips in tissue 

culture hoods for 1-4 hr with UV light on, until coverslips dried. The dish of coverslips 

was then covered with foil to prevent contamination.  

2.6.2 Membrane Expression of MCT1 /4 

Single cell suspensions were plated on round, glass coverslips for IHC for 

visualization of MCT1/4 actin signal. Coverslips were placed at the bottom of twelve 

well dishes and sterilized by exposure to ultraviolet (UV) light for 30 minutes prior to 

plat ing. Cell lines were seeded at 60,000-100,000 cells per well 24 hours in advance to 

staining. They were incubated under normal conditions (37°C, 5%CO2, 20% O2) in 

DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic (10,000 units of 
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penicillin (bas e), 10,000 µg of streptomycin (base), and 25 µg of amphotericin B/ml 

utilizing penicillin G (sodium salt), streptomycin sulfate, and amphotericin B as 

Fungizone® Antimycotic in 0.85% saline).  Cell culture media were acquired from Gibco 

(Invitrogen, Carlsb ad, CA). After 24 hours, media was removed and cells were fixed 

with ice cold methanol for five minutes. Cells were washed with 1X calcium - and 

magnesium-free PBS and then blocked with 4% goat or donkey serum for 1 hour at 

room temperature. Rabbit anti -human MCT1 and anti-human MCT4 primary polyclonal 

antibodies (Millipore , Billerica, MA) were diluted 1:300 in the blocking serum. 

Coverslips were incubated with the primary antibody for one hour at room temperature. 

After washings, the secondary antibody (goat anti -rabbit IgG conjugated with Alexa 594, 

diluted 1:5000 in PBS) was placed on the coverslips for 45 minutes at room temperature. 

Prolong Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA)  was used to mount 

the coverslips on glass slides. DAPI i s a fluorescent stain that binds to DNA, which 

allows the nucleus to be visualized after excitation with UV light. Slides were allowed to 

solidify 1 -8 hr before imaging. The slides were stored in the dark in 4°C until imaged .  

2.6.3 Immunohistochemistry fo r MCT1 and MCT4 on tissue samples  

Human locally advanc ed breast cancer (LABC) samples and head and neck 

tumor samples were thawed at room temperature and then fixed in 4% formalin for 30 

minutes. They were washed in 1X calcium- and magnesium-free PBS, permeabilized 

with 0.1% Triton 100X for one minute before blocking with 10% goat serum for one hour 
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at room temperature. The same primary and secondary antibodies were used as in the 

coverslip staining. The primary rabbit anti -human MCT1 (or anti -human MCT4) 

antibody (Millipore, Billerica, MA) was diluted 1:200 in 10% serum and slides were 

incubated overnight at 4°C. The following day, samples were left to warm at room 

temperature with the primary for 30 minutes before following through with subsequent 

washing steps and incubation with the secondary antibody (diluted 1:5000) for one hour 

at room temperature. The samples were mounted with Prolong Gold antifade reagent 

with DAPI (Invitrogen, Carlsbad, CA). Slides were stored in the dark overnight at room 

temperature to allow the mounting media to solidify before imaging the following day.  

2.6.4 Confocal Microscopy  

All coverslip staining and EF5 immunohistochemistry were imaged using the 

Leica SP5 inverted confocal microscope (Leica, Wetzlar, Germany). Images were 

captured at 40X and 100 X oil immersion magnifications within 1 -7 days after staining. 

Images are visualized and evaluated with Leica LAS AF software. Laser intensity for 

DAPI/UV (405) was set at 4%-14% while the red (594) and green (488) channel lasers 

were kept at 29% intensity.  

2.7 Bioluminescence  

For bioluminescence imaging, 20-µm-thick frozen sections were transferred  onto 

glass coverslips. The sections were allowed to freeze-dry  at -80°C. All reactions were 

carried out in a custom-fit black box , using a temperature-stabilized reaction chamber at 
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25°C and a fluorescence microscope with a cooled 16-bit CCD camera with photon 

counting capability , and  image-capture software (Andor, South Windsor, CT ). Three 

images were taken: two brightfields (before and after the enzymatic reaction) and one 

during the reaction. Sections were brought into contact  with reaction solutions for either 

glucose or lactate, which were prepared following earlier published protocols [258, 259]. 

Light emission from the enzymatic activity of the luciferase  reporter was detected 

through the bottom of the coverslip. Photon  flux was integrated at an overall 

magnification level of x50, over a time interval of 30 seconds after an incubation time of 

10 seconds [104]. Images were calibrated using appropriate  standards, consisting of 20 

µm thick cryostat sections in optimum cutting temperature  embedding medium (Sakura 

Finetek, Torrance, CA) with known  concentrations of the metabolites added. The 

measuring procedures were identical for st andards and tumor sections. ImageJ 

(Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland) was 

used for image analysis with image histograms acquired from selected regions of 

interest. Percentiles of pixel intensity distribution  were determined from the histograms , 

using the 5th percentile of the intensity range as the minimum value, 50% as the median 

representative value for the area, and the 95th percentile as the maximum value. The 

bright -field images were used to evaluate rough structures like tissue edges and 

necrosis. Corresponding H&E slides were co-registered to identify distinct tumor 


































































































































































































































































































































































































































