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ABSTRACT 

Background and Hypothesis 

The rapid transport of lactic acid by monocarboxylate transporters (MCTs), part 

of the solute carrier SLC 16A gene family, represents a pivotal mechanism to sustain the 

growth of cancer cells but also preventing apoptosis and acidosis. Clinical evidence 

supports the potential therapeutic target of MCT1 in triple negative breast cancer 

(TNBC), a highly metastatic and deadly form of breast cancer. TNBC remains incurable 

as it lacks the expression of estrogen receptor (ER), progesterone receptor (PR), and 

lacks human epidermal growth factor receptor 2 (HER2) overexpression . Importantly, 

there is an ongoing phase I clinical trial being investigated in the UK on a first-in-class, 

potent and selective inhibitor of MCT1 , AZD3965, for advanced solid tumors and 

lymphoma (NCT01791595). Currently, research on MCT inhibitors as chemotherapeutic 

agents in cancer, and particular in TNBC, are very limited . Overexpression of MCT1 has 

been evidenced and significantly correlated with poor survival and prognosis in human 

breast tumors categorized as TNBC, suggesting potential therapeutic target of MCT1 in 

this form of breast cancer. This dissertation evaluated the research hypothesis that 

inhibition of MCT1 can reduce tumor growth and metastasis and represents a potential 

novel therapeutic treatment strategy for TNBC. The overall objective of the current 

research was to assess the therapeutic potential of MCT inhibitors in TNBC to better 

guide and provide proof of concept for clinical development and evaluation of MCT1 

inhibitors. 

Methods 
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Western blotting and reverse transcription-polymerase chain reaction (RT-qPCR) 

characterized protein and mRNA expression of MCT1 , MCT4 and CD147 in human 

TNBC and murine 4T1 breast cancer cell lines. In vitro MCT inhibition by a-cyano-4-

hydroxycinnamic acid (CHC), quercetin , atorvastatin , lonidamine, AR-C155858 and 

AZD3965 evaluated in cellular L-lactate uptake and cell growth studies. The inhibitory 

properties of AR-C155858 and AZD3965 were investigated in uptake studies. The 

murine 4T1 breast tumor xenografts (a representative model for TNBC) developed and 

used to evaluate the in vivo efficacy of AR-C155858, AZD3965, and CHC. 

Blood/plasma and tumor AR-C155858 and AZD3965 concentrations were determined 

by a LC/MS/MS assay. The pharmacokinetics of AZD3965 after oral and intravenous 

administration was investigated in mice. 

Results 

In vitro characterization of a panel of human and murine TNBC cell lines 

identified the murine 4T1 breast tumor and human HCC1937 cells as relevant TNBC 

models to study the effect of MCT1 inhibition . Characterization of HCC 1937 cells 

demonstrated protein expression of both MCT1 and MCT4 while 4T1 cells expressed 

only MCT1 . CHC, quercetin, atorvastatin , lonidamine, AR-C155858 and AZD3965 

demonstrated inhibition of L-lactate uptake and cell growth with ICso values ranged from 

mM to low nM in HCC1937 and 4T1 cells. AR-C155858 and AZD3965 demonstrated 

potent, prolonged and slowly reversible inhibition. Our study revealed that the uptake of 

AR-C155858 in 4T1 cells was saturable and can be inhibited by CHC, suggesting AR

C155858 may be a substrate for MCT1 present in 4T1 cells . In contrast, AZD3965 

demonstrated passive diffusion up to 10 µM . 
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Based on our in vitro results, AR-C155858, AZD3965 and CHC were further 

investigated in the 4T1 breast tumor xenograft model. In contrast to our in vitro results, 

CHC (200 mg/kg i.p once-daily) and AR-C155858 (10 mg/kg i.p once-daily) treatment 

were ineffective in decreasing 4T1 tumor growth . AZD3965 administered i.p at 100 

mg/kg twice-daily significantly reduced tumor growth and increased intra-tumor lactate 

concentration . However, the tumor weight was not reduced and there were significantly 

increased number of lung metastases. AZD3965 treatment significantly reduced the 

blood leukocyte count and spleen weight, while CHC did not, indicating an 

immunosuppressive effect of AZD3965. Alterations in tumor MCT1 and MCT 4 protein 

expression were observed in both vehicle- and AZD3965- treated tumor. A LC/MS/MS 

assay was developed and validated for AR-C155858 and AZD3965 quantification . AR

C155858 and AZD3965 (12 hand 24 h after the last dose, respectively) were present at 

very high concentrations in the tumor compared to the in vitro ICso values. 

The pharmacokinetics of AZD3965 investigated in mice demonstrated rapid oral 

absorption , good oral bioavailability, and potential involvement of enterohepatic 

recycling . A PK model was constructed to describe the intravenous and oral PK profiles 

of AZD3965. AZD3965 showed nonlinear PK and potentially target-mediated 

disposition . A simulation study revealed AZD3965 as a potential substrate for the ABC 

transporter p-glycoprotein , and the metabolizing enzymes CYP3A4 and UGT2B7. 

AZD3965 had a predicted log P of 1.78, pKa of 9.95, and fraction unbound in plasma 

(fup) of 0.217 and 0.0622 in rat and human, respectively. 

Conclusions 
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In conclusion , this dissertation evaluated the therapeutic potential of MCT1 

inhibition in TNBC. The research findings contained in this dissertation revealed that the 

effect of immune function and changes in MCT1 and MCT 4 expression represent 

possible mechanisms responsible for developing resistance toward AZD3965 treatment. 

The current research indicates that further studies in other preclinical models, with other 

dosing regimens, and potentially in combination with other chemotherapeutic agents, 

would provide better insight into the therapeutic efficacy of the MCT1 inhibitors, AR

C 155858 and AZD3965 in TNBC. 

X 



CHAPTER ONE 

Introduction 

This chapter was written in the citation style of Vancouver 
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There is developing interest in targeting lactate transporters (MCTs) as a 

potential therapeutic treatment in cancer due to : (1) reports of increased expression of 

MCT1 and/or MCT 4 that are highly associated with poor prognosis and survival in some 

cancers, (2) discovery of new MCT inhibitors with greater potency and selectivity, and 

(3) inhibition or silencing of MCT resulting in reduced tumor growth in various preclinical 

cancer models. A first-in-class and first-in-human inhibitor of MCT1 with high selectivity 

and potency, AZD3965 (a pyrrole pyrimidine derivative), is currently being investigated 

in a Phase I clinical trial in the UK in patients with advanced solid tumors and 

lymphomas (NCT01791595). This dissertation evaluates the efficacy of MCT inhibitors, 

including AZD3965 and its analogue AR-C155858, in vitro in triple negative breast 

cancer (TNBC) cell lines and in vivo in a murine TNBC tumor xenograft model. This 

chapter outlines the background , research hypothesis and objectives of this thesis work. 

Triple Negative Breast Cancer (TNBC) 

Breast cancer is the most common form of cancer in the United States and it 

remains the second leading cause of cancer-related deaths in women . In 2017, the 

National Cancer Institute at the National Institute of Health estimated 252,710 women 

would be diagnosed with breast cancer, and of those, 40,610 will die from the disease. 

The number of breast cancer cases have been stable over the last 10 years and the 

death rates have been fallen , on average, 1.8% each year over the time frame of 2005-

2014; however, the death rate in metastasized breast cancer, such as TNBC, remains 

high. TNBC represents an aggressive and deadly form of breast cancer that lacks the 

expression of estrogen receptor, progesterone receptor (PR) and lacks human growth 
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factor receptor type 2 (HER2) overexpression . TNBC comprises a portion (15-25%) of 

all breast cancer cases, with higher incidence in African American and Hispanic women . 

It is metastatic, with high recurrence and mortality rates . 

Currently there is no specific regimen recommended for treating TNBC and 

limited data available to aid in the treatment selection (1 ). This remains a great 

challenge because of the significantly higher risk of early relapse . The treatment options 

for patients with TNBC are limited to conventional chemotherapy that follows the same 

general principles with other types of breast cancer (1 , 2). Neoadjuvant and adjuvant 

chemotherapy along with anthracycline and taxane-based chemotherapy regimens 

comprised the current standard of care for patients with TNBC (2). Because of the lack 

of a proven therapeutic target available in TNBC, and since conventional hormone and 

HER2 therapies are ineffective, currently there are no promising targeted therapies 

available to treat patients with this form of breast cancer. 

The Monocarboxylate Transporter Family (SLC16A) 

Initial studies in the 1980s and 1990s demonstrated transporter-mediated uptake 

of lactate and pyruvate into human erythrocytes (3, 4) and led to the discovery of the 

monocarboxylate transporter family, SLC16A (Fig . 1 ). The proposed topology of the 

MCT family consists of 12 transmembrane domains (TMDs) with N- and C-termini on 

the cytoplasmic side and a large intracellular loop between TMDs 6 and 7 (Fig.2) (5). To 

date, eight MCTs have been functionally characterized . Only the first four isoforms, 

MCTs1-4, are involved in proton facilitated transport of monocarboxylates and play 

pivotal roles in cellular metabolism. The expression and translocation of MCT1 , 3 and 4 

3 



requires co-localization with basigin , CD147 (6-14) while MCT2 preferentially is co

localized with embigin (8, 13, 15). The function of four other members (i.e . MCT6, 8, 10 

and 12) of this family has been characterized to a lesser extent. MCT6, MCT8, MCT10 

and MCT12 are involved in transport of diuretics (16), thyroid hormone (17), aromatic 

amino acids (18) and creatine (19), respectively. Mutations in MCT8 lead to the disease 

Allan-Herndon-Dudley syndrome, while mutations in MCT12 are associated with 

juvenile cataracts (20) . 

MCT1 

MCT1 was first identified and cloned from Chinese-hamster ovary cells (21 ). 

Subsequent studies cloned MCT1 from human, rat and mouse and showed that they 

share about 95% sequence identity with Chinese-hamster ovary MCT1 (5). MCT1 is 

expressed extensively throughout human tissues (22). MCT1 functions as a proton 

dependent cotransporter/exchanger where the transport is unidirectional (influx or 

efflux) or bidirectional , depending on the proton gradient. Transport involves an ordered 

mechanism (Fig . 3.) with binding of a proton first followed by lactate binding in the open 

conformation . The complex then is translocated across the plasma membrane through a 

sequential release of the proton and lactate on the other side of the membrane. The 

return of the free transporter back to its open conformation represents the rate-limiting 

step of the transport cycle (20, 23). The substrate specificity of MCT1 includes a wide 

range of short-chain monocarboxylates: D- and L-lactate, pyruvate, butyrate, and 

ketone bodies, as well as structurally-related drugs including y-hydroxybutyric acid 

(GHB) (24) . 
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MCTs 2 and 4 

MCT2 was initially cloned from hamster liver cDNA library (25). MCT2 has a 

restricted expression compared with MCT1. It is mostly expressed in tissues that highly 

rely on lactate uptake (Km value of 0.7 4 mM) into cells for oxidative metabolism in the 

brain and for gluconeogenesis in the liver and kidney (20, 26). MCT2 has higher affinity 

for monocarboxylates than MCT1 , suggesting its importance in tissues with high 

metabolic demand . MCT3 expression is mainly confined to the retinal pigment 

epithelium and choroid plexus epithelia (24) . In contrast to MCT1 , MCT4 is widely 

expressed in highly glycolytic tissues such as white skeletal muscle fibers, astrocytes 

and white blood cells, indicating its physiological role in facilitating the export of lactate 

out of cells (24, 26-28). Although there is substantial overlap in the substrate specificity 

of MCT1 and MCT 4, they differ in their substrate affinities with MCT 4 exhibiting lower 

affinities (24, 29). 

Expression of MCTs in Various Types of Human Cancer: Breast Cancer 

Overexpression of MCT1 and/or MCT4 has been recognized and correlated with 

poor survival and prognosis in a variety of human cancers, including head and neck, 

breast, small cell lung cancer, colon , pancreatic, prostate and cervical cancer, as well 

gliomas (30-32) . In breast cancer, downregulation of MCT1 by DNA hypermethylation at 

the promoter region was initially reported in a human breast cancer cell line (33) . A 

study by Pinheiro et al. reported significantly increased cytosolic and membrane 

expression of MCT1 in human breast cancer tumors (n=249), as compared to normal 
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mammary epithelium, while no overexpression of MCT2 and MCT 4 was observed (32). 

Additionally, the elevated MCT1 and CD147 expression significantly correlated with high 

histological grade, increased proliferative index Ki67, and the phenotype of basal-like 

breast cancer (32) . In this study the glycolytic and acid-resistant phenotypes, as 

described by high GLUT1 and carbonic anhydrase IX (CAIX) expression in the basal

like subtype of breast cancer, correlated with adverse prognostic factors and MCT1 and 

CD147 overexpression but not MCT4 expression (31). In contrast, a study with 127 

TNBC samples, the authors reported high MCT4 staining in breast tumors (without 

stromal staining) and that MCT4 represented a strong negative independent prognostic 

factor for metastasis-free survival and overall-survival (34). These results suggest the 

importance of MCT1 and MCT4 in TNBC. 

Role of MCT1 and MCT4 in Cancer 

Studies examining MCT regulation have provided evidence for their important 

role in cancer via a number of known cancer pathways. Given the high glycolytic 

demand by the cancer cells and large production of lactic acid, the transport of lactate 

by MCTs plays a fundamental role in the metabolic homeostasis of the tumor 

microenvironment. The reported lactate concentration in human tumor (10 to 40 mM) 

can reach 10- to 40- fold higher than blood concentrations (35). These elevated tumor 

lactate concentrations have been shown to correlate with a high risk of distant 

metastasis and reduced overall and disease-free patient survival (36-38) . From this 

perspective, MCT1 and MCT 4 represent key pH regulators through transporting lactate 

along with proton to prevent acidosis and apoptosis. 
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The transcriptional regulation of MCT 4 involves hypoxia-inducible factor 1-apha 

(HIF-1 a), a key transcription factor known to be upregulated in solid tumors that are 

highly hypoxic. Hypoxia induced upregulation of HIF-1a and glycolytic switch has been 

associated with worse clinical outcomes. Studies have demonstrated the hypoxia 

stimulated transcription of MCT4 via binding of HIF-1a to two hypoxia response 

elements (HRE) in the MCT4 promoter region just upstream of transcription start codon , 

that are not present in the MCT1 and MCT2 promoters (39-41 ). 

While MCT1 is not regulated by HIF-1 a, under hypoxic conditions, loss of the 

tumor suppressor protein p53 (a known transcription factor involved in cellular integrity) 

enhanced MCT1 expression and lactate efflux in both in vitro and in vivo in p53 

knockout models (42). This regulation involved direct interaction of p53 with the MCT1 

promoter and led to MCT1 mRNA stabilization via the nuclear factor-kappa B (NF-KB) 

pathway (42). Recent studies also provided evidence, that independent of its transport 

activity, MCT1 can activate NF-KB (43-45). MCT1 can also be regulated by MYC (an 

oncoprotein known to induce genes involved in glycolysis in cancer, such as lactate 

dehydrogenase-A that generates lactate) (46). It has been shown that MCT1 is a MYC 

transcriptional target ( 4 7). MYC knockdown in breast cancer cells decreased cell 

proliferation and reduced MCT1 expression , but not the expression of MCT2 and MCT4, 

suggesting that MYC regulation is specific to MCT1 (47). 

Inhibitors of MCT and Their Therapeutic Potential in Cancer 

Enhancement of the rate of glycolysis, along with concomitant lactic acid 

production and changes in intracellular pH , represents a key metabolic phenotype of 
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cancer. It has been reported that over 70% of cancers (over a majority of human cancer 

cases worldwide including TNBC) have overexpression of genes involved in the 

glycolytic pathway (48) (34) . Soon after the discovery of the involvement of MCT in 

facilitating cellular lactic acid efflux in the early 1980s (49, 50), it was recognized that 

inhibiting the transport of lactic acid by MCT could represent a potential therapeutic 

treatment strategy in cancer. Over the years, a number of MCT inhibitors have been 

identified and used to probe the functional activity of MCT (Table 1 ). However many of 

them lack selectivity and potency. In vitro and in vivo studies with inhibitors of MCT in 

human tumor xenograft models have demonstrated inhibition of cell and tumor growth 

(51-56) . Additionally, the silencing RNA knockdown approach from both in vitro and in 

vivo studies has demonstrated a proof-of-concept that MCTs represents druggable 

targets in cancer (43, 55, 57-59). 

The classical MCT inhibitors can be categorized into three groups: (1) bulky or 

aromatic monocarboxylates, including a-cyano-4-hydroxycinnamic acid, CHC, (2) 

amphiphilic compounds, including flavonoids, and (3) stilbene-derived compounds, 

including4,4-O- diisothiocyanostilbene-2, 20 disulphonate (DIDS) and 4,4-O

dibenzamidostilbene-2, 20 disulphonate (DBDS) (27). However, these classic inhibitors 

of MCT1 generally are nonspecific, with other targets besides MCTs. In recent years, 

more specific and potent MCT1 inhibitors such as pyrrole pyrimidine derivatives (e.g. 

AR-C155858, AZD3965) (60, 61), coumarin derivatives (62, 63), as well as compounds 

developed based on the CHC template (64 ), has been identified . With increasing 

interest in targeting MCT 4 as an alternative to MCT1 in cancer, research has focused 

on the identification of potent and specific inhibitors of MCT4. To date, there are several 
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inhibitors have been reported to have activity against the MCT 4 isoform; however, they 

lack potency (i .e. statins, and bindarit) (65, 66) . 

Nonspecific Inhibitors of MCT 

Within the classical inhibitors of MCT, CHC represent a widely used nonspecific 

inhibitor of MCTs 1, 2 and 4 with low mM potency (27) . Despite the inhibitory activities 

of CHC on mitochondrial pyruvate transporter and anion exchanger 1 (AE1) (5), CHC 

has been extensively studied with regards to its ability to exert anticancer activity via 

inhibiting MCT-mediated lactate efflux in both in vitro and in vivo studies (45, 57, 67-72). 

In vivo, chronic administration of CHC was well tolerated and decreased tumor growth 

in lung and colorectal adenocarcinma and glioblastoma xenograft animal models (69, 

70). Additionally, inhibition of MCT by CHC has been shown to enhance adriamycin 

efficacy in an osteosarcoma xenograft model (45) . In a panel of six breast cancer cell 

lines including MDA-MB-468, a TNBC cell line, inhibition of lactate efflux by CHC 

significantly decreased cell proliferation , migration and invasion (72). To date, there is 

one reported study evaluated the effect of CHC in the MDA-MB-231 breast cancer cell 

line derived xenograft model (57). In that study Hamdan et al. reported CHC, given at 

25 µmol five times a week for four weeks significantly blocked the MDA-MB-231 tumor 

growth (57). Given the low potency of CHC, inhibition of MCTs by CHC resulted in 

effectiveness in a variety of cancer cell lines and tumor studies, suggests that MCTs 

represent a potential pharmacological target in cancer. 

Quercetin is another classical inhibitor of MCT that has been demonstrated to 

exhibit anti-proliferative properties through its inhibitory activities against MCT1 and 
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MCT2. Quercetin belongs to a family of polyhydroxylated food-derived products known 

as flavonoids (73), that can inhibit L-lactate uptake in Xenopus laevis oocytes 

transfected with MCT1 or MCT2, with ICso values in the low µM range (74) . Dietary 

flavonoids, including quercetin , are found in variety of foods have been well recognized 

to have many chemopreventive properties (73) . For example, several flavonoids 

including quercetin are also inhibitors of other transport proteins, including p

glycoprotein , multidrug resistance protein 1 /2 and breast cancer resistance protein (75) . 

Quercetin and a number of flavones were initially discovered to block membrane 

transport of lactate in Ehrlich ascites tumor cells (49) . Later studies in MCT transfected 

cell systems confirmed these flavonoids as inhibitors of MCT1 and 2 (73, 74 ). In lung, 

breast cancer and colorectal cell lines expressing MCT1 and MCT 4, inhibition by 

quercetin significantly reduced lactate production and decreased cell proliferation, 

migration and invasion (52, 71 , 72). Furthermore, quercetin also been demonstrated to 

enhance 5-fluorouracil efficacy in colorectal cancer cells through inhibiting lactate efflux 

(71 ). 

Lonidamine, first introduced in 1979 as an antispermadocidic agent has recently 

been shown to inhibit L-lactate uptake in Xenopus laevis oocytes transfected with either 

human MCT1 , 2 or 4 (76). The anticancer activity of lonidamine involves inhibiting 

glycolysis and mitochondrial respiration (77). Early publications reported inhibition of 

lactic acid efflux and increased intracellular acidification by lonidamine in brain tumor 

cells (78) and in neuroblastoma cells expressing MCT1 and MCT4 (79) . In vivo 

lonidamine increased tumor acidification and reduced tumor growth in human 

melanoma xenografts as well as in breast, prostate and ovarian cancer xenografts (80, 
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81 ). These studies suggest lonidamine also targets MCT transport. Indeed, a recent 

study by Nancolas et al. provided direct evidence that lonidamine is also an inhibitor of 

MCTs (76, 82) . Lonidamine demonstrated inhibition of L-lactate uptake in Xenopus 

laevis oocytes transfected with either MCT1 , 2 or 4, with potency in the 40 µM range 

(76, 82) . The authors also demonstrated more potent inhibition of mitochondria pyruvate 

carrier (Ki 2.5 µM), compared with MCTs, suggesting the selectivity and sensitivity of 

lonidamine in mitochondria respiration (76). Lonidamine, in combination with different 

chemotherapeutic agents, has been evaluated in clinical trials for treating cancers (77, 

83), and is currently approved in Europe for cancer therapy (83) . 

Potent and Selective Inhibitors of MCT1 

In recent years, potent and highly selective inhibitors of MCT1 have been 

discovered . The pyrrole pyrimidine derivatives represent a new class of MCT1 inhibitors 

that has been developed by AstraZeneca, initially as novel immunosuppressant agents 

(60). The immunosuppressive property of this class of compounds involves inhibiting 

MCT1-mediated lactate efflux during T-lymphocyte proliferation (60, 61 , 84 ). Analogous 

to cancer cells, the increased glycolytic rate of T-lymphocytes during the immune 

response requires MCT1 for the removal of lactate from the cells (60, 61 , 84) . These 

compounds significantly inhibited T-cell proliferation and had no effect on cytokine 

levels (61 , 84, 85). In vivo , these compounds significantly prolonged allograft survival in 

mice (85) . One compound in this series, AR-C155858, demonstrated potent inhibition of 

MCT1 in rat erythrocytes with a Ki value of 2.3 nM (86). AR-C155858 inhibited both 

MCT1 and MCT2 when expressed in Xenopus laevis oocytes (15, 86) . However, potent 
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inhibition of MCT2 by AR-C155858 was only evidenced when MCT2 was associated 

with basigin (Ki<10 nM) but not embigin (15). In vivo, AR-C155858 has been 

demonstrated to significantly decrease tumor growth in a Ras transformed fibroblast 

xenograft model overexpressing MCT1 (87) . 

Importantly, an analogue of AR-C155858, AZD3965, represents the first-in

human and first-in-class inhibitor of MCT1 that is currently being investigated in a Phase 

I clinical trial in the UK in patients with advanced solid tumors and lymphomas 

(NCT01791595). AZD3965 is orally bioavailable and is potent inhibitor of MCT1 with the 

reported Km value of 1.6 nM (88). AZD3965 has been shown to exhibit activity against 

MCT2 but to a lesser extent and does not inhibit MCT3/MCT4 at 10 µM (51 ). In a 

murine 4T1 breast tumor model of TNBC expressing MCT1 , inhibition by AZD3965, as 

well AR-C155858, have no effect on cell migration and invasion (43) . AZD3965 (given 

orally at 50 or 100 mg/kg twice a day) has been demonstrated to significantly decrease 

tumor growth in human small cell lung cancer, Raji lymphoma, diffuse large B-cell 

lymphoma, and Burkitt's lymphoma xenograft models overexpressing MCT1 (51-55) 

and in a breast cancer xenograft model expressing both MCT1 and MCT4 (56). 

Furthermore, when AZD3965 was combined with radiotherapy in a xenograft model of 

small cell lung cancer, there was a significant delay in tumor growth as compared to 

AZD3965 given alone (51 ). A recent study also reported greater therapeutic effect when 

AZD3965 was co-treated with chemotherapeutic agents (i .e. phenformin) in tumor 

xenografts of colon adenocarcinoma and glioblastoma, that were highly glycolytic and 

expressed MCT1 (89). 
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Another new class of MCT1 inhibitors is the coumarins, identified through 

computational modeling and in vitro screening approaches (62). Several ?-substituted 

carboxycoumarins derivatives and quinolinone derivatives were demonstrated to inhibit 

lactate uptake in SiHa human cervix carcinoma cells with ICso values in the nM range 

(62). Two of the 7-aminocarboxycoumarin (7CC) derivatives exhibited antitumor activity 

and inhibited lactate transport in various cancer cell lines with similar potency as the 

pyrrole pyrimidine derivatives (63). Similar to AR-C155858, 7CCs inhibited only MCT1 

mediated lactate efflux in cancer cells expressing both MCT1 and MCT4 (63) . It was 

suggested that the inhibitory mechanism of 7CCs primarily involved the translocation 

cycle of MCT (63). Many of the coumarins and their derivatives are found in naturally 

occurring products and have many wide therapeutic applications. In contrast to the 

coumarin warfarin , many of the compounds identified have no effect on prothrombin 

time, suggesting their selectivity for MCT1 (62) . These studies demonstrated that 

coumarin derivatives represent a novel and potent class of MCT inhibitors; however, 

further studies are needed to access the selectivity and anticancer property of these 

inhibitors. 

Lastly, a new series of potent MCT1 inhibitors were developed based on the 

structure of CHC (64). The potency of this series of compounds ranged from low µM to 

nM . Structure -activity relationships demonstrated that the introduction of p-N , N

dialky/diaryl , and o-methoxy groups into CHC maximized MCT1 inhibitory activity in 

cellular L-lactate uptake studies in brain endothelial RBE4 cells that express MCT1 (64 ). 

Systemic toxicity studies in healthy mice treated with these compounds showed normal 

body weight gains (64 ). Furthermore, in vivo tumor growth inhibition was demonstrated 
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with one of the compounds in the colorectal adenocarcinoma cell line derived (WiDr cell 

line expressing MCT1) xenograft model (64 ). 

Selective inhibitors of MCT4 

Given the important role of MCT 4 in cancer, as evidenced by overexpression of 

MCT4 in some human cancers and its regulation by HIF-1a, MCT4 has been proposed 

as alternative therapeutic target to MCT1. In recent years, efforts have been made to 

discover and identify potent and selective inhibitors of MCT 4 using computational 

modeling approaches. However, currently there are no known inhibitors that can 

potently and selectively inhibit MCT4. 

HMG-CoA reductase inhibitors (statins), widely prescribed drugs for lowering 

cholesterol levels, have been shown to inhibit MCT4. Using double transfected MCT4 

and CD-147 LLC-PK1 cells, it was demonstrated that many of the statins (e.g. 

fluvastatin , atorvastatin , lovastatin acid, simvastatin acid , cerivastatin , rousuvastatin and 

pravastatin), significantly inhibit L-lactic acid uptake transport with potency in the µM 

range (65). Simvastatin decreased cell migration in human lung cancer cells that 

overexpress MCT1 and MCT4 (52). Although statins have been shown to inhibit MCT4, 

further studies are needed to evaluate if they have activities against other MCT 

isoforms. 

Recent studies using in vitro screening in Xenopus laevis oocytes, transfected 

with human MCT1 and MCT4, identified a selective inhibitor of MCT4 that does not 

inhibit MCT1 (66) . Bindarit (2[1-benzyl-1 H-indazol-3-yl) methoxy]-2-methylpropanoic 

acid) inhibited MCT4 with Ki value of 30 .2 µM (66) which is 100-fold lower than the 
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reported L-lactate Km for human MCT4. It was also demonstrated that the L-lactate 

transport activity of MCT1 after inhibition by bindarit (500 µM) remained >50%, 

suggesting the selectivity of MCT 4 over MCT1 . A further study by Futagi et al. (66) also 

demonstrated that bindarit is a non-competitive inhibitor of MCT4 as indicated by its 

reduction in Vmax for lactate transport without affecting Km . From this study, it was 

proposed that compounds with an isobutyrate moiety with two aromatic rings may 

provide selective inhibition of MCT4 (66) . 

Overall Goal and Hypothesis 

The primary goal of this work was to evaluate the therapeutic potential of MCT1 

inhibition for the treatment of TNBC. This dissertation is research hypothesis-driven 

whereby we hypothesized that inhibition of MCT1 can reduce tumor growth and 

metastasis and represents a potential therapeutic treatment strategy for TNBC. 

Research Objectives 

The hypothesis of this dissertation is addressed through four research objectives: 

(1) To characterize mRNA and protein MCT1, MCT4 and CD147 expression in human 

TNBC and murine 4T1 breast cancer cell lines; 

(2) To assess the effect of MCT inhibitors on cellular L-lactate uptake in TNBC human 

HCC1937 and murine 4T1 cell lines. As part of the second objective we also 

characterized the inhibition properties of the MCT inhibitors, AR-C155858 and 

AZD3965; 
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(3) To evaluate the effect of MCT inhibitors on cell growth in HCC1937 and 4T1 cells; 

(4) To investigate the efficacy and concentration-effect relationships of MCT inhibitors in 

the murine 4T1 breast tumor model. In this objective, we also evaluated the 

pharmacokinetic of AZD3965 in mice. 

Summary 

One metabolic alteration in cancer is enhancement in the rate of glycolysis, 

which has been termed the "Warburg effect". It has been reported that over 70% of 

cancers (over a majority of human cancer cases worldwide including breast cancer) 

have overexpression of genes involved in the glycolytic pathway (48). Among different 

forms of breast cancer, TNBC has been reported to be the most glycolytic, as 

demonstrated by increased protein expression of a number of glycolytic markers 

including glucose transporter 1, GLUT1 (34 ). Lactic acid produced from glycolysis is 

transported across the cellular membrane by a family of transport proteins known as 

monocarboxylate transporters (MCTs), which are encoded by the SLC16 gene family. 

The first four members of MCTs are involved in proton-linked facilitated transport of a 

number of short-chain monocarboxylates, including lactate, pyruvate, and ketone bodies 

(24, 26-28). 

In this context, MCT1 , MCT4 and CD147 (a chaperone protein required for 

trafficking and function of MCTs to the plasma membrane) represent druggable targets 

in cancer (30, 90), as the transport of lactate along with a proton by MCTs in cancer 

cells helps maintain the high glycolytic rate and prevent acidosis and apoptosis. In 

TNBC, MCT1 and CD147 have been shown to be significantly elevated (30-32) and 
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their protein expression correlated significantly with poor histological parameters of 

basal-like breast cancer categorized as TNBC (31 , 32), suggesting that inhibition of 

MCT1-mediated transport could provide a potential therapeutic approach for the 

treatment of TNBC. Furthermore, currently there is an ongoing phase I clinical trial in 

the UK for the specific and potent MCT1 inhibitor, AZD3965, in patients with solid 

tumors and lymphomas (NCT01791595). 

While studies with inhibitors of MCTs (including AZD3965) and silencing RNAs 

have been demonstrated to inhibit tumor growth through their ability to block lactate 

efflux in different human cancer xenograft models, only a few in vivo studies have 

investigated the therapeutic potential of MCT inhibitors in breast cancer (56, 57), and 

none of these studies have examined TNBC. Given the lack of a proven targeted 

therapy for TNBC, there remains a need to identify and develop new and efficacious 

treatment strategies for treating TNBC. The primary goal of this work was to evaluate 

the therapeutic potential of MCT1 inhibition for the treatment of TNBC. Our hypothesis 

is that inhibition of MCT1 in TNBC will reduce tumor growth and metastasis. This 

dissertation addresses the potential novel therapeutic target of MCT1 in TNBC tumors . 

The research obtained from this thesis will contribute to the framework required for the 

development of novel targeted therapeutic strategies for the treatment of TNBC, an 

aggressive and metastatic form of breast cancer. 
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Fig. 1. A phylogenetic tree of the human SLC16 family with their known functions; 

adapted from Halestrap et al. 2013 (18). Only MCT1-4 are involved in proton facilitated 

transport of short-chain substituted monocarboxylate such as L-lactate, pyruvate and 

ketone bodies. 
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Fig. 2. The proposed topology of the monocarboxylate transporter 1 (MCT1) and its 

ancillary protein, CD147; adapted from Halestrap et al. 2004 (25). 
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Fig. 3. The proposed mechanism of lactic acid transport by MCT1. Transport involves 

an ordered mechanism with binding of a proton first (1) followed by lactate binding in the 

open conformation (2). The complex then is translocated across the plasma membrane 

through a sequential release of the proton and lactate on the other side of the 

membrane (3). 

1 

2 3Intracellular 

extracellular 

(1): Proton binds (close conformation) 
(2) : Lactate binds (open conformation) 
(3): Sequential release of proton and lactate 
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Table 1. Inhibitors of MCT with their specificity and potency 

Inhibitor 

CHC 

Quercetin 

Lonidamine 

AR-C155858 

AZD3965 

Coumarins derivatives 
(7ACC) 

Statins 
(e.g. atorvastatin) 

Bindarit 

Chemical structure 

~ OH 

HO✓ CN 
OH O 

~OHHO' 
~ 

OH 
0 

(X}OH 
N

'-9-c1 
Cl 

~ ~~ NH 

O<::,,-~I I S/2 

_,, N O O NO)_.OH 

F 

F F 
0 

0 0.r-Nq.. . 
OH 

(
(NYi'YOYO 

~ OH 

0~is OH OH 0!!.___AN 9' N~OH 
H -

7 ~ 7 ~ 

F 

'ot-0;-(f
0 
,-:~ 

Specificity 

MCT 1, 2, 4 

MCT1, 2 

MCT1, 2, 4 

MCT1, 
MCT2ab 

MCT1, 
MCT2a 

MCT1 

MCT4 

MCT4 

Potency range 

LowmM 

µM 

µM 

LownM 

LownM 

LownM 

µM 

µM 

Other targets 

Mitochondrial 
pyruvate transporter; 

AE1 

Many 

Mitochondria bound 
hexokinase 

HMG-CoA reductase 

MCP 

Ref. 

(3, 25) 

(71, 72) 

(74, 75) 

(13, 84) 

(49) 

(61) 

(63) 

(64) 

0 
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7 ACC, 7-aminocarboxycoumarins; CHG, a-cyano-4 hydroxycinnamate; AE 1, anion exchanger 1; HMG-CoA, ~-hydroxy ~
methylglutaryl-CoA; MCP, monocyte chemoattractant protein; 
a some inhibitory activities but to a much lesser extent; b similar high- affinity inhibition as MCT1 only when MCT2 is 
associated with basigin but not embigin 
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CHAPTER TWO 

Inhibitors of Monocarboxylate Transporters: Effect on L

lactate Uptake and Cell Growth in the Human HCC1937 

Breast Cancer Cel I Line 

This chapter was written as submitted to Drug Metabolism and Disposition 

With contributing authors: Xiaowen Guan and Marilyn E. Morris 
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ABSTRACT 

There is increasing interest in studying inhibitors of monocarboxylate transporter 

1 (MCT1) and MCT 4 as potential chemotherapeutic agents. One MCT1 inhibitor, 

AZD3965, is currently being investigated in a Phase 1/11 clinical trial in the UK in patients 

with for solid tumors and lymphomas. The purpose of this study was to characterize the 

transport of L-lactate and the effect of MCT inhibition on cell growth in human breast 

cancer cells . Three breast cancer cell lines (HCC1937, HCC1143 and MDA-MB-468), 

with basal-like characteristics of triple negative breast cancer (TNBC), were examined. 

Reverse transcription-polymerase chain reaction (RT-qPCR) analysis and Western 

blotting demonstrated that all the cell lines had mRNA and plasma membrane protein 

expression for MCT1 , MCT4 and CD147, but the extent of expression varied. The 

cellular uptake of L-lactate by HCC1937 cells was pH-dependent and saturable, with 

uptake best described by a Michaelis-Menten equation (Km of 3.95 ± 0.290 mM) with a 

diffusional clearance component. Inhibitors of MCT (a-cyano-4-hydroxycinnamic acid 

(CHC), quercetin , atorvastatin , lonidamine, AR-C155858 and AZD3965) decreased L

lactate uptake with ICso values ranging from µM to low nM in HCC1937 cells; AR

C155858 inhibited HCC1937 cell growth with an ICso of 24.3 ± 11.0 nM. The ICso value 

for inhibition of cellular proliferation by AR-C 155858 was similar to the value determined 

for inhibition of L-lactate uptake. Taken together, the findings in this study indicate that 

inhibitors of MCT reduce the intracellular uptake of L-lactate in TNBC cell lines and 

could potentially be used as therapeutic agents for the treatment of TNBC. 
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INTRODUCTION 

Despite improvements in breast cancer mortality (American Cancer Society), the 

mortality rate in triple negative breast cancer (TNBC) remains high due to the lack of a 

proven therapeutic target available. TNBC lacks estrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor 2 (HER2) expression , and is 

highly metastatic and aggressive in nature. Monocarboxylate transporters (MCTs), part 

of the SLC16 gene family, have been proposed as a potential therapeutic target for 

cancer. The first four members of the MCT family are known to be involved in proton

linked facilitated transport of a number of short-chain monocarboxylates, including L

lactate (Halestrap and Meredith, 2004; Morris and Felmlee, 2008; Halestrap, 2012; 

Halestrap and Wilson , 2012). It has been well established that MCT1-4 expression in 

tumors is elevated in certain types of cancer (Pinheiro et al. , 201 0a; Pinheiro et al. , 

2010b; Pertega-Gomes et al. , 2011 ; Pinheiro et al. , 2011 ; Doyen et al. , 2014). Recent 

immunohistochemical studies demonstrated elevated expression of MCT1 , MCT 4 and 

CD147 (a chaperone protein required for trafficking and function of MCTs to the plasma 

membrane) in TNBC, compared to normal breast tissue, and the expression of MCT1 

and MCT 4 correlated significantly with worse prognosis in basal-like breast cancer, 

exhibiting triple negative characteristics (Pinheiro et al. , 201 0a; Pinheiro et al. , 2011 ; 

Doyen et al. , 2014), suggesting the significance of MCT1 and MCT4 in TNBC. 

An increased rate of glycolysis along with concomitant production of lactic acid 

represents a known metabolic hallmark of cancer. It has been reported that over 70% of 

cancers, including breast cancer, demonstrate overexpression of genes involved in the 

glycolytic pathway (Altenberg and Greulich, 2004), and that the overexpression of MCTs 
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in cancer cells allows for the transport of lactate along with protons out of cancer cells in 

order to maintain the high glycolytic rate and prevent acidosis and apoptosis (Pinheiro 

et al. , 2012). Additionally, it has been proposed that there is a mutual symbiotic 

relationship between the glycolytic and oxidative cancer cells . L-lactate that effluxes 

from the glycolytic cancer cells via MCT are taken up by the neighboring stromal cells 

as a metabolic fuel to maintain the malignant growth of the tumor (Witkiewicz et al. , 

2012; Wilde et al. , 2017). It has been demonstrated that the elevated tumor lactate 

concentrations correlate with a high risk of distant metastases and reduced overall and 

disease-free patient survival (Schwickert et al. , 1995; Walenta et al. , 1997; Walenta et 

al. , 2000). 

Inhibitors of MCT have been evaluated both in vitro and in vivo as potential 

chemotherapeutic agents (Hamdan et al. , 2013; Bola et al. , 2014; Morais-Santos et al. , 

2014; Polanski et al. , 2014; Kong et al. , 2016; Noble et al. , 2017). Currently there is an 

ongoing phase 1/11 clinical trial in the UK with AZD3965, a new and potent MCT1 

inhibitor (NCT01791595). Inhibitors of MCTs including AZD3965 and silencing RNAs 

have been shown to inhibit tumor growth through their ability to block lactate efflux in 

different human cancer xenograft models (Bola et al. , 2014; Polanski et al. , 2014; 

Morais-Santos et al. , 2015; Nath et al. , 2015; Kong et al. , 2016; Noble et al. , 2017) . 

However, few studies have investigated inhibition of MCT in breast cancer (Morais

Santos et al. , 2015), particularly in TNBC. 

The purpose of current study was to characterize the transport of L-lactate and 

effect of MCT inhibition on L-lactate cellular uptake in a breast cancer cell lines with 

TNBC characteristics . We characterized the mRNA and plasma membrane protein 
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expression of MCTs in a panel of human breast cancer cell lines with basal-like 

characteristics . The HCC1937 cell line was chosen to further study the transport of L

lactate uptake and the effect of MCT inhibition with a-cyano-4-hydroxycinnamic acid 

(CHC), quercetin , atorvastatin , lonidamine, AR-C155858 and AZD3965. The 

antiproliferative effect of AR-C155858 was also evaluated in HCC1937 cells . 
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MATERIALS AND METHODS 

Chemicals and Reagents 

L-lactate (as calcium salt), a-cyano-4-hydroxycinnamate (CHC), and quercetin 

were purchased from Sigma (St. Louis, MO). AR-C155858 and AZD3965 were obtained 

from ChemScene (Monmouth Junction , NJ). Atorvastatin was from Toronto Research 

Chemicals (Ontario, Canada). Lonidamine was from Tocris Bioscience (Minneapolis, 

MN). L- [3H] Lactate was purchased from American Radiolabeled Chemicals (St. Louis, 

MO). 

Cell Culture 

Human mammary epithelial , HMEC cells were kindly provided by Dr. Martha 

Stampfer (Lawrence Berkeley National Laboratory, University of California). Human 

breast cancer cell lines, HCC1937, HCC1143 and MDA-MB-468 were obtained from the 

American Type Culture Collection (Manassas, VA) . All cells were maintained at 37°C in 

a humidified atmosphere with 5°1° C02l95°10 air. HCC1937, HCC1143, and MDA-MB-468 

cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 units 

penicillin and 100 µg/ml of streptomycin . HMEC were cultured according to the HMEC 

bank website of Lawrence Berkeley National Laboratory. 

Western Blotting Analysis 

Total plasma membrane protein was extracted using ultracentrifugation 

according to the protocol by Zhang et al. 2004 (Zhang et al. , 2004). Samples were 

denatured in Laemmli loading buffer at 37°C for 30 min and 20 µg of the protein per 

lane was separated using 10°10 SOS PAGE gel and transferred onto nitrocellulose 

membranes (Bio-Rad, Hercules, CA). Membranes were blocked with 5°10 (w/v) nonfat 
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milk in Tris or phosphate buffered saline containing 0.05°10 (v/v) Tween 20 overnight at 

4°C. Selective antibodies against MCT1 (1 :5,000; ab3538P, EMO Millipore), MCT4 

(1 :500; sc50329, Santa Cruz), and CD147 (1 :100; sc9757, 1:1,000; sc9753, Santa 

Cruz) were used to blot the membranes for 4 h at 20°C or overnight at 4 °C followed by 

incubation with secondary antibody coupled to HRP for 1 h at 20°C. Na+K+ ATPase 

(1 :500; sc71638, Santa Cruz) was used as loading control. Membranes were incubated 

with ECL substrates for 5 min and imaged using ChemiDoc™ XRS + system (Bio-Rad, 

Hercules, CA). 

Real-Time Quantitative PCR Analysis 

For RNA isolation, cells were homogenized in TRlzol® reagent followed by 

chloroform extraction and isopropyl alcohol precipitation of the total RNA. RNA pellets 

were washed with 75°10 (v/v) ethanol and dissolved in RNase free water. RNA quality 

was assessed using the FlashGel™ System (Lonza, Portsmouth, NH) and 

spectrophotometer. RNA concentration was quantified using Nanodrop 2000 (Thermo 

Scientific, Rockford, IL). The P 1 strand of cDNA was synthesized using iScript cDNA 

synthesis kit according to the manufacturer's instructions (Bio-Rad Hercules, CA). RT

PCR of MCT1, MCT2, MCT4 and CD147 gene specific to human were amplified using 

Qiagen RT-qPCR primer assay according to the manufacturer's protocol, with 18s used 

as the internal standard gene. All the RT-qPCR assays were validated by assessing a 

RT-PCR melt curve and standard curve using PCR plasmids of each gene subcloned 

into the TOPO cloning vector (lnvitrogen Carlsbad, Ca). RT-PCR analyses were 

performed using the CFX Connect Real-Time System (Bio-Rad, Hercules, CA). 

Cellular Uptake Studies 
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HCC1937 cells were seeded in 35 mm (diameter) culture dishes at a cell density 

of 2.0x105 cells/ml for seven days before the uptake study. On the day of the 

experiment, culture medium was removed and cells were washed 3 times followed by 

equilibration for 20 min at 37°C in the uptake buffer containing 137 mM N-methyl-D

glucamine, 5.4 mM KCI, 1 mM CaCb, 1 mM MgCl2 and 10 mM HEPES (pH 6.0) . Cells 

were allowed to cool to room temperature for 5 min and 1 ml of uptake buffer containing 

[3H]-L-lactate was added . The uptake study was terminated by aspirating the uptake 

buffer and the cells were washed rapidly 3 times with ice-cold buffer. Cells were lysed in 

0.5 ml 1.0 N NaOH for 1 h at room temperature and the cell lysates were neutralized 

with 0.5 ml of 1.0 N HCI. Scintillation fluid (3 ml) was added to 400 µI of cell lysate and 

the radioactivity was determined by liquid scintillation counting (1 ,900 CA, Tri-carb liquid 

scintillation analyzer, Packard Instrument Co. Downers Grove, IL). Protein 

concentrations were determined using Bicinchoninic Acid protein assay kit (BCA, Pierce 

Chemicals, Rockford , IL). All the results were normalized with total protein content and 

were expressed as pmol or nmol per mg protein-1 min-1. 

For time-dependent uptake, cells were incubated with uptake buffer containing 1 

µCi of [3H]-L-lactate for 0.5, 1, 5, 10, 15, 30, 60 and 120 min . From these studies, 1 min 

time-point was chosen to represent the linear uptake of L-lactate. For concentration

dependent uptake of L-lactate, L-lactate concentration ranged from O to 100 mM. pH

dependent uptake of L-lactate (0.5 mM) was assessed at pH 6.0 and 7.4 . For the 

concentration-dependent inhibition , cells were pre-incubated with various 

concentrations of the inhibitors for 30 min at 37°C followed by L-lactate uptake (0.5 mM) 

at room temperature for 1 min . 
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Cell Proliferation Studies 

HCC 1937 cells were plated in 96-well plates, at a cell density of 5.0 x103 cells 

per well in 100 µI of complete medium and allowed to adhere overnight. On the day of 

the study, the medium was removed and cells were washed with 1x PBS. Cells were 

treated with various concentrations of AR-C155858 in 100 µI of serum free medium for 

24 h. Cell growth was quantified using Cell Proliferation Reagent WST-1 (Roche 

Applied Science). The results were normalized to the vehicle control (<0 .1% DMSO) 

and expressed as percentage of cell growth . 

Data Analysis 

All the data are presented as mean ± SD. Data analysis was performed using 

GraphPad Prism (GraphPad Software Inc., San Diego CA). Data were analyzed using 

one-way ANOVA followed by Dunnett's post-hoc test. P<0 .05 was consider statistically 

significant. The transport kinetic parameters Michaelis-Menten constant Km, maximal 

velocity Vmax, and diffusional clearance P were determined using the following 

equations: 

V = Vmax·CL-lactate ( 1) 
Km+ CL-lactate 

V _ Vmax·CL-lactate + p . C 
- K C L-lactate (2) 

m + L-lactate 

where vis the rate of L-lactate uptake and CL-lactate is the concentration of L-lactate. The 

inhibition of L-lactate uptake by various inhibitors (ICso) was calculated using the 

equation below: 

R= Ro . (1 - Imax· cY) (3)
· CYIC50 Y 
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where R and Ro are the amount of L-lactate uptake or percentage of cell growth in the 

presence and absence of the inhibitors, respectively. C is the concentration of the 

inhibitors. lmax is the maximal inhibition , y is the Hill coefficient and ICso is the 

concentration of the inhibitor at half maximal inhibition . 

All the parameters were determined using weighted nonlinear regression 

analysis (ADAPT 5 Biomedical Simulations Resource (BMSR), University of South 

California, Los Angeles, CA). Goodness of fit was determined by the sum of squared 

derivatives, residual plot, and Akaike Information Criterion (AIC). Equation 2 yields the 

smallest coefficient of variation percentage and AIC value and was subsequently used 

to estimate kinetic uptake parameters. 
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RESULTS 

Plasma Membrane Protein Expression of MCTs in the Human Breast Cancer Cell 

Lines 

Extraction of total plasma membrane protein and Western blotting analysis were 

performed on a panel of human breast cancer cell lines to evaluate MCTs and CD147 

expression and the results are presented in Fig . 1A. HCC1937 and HCC1143 cells 

demonstrated higher expression of MCT1 (Fig . 1B), MCT4 (Fig . 1C) and CD147 (Fig. 

1D) than the MDA-MB-468 cells . The expression of MCTs and CD147 in MDA-MB-468 

cells was relatively low. Interestingly, HMEC cells, used as a human mammary cell 

control , expressed appreciable amounts of both MCT1 and MCT4 and the expression 

was comparable to the HCC1937 and HCC1143 cells . Together, these results 

demonstrated variable protein expression of MCT1 , MCT4 and CD147 in the human 

breast cancer cell lines (Fig . 1 ). 

Gene Expression Patterns of MCT lsoforms in the Human Breast Cancer Cell 

Lines 

We further evaluated the mRNA expression of MCTs and CD147 in HCC1937, 

HCC1143 and MDA-MB-468 cells and compared them to the expression in the 

reference HMEC cells (Fig . 2). The results are normalized to the internal control gene 

(ribosomal RNA 18s) and presented in fold-change . We observed variable mRNA 

expression of MCTs and CD147 in all the three TNBC cell lines evaluated and the 

expression was not correlated with the protein expression , Fig . 1. The mRNA 

expression of MCT1 and MCT2 were significantly higher in HCC1937 and reduced in 

MDA-MB-468 cells, as compared to the HMEC cells. In HCC1143 cells, MCT1 and 
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MCT2 mRNA expression was comparable to HMEC cells (Fig. 2A and 2B). MCT4 

mRNA levels in all three cell lines were significantly reduced as compared to HMEC 

cells but the expression varied among the cell lines (Fig. 2C) with MDA-MB-468 cells 

having the lowest expression . For CD147 mRNA, the expression in HCC1937 and 

MDA-MB-468 cells was comparable to HMEC cells, and the expression in HCC1143 

cells was significantly elevated (Fig . 2D). 

Uptake Kinetic of L-lactate in HCC1937 Cells 

Cellular L-lactate uptake has not been characterized previously in HCC1937 

cells . In HCC1937 cells, the uptake of L-lactate was demonstrated to be time-dependent 

with the uptake being linear up to at least 1 min, indicating the uptake was rapid (Fig. 

3A). Concentration-dependent uptake of L-lactate at pH 6.0 in HCC1937 cells 

demonstrated saturable uptake and the uptake kinetics was best described by equation 

3 with a Km of 3.95 ± 0.290 mM, Vmax of 1080 ± 61 .0 nmol/mg/min and diffusional 

clearance of 12.7 ± 1.13 µI/mg/min (Table 1 and Fig . 3B). pH-dependent uptake of L

lactate was demonstrated, and the uptake rate was significantly elevated with 

decreasing the pH of the buffer (Fig . 3C). A 1 min uptake time was chosen for the 

uptake studies in HCC1937 cells. 

Effect of MCT inhibition on L-lactate Uptake and Cell Growth in HCC1937 Cells 

Concentration-dependent inhibition of L-lactate (0.5 mM) uptake by MCT 

inhibitors was demonstrated in HCC1937 cells (Fig. 4). The potency values (ICso values) 

calculated for CHC, quercetin, atorvastatin , lonidamine, AR-C155858 and AZD3965 in 

HCC1937 cells are summarized in Table 2. The potency of these inhibitors ranged from 

µM to low nM concentrations. Further evaluation of MCT inhibition by AR-C155858 on 
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cell growth demonstrated an ICso value of 24 .3 ± 11 .0 nM in HCC1937 cells (Fig. 6), 

which was also similar to the value determined in 4T1 cells expressing only MCT1 

(Chapter 5), indicating that inhibition of MCTs lead to cell growth suppression . 
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DISCUSSION 

Studies have provided strong and consistent evidence that overexpression of 

MCT1 and/or MCT 4 are strongly associated with poor survival in certain types of 

cancer, including TNBC (Pinheiro et al. , 201 Oa; Pinheiro et al. , 201 Ob; Pertega-Gomes 

et al. , 2011 ; Pinheiro et al. , 2011 ; Doyen et al. , 2014), suggesting that MCTs represent 

a potential therapeutic target in cancer. While studies with MCT inhibitors have 

demonstrated both in vitro and in vivo efficacy in inhibiting cell proliferation and tumor 

growth in a number of human cancer cell lines and xenograft models (Hamdan et al. , 

2013; Bola et al. , 2014; Morais-Santos et al. , 2014; Polanski et al. , 2014; Morais-Santos 

et al. , 2015; Kong et al. , 2016; Noble et al. , 2017), there has not been a study 

conducted to evaluate the therapeutic potential of MCT inhibitors in TNBC. Therefore, in 

our current study, we chose to characterize a panel of human breast cancer cell lines, 

which have been used as representative models for TNBC (Gazdar et al. , 1998; Bao et 

al. , 2011) and to assess the effect of a wide variety of MCT inhibitors in vitro. 

lmmunohistochemistry and histology studies from two research groups have 

demonstrated upregulation of MCT1 and MCT4 levels in TNBC; however, different 

results were reported . In a molecular classification of 249 breast tumor samples, 

Pinheiro et al. demonstrated that elevated expression of MCT1 and CD147 was 

significantly associated with poor prognosis of breast tumors categorized as TNBC 

(Pinheiro et al. , 201 Oa; Pinheiro et al. , 2011 ). In contrast, Doyen et al. reported that high 

MCT4 staining in breast tumors (without stromal staining) was a strong negative 

independent prognostic factor for metastasis-free survival and overall-survival in TNBC 

(Doyen et al. , 2014). These studies emphasized the importance of MCT1 in one report, 
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and MCT4 in a second report, in TNBC. To investigate further, we chose to characterize 

the mRNA and plasma membrane protein expression of MCTs in a panel of human 

breast cancer cell lines with TNBC phenotypes in order to identify suitable systems to 

study the potential druggable target of MCT1 and/or MCT4 in TNBC. 

A previous study reported the differential protein expression of MCT1 and MCT 4 

in a panel of five different non-triple negative breast cancer cell lysates (Morais-Santos 

et al. , 2014). Here we showed the presence of MCT1 and MCT4 expression on the 

plasma membrane in all three human TNBC cell lines investigated, with variable 

expression . When compared to the mRNA expression , our results showed that the 

protein and mRNA expression levels did not correlate, and that the extent of expression 

of the MCTs and of CD147 also varied across all three TNBC cell lines. The differential 

expression pattern of MCTs identified in our current study could likely be due to the 

heterogeneous nature of breast cancer disease itself. Breast cancer is a highly 

heterogeneous disease with different subtypes characterized based on their distinct 

histology and gene expression (Prat et al. , 2010). The classification of clinically defined 

TNBC consists of multiple subclasses (Ganesan et al. , 2010). This heterogeneity in 

TNBC could explain , at least in part, the different results observed by Pinheiro et al. and 

Doyen et al. (Pinheiro et al. , 2010a; Doyen et al. , 2014) . Collectively, our results further 

suggest the potential roles of both MCT1 and MCT4 in TNBC. 

To further study the effect of MCT inhibition , we utilized several inhibitors of 

MCT, with differing chemical structures, to study the uptake of L-lactate in HCC1937 

cells . We chose to study HCC 1937 cells because we observed appreciable amounts of 

both MCT1 and MCT 4 on the plasma membrane compared to the other cell lines. 

50 



However, HCC1143 and MDA-MB-468 represent alternative model systems to study the 

role of MCT1 and MCT4. The uptake of L-lactate in HCC1937 cells was saturable, and 

concentration- and pH-dependent, which was similar to the L-lactate uptake kinetics we 

obtained in the murine 4T1 TNBC cells that express only MCT1 (Chapter 5) . The 

substrate affinity of L-lactate uptake was consistent with the reported values for MCT1-

mediated L-lactate uptake (Halestrap and Meredith, 2004; Wang et al. , 2007) . Given 

that the substrate affinity for MCT1 is high relative to MCT 4 (Halestrap and Meredith, 

2004), we would expect the Km value of L-lactate in HCC1937 cells to correspond to a 

value between that of MCT1 and MCT4. 

Our study demonstrated potency of six different MCT inhibitors (each with 

different chemical structures and specificity) on the uptake of L-lactate in HCC1937 

cells . Of all the inhibitors, AZD3965 represents the first-in-class MCT1 inhibitor that is 

being evaluated in a Phase 1/11 clinical trial in UK in patients with solid tumors and 

lymphomas. AZD3965, an analogue of AR-C155858, is a potent inhibitor of MCT1 (a 

reported Ki value of 1.6 nM) and it also inhibits MCT2 but to a lesser extent (Curtis et al. , 

2017). Consistent with previous studies (Ovens et al. , 2010; Vijay et al. , 2015; Curtis et 

al. , 2017), as well as in our previous studies in 4T1 cells (Chapter 5 and 6), low 

nanomolar potency of AZD3965 and AR-C155858 was demonstrated in HCC1937 cells . 

Additionally, we also demonstrated the anti-proliferative effect of AR-C 155858 in 

HCC1937 cells and the potency of AR-C155858 in cell growth was similar to that 

obtained in our cellular L-lactate uptake study. 

Other known inhibitors of MCTs used in our study include a-cyano-4-

hydroxycinnamic acid (CHC) and quercetin , a flavonoid ; however, they lack specificity 
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and potency. CHC represents a typical nonspecific inhibitor of MCTs 1, 2 and 4, with a 

reported Ki value in the low millimolar range (0 .5 mM) (Spencer and Lehninger, 1976; 

Halestrap and Meredith, 2004) . The ICso estimated here for CHC in HCC1937 cells was 

lower than in 4T1 cells (Chapter 6), as well as the reported ICso value in MDA-MB-231 

cells that express MCT1 , 2 and 4 (Wang and Morris, 2007). The difference in the 

potency of CHC could likely be attributed to the difference in the expression of the MCT 

isoforms in these cell lines. Studies in lung, breast cancer and colorectal cancer cell 

lines expressing varying amounts of MCT1 and MCT 4, also reported anti-proliferative 

effects of CHC with varying ICso values (Morais-Santos et al. , 2014). Quercetin , with 

known anticancer-preventive properties, was previously shown to inhibit MCT1 and 

MCT2 in oocytes with low micromolar ICso values (Broer et al. , 1999), which was 

consistent with our results in the HCC 1937 cells . Interestingly, the inhibitory potency of 

quercetin in HCC1937 cells was 88.6-fold greater than previously determined in the 4T1 

cells (data not shown) suggesting potential inhibition of MCT4 by quercetin. To our 

knowledge, quercetin has not been shown to exhibit inhibitory activity against MCT 4 

and our study shows that quercetin may also inhibit MCT4. However, the difference in 

the sensitivity of L-lactate uptake inhibition by quercetin may also be due the difference 

in the MCT2 expression level in HCC1937 and 4T1 cells as we observed some 

expression of MCT2 in both cell lines (data not shown). Further studies are needed to 

confirm the potential inhibitory effect of quercetin on MCT4. 

Previous studies in SCLC and Ras-transformed fibroblast cells reported that the 

effect of MCT1 inhibition mediated by AZD3965 and silencing of MCT1 were mitigated 

by overexpression of MCT4 (Le Floch et al. , 2011 ; Polanski et al. , 2014). Efforts have 
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been made to discover a specific and potent inhibitor of MCT4 based on isobutyrate, but 

further improvement of the inhibitor activity and bioavailability is needed (Futagi et al. , 

2018). Our study evaluated the potency of lonidamine and atorvastatin in HCC1937 

cells as these inhibitors have been shown to have activity against MCT4 (Kobayashi et 

al. , 2006; Nancolas et al. , 2016). In agreement with previous studies, our results in 

HCC1937 cells demonstrated similar ICso values for lonidamine and atorvastatin 

(Kobayashi et al. , 2006; Nancolas et al. , 2016) . 

In summary, we have characterized a panel of human breast cancer cell lines to 

study the effect of MCT inhibition by six inhibitors of MCT with different chemical 

structures and selectivity. Characterization of the human TNBC cell lines demonstrated 

variable protein and mRNA expression of MCT1 , MCT4 and CD147. CHC, quercetin , 

atorvastatin , lonidamine, AR-C155858 and AZD3965 demonstrated inhibition of L

lactate uptake with ICso values ranging from micromolar to low nanomolar 

concentrations in HCC1937 cells . AR-C155858 potently inhibited cell growth in 

HCC1937 cells. Further in vivo studies assessing the effect of MCT inhibition in the 

HCC1937 cell line derived xenograft model are necessary to better evaluate MCT1 

and/or MCT4 as potential therapeutic targets in TNBC. 
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Fig. 1. Plasma membrane protein expression of MCT1 (~50 kDa), MCT4 (~48 kDa) and 

CD147 (~55-60 kDa), an ancillary protein of MCTs in the human TNBC cell lines: 

HCC1937, HCC1143, and MDA-MB-468 (A). Histograms show corresponding 

densitometry analysis of the membranes from Western blots of MCT1 (B), MCT4 (C), 

and CD147 (D) normalized to the loading control. Human mammary epithelial , HMEC 

cells were used as control. HEK293, human embryonic kidney cells were used as a 

positive control for the expression of MCT1 . Na+ K+ APTase (~97 kDa) was used as 

loading control. 
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Fig. 2. The mRNA expression of MCT1 (A), MCT2 (B), MCT4 (C), and CD147 (D) in 

human TNBC cell lines in fold-change, normalized to the ribosomal RNA, 18s (internal 

control gene). All the data are presented as mean ± SD, n=3. * P<0.05, *** P<0.001 , 

****P<0.0001 compared to the expression in HMEC cells (one-way ANOVA followed by 

Dunnett's post-hoc test) . 
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Fig. 3. Cellular uptake transport kinetic of L-lactate. The time- (A), concentration- (B) 

and pH- (C) dependent uptake of L-lactate in HCC1937 cells. The uptake transport of L

lactate was best fitted to a Michaelis-Menten equation with diffusional uptake clearance 

component (P). Observed mean data from 3 studies are shown in symbols and the line 

represents model fitted results. **** P< 0.0001, compared to the uptake at pH 7.4 

(nonparametric Student's t-test) . 
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Fig. 4. Concentration-dependent inhibition of L-lactate (0 .5 mM) uptake in HCC1937 

cells (expressing both MCT1 and MCT4) at pH 6.0 by CHC (A), quercetin (B), 

atorvastatin (C), lonidamine (D), AR-C155858 (E) and AZD3965 (F) . The uptake studies 

were carried out at room temperature with an uptake of 1 min . The lines represent the 

model fitted results . The symbols represent the observed mean ± SD from 3 studies, 

n=3. 
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Fig. 5. The effect of AR-C155858 on cell growth in HCC1937 cells. Percentage of cell 

growth after 24 hours of AR-C 155858 treatment with results normalized to vehicle 

control-treated cells, n=5-6. Observed mean data are shown (symbols), with the line 

representing model fitting results. 
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Table 1. Kinetic parameter estimates for the uptake transport of L-lactate in HCC1937 

cells . The data represent mean± SD, n=3. 

Parameter Mean ± SD CV% 

Vmax (nmol/mg/min) 1080 ± 61 .0 5.64 

Km (mM) 3.95 ± 0.290 7.33 

P (ul/mg/min) 12.7 ± 1.13 8.92 
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- -

Table 2. ICso values of CHC, quercetin, atorvastatin , lonidamine, AR-C155858 and 

AZD3965 for the inhibition of L-lactate (0 .5 mM) uptake at pH 6.0 by HCC1937 cells . 

The values are presented as mean± SD, n=3. 

Compound Chemical Structure Mean± SD CV% 

~ OH 8.78 ± 5.54 63.1
CHC (µM) HO✓ tN 

OH 0 

HO 
OH 3.85 ± 2.23 57.8

Quercetin (µM) 

(}8¾; 
OH 

°" °" 0
N c?" N~OH 
H -

1.20 ± 0.485 40.5
Atorvastatin (µM) 7 ~ 7 ~ 

F 

0 

():}OHN 0.191 ± 0.058 30.1
Lonidamine (µM) N'--9-CI 

Cl 

0 N S -
y 1,! 11 .3±1 .61 14.3 

_,, NAR-C155858 (nM) ~0 NO)_.OH0 

35.4 ± 2.69 7.60
AZD3965 (nM) 

OH 

ICso values were determined from fitting the data to equation 3. CHC, a-cyano-4-
hydroxycinnamate; CV, coefficient of variation . 
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CHAPTER THREE 

Development and Validation of a Liquid Chromatography 

Tandem Mass Spectrometry Assay for AZD3965 in Mouse 

Plasma and Tumor Tissue: Application to Pharmacokinetic 

and Breast Tumor Xenograft Studies 

This chapter was written as published in J Pharm Biomed Anal. 2018 Mar; 155:270-275. 

With contributing authors: Xiaowen Guan, Donna Ruszaj, and Marilyn E. Morris 
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ABSTRACT 

AZD3965, a pyrrole pyrimidine derivative, is a potent and orally bioavailable 

inhibitor of monocarboxylate transporter 1 (MCT1 ), currently in a Phase I clinical trial in 

UK for lymphomas and solid tumors. There is currently no published assay for 

AZD3965. The objectives of this study were to develop and validate a LC/MS/MS assay 

for quantifying AZD3965 in mouse plasma and tumor tissue. Protein precipitation with 

0.1 % formic acid in acetonitrile was used for sample preparation . Chromatographic 

separation was achieved on a C18 column followed by tandem mass spectrometry 

detection in multiple reaction monitoring mode with utilizing Atmospheric Pressure 

Chemical Ionization . AR-C155858 was used as the internal standard . The inter-day and 

intra-day precision and accuracy of quality control samples evaluated in plasma and 

tumor tissue were less than ±7% of the nominal concentrations. The extraction 

recovery, matrix effect and stability values were all within acceptable levels. Sample 

dilution integrity, accessed by diluting plasma spiked with AZD3965 10-fold with blank 

plasma, was 101 %. The lower limit of quantification (LLOQ) and upper limit of 

quantification (ULOQ) were 0.15 ng/ml and 12 µg/ml, respectively, in plasma. The 

assay in tumor tissue was also validated with good precision and accuracy. The LLOQ 

was 0.15 ng/ml in tumor tissue. This assay of AZD3965 was successfully applied to 

pharmacokinetic and murine 4T1 breast tumor xenograft studies of AZD3965 in mice. 
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1. INTRODUCTION 

AZD3965, a pyrrole pyrimidine derivative and an analogue of AR-C155858, 

represents a first-in-class monocarboxylate transporter 1 (MCT1) inhibitor that is 

currently being investigated in a Phase I clinical trial in the UK for solid tumors and 

lymphoma treatment (NCT01791595) (Scheme-1A). Targeting lactate transporters 

(MCTs) as potential therapeutic targets in cancer has been proposed in recent years, 

due to the increasing reports of MCT1 and/or MCT 4 up-regulation in various cancers [1-

3] . MCT inhibition or silencing RNA have shown to limited the survival of cancer cells 

and decreased tumor growth in various preclinical tumor models [4-7] . 

In this study, we developed and validated a LC/MS/MS method for quantifying 

AZD3965 in mouse plasma and breast tumor tissue using AR-C155858 (Scheme-1 B) 

as the internal standard . The method is able to quantitate AZD3965 in mouse plasma 

and tumor tissue selectively and accurately over a wide range of concentrations. Our 

results demonstrate the applicability of our assay in pharmacokinetic and murine 4T1 

breast tumor xenograft studies in mice following the oral and intraperitoneal 

administration of 100 mg/kg AZD3965, respectively. 
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2. MATERIALS AND METHODS 

2.1. Chemicals and Reagents 

AZD3965 (>98% purity) and AR-C155858 (~ 98% purity) were purchased from 

MedKoo Biosciences (Chapel Hill , NC) and ChemScene (Monmouth Junction , NJ), 

respectively. All other reagents used were HPLC grade and were purchased from 

Sigma-Aldrich (St. Louis, MO). 

2.2. Cell Culture 

Mouse mammary tumor, 4T1 cells were kindly provided by Dr. Elizabeth A. 

Repasky (Roswell Park Cancer Institute, Buffalo NY). Cells were maintained at 37°C in 

1a humidified atmosphere with 5°° C02l95°10 air. 4T1 cells were cultured in Roswell Park 

Memorial Institute 1640 medium supplemented with 10% fetal bovine serum (FBS), 100 

units penicillin and 100 µg/mL of streptomycin . Culture medium was changed every 2-3 

days, and cells were passaged with 0.25% Trypsin/EDTA. 

2.3. LC/MS/MS and Chromatographic Conditions 

The LC/MS/MS assay was performed on Shimadzu Prominence HPLC with 

binary pump and autosampler (Shimadzu Scientific, Marlborough, MA) connected to a 

Sciex API 3000 triple quadruple tandem mass spectrometer with Atmospheric Pressure 

Chemical Ionization (APCI) (Sciex, Foster City, CA). Chromatographic separation was 

achieved by injecting 15 or 4 µL of the sample on to an Xterra MS C18 column (250 x 

2.1 mm i.d., 5-µm particle size; Waters, Milford , MA) for the low or high calibration 

curve, respectively. Mobile phase A consisted of acetonitrile/water (5/95, v/v) with 0.1 % 

acetic acid . Mobile phase B was acetonitrile/water (95/5, vlv) with 0.1 % acetic acid. The 

flow rate was 250 µL/min with a gradient elution profile and a total run time of 15 min . 
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The mass spectrometer was operated in multiple reaction monitoring (MRM) mode 

utilizing APCI for specific detection of AZD3965 and the I.S. by measuring the 

characteristic ion transition . The mass spectrometer parameters were optimized : 

declustering potential of 35 V, entrance potential of 10 V, and collision cell exit potential 

of 25 V. The nebulizer current was 3 uA with the source temperature at 450°C. The 

selected mobile phase, column , chromatographic conditions and sample preparation 

were modified from our preliminary validated assay for AR-C155858 (an analogue of 

AZD3965) in rat plasma [8] . The data was analyzed using Analyst version 1.4.2 (Sciex, 

Foster City, CA). 

2.4. Standard and Quality Control Solutions 

AZD3965 and the I.S., AR-C155858 were dissolved in DMSO at a concentration 

of 1 mg/ml. Separate stock solutions for calibration standards and quality control (QC) 

samples were then diluted in acetonitrile/water (40/60, vlv) . These stock solutions were 

further diluted in acetonitrile/water (20/80, vlv) to obtain working solutions. All the stock 

and working solutions were stored at -20°C. The concentrations of the calibration 

standard samples were 0.15, 0.5, 5, 20, 50, 100, 250, and 500 ng/ml for the low 

calibration curve and 100, 200, 500, 1000, 2500, 5000, 8000, and 12000 ng/ml for the 

high calibration curve. Low-, medium- and high-QC samples were prepared to yield 

concentration of 10, 150, and 400 ng/ml for the low calibration curve and 1000, 6000, 

and 10000 ng/ml for the high calibration curve. The I.S. concentrations were 15 and 

200 ng/ml for the low and high calibration standard and QC samples, respectively. 

2.5. Sample Preparation 
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For tumor samples, tumors were thawed on ice and homogenized in 

methanol/water (5/95 vlv) (5 ml/g tumor). Samples were prepared by adding 5 µL of 

I.S. solution containing AR-C155858 to 35 µL of the plasma or tumor homogenate 

sample. To ensure the concentrations quantified were below the upper limit of 

quantification (ULOQ), part of the plasma samples were diluted 10-fold with blank 

plasma prior to the sample preparation. Standards and QCs were prepared by adding 5 

µL of I.S. solution and 5 µL of stock solution containing AZD3965 to 30 µL of blank 

plasma or blank tumor homogenate. Plasma and tumor homogenate proteins were 

precipitated by the addition of 600 µL 0.1 % formic acid in acetonitrile . Samples were 

vortexed , followed by centrifugation at 10,000 x g for 20 min at 4°C. Then 540 µL of the 

supernatant was collected and evaporated under a stream of nitrogen gas, followed by 

reconstitution in 200 and 1,000 µL of acetonitrile/water (40/60, vlv) for low and high 

calibration curve, respectively. 

2.6. Assay Validation 

2.6.1. Linearity and Lower Limit of Quantification 

Regression analysis of peak area ratios of AZD3965/AR-C155858 to AZD3965 

concentrations was used to assess linearity of the curve. The linearity of the calibration 

curves was determined utilizing 1/x weighting factor (x=concentration). The guideline 

used to determine the lower limit of quantification (LLOQ) and detection (LOO) was 

based on a signal-to-noise ratio (S/N) of at least 10: 1 and 3: 1, respectively. 

2.6.2. Precision and Accuracy 

The intra-day precision and accuracy were determined by analyzing QC samples 

in triplicate on each day. Whereas for the inter-day precision and accuracy, QC samples 
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were analyzed over three different days. A calibration curve was run on each analysis 

day along with the QCs. The precision was determined by the coefficient of variation , 

and accuracy was measured by comparing the calculated concentration with the known 

concentration . The acceptable precision and accuracy were required to be within ±15%. 

2.6.3. Recovery and Matrix Effect 

The recoveries of the AZD3965 and I .S. were determined by comparing the peak 

areas of extracted standard samples with the peak areas of post-extraction plasma 

spiked at the corresponding QC concentrations (low, middle and high). The matrix effect 

was evaluated by comparing the peak areas of post-extraction plasma and tumor 

homogenate spiked with QC (low and high) to the neat QC solutions. For post

extraction spiked plasma and tumor homogenate samples, 40 ul of blank plasma or 

tumor homogenate were precipitated with 0.1 % formic acid in acetonitrile and 

centrifuged as described in Section 2.5. The resulting supernatant (540 µL) was dried 

and reconstituted in 190 and 990 µL of acetonitrile/water (40/60, vlv) for low and high 

calibration curve, respectively plus 5 ul of I.S solution and 5 ul of QC stock solution. 

The neat QC solutions were prepared similarly as the post-extraction spiked plasma 

and tumor homogenate samples but in the absence of matrix. Both recovery and matrix 

effect were examined in triplicate . 

2.6.4. Effect of Dilution 

The effect of dilution was evaluated for the analysis of AZD3965 in plasma at 

concentrations higher than the ULOQ by analyzing duplicates of plasma spiked with 

AZD3965 at 10-fold dilution of the three QC concentrations (10,000, 60,000 and 
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100,000 ng/ml) and diluting with blank plasma to the corresponding QC concentrations 

for the high calibration curve. 

2.6.5. Stability 

The post preparative stability was determined by rerunning QC samples that 

were kept in the autosampler at 15 °C for at least 16 h. The stability of AZD3965 in 

mouse plasma and tumor tissue were assessed after three freeze-thaw cycles (-80°C to 

room temperature) by analyzing QCs samples in triplicate. For long-term stability 

evaluations, QC samples in mouse plasma (low, medium and high concentrations of the 

low calibration curve), obtained from the same aliquots that were used to assess inter

day variability, were evaluated in duplicate after storage for 15 months in -80°C. 

2.7. Application in Pharmacokinetic and Breast Tumor Xenograft Studies 

Female, BALB/c mice weighting 18 to 20 g were purchased from Envigo 

(Indianapolis, IN). Animals were housed in a filtered laminar airflow room in standard 

vinyl cages with air filter tops. Water and food were autoclaved and provided ad libitum. 

Animals were maintained under the standard 12-h light/dark cycle at 22-24 °C. All animal 

procedures were approved by the Institutional Animal Care and Use Committee at the 

University at Buffalo. 

For the pharmacokinetic study, mice were administered an oral dose of 100 

mg/kg AZD3965 by oral gavage. AZD3965 stock solution (10 mg/ml) was prepared in 

20% wlv cyclodextrin in normal saline. Three mice per time-point were sacrificed after 

15 and 30 min , and 1, 2, 3, 6, 9, 12, and 24 h by aortic exsanguination. Blood samples 

were collected and centrifuged within 1 h for plasma extraction . All the samples were 

stored at -80°C until analysis . 
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For the tumor study, mice were lightly anesthetized and injected with 100 ul of 

cell suspension subcutaneously into the 4th inguinal mammary fat pad at a cell density 

of 2.5x 105 cells/ml in 1x PBS. Prior to inoculation, 4T1 cells were treated with trypsin , 

washed and resuspended in 1x PBS. When the tumor volume reached 100 mm3, three 

animals were given AZD3965 intraperitoneally (i.p.) twice daily for 17 days. Twelve 

hours after the last AZD3965 dose, the primary tumor was excised and snapped frozen 

in liquid nitrogen. Terminal blood samples were collected in a lithium-heparinized tube. 

Blood samples were centrifuged and plasma was extracted . All the samples were 

stored at -80°C until analysis . 

2.8. Data and Statistical Analysis 

Non-compartmental analysis was performed using Phoenix WinNonlin version 

7.0 (Pharsight, Mountain View, CA) to determine AZD3965 pharmacokinetic 

parameters. Area under the plasma concentration-time curve (AUC) was determined 

using the trapezoidal method; with AUC values extrapolated to time infinity. The 

terminal half-life (t112) was calculated as 0.693/k, where k is the slope of the terminal 

regression line. Vz/F (apparent volume of distribution/bioavailability (F)) represents the 

apparent volume of distribution estimated from the terminal phase. The maximal 

concentration (Cmax) was also determined by visual inspection . Oral clearance 

(clearance/F) was determined by the oral dose/AUC. All the data are presented as 

mean ± SD. Data analysis was performed using GraphPad Prism (GraphPad Software 

Inc. , San Diego CA). Student's t-test was used to assess the statistical significance with 

p value< 0.05. 
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3.RESULTS 

The assay presented here has been validated according to the US Food and 

Drug Administration (FDA) guidelines: Bioanalytical Method Validation (2001) and 

Analytical Procedures and Methods Validation for Drugs and Biologics (2015) . 

3.1. LC/MS/MS and Chromatograms 

Our AZD3965 method was optimized to obtain good peak shapes, 

chromatographic separation and reproducibility . The 01 (first quadruple) full scan and 

product ion scan mass spectra of AZD3965 are presented in Fig. 1A and 1 B, 

respectively. Q1/Q3 m/z ratio for the precursor/product ion of AZD3965 and AR

C155858 (I.S .) was 516.4/413.2 and 462.3/373.2, respectively. The representative 

chromatograms of mouse plasma and tumor tissue homogenate spiked with AZD3965 

and I.S. are shown in Fig. 2A and 2B, respectively. The retention times of AZD3965 and 

AR-C155858 (I.S.) were 5.77 and 4.91 min , respectively. Additional system suitability 

parameters such as tailing factor and theoretical plates were also evaluated and the 

results are summarized in Table 1. No peaks were observed in the blank mouse plasma 

and tumor tissue samples at the retention time of AZD3965 and I.S. (Fig. 2C and 2D), 

indicating no matrix interference is present. 

3.2. Validation of the Assay 

3.2.1. Linearity and Lower Limit of Quantification 

The calibration curves were linear over the AZD3965 concentration range of 

0.15-500 ng/ml in both plasma and tumor tissue. The high concentration calibration 

curves were also linear over the AZD3965 concentration range of 100-12000 ng/ml in 

plasma. The correlation coefficients (r2 values) were all greater than 0.999. Using our 
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assay, the LLOQ and ULOQ for AZD3965 was found to be 0.15 and 12000 ng/ml, 

respectively in plasma. The LLOQ in tumor tissue was found to be 0.15 ng/ml. 

3.2.2. Precision and Accuracy 

Intra-day and inter-day precision and accuracy were evaluated by analyzing QC 

samples (low, medium and high concentration) in both plasma and tumor tissue matrix 

in triplicate . The results of the assay performance are summarized in Table 2 and 3. 

The intra-day and inter-day CV% for precision and accuracy of the assay were less than 

± 7% of the nominal concentrations. 

3.2.3. Effect of Dilution 

A total of six replicates of plasma spiked with AZD3965 (duplicate of each of high 

calibration QC concentrations) were diluted 10-fold with blank plasma were evaluated 

for sample dilution integrity. The average accuracy and CV% from the plasma dilution 

were 101% and 5.37%, respectively. 

3.2.4. Recovery and Matrix Effect 

The recovery of AZD3965 in plasma is shown in Table 2 and the overall mean 

extraction was 102%. The matrix effects of AZD3965 in both matrices are summarized 

in Table 2 and 3 and the results indicate no matrix effect in mouse plasma and tumor 

tissue. 

3.2.5. Stability 

Our stability studies demonstrated AZD3965 was stable under different storage 

conditions. The concentrations of AZD3965 from the stability analysis in mouse plasma 

(long term, three freeze-thaw cycles and post-preparation) were all less than ±15% of 
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the nominal values. The stock solutions were demonstrated to be stable in -20 °C for a 

least 12 months with standard deviations less than 10% of the mean. 

3.3. Application in a PK and Breast Tumor Xenograft Studies 

The applicability of the validated assay was demonstrated by analyzing plasma 

samples obtained in a preliminary pharmacokinetic study in mice. The pharmacokinetic 

parameters of AZD3965 demonstrated t112 of 4.45 h, Cmax of 58.8 nmol/ml, Tmax of 0.333 

h, CL/F of 1 .40 L/h/kg, Vz/F of 9.00 L/kg and AUCco of 138 nmol•h/ml. The AZD3965 

concentration time profile in plasma following an oral dose of 100 mg/kg is presented in 

Fig. 3A. The applicability of the validated assay was also applied to assess total tumor 

AZD3965 concentrations in a preliminary murine 4T1 breast tumor xenograft study. 

Plasma and total tumor AZD3965 concentrations measured 12 h after the last AZD3965 

dose (100 mg/kg twice daily for 17 days) are presented in Fig. 3B. 
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4. DISCUSSION 

Studies have demonstrated potency and efficacy of AZD3965 in tumor xenograft 

models such as those of human small cell lung cancer, various type of lymphoma and 

breast cancer [9-14] . AZD3965, a first-in-class monocarboxylate transporter 1 (MCT1) 

inhibitor is being evaluated in a Phase I clinical trial in the UK for solid tumors and 

lymphoma treatment (NCT01791595). However, the PK of AZD3965 and concentration

effect relationships of AZD3965 have not been previously investigated. Although free 

plasma AZD3965 concentrations in a Raji lymphoma tumor xenograft model have been 

reported by Curtis et al. [15], there is no report of an analytical method developed and 

validated for quantification of AZD3965 concentration in biological fluids. Therefore, in 

our current study we developed and validated an LC/MS/MS assay for use in preclinical 

animal studies. Previously, our laboratory has reported a preliminary validated 

LC/MS/MS assay for AR-C155858 (an analogue of AZD3965) in rat plasma [8] . With the 

incorporation of AR-C155858 as an internal standard , our current LC/MS/MS assay was 

successfully validated in mouse plasma and breast tumor tissue over a wide range of 

AZD3965 concentrations with high selectivity and good precision and accuracy. 

From our preliminary PK study, the mean maximum plasma concentration 

occurred around 0.33 h, indicating the oral absorption of AZD3965 is relatively fast. This 

short tmax observed in our study was in good agreement with previously reported results 

[15] . The mice used in our PK study were not fasted , and we observed a small reentry 

peak of plasma AZD3965 between 6 and 9 hours, which might suggest the 

enterohepatic recycling of AZD3965. The apparent volume of distribution (Vz/F) was 

9.07 L/kg indicating extensive tissue distribution and binding is likely. Further AZD3965 
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PK studies are needed to confirm our findings . In our murine 4T1 breast tumor 

xenograft study, the total tumor AZD3965 concentration was found to be significantly 

higher (25.5-fold higher) than that in the plasma, suggesting extensive tumor uptake 

and accumulation of AZD3965. 
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5. CONCLUSIONS 

The LC/MS/MS assay described in our current study shows high selectivity, 

precision and accuracy for the determination of AZD3965 in mouse plasma and tumor 

tissue over a wide range of concentrations. The assay was validated according to the 

FDA guidelines on analytical procedure and method validation . Our assay was 

successfully applied for the analysis of plasma samples in preliminary pharmacokinetic 

and breast tumor xenograft studies of AZD3965 in mice. 
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Scheme 1. Chemical structure of AR-C155858 (A) and AZD3965 (B) 
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Fig. 1. 01 full scan (A) and product ion scan (B) mass spectra of AZD3965. The mass 

spectra of AZD3965 was obtained from direct injection of 5 µg/ml of AZD3965 in 

acetonitrile/water (40/60, vlv) into the mass spectrometer. 
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Fig. 2. Representative chromatograms of LC/MS/MS analyses of mouse plasma (A) 

and tumor tissue (B) spiked with AZD3965 (10 ng/ml) and internal standard (15 ng/ml). 

Chromatograms of double blank mouse plasma (C) and tumor tissue (D). AZD3965 and 

AR-C155858 (I.S.) peaks are denoted in red and blue, respectively. The retention times 

of AZD3965 and AR-C155858 were 5.77 and 4.91 min , respectively. 
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Fig. 3. Plasma concentration of AZD3965 after oral administration of 100 mg/kg of 

AZD3965 in female BALB/c mice (A). Plasma and total tumor AZD3965 concentration 

measured 12 h after the last AZD3965 dose (100 mg/kg, i.p) in the murine 4T1 breast 

tumor xenograft (B). Assuming tumor density of 1 g/cm3, tumor AZD3965 concentrations 

were normalized per gram of tumor tissue and expressed as nM. ** P< 0.01, compared 

to the plasma AZD3965 concentration (nonparametric Student's t-test). All the data are 

presented as mean± SD, n=3. 
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Table 1. System suitability parameters of AZD3965 and AR-C155858 (I.S.) 

AZD3965 AR-C155858 
Standard 

Curve 
TF N TF N 

Low 1.09 2.66x104 1.09 2.14x104 

High 1.12 2.5x104 1.15 3.08x104 

TF, tailing factor measured at 5% of peak height; N, number of theoretical plates. 

91 



Table 2. AZD3965 recovery, matrix effect, intra-day and inter-day accuracy and precision in mouse plasma. The measured 

concentrations represent the mean of triplicate measurements. The analyses were performed over 3 days. 

Intra-day Inter-day Recovery Matrix Effect 

Nominal 
concentrationStandard Mean Precision Accuracy Mean Precision Accuracy(ng/ml) SD SD % % SDCurve (ng/ml ) (CV%) (%) (ng/ml) (CV%) (%) 

10.3 0.06 0.56 103 10.1 0.225 2.23 101 101 103 4.18 10 

Low 153 4.93 3.22 102 148 4.36 2.94 98.9 101150 

101 
41 5 8.33 2.01 104 402 17.7 4.39 102 108 1.93400 

1.04x103 15.3 1.47 104 1.01 x103 30 .1 2.98 101 103 101 1.84 1,000 

99.4 
6.00x103 124 2.07 100 5.96x103 144 2.42 101High 6,000 

95.7 
9. 76x 103 262 2.68 97.6 9.57x103 161 1.68 105 97.8 1.4110,000 

92 



Table 3. AZD3965 matrix effect, intra-day and inter-day accuracy and precision in the murine 4T1 breast tumor tissue. 

The measured concentrations represent the mean of triplicate measurements. The analyses were performed over 3 days. 

Intra-day Inter-day Matrix Effect 

Nominal 
concentration 

(ng/ml) Mean 
(ng/ml) 

SD 
Precision 

(CV%) 
Accuracy 

(%) 
Mean 

(ng/ml) 
SD 

Precision 
(CV%) 

Accuracy 
(%) 

% SD 

10 10.2 0.12 1.13 102 9.93 0.932 9.39 99.3 101 3.59 

150 140 1.53 1.09 93.6 140 1.58 1.13 93.2 

400 406 17.5 4.03 102 384 21.9 5.71 95.9 98.8 5.27 
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CHAPTER FOUR 

Cellular Uptake of AR-C155858 and AZD3965 and Their 

Effects on MCT-Mediated Transport of L-lactate in the Murine 

4T1 Breast Tumor Cancer Cells 

This chapter was written as submitted to AAPS J 

With contributing authors: Xiaowen Guan and Marilyn E. Morris 
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ABSTRACT 

AR-C155858 and AZD3965, pyrrole pyrimidine derivatives, represent potent 

monocarboxylate transporter 1 (MCT1) inhibitors, with potential immunomodulatory and 

chemotherapeutic properties. Time-dependent inhibition of L-lactate transport has been 

reported for AR-C155858, and the proposed mechanism involves slow membrane 

permeability before binding to MCT1 at an intracellular site. The purpose of this study 

was to characterize the concentration- and time-dependent inhibition of L-lactate 

transport and the membrane permeability properties of AR-C155858 and AZD3965 in 

murine 4T1 breast tumor cells that express MCT1 . Our results demonstrated time

dependent inhibition of L-lactate uptake by AR-C155858 and AZD3965 with maximal 

inhibition occurring after a 5 min pre-incubation period and prolonged inhibition . 

Following removal of AR-C155858 or AZD3965 from the incubation buffer, inhibition of 

L-lactate uptake was only fully reversed after 3 and 12 h, respectively, indicating that 

these inhibitors are slowly reversible . The uptake of AR-C155858 exhibited saturable 

membrane uptake in 4T1 cells, whereas the uptake of AZD3965 only exhibited passive 

diffusion . The uptake kinetics of AR-C 155858 was best fitted to a Michaelis-Menten 

equation with a diffusional clearance component, P (Km=0.399 ± 0.067 µM, Vmax= 4.79 ± 

0.583 pmol/mg/min , and P= 0.330 ± 0.088 µL/mg/min). AR-C155858 uptake was 

inhibited by a-cyano-4-hydroxycinnamic acid (CHC), a known nonspecific inhibitor of 

MCT 1, 2 and 4 and demonstrated a trend toward higher uptake at lower pH , a 

characteristic of proton-dependent MCT1 . These findings provide evidence that AR

C 155858 and AZD3965 exert slowly reversible inhibition of MCT1-mediated L-lactate 

uptake in 4T1 cells, with AR-C155858 representing a potential substrate of MCT1. 
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INTRODUCTION 

The rapid transport of L-lactic acid across the plasma membrane is mediated by 

4 proton-linked monocarboxylate transporters, MCT1 -4, which are part of the solute 

carrier SLC16A gene family (1-4 ). MCT1 , by far the best characterized isoform, is 

expressed extensively throughout the body (5) and it is involved in bidirectional 

transport of a number of monocarboxylates including L-lactate (6). MCT2 is an uptake 

transporter with higher affinity, but its expression is restricted to certain tissues (7) . 

MCT4 is a low affinity lactate transporter and it is expressed mainly in glycolytic tissues, 

where it facilitates lactic acid efflux (8, 9). 

Aside from their physiological role in lactic acid and pH homeostasis, MCT1 and 

MCT4 are of interest as therapeutic targets in cancer (10-13) . A key metabolic alteration 

in cancer is enhancement in the rate of glycolysis, which results in production of lactic 

acid and changes in intracellular pH. Overexpression of MCT1 and/or MCT4 have been 

reported in various human cancers, including breast cancer, where its expression is 

correlated with poor prognosis and survival (14-16) . Furthermore, MCT4 has been 

demonstrated to be regulated by hypoxia-inducible factor 1 alpha (HIF-1 a), a key 

transcription factor known to be responsible for enabling tumor cells to adapt to hypoxic 

conditions and maintain tumor growth (17-19) . In this context, MCT1 and/or MCT4 have 

been proposed as potential therapeutic targets in cancer. Studies with inhibitors of 

MCTs and silencing RNAs have provided proof of concept that inhibiting MCTs can 

reduce tumor growth in a number of human cancer xenograft models (20-25). However, 

many of these inhibitors such as a-cyano-4-hydroxycinnamic acid (CHC) lack potency 

and specificity (2 , 26). 

96 



Recently, a new class of specific and potent inhibitors of MCT1 have been 

developed by AstraZeneca as immunosuppressant agents to potently inhibit T

lymphocyte proliferation (27, 28). It was later identified that these compounds inhibit 

MCT1-mediated lactic acid efflux during T-lymphocyte proliferation (27-29) . One of 

these compounds, AR-C155858 (Fig. 1A), demonstrated potent inhibition of MCT1 with 

a Ki value of 2.3 nM in rat erythrocytes that express only MCT1 . AR-C155858 was also 

reported to inhibit MCT2, but to a lesser extent (Ki > 10 nM), in studies in MCT2-

transfected Xenopus laevis oocytes (30, 31 ). AZD3965 (Fig. 1 B), an analogue of AR

C155858, is an orally bioavailable inhibitor of MCT1 that is currently being investigated 

in a Phase I clinical trial in the UK for advanced solid tumors and lymphomas 

(NCT01791595). AZD3965 shows similar potency and specificity as AR-C155858, with 

6-fold higher potency for MCT1 compared with MCT2, and no inhibition of MCT3/MCT4 

at 10 µM (23) . AZD3965 has been demonstrated to significantly decrease cell and 

tumor growth in human small cell lung cancer and various lymphoma xenograft models 

that overexpress MCT1 (21-23, 32, 33). 

Previous work from our laboratory has shown that inhibition by AR-C155858 was 

time-dependent and not rapidly reversible (34 ). The objective of our current study was 

to further characterize the properties of AR-C155858 and AZD3965 in the 4T1 breast 

tumor cells, that express MCT1 , but not MCT2 or MCT 4. We evaluated the time

dependent inhibition of L-lactate uptake by AR-C155858 and AZD3965 as well as the 

reversibility of the inhibition . We also sought to characterize the cellular uptake of AR

C155858 and AZD3965 by quantifying their intracellular concentrations using 
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LC/MS/MS. Finally we evaluated the effect of CHC, pH and sodium on the uptake of 

AR-C155858 in 4T1 cells. 
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MATERIALS AND METHODS 

Chemicals and Reagents 

L-lactate (as calcium salt) and a-cyano-4-hydroxycinnamic acid (CHC) were 

purchased from Sigma-Aldrich (St. Louis, MO). AZD3965 and AR-C155858 were 

obtained from AstraZeneca, MedKoo Biosciences (Chapel Hill , NC) and ChemScene 

(Monmouth Junction , NJ), respectively. L- [3H] Lactate was purchased from American 

Radiolabeled Chemicals (St. Louis, MO). 

Cell Culture 

Mouse mammary tumor, 4T1 cells were kindly provided by Dr. Elizabeth A. 

Repasky (Roswell Park Cancer Institute, Buffalo NY). Cells were maintained at 37°C in 

a humidified atmosphere with 5% CO2/95% air. 4T1 cells were cultured in RPMI 1640 

medium supplemented with 10% FBS, 100 units penicillin and 100 µg/ml of 

streptomycin. Culture medium was changed every 2-3 days, and cells were passaged 

with 0.25% Trypsin/EDTA. 

Cellular L-Lactate Uptake Studies 

4T1 cells were plated in 35 mm (diameter) culture dishes at a cell density of 

2.0x105 cells/ml 2 days before the uptake study. On the day of the experiment, culture 

medium was removed and cells were washed three times followed by equilibration for 

20 min at 37°C in the uptake buffer containing 137 mM N-methyl-D-glucamine, 5.4 mM 

KCI , 1 mM CaCl2, 1 mM MgCl2 and 10 mM HEPES. Cells were pre-incubated with the 

inhibitors at 37°C and subsequently cooled to room temperature (RT) for 5 min . Cells 

were then incubated in one milliliter of uptake buffer containing [3H]-L-lactate and 0.5 

mM of cold L-lactate for 1 min at RT. A reaction time of 1 min was used because it was 
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determined that 1 min is within the time of linear uptake of L-lactate in 4T1 cells . The 

uptake was terminated by aspirating the uptake buffer, followed by washing the cells 

rapidly 3 times with ice-cold buffer. Cells were lysed in 0.5 ml of 1.0 N NaOH for 1 hat 

RT and the cell lysates were neutralized with 0.5 ml of 1.0 N HCI. Scintillation fluid (3 

ml) was added to 400 µL of cell lysate and the radioactivity was measured by liquid 

scintillation counting (1 ,900 CA, Tri-carb liquid scintillation analyzer, Packard Instrument 

Co. Downers Grove, IL). Protein concentrations were determined using BCA protein 

assay kit (BCA, Pierce Chemicals, Rockford , IL). All the results were normalized to total 

protein content and were expressed as pmol per mg protein . 

To examine time-dependent inhibition , cells were pre-incubated with AR

C155858 or AZD3965 (200 nM) in uptake buffer for 0, 1, 3, 5, 7, 15, 30, 45, 60, 120, 

180 and 300 min. Cells were treated with AR-C155858 and AZD3965 (200 nM) under 

various conditions: (1) uptake of L-lactate alone (control); (2) pretreatment with the 

inhibitor for 30 min at 37°C followed by uptake of L-lactate; (3) pretreatment with the 

inhibitor for 30 min at 37°C followed by washing the cells three times with ice-cold buffer 

and uptake of L-lactate. To study time-dependent reversibility of inhibition , the inhibition 

of L-lactate by AR-C155858 and AZD3965 (200 nM) was assessed at various times (0 , 

15, 30 min , 1, 2, 3, 5, 8, 12, 24 and 48 h) after the removal of the inhibitors by washing 

the cells three times with ice-cold buffer. After the removal of the inhibitors, cells were 

maintained in serum free medium at 37°C. At designated time point, culture medium 

was removed and uptake reaction of L-lactate was carried out as described earlier. 

Cellular AR-C155858 and AZD3965 Uptake Studies 

100 



Cellular AR-C155858 and AZD3965 uptake studies were conducted similarly as 

in the l-lactate uptake studies. Briefly, cells were plated in 35 mm (diameter) culture 

dishes at a cell density of 2.0x105 cells/ml, two days before the uptake study. On the 

day of the experiment, culture medium was removed and cells were washed 3 times, 

followed by equilibration for 20 min at 37°C in the uptake buffer or serum free medium. 

To determine time-dependent uptake, cells were incubated with uptake buffer (1 ml) 

containing 30 or 50 nM of AR-C155858 or AZD3965, respectively, for 1, 3, 5, 7, 15, 30, 

60, and 120 min . From these studies, 2 and 5 min time-points were chosen to represent 

the linear uptake of AR-C155858 and AZD3965, respectively, at RT. To determine 

concentration-dependent uptake of AR-C155858 and AZD3965, the concentration 

ranged from Oto 10 µM . The uptake was terminated by aspirating the uptake buffer or 

serum free medium and the cells were rapidly washed three times with ice-cold buffer. 

Cells then were lysed in 0.5 ml of methanol/water (5/95 vlv) , frozen at -80°C for 30 min 

followed by thawing on a shaker for 1 h at 4 °C. All the samples were stored at -80°C 

until analysis . Protein concentrations were determined using BCA assay kit. All the 

results were normalized to total protein content and were expressed as pmol per mg 

protein . 

To determine the driving force for AR-C155858 uptake, the effects of pH and 

sodium were examined . For pH-dependent uptake, cells were incubated with uptake 

buffer containing 30 nM of AR-C155858 at pH 5.0, 5.5, 6.0, 6.5, 7.0 and 7.4 for 2 min. 

For sodium-dependent uptake of AR-C155858, cells were incubated with uptake buffer 

containing 30 nM of AR-C155858 in the presence and absence of sodium at both pH 

6.0 and 7.4 . For sodium-dependent studies, the N-methyl-D-glucamine in the uptake 
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buffer was replaced with 137 mM NaCl. To determine the effects of MCT inhibition on 

AR-C155858 uptake, cells were pre-incubated with 20 mM of CHC for 30 min at 37°C, 

followed by the determination of uptake of AR-C 155858, present at varying 

concentrations. 

Cell Lysate Sample Preparation and LC/MS/MS Analysis 

Cellular AR-C155858 and AZD3965 concentrations were measured using 

previously developed and validated liquid chromatography coupled to tandem mass 

spectrometry (LC/MS/MS) assay of AZD3965 in mouse plasma and tumor tissue (35). 

Briefly, AR-C155858 samples were prepared by adding 5 µL of the internal standard 

(I.S.), AZD3965 (2 ng/mL), to 55 µL of cell lysate samples. For AZD3965, samples were 

prepared by 5 µL of the I.S., AR-C155858 (8 ng/mL), to 35 µL of cell lysate samples. 

Standards and quality controls for AR-C155858 were prepared by adding 5 µL of I.S. 

and 5 µL of AR-C155858 stock solutions to 50 µL of blank cell lysate. Standards and 

quality controls for AZD3965 were prepared by adding 5 µL of I.S. and 5 µL of AZD3965 

stock solutions to 30 µL of blank cell lysate. Cell lysate proteins were precipitated by 

adding 600 µL of 0.1 % formic acid in acetonitrile . Samples were vortexed and then 

centrifuged at 10,000 x g for 20 min at 4°C. Supernatant (540 µL) was collected and 

evaporated under a stream of nitrogen gas, followed by reconstitution in 200 µL of 

acetonitrile/water (40/60, v/v). 

The LC/MS/MS assay for AR-C155858 and AZD3965 was validated in the cell 

lysate using a Shimadzu Prominence HPLC with binary pump and autosampler 

(Shimadzu Scientific, Marlborough, MA), connected to a Sciex API 3000 triple 

quadruple tandem mass spectrometer with utilizing Atmospheric Pressure Chemical 
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Ionization source (APCI) (Sciex, Foster City, CA). Chromatographic separation was 

obtained by injecting 15 µL of the sample on to an Xterra MS C18 column (250 x 2.1 

mm i.d. , 5- µm particle size; Waters, Milford , MA). Mobile phase A consisted of 

acetonitrile/water (5/95, v/v) with 0.1 % acetic acid and mobile phase B contained 

acetonitrile/water (95/5, v/v) with 0.1 % acetic acid. The flow rate was 250 µL/min with a 

gradient elution profile and a total run time of 15 min . The mass spectrometer was 

operated in multiple reaction monitoring (MRM) mode utilizing APCI source. Q1/Q3 m/z 

ratio for the precursor/product ion of AR-C155858 and AZD3965 was 462 .3/373.2 and 

516.4/413.2, respectively. The retention time for AZD3965 and AR-C155858 were 5.77 

and 4.91 min , respectively. The data were analyzed using Analyst version 1.4.2 (Sciex, 

Foster City, CA). 

Regression analysis of peak area ratios of AR-C155858/AZD3965 to AR

C155858 concentrations and AZD3965/AR-C155858 to AZD3965 concentrations were 

used to assess linearity of the calibration curve for AR-C155858 and AZD3965, 

respectively. The intra-day and inter-day precision and accuracy were determined using 

quality control (QC) samples. Low-, medium- and high-QC samples were prepared to 

yield concentrations of 0.75, 6, and 15 ng/ml for the AR-C155858 calibration curve and 

2, 30, and 70 ng/ml for the AZD3965 calibration curve. For intra-day precision and 

accuracy, quality control samples were analyzed in triplicate on each day. The inter-day 

precision and accuracy, quality control samples were analyzed over three different 

days. A calibration curve was run on each analysis day along with the quality controls 

and the curve was analyzed using 1Ix weighted least squares linear regression analysis 

(x=concentration). The precision was determined by the coefficient of variation , and 
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accuracy was measured by comparing the calculated concentration with the known 

concentration . The recoveries of the AZD3965 and AR-C155858 were determined by 

comparing the peak areas of extracted standard samples with the peak areas of post

extraction cell lysate spiked at the corresponding QC concentrations (low, middle and 

high). 

Data Analysis 

All the data are presented as mean ± SD. Data analysis was performed in 

GraphPad Prism (GraphPad Software Inc., San Diego CA). Depending on the number 

of groups and variances, data were compared using a Student's t-test, one-way ANOVA 

followed with Dunnett's post-hoc test comparisons, or two-way ANOVA followed with 

Bonferroni's post-hoc comparisons. Significant differences were based on the criterion 

P< 0.05. The transport kinetic parameters: Michaelis-Menten constant Km, maximal 

velocity Vmax, and diffusional clearance P were determined using the following 

equations: 

V = Vmax·CAR-C1sssss 

Km+ CAR-C1sssss 
( 1) 

V _ 
-

Vmax·CAR-C1sssss + p . C 
Km+ CAR-C1sssss AR-C155858 

(2) 

where vis the rate of AR-C155858 uptake and CAR-c1ssasa is the concentration of AR

C155858. 

All the parameters were determined using weighted nonlinear regression 

analysis (ADAPT 5 Biomedical Simulations Resource (BMSR), University of South 

California, Los Angeles, CA). Goodness of fit was determined by the sum of squared 

derivatives, residual plot, and Akaike Information Criterion (AIC). Equation 2 yields the 
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smallest coefficient of variation percentage and AIC value, and was subsequently used 

to estimate kinetic uptake parameters. 

105 



RESULTS 

Time-dependent inhibition by AR-C155858 and AZD3965 

Fig.2A and 2B demonstrate the time-dependent inhibition of L-lactate uptake by 

AR-C155858 and AZD3965, respectively, in 4T1 cells . Maximal inhibition was observed 

following 5 min pre-incubation at 37°C with either one of the inhibitors, and the inhibition 

was sustained up to 5 h. 

Reversibility of Inhibition by AR-C155858 and AZD3965 

To study whether the inhibition by AR-C155858 and AZD3965 can be reversed 

by removing bound inhibitor on the cell surface (via washing the cells three times with 

ice-cold buffer), we chose to pre-incubate the cells with the inhibitors for 30 min at 37°C 

followed by washing the cells prior to adding L-lactate (0.5 mM) to determine its uptake. 

This approach of washing the cells with ice-cold buffer was adopted from Harker et al. 

as they have shown previously that washing can readily remove a large quantity of 

loosely associated and nonspecifically bound doxorubicin from the cell surface (36) . 

Incubation buffers at pH 6.0 or 7.4 were used in these studies. Uptake of L-lactate at pH 

6.0 and 7.4 was significantly inhibited by AR-C155858 and AZD3965 in the presence or 

absence (after removal) of the inhibitors (Fig. 3A and 3B). For AR-C155858 at pH 6.0, 

there was 81.8% and 80 .5% inhibition with and without washing the cells with ice-cold 

buffer to remove the inhibitor, respectively (Fig.3A). Similarly, at pH 6.0, AZD3965 

demonstrated 83.5% and 86.6% inhibition with and without removal of the inhibitor, 

respectively (Fig . 3B). These results demonstrated that the removal of the inhibitor by 

washing the cells three times with ice-cold buffer did not reverse the inhibition of L

lactate uptake, suggesting tight binding of the inhibitors and that inhibition by AR-
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C155858 and AZD3965 is only slowly reversible . We further evaluated the time needed 

to completely reverse the inhibition. Here, we investigated the amount of L-lactate 

uptake at various times after the removal of the inhibitors via washing the cells with ice

cold buffer. We demonstrated that to completely reverse the inhibition of L-lactate 

uptake at pH 6.0 by AR-C155858 and AZD3965, it took 3 and 12 h, respectively (Fig. 

3C and 3D). 

Additionally, the reversibility of inhibition by AR-C155858 was also demonstrated 

in HCC1937 cells (a human breast cancer cell line that expresses both MCT1 and 

MCT4) and the results were similar to that observed in 4T1 cells (Fig . 4A and 4B). 

Interestingly, we observed an overshoot phenomenon of L-lactate uptake beyond the 

baseline level after the complete abolishment of the inhibition by AR-C 155858 and 

AZD3965 (Fig . 3C, 3D and 4B). Together these results showed that AR-C155858 and 

AZD3965 are slowly reversible and that the inhibition of L-lactate uptake by AZD3965 

was sustained longer than AR-C155858. 

Cell Lysate AR-C155858 and AZD3965 LC/MS/MS Assay 

From the AR-C155858 and AZD3965 LC/MS/MS assays, the lower limits of 

quantification for AR-C155858 and AZD3965 in cell lysates were found to be 0.1 and 

0.15 ng/ml, respectively, with good precision and accuracy. The calibration curve range 

for AR-C155858 was from 0.1 to 25 ng/ml based on regression analysis of peak areas 

to AR-C155858 concentrations with a correlation coefficient (r2) >0 .999. The calibration 

curve range for AZD3965 was from 0.15 to 100 ng/ml based on regression analysis of 

peak areas to AR-C155858 concentrations with r2>0 .999. The recovery and intra-day 
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and inter-day precision and accuracy of the quality control samples are summarized in 

Table 1. 

Uptake of AR-C155858 and AZD3965 in 4T1 Cells 

The uptake of AR-C155858 and AZD3965 in 4T1 cells was investigated at 

physiological pH (7.4) in serum free medium. The uptake of 30 nM AR-C155858 and 50 

nM AZD3965 by 4T1 cells were examined over time at RT, up to 2 h (Fig. 5A and 5B). 

The uptake of AR-C155858 and AZD3965 were linear up to 5 and 7 min , respectively. 

The uptake studies were carried out at RT because we demonstrated that the rates of 

uptake of AR-C155858 and AZD3965 were rapid at 37°C (data not shown). From these 

studies, 2 and 5 min were chosen for the uptake time of AR-C155858 and AZD3965, 

respectively. Concentration-dependent studies were performed for AR-C155858 (0.03 

to 10 µM) and AZD3965 (0 .05 to 10 µM). Our results in 4T1 cells showed that the 

uptake of AR-C155858 exhibited saturable kinetics (Fig . 5C) whereas the uptake of 

AZD3965 demonstrated passive diffusion and no saturation was observed up to 10 µM 

(Fig . 5D). The concentration-dependent uptake of AR-C155858 was best fitted to a 

Michaelis-Menten equation with a passive diffusion component (Km=0.399 ± 0.067 µM, 

Vmax= 4.79 ± 0.583 pmol/mg/min , and P= 0.330 ± 0.088 µL/mg/min) (Fig. 5C and Table 

2) . 

Effect of CHC on the Uptake of AR-C155858 

Since the uptake of AR-C155858 in 4T1 was demonstrated to be saturable, we 

further evaluated whether the uptake can be inhibited by CHC, a nonspecific inhibitor of 

MCT1-4. Interestingly, CHC (20 mM) significantly inhibited AR-C155858 uptake at 0.03, 
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0.1, 0.4, and 1.2 µM but not at a higher concentration , 3.7 µM (Fig. 6), suggesting that 

AR-C155858 may be a substrate for MCT1 in 4T1 cells . 

Effect of pH and Sodium on the Uptake of AR-C155858 

The uptake of AR-C155858 at pH 5.0, 5.5, 6.0, 6.5, and 7.0 were compared to 

that at pH 7.4 . Of all the pH values examined , only pH 5.0 showed significantly higher 

uptake than at pH 7.4 (Fig. 7 A). The effect of sodium on the uptake of AR-C155858 in 

4T1 cells was evaluated at pH 6.0 and pH 7.4. At pH 6.0, the uptake of AR-C155858 

was significantly higher with sodium than without sodium; however, there was no 

significant difference in the presence and absence of sodium at pH 7.4 (Fig. 7B). In the 

presence of sodium, the uptake of AR-C155858 was significantly higher at pH 6.0 than 

at pH 7.4 (Fig. 7B). 
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DISCUSSION 

AZD3965, a pyrrole pyrimidine derivative and an analogue of AR-C155858, is a 

first-in-class monocarboxylate transporter 1 (MCT1) inhibitor that is currently being 

investigated in a Phase I clinical trial in the UK for advanced solid tumors and 

lymphomas (NCT01791595). AR-C155858 and AZD3965 are potent MCT1 inhibitors 

with Ki values of 2.3 and 1.6 nM, respectively (30, 37). A proposed mechanism of 

inhibition by AR-C155858 has previously been reported , which involved binding of AR

C155858 to the transmembrane helices 7-10 of MCT1 from the intracellular side (30). A 

previous publication from our laboratory showed that removing AR-C155858 from cells 

by washing did not reverse the inhibition of the uptake of y-hydroxybutyric acid (GHB), a 

known substrate of MCT1 , 2 and 4, in rat kidney KNRK cells (34) . Therefore, we 

performed uptake studies to characterize the cellular uptake of AR-C155858 and 

AZD3965 in 4T1 cells and determine whether these inhibitors are substrates for MCT1. 

We demonstrated that AZD3965 passively diffuses into 4T1 cells, indicating that the 

uptake of AZD3965 is not carrier mediated and does not involve MCT1 -mediated 

transport, under our experimental conditions. In contrast, AR-C155858 demonstrated 

saturable uptake in 4T1 cells . This is consistent with the greater lipophilicity of AZD3965 

(log P of 1.78 versus 1.53 for AR-C155858) . To further investigate whether AR

C155858 is a substrate for the proton-dependent MCT1 present in 4T1 cells, we 

evaluated the effect of CHC, a known nonspecific inhibitor of MCT1 , 2 and 4 (1 , 2, 6), 

and the effect of pH on the uptake of AR-C 155858. Our results demonstrated significant 

inhibition of AR-C155858 uptake by CHC, and a trend toward higher uptake of AR

C 155858 at lower pH with the uptake at pH 5.0 being significantly greater than at pH 
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7.4 . As pH dependence is characteristic of MCT1-mediated transport, and MCT1 

transport can be inhibited by CHC, our findings suggest that AR-C155858 may be a 

MCT1 substrate. 

In addition , we also evaluated sodium-dependent uptake of AR-C155858 in 4T1 

cells . Interestingly, we found that in the presence of sodium, the uptake of AR-C155858 

was significantly higher at pH 6.0 compared with that in the absence of sodium; no 

significant differences were observed at pH 7.4. The effect of sodium requires further 

study and suggests that besides the proton-dependent MCT1 , a form of sodium

dependent MCT (SLC5A8 or SLC5A 12) or another sodium-dependent transporter may 

be present in 4T1 cells that may contribute to the uptake of AR-C155858. 

A previous report suggested that the inhibition by AR-C 155858 involved an initial 

transient binding to MCT1 before AR-C 155858 can "shuttle" across the plasma 

membrane and gain access to its final binding site from the intracellular side (30). We 

examined the time-dependent inhibition of L-lactate uptake by AR-C155858 and 

AZD3965. Our results indicated that AR-C155858 and AZD3965 exhibit prolonged 

inhibition . Different from previous studies, we observed a maximum inhibition following a 

5 min pre-incubation time with both of the inhibitors as opposed to 30 and 45 min with 

AR-C155858 (100 nM) at RT in the KNRK cells and Xenopus laevis oocytes transfected 

with MCT1 , respectively (30, 34). This discrepancy may be due to the higher pre

incubation temperature (37°C) used in our current study. Nevertheless, our data 

demonstrated a rapid and prolonged inhibition by AR-C155858 and AZD3965. To better 

understand the mechanism of inhibition by AR-C155858 and AZD3965, we evaluated 

the reversibility of inhibition . Consistent with our previous study (34), we showed that 
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washing the cells three times with ice-cold buffer to remove the inhibitors did not abolish 

their effects. Interestingly, we found that it required 3 and 12 h to completely reverse the 

inhibition of L-lactate uptake by AR-C155858 and AZD3965, respectively, indicating that 

these inhibitors are slowly reversible . Our results here are supported by clinical 

evidence that the side effects of AZD3965, such as retinal impairment measured by 

electroretinogram, were found to be reversible and asymptomatic (38). Interestingly, 

under our current experimental conditions, we observed an overshoot phenomenon of 

L-lactate uptake beyond the baseline level after the removal of the inhibitors when 

examined at later times. While it is not known why we observed higher L-lactate 

concentrations, it may be a result of starvation of the cells in the serum free medium for 

a long period of time (39), or due to inhibition of the efflux of L-lactate at later times, 

since MCT1 transport can be bidirectional depending on the driving force . 

In summary, the findings presented here demonstrate prolonged inhibition by 

AR-C155858 and AZD3965, with inhibition being slowly reversible . We also 

demonstrated that the uptake of AR-C155858 in 4T1 was saturable and can be inhibited 

by CHC, suggesting AR-C155858 may be a substrate for MCT1 present in 4T1 cells . 

Different from AR-C155858, AZD3965 demonstrated passive diffusion , consistent with 

its higher lipophilicity. Our findings suggest that AR-C155858 is a MCT1 substrate, but 

other sodium-dependent transporters may also contribute to its uptake in 4T1 cells . 
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Fig. 1. Chemical structure of AR-C155858 (A) and AZD3965 (B) 
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Fig 2. The time-dependent inhibition of L-lactate (0 .5 mM) uptake by AR-C155858 (A) 

and AZD3965 (B) at 37°C, pH 6.0, at a concentration of 200 nM. Data are presented as 

mean ± SD, n=3. 
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Fig. 3. Inhibition of L-lactate uptake by AR-C155858 and AZD3965 at pH 6.0 and 7.4 in 

the 4T1 cells . The effect L-lactate (0.5 mM) uptake under various AR-C155858 (A) and 

AZD3965 (B) (200 nM) treatment conditions : 1: uptake of L-lactate alone; 2: 

pretreatment with the inhibitor followed by uptake of L-lactate; 3: pretreatment with the 

inhibitor followed by washing the cells three times with ice-cold buffer prior to the uptake 

of L-lactate. The inhibition of L-lactate uptake by AR-C155858 (C) and AZD3965 (D) 

(200 nM) at various times after the removal of the inhibitors, as in B3. Dotted line 

represents time took to return back to the baseline of L-lactate uptake at pH 6.0 (B). The 

reference line for AR-C155858 (C) was based on the baseline from the study with 

AZD3965 (D). **** P< 0.0001 compared to the control at pH 6.0; ## P<0.01 ; ### 

P<0.001 compared to the control at pH 7.4. Two-way ANOVA followed by Bonferroni's 

post-hoc test. Data are presented as mean ± SD, n=3. 
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Fig. 4. Inhibition of L-lactate uptake by AR-C155858 at pH 6.0 and 7.4 in the HCC1937 

cells . The effect L-lactate (0.5 mM) uptake under various AR-C155858 (200 nM) 

treatment conditions : 1: uptake of L-lactate alone; 2: pretreatment with the inhibitor 

followed by uptake of L-lactate; 3: pretreatment with the inhibitor followed by washing 

the cells three times with ice-cold buffer prior to the uptake of L-lactate (A). The 

inhibition of L-lactate uptake by AR-C155858 (200 nM) at various times after the 

removal of the inhibitor, as in A3. Dotted line represents time return back to the baseline 

of L-lactate uptake at pH 6.0 (B) . **** P< 0.0001 compared to the control at pH 6.0; -/#1-# 

P<0.001 compared to the control at pH 7.4 . Two-way ANOVA followed by Bonferroni's 

post-hoc test. Data are presented as mean ± SD, n=3. 
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Fig. 5. The AR-C155858 and AZD3965 uptake in the 4T1 cells at physiological pH 

(serum free medium). The time-dependent uptake of AR-C155858, 30 nM (A) and 

AZD3965, 50 nM (B). The concentration-dependent uptake of AR-C155858 (C) and 

AZD3965 (D). The uptake of AR-C-155858 and AZD3965 was carried out for 2 and 5 

min, respectively. The concentration-dependent uptake of AR-C155858 was best fitted 

to a Michaelis-Menten equation with a diffusional uptake clearance component (P). 

Observed mean data are shown in symbols and the line represents model fitted results. 

Data are presented as mean± SD, n=3. 
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Fig. 6. The effect of CHC on the cellular uptake of AR-C155858 in 4T1 cells . The 

uptake of AR-C155858 in the absence and presence of CHC (20 mM) at physiological 

pH (serum free medium). Cells were pre-incubated with CHC for 30 min at 37°C 

followed by uptake of AR-C155858 at RT for 2 min . ** P<0.01 ; *** P<0.001 ; **** 

P<0.0001 compared to the uptake AR-C155858 in the absence of CHC. Two-way 

ANOVA followed by Bonferroni's post-hoc test. Data are presented as mean± SD, n=3. 

• AR-C155858 alone 
• AR-C155858 + 20 mM CHC 

30Q) 
+-'cu 
'-

Q) -

2 
~ 

·E
C: 

20 
a.
::, C) 

oo E 
It) :::: 
(X) 0 
1t> E 10 
~ a. u-

1 

~ 
<C 

0.03 0.1 0.4 1.2 3.7 

AR-C155858 (µM) 

125 



Fig. 7. The effect of pH and sodium on the uptake of AR-C155858 in 4T1 cells . The 

uptake of AR-C155858 (30 nM) at various pH (A) and in the presence or absence of 

sodium (B). * P<0.05; *** P<0.001 . One-way ANOVA followed by Dunnett's post-hoc 

test. Data are presented as mean ± SD, n=3. 
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Table 1. AR-C155858 and AZD3965 recovery, intra-and inter-day accuracy and precision in 4T1 cell lysates. The 

measured 

Analyte 

AR-C155858 

AZD3965 

concentrations 

Nominal 
concentration 

(ng/ml) 

0.75 

6 

15 

2 

30 

70 

represent mean of triplicate measurements. The analyses were performed over 3 days. 

Intra-day Inter-day Recovery 

Mean Precision Accuracy Mean Precision Accuracy
SD SD %

(ng/ml) (CV%) (%) (ng/ml) (CV%) (%) 

0.70 0.02 2.66 92.8 0.69 0.009 1.24 91.7 102 

5.96 0.46 7.66 99.3 5.92 0.32 5.41 98.6 93.3 

14.8 0.82 5.53 98.7 15.4 0.46 3.10 99.5 89.9 

2.03 0.08 3.72 102 2.06 0.02 1.28 103 100 

31.9 1.04 3.27 106 32.1 0.18 0.57 107 101 

75 0.56 0.74 107 76.8 1.60 2.08 110 102 
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Table 2. AR-C155858 uptake kinetic parameter estimates in 4T1 cells . n=3. 

Parameter Mean ± SD CV% 

Vmax (pmol/mg/min) 4.79 ± 0.583 12.2 

Km (µM) 0.399 ± 0.067 16.7 

P (µL/mg/min) 0.330 ± 0.088 26.8 
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CHAPTER FIVE 

In Vitro Efficacy and In Vivo Concentration-Effect 

Relationships of AR-C155858 in the Murine 4T1 Breast 

Cancer Tumor Model 

This chapter was written as submitted to AAPS J 

With contributing authors: Xiaowen Guan, Mark A. Bryniarski and Marilyn E. Morris 
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ABSTRACT 

Monocarboxylate transporter 1 (MCT1 ), also known as a L-lactate transporter, is 

a potential therapeutic target in cancer. The objectives of this study were to evaluate 

efficacy and assess concentration-effect relationships of AR-C 155858 (a selective and 

potent MCT1 inhibitor) in murine 4T1 breast cancer cells and in the 4T1 xenograft 

model. Western blotting of 4T1 cells demonstrated triple negative breast cancer (TNBC) 

characteristics and overexpression of MCT1 and CD147 (a MCT1 accessory protein), 

but absence of MCT4 expression. AR-C155858 inhibited the cellular L-lactate uptake 

and cellular proliferation at low nM potencies (ICso values of 25.0 ± 4.23 and 20.2 ± 

0.153 nM, respectively) . In the xenograft 4T1 mouse model in immunocompetent 

animals, AR-C155858 (10 mg/kg i.p. once daily) had no effect on tumor volume and 

weight. Treatment with AR-C 155858 resulted in slightly increased tumor lactate 

concentrations; however, the changes were not statistically significant. AR-C 155858 

was well tolerated, as demonstrated by the unchanged body weight and blood lactate 

concentrations. Average blood and tumor AR-C155858 concentrations (110 ± 22 .3 and 

574 ± 245 nM, respectively) , 24 h after the last dose, were well above the ICso values. 

These data indicate that AR-C155858 penetrated 4T1 xenograft tumors and was 

present at high concentrations, but was ineffective in decreasing tumor growth . 

Evaluations of AR-C 155858 in other preclinical models of breast cancer are needed to 

further assess its efficacy. 

130 



INTRODUCTION 

Proton-linked lactate transport proteins, also known as monocarboxylate 

transporters (MCTs), represent the first 4 members of the SLC16A gene family . MCT1 

and MCT4 have been identified as potential new therapeutic targets in cancer due to: 

(1) increasing reports of MCT1 and 4 overexpression correlating significantly with poor 

prognosis and survival in various types of cancer, including breast cancer, and (2) MCT 

inhibition and silencing resulting in decreased tumor growth in different human cancer 

xenograft models (1-5). The transport of lactate across the plasma membrane in normal 

cells requires MCTs 1 through 4, which are involved in the proton-linked facilitated 

transport of a number of short-chain monocarboxylates (e.g. lactate, pyruvate, ketone 

bodies) (6-9). In particular, MCT1 , MCT4 and CD147 (a chaperone protein required for 

trafficking and function of MCTs to the plasma membrane) have been reported to be 

important in cancer (10, 11 ). MCT1 is ubiquitously expressed throughout the body (12) 

whereas MCT4 is expressed mainly in tissues that are highly glycolytic (6, 8). Lactate 

transport by MCT1 is bidirectional while MCT 4 is mainly involved in the efflux of lactate 

(6, 7). The increased rate of glycolysis, a known metabolic phenotype of cancer, results 

in the production of lactic acid and thus, the main function of MCTs in glycolytic cells is 

the transport of lactate along with a proton out of cells to help to sustain the high 

glycolytic rate and prevent acidosis and apoptosis. 

Triple Negative Breast Cancer (TNBC), a highly metastatic and deadly form of 

breast cancer, remains incurable as it lacks the expression of estrogen receptor (ER), 

progesterone receptor (PR), and lack human epidermal growth factor receptor 2 (HER2) 

amplification . With breast cancer being a highly heterogeneous disease, the 

131 



classification of clinically defined TNBC consists of multiple and diverse subclasses 

(13). Although a number of therapeutic targets have been identified , there has not been 

a proven targeted therapy available for patients with this form of breast cancer. Recent 

studies have reported that overexpression of MCT1 and CD147 protein expression 

correlated significantly with poor histological parameters of basal-like breast cancer 

categorized as TNBC (14, 15), suggesting the potential role of MCT1 in TNBC. 

AR-C 155858 (6-[(3,5-dimethyl-1 H-pyrazol-4-yl)methyl]-5-[( 4S)-4-hydroxy-1 ,2-

oxazolidine-2-carbonyl]-3-methyl-1-(2-methylpropyl)thienol[2,3-d]pyrimidine-2,4-dione) 

is a member of a new class of potent and selective inhibitors of MCT1 developed by 

AstraZeneca (Fig . 1) (16). The analogue of AR-C155858, AZD3965, is currently in a 

Phase I clinical trial in the UK for solid tumors and lymphomas (NCT01791595). Unlike 

the classical inhibitors of MCT, the potency of AR-C155858 and AZD3965 are in the low 

nM range and the selectivity is highly specific to MCT1 , with lower affinity for MCT2, and 

no inhibition of MCT4 (3, 17-19). The proposed mechanism of inhibition by AR-C155858 

involved binding from the intracellular side of MCT1 (18) . In vitro and in vivo anticancer 

activities of AR-C155858 has been demonstrated in multiple myeloma cells (20), 

pancreatic ductal adenocarcinoma cells (5), breast cancer cells (21 , 22), and in 

xenograft models of Ras-transformed fibroblasts (23) and Raji lymphoma (21 ). To date, 

very few studies have evaluated the effect of MCT1 inhibition in breast cancer, although 

AR-C155858 has been reported to inhibit lactate export and cell growth in MCF7 breast 

cancer cells, an ER positive breast cancer model (21 , 22). 

The murine 4T1 breast tumor xenograft model is an animal model for stage IV 

human breast cancer and it represents one of the few preclinical breast cancer models 
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available that closely mimics the metastatic phenotype of human breast cancer with 

similar TNBC characteristics. (24-27) . The characterization of 4T1 breast tumor model 

has been considered to be, and used as, a TNBC model (25, 28). In this study, we 

characterized the 4T1 breast tumor cell line and demonstrated protein expression of 

MCT1 and CD147 but not MCT4 in this cell line. The goals of present research were to 

evaluate the in vitro and in vivo efficacy of AR-C 155858 and assess the concentration

effect relationships of AR-C155858 in the murine 4T1 breast tumor model. 
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MATERIALS AND METHODS 

Chemicals and Reagents 

L-lactate (as calcium salt) was purchased from Sigma-Aldrich (St. Louis, MO). 

AR-C155858 was purchased from ChemScene (Monmouth Junction , NJ). L- [3H] 

Lactate was purchased from American Radiolabeled Chemicals (St. Louis, MO). 

Cell Culture 

Mouse mammary tumor, 4T1 and mouse mammary epithelial , NMuMG cells 

were kindly provided by Dr. Elizabeth A. Repasky (Roswell Park Cancer Institute, 

Buffalo NY) and Dr. Karen J.L. Burg (University of Clemson , SC), respectively. Cells 

were maintained at 37°C in a humidified atmosphere with 5°1° C02195°10 air. 4T1 cells 

were cultured in RPMI 1640 medium supplemented with 10% FBS, 100 units penicillin 

and 100 µg/ml of streptomycin . NMuMG cells were cultured in DME medium 

supplemented with 10 µg/ml of insulin , 10% FBS, 100 units penicillin and 100 µg/ml of 

streptomycin. Culture medium was changed every 2-3 days, and cells were passaged 

with 0.25% Trypsin/EDTA. 

Western Blotting Analysis 

Total plasma membrane protein was isolated using ultracentrifugation, according 

to the protocol by Zhang et al. 2004 (29) . For total protein extraction , cells were 

harvested and lysed in RIPA lysis buffer supplemented with protease inhibitor on ice for 

30 min and then centrifuged at 16,000 x g for 20 min at 4 °C. The resulting supernatants 

were collected for Western blot. Membrane protein and total protein samples were 

denatured in Laemmli loading buffer at 37°C for 30 min or 95°C for 5 min , respectively. 

Twenty µg of the protein was run per lane in 10% SOS PAGE gel and transferred 
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electrophoretically onto nitrocellulose membranes (Bio-Rad , Hercules, CA). Membranes 

were blocked with 5% (w/v) nonfat milk in Tris or phosphate buffered saline containing 

0.05% (v/v) Tween 20 overnight at 4°C. Selective antibodies against MCT1 (1 :5,000; 

ab3538P, EMO Millipore), MCT4 (1 :500; sc50329, Santa Cruz), CO147 (1 :100; sc9757, 

Santa Cruz), ER (1 :1000; ab32063, EMO Millipore), PR (1 : 1,000; ab131486, EMO 

Millipore), and HER2 (1 :1,000; 2165, Cell Signal) were used to blot the membranes for 

4 h at 20°C or overnight at 4 °C, followed by incubation with secondary antibody coupled 

to HRP for 1 hat 20°C. Na+ K+ ATPase (1:500; sc71638, Santa Cruz) and GAPOH 

(1 :5,000; sc25778, Santa Cruz) were used as loading control for membrane and total 

protein, respectively. Membranes were incubated with ECL substrates for 5 min 

followed by visualization in ChemiOocTM XRS + system (Bio-Rad , Hercules, CA). 

Cellular Uptake Studies 

The concentration dependent inhibition of L-lactate uptake by AR-C155858 was 

evaluated in 4T1 cells . In brief, 4T1 cells were plated in 35 mm (diameter) culture dishes 

at a cell density of 2.0x105 cells/ml two days before the uptake study. On the day of the 

study, culture medium was removed and cells were washed three times followed by 

equilibration for 20 min at 37°C in the sodium-free uptake buffer containing 137 mM N

methyl-O-glucamine, 5.4 mM KCI , 1 mM CaCl2, 1 mM MgCl2 and 10 mM HEPES (pH 

6.0). Cells were pre-incubated with various concentrations of AR-C155858 for 30 min at 

37°C and allowed to cool to room temperature for 5 min . Cells then were incubated in 1 

ml of uptake buffer containing [3H]-L-lactate (0 .5 mM), and uptake determined for 1 min. 

Time-dependent uptake studies had determined linear uptake over this time frame. For 

time-dependent uptake, cells were incubated with uptake buffer containing 1 µCi of [3H]-
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L-lactate for 0.5, 1, 5, 10, 15, 30, 60 and 120 min . To determine the concentration

dependent uptake of L-lactate, L-lactate concentration ranged from O to 70 mM . The 

uptake was terminated by aspirating the uptake buffer and the cells were washed 

immediately 3 times with ice-cold buffer. Cells were lysed in 0.5 ml of 1.0 N NaOH for 1 

h at room temperature and the cell lysates were neutralized with 0.5 ml of 1.0 N HCI. 

Three ml of scintillation fluid was added to 400 µL of cell lysate and the radioactivity was 

determined by liquid scintillation counting (1 ,900 CA, Tri-carb liquid scintillation 

analyzer, Packard Instrument Co., Downers Grove, IL). Protein concentrations were 

determined using a Bicinchoninic Acid protein assay kit (BCA, Pierce Chemicals, 

Rockford , IL). All the results were normalized to total protein content and were 

expressed as pmol per mg protein . 

Cell Proliferation Studies 

4T1 cells were plated in 96-well plates, at a cell density of 5.0 x103 cells per well 

in 100 µL of complete medium and allowed to adhere overnight. On the day of the 

study, the medium was removed and cells were washed with 1x PBS. Cells were 

treated with various concentrations of AR-C155858 in 100 µL of serum free medium for 

48 h. Cell growth was quantified using Cell Proliferation Reagent WST-1 (Roche 

Applied Science) according to the manufacturer's instructions. The results were 

normalized to the vehicle control (<O .1 % DMSO) and expressed as percentage of cell 

growth . 

Animals 

Female, BALB/c mice, five to six weeks of age (18-20 g) were obtained from 

Envigo (Indianapolis, IN). Mice were housed in a filtered laminar airflow room in 
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standard vinyl cages. Water and food were provided ad libitum. Animals were 

maintained under the standard 12 light/dark cycle at 22-24°C. All animal protocols were 

approved by the Institutional Animal Care and Use Committee at the University at 

Buffalo. 

In Vivo Tumor Growth Experiments 

After two weeks of acclimatization , mice were lightly anesthetized and injected 

with 100 µL of cell suspension subcutaneously into the 4th inguinal mammary fat pad at 

a cell density of 2.5x 105 cells/ml in 1x PBS as previously described (30) . Prior to 

inoculation , 4T1 cells were treated with trypsin , washed and resuspended in 1x PBS. 

One day after tumor inoculation , animals were randomly divided into two treatment 

groups (5 mice per group): (i) vehicle control and (ii) AR-C155858 (10 mg/kg). This 

treatment schedule was used to model the clinical situation when spontaneous 

metastases are not present. This treatment has no interference with the 4T1 tumor 

engraftment as previously reported (31 ). AR-C155858 stock solution (2 mg/ml) was 

prepared in vehicle control , which consisted of 10% wlv cyclodextrin in normal saline 

(32). AR-C155858 or vehicle was administered once daily, intraperitoneally (i .p.) for 28 

days. Throughout the study, body weights were monitored weekly and tumor volumes 

were measured every 2-3 days using a digital caliper. Tumor volumes were calculated 

with equation 1. 

length·w idth2 

Tumor Vo1ume =---- ( 1) 
2 

At the end of the study, blood samples were collected from the aortic artery. Primary 

tumor samples were collected and snapped frozen in liquid nitrogen . All samples were 

stored at -80°C until analysis . 
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L-lactate Assay 

Blood and tumor lactate concentrations were measured by a colorimetric assay 

(Eton Biosciences, Inc., Union NJ) based on a standard curve of known lactate 

concentrations . Prior to performing the assay, samples were deproteinized using 10 

kDa Molecular Weight Cut Off spin columns. For quantifying intratumor lactate 

concentrations, tumor samples were thawed on ice and homogenized in PBS (8 ml/g 

tumor). Tumor homogenates were incubated with gentle rolling motion for 1 h at 4 °C 

and centrifuged at 10,000 x g for 10 min . The resulting supernatants were collected for 

the lactate assay. lntratumor lactate concentrations were normalized to gram of tumor 

tissue. 

Blood and Tumor Sample Preparation and LC/MS/MS Analysis 

AR-C155858 blood and tumor concentrations were measured using a previously 

developed and validated liquid chromatography coupled to tandem mass spectrometry 

(LC/MS/MS) assay (30) . For tumor samples, tumors were thawed on ice and 

homogenized in methanol/water (5/95, vlv) , (5 ml/g tumor). Briefly, samples were 

prepared by adding 5 µI of the internal standard (I.S .) AZD3965 (8 ng/ml) to 55 µI of 

blood or tumor homogenate samples. Standards and quality controls were prepared by 

adding 5 µI of I.S. and 5 µI of AR-C155858 stock solutions to 40 µI of blank blood or 

tumor homogenate. Blood and tumor proteins were precipitated by the addition of 600 µI 

0.1 % formic acid in acetonitrile . Samples were vortexed , followed by centrifugation at 

10,000 x g for 20 min at 4°C. Then 540 µI of the supernatant was collected and 

evaporated under a stream of nitrogen gas, followed by reconstitution in 200 µI of 

acetonitrile/water (40/60, vlv). 
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The LC/MS/MS assay was validated in blood and tumor tissues using a 

Shimadzu Prominence HPLC with binary pump and autosampler (Shimadzu Scientific, 

Marlborough, MA) connected to a Sciex API 3000 triple quadruple tandem mass 

spectrometer with an Atmospheric Pressure Chemical Ionization source (APCI) (Sciex, 

Foster City, CA). Chromatographic separation was achieved by injecting 15 µI of the 

sample on to an Xterra MS C18 column (250 x 2.1 mm i.d. , 5- µm particle size; Waters, 

Milford, MA). Mobile phase A consisted of acetonitrile/water (5/95, vlv) with 0.1 % acetic 

acid and mobile phase B was acetonitrile/water (95/5, vlv) with 0.1 % acetic acid. The 

flow rate was 250 µI/min with a gradient elution profile and a total run time of 15 min . 

The mass spectrometer was operated in multiple reaction monitoring (MRM) mode 

utilizing an APCI source. Q1/Q3 m/z ratio for the precursor/product ion of AR-C155858 

and AZD3965 was 462 .3/373.2 and 516.4/413.2, respectively. The data was analyzed 

using Analyst version 1.4.2 (Sciex, Foster City, CA). 

Regression analysis of peak area ratios of AR-C155858/AZD3965 to AR

C155858 concentrations was used to assess linearity of the curve. The intra-day and 

inter-day precision and accuracy were determined using quality control (QC) samples at 

2 ng/ml (low QC), 30 ng/ml (medium QC), and 70 ng/ml (high QC). The intraday 

precision and accuracy, quality control samples were analyzed in triplicate on each day, 

whereas for the inter-day precision and accuracy, quality control samples were 

analyzed over three different days. A calibration curve was run on each analysis day 

along with the quality controls and the curve was analyzed by the ratio of the peak area 

of AR-C 155858 and AZD3965 with 1Ix weighted least squares linear regression 

analysis (x=concentration). The precision was determined by the coefficient of variation , 
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and accuracy was measured by comparing the calculated concentration with the known 

concentration . The acceptable precision and accuracy were within ±15%. 

Data Analysis 

All the data are presented as mean ± SD. Data analysis was performed using 

GraphPad Prism (GraphPad Software Inc., San Diego CA). Depending on the number 

of groups and variances, data were compared with Student's t-test, or two-way ANOVA 

followed with Bonferroni's post-hoc comparisons. Significant differences were based on 

the criterion P< 0.05. The transport kinetic parameters: Michaelis-Menten constant Km, 

maximal velocity Vmax, and diffusional clearance P were determined using the following 

equations: 

V = Vmax·CL-lactate (2)
Km+ CL-lactate 

V _ Vmax·CL-lactate + p . C 
- K C L-lactate (3) 

m + L-lactate 

where vis the rate of L-lactate uptake and CL-lactate is the concentration of L-lactate. The 

inhibition of L-lactate uptake and cell growth by AR-C155858 (ICso) was calculated 

using the equation below: 

R = Ro . (1 - Imax· cY ) (4)
IC50 Y · CY 

where R and Ro are the percentage of L-lactate uptake or cell growth in the presence 

and absence of the inhibitors, respectively. C is the concentration of the inhibitors. lmax 

is the maximal inhibition, y is the Hill coefficient and ICso is the concentration of the 

inhibitor at half maximal inhibition. ICso was estimated using weighted nonlinear 

regression analysis (ADAPT 5 Biomedical Simulations Resource (BMSR), University of 

South California, Los Angeles, CA). 
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RESULTS 

Characterization of 4T1 Breast Cancer Cells 

4T1 murine breast tumor cells were evaluated for TNBC characteristics; Western 

blotting demonstrated little ER (Fig . 2A) and negligible PR (Fig. 2B) expression and no 

overexpression of HER2 (Fig. 2C) in the 4T1 cells . The lack of PR and ER expression in 

NMuMG cells was used as a negative control. The plasma membrane protein 

expression of MCT1 , MCT4 and CD147 was characterized in 4T1 cells . 4T1 cells 

demonstrated expression of MCT1 (Fig . 2D), CD147 (Fig . 2E) and no expression of 

MCT4 (Fig. 2F). The expression of MCT1 in 4T1 cells was comparable to that present in 

KNRK cells, which is a rat kidney cell line that we had previously shown to express 

MCT1 (data not shown). Interestingly, NMuMG cells expressed appreciable amounts of 

MCT4 (Fig. 1E). The expression of MCT2 was weakly present in the plasma membrane 

of 4T1 cells (data not shown). 

Kinetics of L-lactate Uptake in 4T1 Cells 

The time dependent uptake of L-lactate by 4T1 cells was linear up to 15 min (Fig. 

3A), and a 1 min uptake time was chosen for the uptake studies to minimize loss due to 

metabolism (33) . L-lactate uptake in 4T1 cells exhibited pH- (determined at pH 6.0 and 

7.4, data not shown) and concentration-dependence (Fig . 3B). The concentration

dependent uptake of L-lactate at pH 6.0 demonstrated saturable uptake and its uptake 

was best described by equation 3 with a Km of 3.88 ± 0.862 mM, Vmax of 414 ± 58.2 

nmol/mg/min and diffusional clearance of 12.0 ± 1.34 ul/mg/min (Table 1 and Fig. 3B). 

From these studies, an optimized condition with 1 min uptake time and 0.5 mM L-lactate 

was used to evaluate the effect of AR-C155858 on cellular uptake of L-Lactate. 
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In vitro effect of AR-C155858 on L-lactate Uptake and Cell Growth 

Concentration-dependent inhibition of L-lactate uptake (Fig. 4A) and cell growth 

(Fig . 4B) by AR-C155858 were demonstrated and the ICso values were found to be 25.0 

and 20 .2 nM, respectively (Table 2) . 

Blood and Tumor ARC155858 Quantification by LCMS/MS 

From the mouse blood and tumor AR-C155858 LC/MS/MS assays, the lower 

limit of quantification for AR-C155858 was found to be 0.1 ng/ml with reasonable error 

in precision and accuracy. The standard curve range for AR-C155858 was from 0.1 to 

100 ng/ml, based on regression analysis of peak areas to AR-C 155858 concentrations 

(r2>0 .999). The intra-day and inter-day precision and accuracy of the quality control 

samples are summarized in Table 3. 

In Vivo Efficacy of AR-C155858 in the 4T1 Breast Tumor Xenograft 

Groups of five mice inoculated with 4T1 tumor cells were treated with 10 mg/kg 

AR-C155858 or vehicle control once a day (i .p.) for 28 days, starting one day after 

tumor implantation (Fig. 5A). This treatment approach was used to imitate the clinical 

situation prior to the presence of metastases. AR-C155858 treatment did not 

significantly alter the body weight monitored throughout the study (Fig. 5B). Treatment 

with AR-C155858 had no effect on tumor volume (Fig . 5C), nor was there a decrease in 

the primary tumor weight (Fig. 5D). Further analysis of blood and tumor lactate 

concentration revealed that the tumor lactate concentration was not significantly 

elevated with AR-C155858 treatment when compared to the vehicle control (Fig. 5E, 

Table 4) and the treatment did not alter blood lactate concentration significantly (Fig . 5F, 

Table 4) . Extensive tumor necrosis was observed in both vehicle- and AR-C155858-
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treated tumor (Fig. 5G). The blood and total tumor AR-C155858 concentrations were 

investigated when the mice were sacrificed on Day 29 (24 h after the last AR-C155858 

dose). Total tumor AR-C155858 concentration (574 ± 245 nM) was found to be 5.2-fold 

higher than that in the blood (110 ± 22.3 nM), suggesting that there was extensive 

accumulation of AR-C155858 in the 4T1 tumor (Fig. 6). 
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DISCUSSION 

Overexpression of MCT1 in human TNBC, compared to normal breast tissue, 

has been reported to correlate with poor clinical outcome (14, 15), but very few studies 

have evaluated the effect of MCT1 inhibition in breast cancer (21 , 22). AR-C155858 has 

been demonstrated to inhibit growth in estrogen-positive MCF-7 cells that express both 

MCT1 and MCT4, and an analogue of AR-C155858 (AR-C12298) has been reported to 

inhibit tumor growth in a MCF-7 xenograft animal model (21 , 22). In our present study, 

we have utilized a murine 4T1 breast tumor model (considered as a TNBC model), 

which expresses only MCT1 , in order to evaluate the efficacy of AR-C155858 in vitro 

and in vivo . 

The murine 4T1 breast tumor model represents a late stage breast cancer model 

that has shown to exhibit a similar phenotype as human TNBC. Consistent with 

previous immunohistochemical analysis by Bao et al. (25), our data demonstrated 

similar TNBC characteristics in the 4T1 cells. The lack of PR and ER expression in the 

NMuMG cell line, which was used as the negative control , was also in line with what 

was reported previously (34 ). Similar to previous studies, our results demonstrated 

expression of MCT1 and CD147 and absence of MCT4 on the plasma membrane of 

4T1 cells indicating that the 4T1 breast tumor cell line is a relevant model for studying 

the effect of MCT1 inhibition (35) . 

AR-C155858, a pyrrole pyrimidine derivative, is a member of a new and potent 

class of MCT1 inhibitors. Its Ki value is approximately 2.3 nM in rat erythrocytes, which 

express only MCT1 (18) . AR-C155858 has been shown to have some inhibitory activity 

against MCT2 but it does not inhibit MCT4 (18, 19). The low nM potency of AR-
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C155858 from our cellular L-lactate uptake and cell growth studies was consistent with 

the ICso value determined previously from the inhibition of gamma-hydroxybutyric acid 

(GHB), another MCT1 substrate uptake in the KNRK cell line, that expresses MCT1 

(32). 

We observed that blocking MCT1 activity by AR-C155858 resulted in potent 

inhibition of 4T1 cell growth . However, this may not translate into changes in migration 

and invasion , based on the results of a recent study by Payen et al. (35) . These 

authors reported that AR-C155858 treatment (10 nM) for 16 to 24 h had no effect on cell 

migration and invasion in the 4T1 cells, although there were significant reductions in 

glucose consumption and lactate efflux (35) . In this study the authors verified that AR

C155858 treatment did not alter MCT and CD147 expression in the cells . Similarly, in 

pancreatic ductal adenocarcinoma cells, PDAC (BXpC3 cell line) expressed both MCT1 

and MCT4, treatment with AR-C155858 at 10 µM for 8 h has no effect on cell migration 

(5). AR-C155858 induced cell invasion was only evidenced in BXpC3 cell line but not in 

the other PDAC cell lines (5), indicating that the effect vary with different cell lines. 

The effect of AR-C155858 (100 nM) on cell death has been reported in MCF7 

breast cancer and Raji lymphoma cells (21 ). However, AR-C 155858 demonstrated 

marginal effect on cell death at 3 nM in 4T1 cells where the extent of cell death was 

measured based on the histone-associated DNA fragment activity (unpublished data). 

Although the discrepancy could likely be due to the in vitro system used and the type of 

measurement used to quantitate cell death, studies with AZD3965 (8 nM) showed 

minimal apoptotic cell death as quantitated by evaluating the total keratin (CK) 18 and 

cleaved caspase 3. In the COR-L 103 cells that express only MCT1 , Polanski et al. 
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showed that AZD3965 treatment resulted in the accumulation of CK18 in the media but 

not the caspase cleaved form of CK18, supporting that cell death mediated by AZD3965 

is non-apoptotic (2) . From those studies, Polanski et al. showed that AZD3965 induced 

a non-apoptotic and autophagic form of cell death and proposed that AZD3965 is likely 

involved in necrotic cell death (2). Further investigations are needed to better 

understand the effect of AR-C 155858 on cell death, as the effect could also likely be 

compound specific. 

Our laboratory has shown previously that at a much lower dose, 1 mg/kg i.v., AR

C155858 significantly inhibited MCT1-mediated transport of the substrate GHB, as 

demonstrated by reduction in GHB plasma concentrations and increase in MCT

mediated renal clearance of GHB (32) . A higher dose of AR-C155858, 5 mg/kg did not 

produce additional changes in GHB pharmacokinetics (32). The effect of AR-C155858 

was dose-dependent from 0.1 to 1 mg/kg (32). In those studies, AR-C155858 treatment 

resulted in a significant decrease in GHB brain/plasma ratio at steady state (32); MCT1 

is the only isoform expressed at the blood-brain-barrier and is responsible for the uptake 

of GHB into the brain (36-39) . Based on our previously published pharmacokinetic data 

in rats, (16, 32) demonstrating a long half-life, and our dose-effect relationships using 

GHB as a substrate, a dose of AR-C155858 of 10 mg/kg i.p. once daily was chosen to 

achieve concentrations above the ICso. To verify that we are achieving concentrations 

above the ICso for lactate cellular uptake inhibition , we quantified AR-C155858 blood 

and tumor trough concentrations, 24 h after the last dose. When corrected for protein 

binding, 66% in rat plasma (16), the free trough AR-C155858 concentration (37.4 ± 7.58 

nM) remains above the in vitro effective concentration , indicating that AR-C155858 
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dosing regimen produces concentrations above the unbound ICso value throughout the 

dosing regimen. The tumor AR-C155858 concentration was 5.2 times higher than that 

observed in blood indicating extensive accumulation and uptake of AR-C155858 in the 

tumor tissue. 

With this dosing regimen given over 28 days, AR-C155858 had no effect on the 

body weight and blood lactate concentrations, and no effect on the tumor volume and 

weight. Since inhibiting MCT1 efflux is expected to result in the intracellular lactate 

accumulation , thereby limiting the survival of cancer cells, we also investigated the 

effect of AR-C 155858 on tumor lactate concentration . We did not observe a significant 

increase in the tumor lactate concentration in animals treated with AR-C 155858, 

although there was a trend towards higher tumor lactate concentrations. We also 

observed extensive tumor necrosis and lung macrometastases (data not shown) in both 

control- and AR-C155858- treated animals. Our results contrast with those of a recent 

study by Payen et al. showed that knocking down MCT1 via shRNA in 4T1 cells 

profoundly decreased lung metastasis in the 4T1 breast tumor xenograft model when 

the tumor cells were subcutaneously implanted to the flank of the animals (35). In the 

present study, 4T1 cells were implanted into the mammary fat pad, and a chemical 

inhibitor of MCT1 AR-C155858, was used that was also shown by Payen et al. did not 

alter migration and invasion of 4T1 cells in vitro. 

Although knockdown of MCT1 alone or along with MCT4 has been reported to 

delay tumor growth in human breast cancer cell line-derived xenografts expressing 

MCT1 and/or MCT4 (4), to our knowledge, there is only one report examining the in vivo 

effect of AR-C 155858 in a Ras-transformed fibroblast xenograft model expressing 
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MCT1 (23) . In that study, AR-C155858 was given subcutaneously at 30 mg/kg, once 

daily over 6 d and it significantly delayed tumor growth (23). Although we demonstrated 

extensive tumor uptake and accumulation of AR-C155858 at a dose of 10 mg/kg i.p., 

AR-C155858 was not effective in inhibiting tumor growth in the 4T1 breast tumor animal 

model in this study. The in vivo effect of AR-C155858 in the 4T1 immune competent 

murine model has not been previously studied , and our investigation is the first report 

that evaluated plasma and tumor concentrations of AR-C 155858. Although we did not 

evaluate the effect of AR-C 155858 on immune function in our study, we have 

demonstrated immunosuppressive effects of AZD3965 in animals bearing the 4T1 

tumor (unpublished data) suggesting that the effect of this pyrrole pyrimidine derivative 

class of MCT1 inhibitors on immune function may have impacted the overall antitumor 

efficacy of AR-C155858. Additionally, reduction in spleen weight in animals treated with 

AZD3965 has been recently been reported in a human Burkitt's lymphoma cell line 

(CA46) derived xenograft in severely immunocompromised NSG mice (1 ). Taken 

together our data suggest that differences in efficacy may be dependent on the 

preclinical xenograft model used, including the use of immunosuppressed versus 

immunocompetent animal models. It is also possible that MCT1 may induce metastasis 

independent of its transport function , as suggested by Payen et al. (35), resulting in 

differences with complete MCT1 knockdown versus chemical inhibition . 
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CONCLUSIONS 

In summary, our study demonstrated potency of AR-C155858 in inhibiting cellular 

L-lactate uptake and cell growth in the murine 4T1 cell line (considered as a TNBC 

model); however, in vivo AR-C155858 treatment was demonstrated to be ineffective in 

the murine 4T1 xenograft breast tumor model. Assessment of concentration-effect 

relationships of AR-C155858 suggest that the lack of efficacy of AR-C155858 is not 

likely due to low tumor concentrations, since tumor concentrations were above the ICso 

concentrations for lactate uptake and cell proliferation determined in vitro. Our present 

study indicates that further studies in other preclinical models, with other dosing 

regimens, and potentially in combination with other chemotherapeutic agents, are 

needed to provide insight into the therapeutic efficacy of the MCT1 inhibitor AR

C155858 in TNBC. 
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Fig. 1. Chemical structure of AR-C 155858 (6-[(3,5-dimethyl-1 H-pyrazol-4-yl)methyl]-5-

[ ( 4S)-4-hyd roxy-1 ,2-oxazol id ine-2-carbonyl]-3-methyl-1-(2-methylpropyl )th ienol [2 ,3-

d]pyrimid ine-2 ,4-d ione) 
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Fig 2. Characterization of the 4T1 murine breast tumor model. 4T1 murine breast tumor 

model exhibited similar TNBC characteristics as human. Cytosolic ER (A) and PR (B) 

expressions. Plasma membrane expressions of HER2 (C). Plasma membrane protein 

expression of MCT1 (D), CD147 (E) and MCT4 (F) protein in 4T1 cells relative to 

murine mammary epithelial cells (NMuMG). Histograms show corresponding 

densitometry analysis of the membranes from Western blots of MCT1, MCT4 and 

CD147. 20 µg per lane. GAPDH and Na+ K+ APTase were used as loading control for 

total and membrane protein, respectively. 
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Fig 3. L-lactate uptake kinetic in 4T1 cells . The time-dependent L-lactate uptake at pH 

6.0 (A). The concentration-dependent uptake of L-lactate (B) at pH 6.0 was best fitted to 

a Michaelis-Menten equation with diffusional uptake clearance component (P). 

Observed mean data from 3 studies are shown (symbols), with the line representing 

model fitted results . 
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Fig 4. Effect of AR-C155858 on L-lactate uptake and cell growth in 4T1 cells . Inhibition 

of radiolabeled L-lactate (0 .5 mM) uptake at pH 6.0 by AR-C155858 (A). Percentage of 

cell growth after 48 h of AR-C155858 treatment with results normalized to vehicle 

control-treated cells (B) . Observed mean data from 3 studies are shown (symbols), with 

the line representing model fitting results . 
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Fig 5. In vivo efficacy of AR-C155858 in the 4T1 breast tumor xenograft. A schematic representation of the experimental timeline and 

dosing schedule following orthotropic inoculation of 4T1 cells subcutaneously into the mammary fat pad of female BALB/c mice. Mice 

were given i.p injection of AR-C155858 (10 mg/kg) or vehicle control once a day (A). Body weight (B) and tumor volume (C) were 

monitored throughout the study. Tumor weight (D) intra-tumor (E), and blood (F) lactate concentration were measured at the end of the 

treatment. Primary tumor excised at the end of the study showed tumor necrosis in both vehicle- and AR-C 155858- treated tumor (G). 

All the data are presented as mean± SD, n=5 in each group. NS, nonsignificant, P> 0.05 compared to the vehicle control-treated group 

(two-way ANOVA followed by Bonferroni's post-hoc test or nonparametric Student's t-test). 

A. B. C. D. 
• Vehicle Control • Vehicle Coo1rol 

1.5, NS 
■ AR·C155858 (10 mg/kg) ■ AR-C155858 (1 0 mg/kg) 

150022~ 

Tr~atm~nt 
AR-C155858 (10 m&/kc) ~ :§20 e 
i. p. QD (once• day) E ~~ 1.0 .c ';' 1000

C, Cl> ·c E·.; 18imp~~::~ion l l l l l l l l l l l l l HI I ! I ::, II 3: ~;: 0 ._ en 

~ 500 i·I ~ .;; o.5 1l 16
IX) 

0 ::,0 1 E29 f,-
~ 

Days 
14~. --.----r--"""'T--.----, O+-_..,__.._,,......;;_ 

> 

' '! I 0.0 0 7 14 21 28 35 0 7 14 21 28 35 Vehicle control AR-C1558585 
Day Day 

E. F. G. 
NS 

C 
20 NS 5 

.Q Vehicle 
G> :E 4 treated tumor +~ i 15 

.. C E -<V~E 
0 Cl)::, 1j C
E u .. ~g3
::, C c, 10-,;o~ ..., I! 
._ t) Cl 'g c 2Cc, 0 

0 Cl)_u-~ §. 5 CD C 
!!- 8 1 
j 

0 
Vehicle Control AR-C155858 Vehicle Control AR-C155858 

0 

161 



Fig 6. Blood and total tumor AR-C 155858 concentration measured at the end of the 

treatment (24 h after the last AR-C155858 dose). Assuming tumor density of 1 g/cm3, 

tumor AR-C155858 concentrations were normalized to gram of tumor tissue and 

expressed in nM. All the data are presented as mean ± SD, n=5. ** P< 0.01 , compared 

to the blood AR-C155858 concentration (nonparametric Student's t-test) . 
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Table 1. Cellular L-lactate uptake kinetic parameter estimates in 4T1 cells. n=3. 

Parameter Mean ± SD CV% 

Vmax (nmol/mg/min) 414 ± 58.2 14.1 

Km (mM) 3.88 ± 0.862 22 .2 

P (ul/mg/min) 12.0 ± 1.34 11 .2 
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Table 2. ICso estimates of AR-C155858 in cellular L-lactate uptake (pH 6.0) and cell 

growth studies (physiological pH). n= 3. 

Mean± SD CV% 

Cellular L-lactate uptake 25.0 ± 4.23 16.9 

Cell growth 20 .3 ± 0.153 47.6 
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Table 3. AR-C155858 intra-day and inter-day accuracy and precision in mouse blood and tumor. The measured 

concentrations represent mean of triplicate measurement. The analysis was performed over 3 days. 

Matrix 

Blood 

Tumor 

Nominal 
concentration 

(ng/ml) 

2 

30 

70 

2 

30 

70 

Intra-day Inter-day 

Mean 
(ng/ml) 

SD 
Precision 

(CV%) 
Accuracy 

(%) 
Mean 

(ng/ml) 
SD 

Precision 
(CV%) 

Accuracy 
(%) 

1.60 0.07 4.38 80.0 1.57 0.06 3.90 78.5 

26.9 0.30 1.12 89.7 25.5 1.09 4.26 85.0 

58.5 1.39 2.37 83.6 55.3 3.40 6.14 79.1 

1.86 0.02 1.12 92.8 1.86 0.01 0.359 92.8 

26.8 0.61 2.28 89.4 26.8 0.22 0.829 89.3 

64.4 1.07 1.66 92.0 62.8 1.49 2.36 89.8 
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Table 4. Tumor and blood L-lactate concentration in animals treated with vehicle control 

and AR-C155858 (10 mg/kg, i.p, once daily). Samples were obtained 24 hr after the last 

AR-C155858 dose. Mean± SD (Fold change relative to vehicle control) n=5. 

Vehicle control AR-C155858 

Blood (mM) 3.59 ± 0.886 3.27 ± 0.683 

Tumor (µmol/g tumor) 10.9 ± 0.839 12.4 ± 3.95 (1.13) 
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CHAPTER SIX 

In Vitro and In Vivo Efficacy of AZD3965 and Alpha-Cyano-4-

Hydroxycinnamic Acid in the Murine 4T1 Breast Tumor Model 

This chapter was written for submission to Cancer Research 

With contributing authors: Xiaowen Guan and Marilyn E. Morris 
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ABSTRACT 

The Monocarboxylate Transporter 1 (MCT1) represents a potential therapeutic 

target for treatment of triple negative breast cancer (TNBC). The objectives of this study 

were to evaluate in vitro and in vivo efficacy of a-cyano-4-hydroxycinnamic acid (CHC), 

(a classical inhibitor of MCTs 1-4) and AZD3965 (a potent and specific inhibitor of 

MCT1) in the murine 4T1 breast tumor model , which exhibits similar characteristics of 

TNBC and overexpresses MCT1. AZD3965 and CHC inhibited cell growth at ICso values 

of 22 .2 ± 4.57 nM and 6.16 ± 0.187 mM, respectively, which were similar to the potency 

obtained from the inhibition of L-lactate uptake studies. AZD3965 administered at 100 

mg/kg i.p twice-daily for 17 days resulted in average plasma and tumor AZD3965 

concentrations, 12 hours after the last dose, of 29.1 ± 13.9 and 1,670 ± 946 nM, 

respectively. AZD3965 significantly decreased the tumor proliferation biomarker Ki67 

expression , increased intra-tumor lactate concentration , and decreased tumor volume, 

although tumor weight was not different from untreated controls. CHC (200 mg/kg i.p. 

once-daily for 17 days) had no effect on tumor volume and weight, or intra-tumor lactate 

concentration , indicating that CHC was ineffective in the 4T1 tumor model. AZD3965 

treatment significantly reduced the blood leukocyte count and spleen weight and 

increased lung metastasis, while CHC did not. Our findings indicate that AZD3965 is a 

potent MCT1 inhibitor that accumulates to high concentrations in 4T1 xenograft tumors, 

where it increases lactate concentrations and produces beneficial effects on markers of 

TNBC; however, overall effects on tumor growth were minimal and lung metastases 

increased, indicating a lack of in vivo efficacy. 
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INTRODUCTION 

Breast cancer remains the second leading cause of cancer related death in 

women . Although with early detection and diagnosis the death rate in breast cancer has 

dropped 39% from 1989 to 2015, the death rate related to breast cancer presenting with 

metastasis at diagnosis remains high (American Cancer Society). Triple Negative 

Breast Cancer (TNBC) represents a highly metastatic and aggressive form of breast 

cancer that lacks the expression of estrogen receptor (ER), progesterone receptor (PR) 

and lacks human epidermal growth factor receptor 2 (HER2) overexpression . Currently, 

there is no proven targeted therapy available for patients with this form of breast cancer. 

Given the lack of a proven targeted therapy for TNBC, there remains a need to identify 

and develop new and efficacious treatment strategies for treating TNBC. 

One metabolic alteration in cancer is the enhancement in the rate of glycolysis, 

which has been termed as the "Warburg effect" (1 ). It has been reported that over 70% 

of cancers exhibit overexpression of genes involved in the glycolytic pathway (2). This is 

manifested by the high demand in glucose consumption and the large production of 

lactic acid along with a shift in intracellular pH . Among the different forms of breast 

cancer, TNBC has been reported to be the most glycolytic, as demonstrated by 

increased protein expression of a number of glycolytic markers including glucose 

transporter 1, GLUT1 (3). Lactic acid produced from glycolysis is transported across the 

cellular membrane by a family of transport proteins also known as monocarboxylate 

transporters (MCTs), which are encoded by the SLC16 gene family (4,5). MCT1, MCT4 

and CD147 (a chaperone protein required for trafficking and function of MCTs to the 

plasma membrane) are overexpressed in a number of cancers (6-8); facilitation of the 
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transport of lactate along with proton by MCTs in cancer cells helps maintain the high 

glycolytic rate and prevent acidosis and apoptosis. 

Studies using immunohistochemical analysis demonstrated elevated expression 

of MCTs and CD147 in various cancer types, including TNBC (6,8,9). Overexpression of 

MCT1 and CD147 correlated significantly with poor survival and metastases in TNBC 

(6,8), suggesting that inhibition of MCT1 transport could provide a potential therapeutic 

approach for the treatment of TNBC. 

Studies with inhibitors of MCTs and silencing RNAs have been demonstrated to 

inhibit tumor growth through their ability to block lactate efflux in different human cancer 

xenograft models (10-21 ). One of these inhibitors includes a-cyano-4-hydroxycinnamic 

acid (CHC), which is a classical nonspecific inhibitor of MCTs with low mM potency (22). 

AZD3965, a pyrrole pyrimidine derivative, represents a first-in-class potent inhibitor of 

MCT1 that is currently being investigated in a Phase I clinical trial in the UK for 

advanced solid tumors and lymphomas (NCT01791595). AZD3965 was initially 

developed by AstraZeneca as part of a group of novel immunosuppressive agents that 

can potently inhibit MCT1-mediated lactate efflux during T-cell proliferation (23). 

AZD3965 is a potent inhibitor of MCT1 and it also inhibits MCT2 but to a 6-fold lesser 

extent. AZD3965 does not inhibit MCT3/MCT4 at a concentration of 10 µM (13) . 

AZD3965 has been demonstrated to significantly decrease cell and tumor growth in 

human small cell lung cancer, Raji lymphoma, diffuse large B-cell lymphoma, and 

Burkitt's lymphoma xenograft models overexpressing MCT1 (11-13,24,25), and in a 

breast cancer xenograft model expressing both MCT1 and MCT 4 (26). While 

suppression of tumor growth has been demonstrated with MCT1 knockdown in a human 
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non-triple negative breast cancer cell line-derived xenograft model that expresses both 

MCT1 and MCT4 (14), the effect of AZD3965 has not been studied in TNBC. In 

addition , CHC treatment in the MDA-MB-231 breast cancer cell line-derived xenograft 

model demonstrated efficacy in inhibiting tumor growth (10) . 

Murine 4T1 breast tumor is an animal model for stage IV human breast cancer 

and represents one of the few preclinical breast cancer models available that closely 

mimics the metastatic phenotype of human breast cancer with similar TNBC 

characteristics (27,28). The objective of this research was to evaluate the effects of 

AZD3965 and CHC on tumor growth and metastasis in the murine 4T1 breast tumor 

model , which we previously demonstrated to overexpresses MCT1 and exhibit similar 

characteristics of human TNBC. Since the murine 4T1 breast tumor model can develop 

in immune competent recipients, we also sought to determine the effect of AZD3965 on 

immune function . Tumor MCTs, CD147 and GLUT1 protein expressions were evaluated 

following AZD3965 treatment. Lastly, we quantified plasma and tumor AZD3965 

concentrations to determine concentration-effect relationships of AZD3965. 
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MATERIALS and METHODS 

Chemicals and Reagents 

L-lactate (as calcium salt) and a-cyano-4-hydroxycinnamic acid (CHC) were 

purchased from Sigma-Aldrich (St. Louis, MO). AZD3965 was obtained from 

AstraZeneca (for the in vitro studies) and MedKoo Biosciences (Chapel Hill , NC) for the 

in vivo studies. 

Cell Culture 

Mouse mammary tumor, 4T1 and mouse mammary epithelial , NMuMG cells 

were kindly provided by Dr. Elizabeth A. Repasky (Roswell Park Cancer Institute, 

Buffalo NY) and Dr. Karen J.L. Burg (University of Clemson , SC), respectively. Cells 

were cultured , following the recommendations of American Type Culture Collection . 

Western Blotting Analysis 

Total plasma membrane protein was harvested using ultracentrifugation 

according to the protocol by Zhang et al. 2004 (29) . For tumor samples, tumors were 

thawed on ice and homogenized in lysis buffer (50 mM 13-glycerol phosphate, 2 mM 

EGTA, 1 mM dithiothreitol (OTT), 10 mM sodium fluoride (NaF), 1 mM sodium 

orthovanadate, 20 mM HEP ES; pH7.4, 1 % Triton X-100, 10% glycerol) supplemented 

with protease inhibitors (20 ml/g tumor). Tumor homogenates were centrifuged at 

12,000 rpm for 10 minutes at 4 °C and the resulting supernatants were collected for 

Western blot analysis . For Western blotting, samples (20 µg total protein per lane) were 

separated using 10% SOS PAGE gel and transferred onto nitrocellulose membranes 

(Bio-Rad , Hercules, CA). Membranes were blocked with 5% (w/v) nonfat milk in Tris or 

phosphate buffered saline containing 0.05% (v/v) Tween 20 overnight at 4°C. Selective 
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antibodies against MCT1 (1 :5,000; ab3538P, EMO Millipore), MCT4 (1 :500; sc50329, 

Santa Cruz), CD147 (1 :100; sc9757, 1 :1,000; sc9753, Santa Cruz), GLUT1 (1 :500; 

ab40084) and the proliferation biomarker Ki67 (1 :500; sc23900, Santa Cruz) were used 

to blot the membranes for 4 hours at 20°C or overnight at 4 °C followed by incubation 

with secondary antibody coupled to HRP for 1 hour at 20°C. GAPDH (1 :5,000; sc25778, 

Santa Cruz) were used as loading control. Membranes were visualized using 

ChemiDoc™ XRS + system (Bio- Rad) . 

Cellular Uptake Studies 

4T1 cells were plated in 35 mm (diameter) culture dishes at a cell density of 

2.0x105 cells/ml two days before the uptake study. On the day of the experiment, 

culture medium was removed and cells were washed three times followed by 

equilibration for 20 min at 37°C in the uptake buffer containing 137 mM N-methyl-D

glucamine, 5.4 mM KCI , 1 mM CaCl2, 1 mM MgCl2 and 10 mM HEPES (pH 6.0) . Cells 

were allowed to cool to room temperature for 5 min and subsequently incubated in one 

milliliter of uptake buffer containing [3H]-L-lactate to initiate the uptake. The uptake was 

terminated by aspirating out the uptake buffer and the cells were washed three times 

with ice-cold buffer immediately. Cells were lysed in 0.5 ml of 1.0 N NAOH for 1 hour at 

room temperature and the cell lysates were neutralized with 0.5 ml of 1.0 N HCI. 

Followed by the addition of 3 ml of scintillation fluid to 400 ul of cell lysate. The 

radioactivity was determined by liquid scintillation counting (1 ,900 CA, Tri-carb liquid 

scintillation analyzer, Packard Instrument Co. Downers Grove, IL). Protein 

concentrations were determined using Bicinchoninic Acid protein assay kit (BCA, Pierce 

Chemicals, Rockford , IL) with bovine serum albumin as standard. All the results were 
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normalized to total protein content and were expressed as pmol or nmol mg protein-1 

minute-1. To determine the concentration-dependent inhibition by AZD3965 or CHC, 

cells were pre-incubated with various concentrations of inhibitors for 30 minutes 

followed by l-lactate uptake (0.5 mM) for 1 minute. 

Cell Proliferation Studies 

To evaluate the effect of MCT inhibition on cell growth, 4T1 cells were plated in 

96-well plates, at a cell density of 5.0 x103 cells per well in 0.1 ml of complete medium 

and allowed to adhere overnight. On the day of the experiment, the medium was 

removed and cells were washed with 1x PBS. Cells were treated with various 

concentrations of AZD3965 or CHC in 0.1 ml of serum free medium for 24 or 48 hours, 

respectively. Cell growth was quantified using Cell Proliferation Reagent WST-1 (Roche 

Applied Science) according to the manufacturer's instructions. The results were 

normalized to the vehicle control (<O .1 % DMSO) and expressed as percentage of cell 

growth . 

Intra and Extracellular L-lactate Accumulation Studies 

For the intra- and extracellular l-lactate accumulation studies, 4T1 cells were 

plated in 6-well plates at a cell density of 2.0x105 cells/ml two days before the study. 

On the day of the experiment, culture medium was removed and cells were washed with 

1x PBS. Cells were treated with AZD3965 (50 and 250 nM) in 1 ml of serum free 

medium for 24 hours. At the end of the incubation , the medium was removed and saved 

for quantifying extracellular lactate concentration . Cells then were washed with ice-cold 

1x PBS for three times. Cells were lysed in 1 ml of 1x PBS and frozen at -80°C for 30 

minutes followed by thawing and shaking on a shaker for 1 hour at 4 °C. Cell lysates and 
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media were centrifuged at 10,000 x g for 10 minutes at 4 °C. The resulting supernatants 

were stored in -80°C until analysis . 

Animals 

Female, BAlB/c mice, five to six weeks of age (18-20 g) were purchased from 

Envigo (Indianapolis, IN). Mice were housed in a filtered laminar airflow room in 

standard vinyl cages with air filter tops. Water and food were provided ad libitum. 

Animals were maintained under the standard 12-hour light/dark cycle at 22-24 °C. All 

animal protocols were approved by the Institutional Animal Care and Use Committee at 

the University at Buffalo. 

In Vivo Tumor Growth Experiments 

After two weeks of acclimatization , mice were lightly anesthetized and injected 

with 100 µl of cell suspension subcutaneously into the fourth inguinal mammary fat pad 

at a cell density of 2.5 x 105 cells/ml in 1 x PBS. Inoculating 2.5 x 104 viable tumor 

cells/mouse ensures 100% tumor incidence as previously reported (30). Prior to 

inoculation , 4T1 cells were treated with trypsin , washed and re-suspended in 1 x PBS. 

When the tumor volume reached 100 mm3, animals were randomly divided into four 

treatment groups (8-11 mice per group): (i) vehicle control for AZD3965, (ii) vehicle 

control for CHC, (iii) AZD3965 (100 mg/kg) and , (iv) CHC (200 mg/kg, which is 

equivalent to 42.6 µmoles per animal). AZD3965 stock solution (10 mg/ml) was 

prepared in 20% wlv cyclodextrin in normal saline. A modified CHC stock solution (37 

mg/ml) was prepared by dissolving 37 mg of CHC in 0.74 ml of normal saline and 0.26 

ml1 N NaOH (31 ). The vehicle controls for AZD3965 and CHC consisted of 20% wlv 

cyclodextrin in normal saline and normal saline, respectively. AZD3965 or its vehicle 
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control were administered twice daily, whereas CHC or its vehicle control were given 

once daily. AZD3965 and CHC were administered at volumes of 0.2 and 0.1 ml, 

respectively, by intraperitoneal (i .p.) injection for 17 days. Throughout the study, body 

weights were monitored weekly and tumor volumes were measured every 2-3 days 

using a digital caliper. Tumor volumes were calculated with equation 1. 

length·w idth2 

Tumor Vo1ume =-"'---- ( 1) 
2 

At the end of the study, blood was obtained from the aortic artery and collected in 

lithium-heparinized tubes. Primary tumors and spleen were excised, weighed and snap 

frozen in liquid nitrogen . All samples were stored at -80°C until analysis . 

Quantification of Metastatic Nodules in the Lungs 

To study the effect of AZD3965 and CHC on metastasis, lungs were freshly 

harvested at the end of the study and fixed in Z-FIX solution (Anatech LTD, Battle 

Creek, Ml) (30) for 24 hours at room temperature . Individual lobes were separated , and 

the numbers of surface-visible metastases were determined by using a cell counter 

(32,33). Tumor nodules are seen as white spots on the black and brown lung tissue 

background . The numbers of lung metastases were counted 3-times on 3 different days 

in a blinded fashion. 

Total Leukocytes Count 

To study the effect of AZD3965 and CHC on immune function , part of the freshly 

isolated blood was diluted in 3% (v/v) acetic acid with 0.001 % (w/v) methylene blue to 

lyse all the non-nucleated red blood cells . Total leukocytes were counted twice using a 

hemocytometer and expressed in thousands of cells per µL of blood (K/ µL) . 

L-lactate Assay 
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Intra and extracellular, plasma and intra-tumor lactate concentrations were 

measured by a lactate assay kit according to the manufacturer's instructions (Eton 

Biosciences, Inc., Union NJ). Prior to performing the assay, samples were deproteinized 

using 10 kDa molecular weight cut off spin columns. For quantifying intra-tumor lactate 

concentrations, tumor samples were thawed on ice and homogenized in 1x PBS (8 

ml/g tumor). Tumor homogenates were incubated on a roller for 1 hour at 4 °C and 

centrifuged at 10,000 x g for 10 minutes. The resulting supernatants were collected for 

the lactate assay. Intra-tumor and cellular lactate concentrations were normalized to 

gram of tumor tissue and mg of total protein content, respectively. 

Plasma and Tumor Sample Preparation and LC/MS/MS Analysis 

AZD3965 plasma and tumor concentrations were measured using a liquid 

chromatography coupled to tandem mass spectrometry (LC/MS/MS) assay (34 ), 

previously developed and validated for both murine plasma and 4T1 tumor samples. 

Briefly, samples were prepared by adding 5 µL of a 15 ng/ml solution of the internal 

standard AR-C155858 (an AZD3965 analogue) to 35 µL of plasma or tumor 

homogenate samples. Prior to sample preparation , tumors were thawed on ice and 

homogenized in methanol/water (5/95, vlv) (5 ml/g tumor). Standards and quality 

controls, QCs were prepared by adding 5 µL of I.S. solution and 5 µL of stock solution 

containing AZD3965 to 30 µL of blank plasma or blank tumor homogenate . Plasma and 

tumor proteins were precipitated by the addition of 600 µL 0.1 % formic acid in 

acetonitrile . Samples were vortexed , followed by centrifugation at 10,000 x g for 20 

minutes at 4°C. Then a 540 µL aliquot of the supernatant was collected and evaporated 
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under a stream of nitrogen gas, followed by reconstitution in 200 µL of acetonitrile/water 

(40/60, vlv). 

The LC/MS/MS analyses were performed using Shimadzu Prominence HPLC 

with binary pump and autosampler (Shimadzu Scientific, Marlborough, MA) connected 

to a Sciex API 3000 triple quadruple tandem mass spectrometer with utilizing 

Atmospheric Pressure Chemical Ionization source (APCI) (Sciex, Foster City, CA). 

Chromatographic separation was achieved by injecting 15 µL of the sample on to an 

Xterra MS C18 column (250 x 2.1 mm i.d. , 5-µm particle size; Waters, Milford , MA). 

Mobile phase A consisted of acetonitrile/water (5/95, v/v) with 0.1 % acetic acid and 

mobile phase B was acetonitrile/water (95/5, vlv) with 0.1 % acetic acid . The flow rate 

was 250 µL/minute with a gradient elution profile and a total run time of 15 minutes. The 

mass spectrometer was operated in multiple reaction monitoring (MRM) mode utilizing 

APCI for specific detection of AZD3965 and the I.S. by measuring the characteristic ion 

transition. 01 /Q3 m/z ratio for the precursor/product ion of AZD3965 and AR-C 155858 

was 516.4/413.2 and 462 .3/373.2, respectively. The data was analyzed using Analyst 

version 1.4.2 (Sciex, Foster City, CA). The detailed chromatograph conditions, mass 

spectrometer parameters, linear calibration ranges, accuracy/precision and recovery 

have been published (34 ). Briefly, the regression analysis of peak area ratios of 

AZD3965/AR-C155858 to AZD3965 concentrations was used to assess linearity of the 

standard curve utilizing 1/x weighting factor (x=concentration) . The calibration curves 

were linear over the AZD3965 concentration range of 0.15-500 ng/ml with correlation 

coefficients (r2 values) greater than 0.999. The lower limit of quantification (LLOQ) was 

found to be 0.15 ng/ml in mouse plasma. The inter-day and intra-day precision and 
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accuracy of quality control samples (10, 150 and 400 ng/ml) were evaluated and were 

all within 15%, with an average recovery of 102%. 

Data and Statistical Analysis 

All the data are presented as mean ± SD. Data analysis was performed using 

GraphPad Prism (GraphPad Software Inc., San Diego CA). Depending on the number 

of groups and variances, data were compared using a Student's t-test, one-way ANOVA 

followed with Dunnett's post-hoc test for multiple comparisons, or two-way ANOVA 

followed with Bonferroni's post-hoc test for multiple comparisons. Significant differences 

were based on the criterion P< 0.05. 

The inhibition of cell growth by AZD3965 and CHC (ICso) was calculated using the 

equation below: 

R = Ro . (1 - Imax· cY ) (2)
· CYIC50 Y 

where R and Ro are the percentage of cell growth in the presence and absence of the 

inhibitor, respectively. C is the concentration of the inhibitor. lmax is the maximal 

inhibition, y is the Hill coefficient and ICso is the concentration of the inhibitor producing 

half maximal inhibition . 

ICso values were determined using weighted nonlinear regression analysis 

(ADAPT 5 Biomedical Simulations Resource (BMSR), University of South California, 

Los Angeles, CA). Goodness of fit was determined by the sum of squared derivatives, 

residual plot, and Akaike Information Criterion (AIC). 
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RESULTS 

In Vitro Effect of AZD3965 and CHC 

Characterization of the murine 4T1 breast tumor cell line demonstrated TNBC 

characteristics, with overexpression of MCT1 and CD147 and no expression of MCT4 

on the plasma membrane (Chapter 5) . We demonstrated inhibition of cellular L-lactate 

uptake by AZD3965 and CHC with ICso values of 17.0 ± 3.60 nM and 7.57 ± 15.2 mM, 

respectively (Fig . 1A and 1B). Here, we further demonstrated that the concentration

dependent inhibition of cell growth by AZD3965 (Fig. 1 C) and CHC (Fig.1 D) 

demonstrated similar potency (ICso values of 22 .2 ±4.57 nM and 6.16±0.187 mM for 

AZD3965 and CHC, respectively) as in the L-lactate uptake studies, indicating the anti

proliferative activity of the MCT inhibitors. In this study we also showed that treatment 

with AZD3965 (50 and 250 nM) for 24 hours significantly increased intracellular (Fig. 

2A) and decreased extracellular (Fig . 2B) lactate concentrations. Treatment with 

AZD3965 at 50 and 250 nM increased the intracellular lactate concentrations from 353 

± 98.5 to 655 ± 161 and 867± 39.3µM/mg protein, respectively. The extracellular lactate 

concentrations were reduced from 11.9 ±0.938 to 5.45±0.785 and 4.83±0.229 mM with 

50 and 250 nM AZD3965 treatment, respectively. These results suggest that the net 

effect of MCT1 inhibition by AZD3965 results in the inhibition of MCT1-mediated L

lactate efflux in 4T1 cells. 

In Vivo Efficacy of AZD3965 and CHC in the 4T1 Breast Tumor Xenograft 

Groups of eleven mice bearing 4T1 tumors (100 mm3) were treated with 200 

mg/kg i.p. of CHC or vehicle control once a day (Fig . 3A). The treatment with CHC did 

not significantly alter the body weight (Fig. 3B) and did not decrease tumor volume (Fig. 
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3C) and weight (Fig . 3D) monitored throughout the study. The effect of CHC on lung 

metastasis was quantitated and a representative metastatic lung is shown in Fig. 3E. 

CHC treatment demonstrated no effect on the number of lung macrometastases (Fig. 

3F). Further analysis revealed that CHC treatment did not significantly alter the plasma 

lactate (Fig. 3G) and intra-tumor lactate concentration (Fig. 3H). 

For AZD3965, groups of eight mice bearing 4T1 tumors (100 mm3) were treated 

with 100 mg/kg i.p. of AZD3965 or vehicle control every 12 hour (Fig. 4A). Similar to 

CHC, chronic administration of AZD3965 throughout the study had no significant 

change in body weight (Fig. 4B). AZD3965 treatment significantly decreased tumor 

volume (Fig . 4C); however, the primary tumor weight (Fig. 4D) determined at sacrifice 

did not change significantly. It was also determined in this experiment that AZD3965 

treatment significantly decreased total Ki67 (a cellular proliferation biomarker used 

clinically for evaluating a number of cancers including breast cancer) expression in the 

tumor (Fig. 4E). Interestingly, although there were significant reductions in tumor 

volume and Ki67 expression , we saw a significant increase in the number of lung 

macrometastases (Fig. 4F) in AZD3965-treated mice compared to the vehicle control

treated mice. AZD3965 treatment had no effect on the plasma lactate concentration 

(Fig . 4G); however there was significantly increased in the intra-tumor lactate 

concentration (Fig . 4H). 

Plasma and Tumor AZD3965 Quantification and LCMS/MS Assay 

Plasma and tumor concentrations were quantified using a previously developed 

and validated LC/MS/MS assay (34) to further assess the concentration-effect 

relationships of AZD3965. The plasma and total tumor AZD3965 concentrations were 
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investigated when the animals were sacrificed on Day 29 (12 hours after the last 

AZD3965 dose). Total tumor AZD3965 concentration (1 ,670 ± 946 nM) was found to be 

significantly higher (57.4-fold higher) than that in the plasma (29.1 ± 13.9 nM), 

suggesting that there was extensive tumor uptake and accumulation of AZD3965 (Fig. 

5) . MedChem Designer version 4.5.0.12 was used to predict physicochemical properties 

of AZD3965 (Chapter 7) . AZD3965 fraction unbound in plasma (fup) was predicted to be 

21 .7% unbound in the rat. 

Effect of AZD3965 and CHC on Immune Function 

Since AZD3965 was initially developed as a novel immunosuppressive agent, we 

also sought to evaluate the effect of AZD3965 on the immune function by evaluating the 

effect of treatment on blood leukocyte count and spleen weight in the 4T1 breast tumor 

model (Fig. 6). CHC treatment had no effect on blood leukocyte count and spleen 

weight (Fig. 6A and 6B). However, there was a significant reduction in the leukocyte 

count and spleen weight in AZD3965-treated mice, compared to the vehicle control

treated mice (Fig. 6C and 6D). This indicated that AZD3965 exerts immunosuppressive 

effects in these animals. 

Effect of AZD3965 on 4T1 Tumor MCTs, GLUT1 and CD147 Expression 

We further characterized the potential effect of AZD3965 on tumor protein 

expression of MCTs, GLUT1 and CD147. Our results showed that there were no 

significant difference in the tumor protein expression of MCT1 and 4 (Fig. 7 A and 7B), 

CD147 (Fig. 7C) and GLUT1 (Fig. 7D) between the vehicle control- and AZD3965-

treated group. These results indicate that AZD3965 treatment has no effect on the 

protein expression MCTs, GLUT1 and CD147. Interestingly, both vehicle control- and 
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AZD3965-treated tumors showed slightly increased expression of MCT4 (Fig. 7B), 

which was undetectable on the plasma membrane of 4T1 cells during tumor 

implantation . Additionally, we observed a trend toward reduce tumor MCT1 (Fig. 7A), 

CD147 (Fig . 7C) and GLUT1 (Fig. 7D) in both vehicle control- and AZD3965-treated 

tumors relative to the expression presence on the plasma membrane of 4T1 cells . 
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DISCUSSION 

Enhancement of the rate of glycolysis along with concomitant lactate production 

represents a key metabolic phenotype of cancer. Targeting lactate transporters (MCTs) 

as a potential therapeutic target in cancer has been proposed in recent years, due to 

the increasing reports of MCT1 and/or MCT 4 overexpression in some cancers and the 

finding that expression of MCTs was highly associated with poor prognosis and survival. 

Although CHC has been reported to reduce tumor growth in animal models, it lacks 

potency and specificity (10-12, 16-21 ). AZD3965 is a member of a new class of potent 

and selective inhibitors of MCT1 that is currently being investigated in a Phase I clinical 

trial in the UK for patients with advanced solid tumors and lymphomas (NCT01791595). 

While inhibition of lactate transporters (MCTs) by AZD3965 and CHC has been 

demonstrated to be effective in a number of human cancer xenograft models ( 10-13, 18-

21 ), few studies have examined the effect of MCT inhibition in breast cancer, 

particularly in TNBC. To our knowledge, the in vivo anticancer effects of AZD3965 and 

CHC have not been studied in a tumor xenograft model of immunocompetent mice. In 

the present research , we evaluated the chemotherapeutic efficacy of AZD3965 and 

CHC, as well as their immune properties, in the murine 4T1 xenograft breast tumor 

model of TNBC, which express only MCT1 and CD147. We also assessed the effect of 

AZD3965 on tumor MCTs, CD147 and GLUT1 expression . 

Pinheiro et al. reported that MCT1 protein expression is significantly elevated 

in human breast cancer tumors, as compared to normal breast tissue (8). Through an 

extensive molecular classification of 249 breast tumor samples, Pinheiro et al. 

demonstrated that elevated expression of MCT1 and CD147 were significantly 
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associated with poor prognosis in breast tumors classified as TNBC (9). Based on these 

findings, our current study sought to evaluate the effect of MCT1 inhibition in the murine 

4T1 breast tumor model. 4T1 represents one of the few triple negative syngeneic breast 

cancer models that can efficiently metastasize to the same sites as in human breast 

cancer and with the advantage of being able to assess the immune response in 

immunocompetent animals. Our lab demonstrated the TNBC characteristics of 4T1 cells 

and showed that it represents a relevant model to study the effect of MCT1 inhibition , as 

it expresses only MCT1 and CD147 on the plasma membrane (Chapter 5) . 

AZD3965 is a potent and selective inhibitor of MCT1 with a reported binding 

affinity of 1.6 nM (13,35). Our in vitro experiments demonstrated potent inhibition of cell 

growth by AZD3965 in 4T1 cells (ICso value of 22 .2 ± 4.57 nM), which is similar to the 

ICso determined from our cellular lactate uptake studies. These results are consistent 

with previous findings in small cell lung cancer (SCLC) cell lines and a number of 

lymphoma cell lines (11-13,35). We also demonstrated that treatment of 4T1 cells with 

AZD3965 for 24 hours resulted in significant accumulation of intracellular L-lactate and 

reduction of extracellular L-lactate concentrations, suggesting the overall effect of 

AZD3965 in 4T1 cells is blocking efflux of L-lactate out of the cells . This would be 

expected , since the intracellular pH will be decreased in 4T1 cells and will function as 

the driving force for the proton-mediated MCT1 transport of lactate. Incubation with 

AZD3965 at 50 and 250 nM concentrations did not result in a dose-dependent 

accumulation of intracellular or reduction of extracellular L-lactate concentration . This is 

likely due to the low Ki of AZD3965 resulting in maximal effects at 50 nM, consistent 

with a previous report (36) . 
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CHC represents a widely known nonspecific inhibitor of MCTs 1, 2 and 4 that has 

been shown to exhibit anticancer activity via inhibiting MCT-mediated lactate efflux 

(19,20). Its reported Ki value is in the low mM range (0 .5 mM) (4,22). While it is known 

that CHC also inhibits the mitochondrial pyruvate transporter in isolated mitochondria 

(37), an in vitro study has demonstrated that CHC does not penetrate into cells and 

inhibit pyruvate entry into the mitochondria (38); thus it was proposed that the main 

effect of CHC is inhibition of MCTs on the cellular membrane. In vitro findings indicated 

that CHC decreased cell growth, invasion and migration and induced apoptosis in 

breast cancer cell lines (10,39), as well as in other cancer cell lines (19-21 ,38,40). 

Consistent with the results of these studies, CHC inhibited L-lactate uptake and cell 

growth with low mM potency in the 4T1 cells . Our current study demonstrated that the 

inhibitory effect of CHC and AZD3965 on L-lactate uptake directly translates to inhibition 

of cell growth as indicated by similar ICso values. 

AZD3965 treatment reduced tumor volume and tumor Ki67 protein expression in 

mice bearing the 4T1 tumors, compared to the vehicle control. However, AZD3965 

treatment on the other hand had no effect on the tumor weight. The mechanism 

underlying this discrepancy is unclear, but one possible reason may be due to the 

considerable tumor necrosis observed in our study, as fluid retention in the tumor or 

tumor swelling may be possible (41 ). Our finding is similar to a previous report, where 

tumor necrosis was found to be extensive throughout 4T1 tumor progression (42) . 

Furthermore, lactate itself has been reported to play an important role in cancer 

malignancy and treatment failure . In mouse xenograft models of human colorectal and 

breast cancers, lactate released from cancer cells via MCT 4 was sufficient to stimulate 
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IL-8 dependent angiogenesis and tumor growth (43) . Since inhibiting lactate transport 

would be expected to lead to lactate accumulation and thereby limiting the survival of 

cancer cells, we also sought to evaluate the effect of AZD3965 on intra-tumor lactate 

concentration . Indeed, AZD3965 treatment resulted in a significant increase in intra

tumor lactate concentration , a 1.54-fold increase, indicating inhibition of MCT1 . 

Although the fold increase was small , the change was similar to previous studies in 

human SCLC and Raji lymphoma xenograft models, where they saw a 1 . 7 -fold increase 

(12,36). In those studies, AZD3965 was given as 50 and 100 mg/kg, twice a day, orally 

and was shown to be effective in decreasing tumor growth . Even though the fold 

increase in the intra-tumor lactate was very similar to the previous study, it is not known 

to what extent tumor lactate accumulation would limit the ability of the tumor cells to 

survive, as the effects of lactate may vary across different cancer types. 

CHC administered at doses as high as 200 mg/kg has been reported previously 

to inhibit tumor growth (19-21 ,40) including MDA-MB-231 breast cancer cell line-derived 

xenograft model ( 1 0); however, our in vivo experiments demonstrated lack of efficacy 

with CHC treatment in this 4T1 xenograft model , as shown by the tumor volume, tumor 

weight, and intra-tumor lactate concentrations. 

In this study, we examined the influence of MCT1 inhibition on immune response. 

In breast cancer, it has been reported that the immune recovery back to the 

pretreatment baseline varies among breast cancer patients and it is highly dependent 

on the type and duration of the treatments (44 ). Since AZD3965 was part of a series of 

pyrrole pyrimidine analogues originally developed by AstraZeneca as novel 

immunosuppressive agents, we further evaluated the effect of AZD3965 on immune 
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function in mice bearing 4T1 tumors . The development of splenomegaly and elevation 

of circulating leukocytes have been shown to increase progressively in the mice bearing 

the murine 4T1 tumor (27,45). In our immunocompetent study in mice, our data showed 

that AZD3965 treatment, but not CHC treatment, results in significantly decreased blood 

leukocyte counts and spleen weights. Similar immunosuppressive responses have been 

reported with doxorubicin and paclitaxel treatment in the 4T1 breast tumor bearing mice 

(45). Furthermore, a recent study with a human Burkitt's lymphoma cell line (CA46) 

derived xenograft in severely immunocompromised NSG mice also reported reduced 

spleen weight in animals treated with AZD3965 (11 ). These data suggest that CHC 

does not produce immune impairment and that the immunosuppressive effect of 

AZD3965 may be specific to the pyrrole pyrimidine derivatives class of MCT inhibitors. 

Nevertheless, it is also possible that immune function and metastasis was not affected 

by CHC treatment due to the low potency of the inhibitor; thus, further studies are 

needed. 

An interesting finding is that even though there is reduction in the tumor volume 

and Ki67 expression in AZD3965-treated mice, we observed increased number of lung 

metastases. CHC treatment in animals bearing 4T1 tumor did not affect the extent of 

lung metastasis. It is not clear by what mechanism AZD3965 enhances lung metastasis 

but recent study showed that in vitro AZD3965 has no effect in 4T1 cell migration (46) . 

Additionally, a recent study also reported that silencing MCT1 by siRNAs reduced tumor 

metastasis independently of its transport function in the 4T1 tumor xenograft, which was 

implanted subcutaneously in the flank of the animals (46). Since in vivo efficacy of 

AZD3965 and CHC has only been reported in tumor xenografts of immunocompromised 
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mice, it is possible that immune function could be impacting the overall in vivo efficacy 

of MCT inhibitors. Further understanding of the role of immune function in modulating 

the effects of AZD3965 and other MCT inhibitors is needed to better understand the role 

of MCT inhibitors in cancer treatment. 

In our current study, AZD3965 was given at a dose of 100 mg/kg i.p. twice-daily 

in mice bearing a 4T1 tumor xenograft. We chose to use this dose because it has been 

previously reported to be effective in other tumor xenograft models expressed MCT1 

(11-13) . With this dosing regimen , AZD3965 treatment had no effect on plasma lactate 

concentration . The trough plasma AZD3965 concentration observed (29.1 nM or 15.0 

ng/ml) inhibited tumor growth to a limited extent, but enhanced lung metastasis. When 

corrected for the free plasma concentration, the free AZD3965 concentration 12 hours 

after the last dose (6.31 ± 3.02 nM) is below the in vitro IC50, but concentrations at 

earlier times would be above the unbound ICso. However, there is extensive 

accumulation in tumor tissue (57.4 times higher than that observed in plasma). Overall , 

the tumor concentrations data suggest that concentrations of AZD3965 obtained in vivo 

should be expected to be effective. This extensive accumulation of AZD3965 in the 

tumor tissue has not been reported previously. 

While we did not quantitate plasma or tissue concentrations of CHC, Colen et al. 

reported that CHC (infused at 40 mM in 200 µLover 14 days at 0.25 µL/h) was present 

at µM concentrations in the rat brain of a glioblastoma multiforme rat model (20) . In 

contrast to previous studies (10, 19), the dose of CHC (42 .6 µmol/animal) used in our 

current study is relatively high. At a much lower dose, CHC (25 µmol/animal given five 
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times per week for 28 days) has been demonstrated to be effective in reducing a breast 

tumor growth in a xenograft model (10). 

In addition to the effect of AZO3965 on the immune function , other factors may 

also contribute to the observed in vivo results. Here, we demonstrated that AZO3965 

treatment has no effect on the tumor protein expression of MCTs, GLUT1 and CO147. 

However, we observed a much lower tumor protein expression level of MCT1 , GLUT1 

and CO147 relative to the expression on the plasma membrane of 4T1 cells. The 

reduced GLUT1 expression in the 4T1 tumor relative to the expression in the 4T1 cells 

observed here agrees with previous findings, where it was demonstrated that tumor 

lactate concentration and [18F] FOG uptake rapidly decreased and plateaued with 4T1 

tumor growth (42). From that study, the authors proposed that the decreased tumor 

lactate concentration and [18F] FOG uptake is reflective of reduced metabolism in tumor 

areas with extensive necrosis (42). Therefore, it does seem likely that decreased tumor 

protein expression of MCT1 and CO147 in both vehicle control- and AZO3965-treated 

animals had some impact on the in vivo efficacy of AZO3965 observed in our tumor 

study. However, further studies are needed to confirm this finding . 

Previous studies in SCLC and Ras-transformed fibroblast cells reported that the 

efficacy of MCT1 inhibition mediated by AZO3965 and by silencing of MCT1 , were 

dampened by overexpression of MCT 4 (12, 16). Thus, it was proposed that AZO3965 is 

most likely effective in tumors that lack MCT4 expression . Interestingly, our data 

showed a slight increase in tumor MCT4 expression in both vehicle control- and 

AZO3965- treated tumor, which was absent in the 4T1 cells . The small increase in 

tumor MCT4 expression is likely due to induction by hypoxia, as MCT4 expression can 
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be upregulated by HI F 1-a under hypoxia and it has been previously reported that 4T1 

tumors display elevated levels of genes that are known to regulate hypoxia and the 

glycolytic phenotype (27,42,47). Overexpression of tumoral MCT4 in human TNBC 

tumors correlated significantly with poor survival (3), but currently there is no potent and 

selective inhibitor of MCT4 available. Thus, further investigations using silencing RNA 

are needed to assess the importance of MCT4 in TNBC. Taken together, our data 

suggest that the expression of tumor MCT4 could also contribute to the poor efficacy of 

AZD3965. 

In summary, the findings presented here represent the first study examining the 

in vivo efficacy of AZD3965 and CHC and their effect on the immune function in the 

murine 4T1 breast tumor model , which overexpresses MCT1 . Our in vitro studies using 

CHC demonstrated efficacy in inhibiting cellular L-lactate uptake and cell growth; 

however, in vivo CHC treatment (200 mg/kg once-daily, i.p.) was ineffective. The lack of 

efficacy in vivo could be due to the low potency of CHC. In vitro studies with AZD3965 

demonstrated inhibition of lactate efflux and potent inhibition of cell growth (at least two 

hundred thousand-fold more potent than CHC). AZD3965 administered i.p at 100 mg/kg 

twice-daily decreased tumor growth and increased intra-tumor lactate concentration . 

However, there was a lack of efficacy as indicated by the lack of reduction in tumor 

weight and the increased number of lung metastases. Our current work highlights the 

need to consider the effect of AZD3965 on immune function and the changes in tumor 

MCT1 and MCT 4 expression over time as potential mechanisms responsible for 

developing resistance toward AZD3965 treatment. Further studies are necessary to 
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evaluate AZD3965 in combination with chemotherapeutic agents, and in other tumor 

models of TNBC, to better assess the therapeutic potential of MCT1 in TNBC. 
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Fig. 1. Effect of AZD3965 and CHC on L-lactate uptake (n=3) and cell growth (n=4-6) in 

4T1 cells . Inhibition of radiolabeled L-lactate (0 .5 mM) uptake at pH 6.0 by AZD3965 (A) 

and CHC (B). Percentage of cell growth after 24 and 48 hours of AZD3965 (C) and CHC 

(D) treatment, respectively, with results normalized to vehicle control-treated cells. Data 

are presented as mean ± SD. Symbols depict the observed mean data and the lines 

represent model fitted results . 
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Fig. 2. Effect of AZD3965 on intracellular (A) and extracellular (B) L-lactate 

accumulation after treatment with AZD3965 (50 and 250 nM) for 24 hours. All the data 

are presented as mean ± SD, n=4. ** P<0 .01, *** P<0 .001, compared to the vehicle 

control-treated group (one-way ANOVA followed by Dunnett's post-hoc test). 
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Fig. 3. In vivo efficacy of CHC in the 4T1 breast tumor xenograft. The schematic representation of the experimental timeline and dosing 

schedule for CHC following orthotropic inoculation of 4T1 cells subcutaneously into the mammary fat pad of female BALB/c mice. Mice 

were given i.p injection of CHC (200 mg/kg) or vehicle control once a day (A). Body weight (B) and tumor volume (C) were monitored 

throughout the study. Tumor weight (D) was measured at the end of the treatment. The effect of CHC on the lung metastasis was 

quantified. The representative metastatic lungs are shown (E), where the number of surface-visible metastases as indicated by the 

arrows were counted. Quantification of the number of surface lung metastases in the vehicle control- and CHC- treated animals (F). 

The effect of CHC treatment on plasma (G) and intra-tumor (H) L-lactate concentration. All the data are presented as mean ± SD, n=11 

in each group. Statistical significant differences were based on the criterion P<0.05. 

B. C. D.A. o 
• Veh icle Control • Vehicle Control 

23, ■ CHC 200 mg/kg • CHC 200 mg/kg 2.0 I NSOH 2000 
~ Treatment 

CHC (200 me/kc) ) $ 1.5 
HO i.p. QD (once a day 

_n l 1soo I. JNS 

§ 
EB ., Cl ,:: 

E 'ii "C 
Tumor si ze 3 1000 ~ ~ 1.0 

I II 
100mm' 0 ~ (/)• T 

> o -!~I11111 I I 11 ! TTumor E ., 
implantat ion llllllllll Ul 18 g 500 I t-

:, 0.5 
:, i ... 

0 • I 
17 

0 11 29 0 2 4 6 8 10 12 14 16 18 0.0 0 2 4 6 8 10 12 14 16 18 
Day Vehicle Control CHC

Days Day 

E. ~ G. H. 
NS NS200 15 15 

Cl C: 

§ ., .. ~ NS ~-...J : 150 - E ~ 0.... 
o o '"-c: 10 0 c E 

~ 

10., .!!! 0 E.,::,., ~ .. ' ·- u-
J'io ::, C: Cl.o ai O 100 -ocilE E - "' E !:c: ~o., 

:, 0 Ill QJ 5 C Q) 0 sz ~ .. u 
c: g 50 - C: -~ §.

Q. 0 
: :E 0 .. -
:E 3 

0 0 

Vehicle Control CHC Vehicle Control CHC Vehicle Control CHC 

203 



Fig. 4. In vivo efficacy of AZD3965 in the 4T1 breast tumor xenograft. The schematic representation of the experimental timeline and 

dosing schedule for AZD3965 following orthotropic inoculation of 4T1 cells subcutaneously into the mammary fat pad of female BALB/c 

mice. Mice were given i.p injection of AZD3965 (100 mg/kg) or vehicle control twice a day (A). Body weight (B) and tumor volume (C) 

were monitored throughout the study. Tumor weight (D), total tumor ki67 expression (E) and lung metastases (F) at the end of the 

treatment (12 hours after the last dose) were measured. The plasma (G) and intra-tumor (H) lactate concentration in vehicle controls-, 

and AZD3965- treated animals. All the data are presented as mean ± SD, n=8 in each group. *** P< 0.001, compared to the vehicle 

control-treated group (two-way AN OVA followed by Bonferroni's post-hoc test). * P< 0.05, ** P< 0.01, compared to the vehicle control

treated group (nonparametric Student's t-test). 
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Fig. 5. Plasma and total tumor AZD3965 concentration measured at the end of the 

treatment (12 hours after the last AZD3965 dose). Assuming tumor density of 1 g/cm3, 

tumor AZD3965 concentrations were normalized to gram of tumor tissue and expressed 

in nM. All the data are presented as mean ± SD, n=7-8. *** P< 0.001, compared to the 

plasma AZD3965 concentration (nonparametric Student's t-test). 
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Fig. 6. Effect of AZD3965 and CHC on immune function in the murine 4T1 breast tumor 

model. Blood leukocyte count in CHC-, n=10-11 (A) and AZD3965-, n=5-6 (C) treated 

animals. Spleen weight in CHC-, n=B (B) and AZD3965-, n=B (D) treated animals. All 

the data are presented as mean ± SD. **P<0.01 , *** P<0.001 , compared to the vehicle 

control-treated group (nonparametric Student's t-test). 
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Fig. 7. 4T1 tumor expression of MCT1 (A), MCT4 (B), CD-147 (C), and GLUT1 (D) in 

vehicle control- and AZD3965- treated mice. Plasma membrane protein from 4T1 and 

NMuMG cells were used as references . GAPDH was used as loading control. 

Histograms show corresponding densitometry analysis of the Western blot membranes. 

All the data are presented as mean± SD, n=3-4 . * P<0.05, compared to vehicle control

treated tumor. (nonparametric Student's t-test). 
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CHAPTER SEVEN 

Pharmacokinetics of the Monocarboxylate Transporter 1 

Inhibitor AZD3965 in Mice 

This chapter was written for submission to Pharmaceutical Research 

With contributing authors: Xiaowen Guan and Marilyn E. Morris 
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ABSTRACT 

Purpose. Currently there is little information on the pharmacokinetics (PK) of AZD3965, 

a potent inhibitor of monocarboxylate transporter 1 (MCT1 ). The objectives of current 

research were (1) to predict the absorption , distribution, metabolism and excretion 

(ADME) of AZD3965, and (2) to characterize the pharmacokinetics (PK) of AZD3965 in 

mice after IV and oral administration . 

Methods. Female BALB/c mice were administered AZD3965 by IV injection (10, 50 and 

100 mg/kg) and oral gavage (100 mg/kg). Plasma samples were analyzed using 

LC/MS/MS, and PK parameters were determined by compartmental and non

compartmental analyses using Phoenix WinNonlin and ADAPT V. ADME properties of 

AZD3965 were simulated using MedChem Designer. 

Results. Based on the physiochemical properties of AZD3965, predictions indicated a 

log P of 1.78, pKa of 9.95, and fraction unbound in plasma (fup) of 0.217 and 0.0622 in 

rat and human, respectively. The simulation predicted AZD3965 as a potential substrate 

for the ABC transporter p-glycoprotein , and the metabolizing enzymes CYP3A4 and 

UGT2B7. In the PK studies, AZD3965 exhibited a large volume of distribution and 

rapid oral absorption (tmax= 20 min). The oral bioavailability of AZD3965 was high 

(94 .2%), consistent with its predicted log p value. Reentry peaks were observed after 

both oral and IV administration , suggesting potential enterohepatic cycling of AZD3965 

or of a potential glucuronide conjugate. The dose-normalized plasma concentration-time 

profiles were not superimposable, indicating nonlinear pharmacokinetics and potentially 

target-mediated disposition of AZD3965. A two-compartment mammillary model with 
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Michaelis-Menten elimination and enterohepatic cycling best characterized the time 

course of AZD3965 plasma concentration , based on goodness of fit criteria . 

Conclusions. The current study represents the first evaluation of pharmacokinetics of 

AZD3965 in mice. Further studies are needed to characterize the metabolism, transport 

and nonlinear disposition of AZD3965. 
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INTRODUCTION 

The transport of lactic acid across the plasma membrane is mediated by four 

proton-linked monocarboxylate transporters, MCT1 -4, which are part of a family of 

solute carrier SLC 16A gene family ( 1-4 ). Soon after the discovery that MCT are involved 

in lactic acid efflux from cells in the early 1980s, it was recognized that MCT could serve 

a potential druggable target in cancer (5, 6). Early studies with nonspecific inhibitors of 

MCTs such as a-cyano-4-hydroxy-cinnamic acid (CHC) and silencing RNA have 

provided a proof of concept that inhibiting MCTs resulted in reduction in tumor growth 

(7, 8) . More recently, a potent and selective class of MCT1 inhibitors was discovered by 

AstraZeneca (9) . One of which is AZD3965 (5-[(4S)-4-hydroxy-4-methyl-1 ,2-

oxazol id i ne-2-ca rbonyl]-1-isopropyl-3-methyl-6-{[3-methyl-5-( trifl u oromethyl )-2H

pyrazol-4-yl] methyl}th ien o[2, 3-d] pyri midi n e-2, 4-d ion e ). (Fig. 1 ), an orally bioavailable 

inhibitor of MCT1 that is currently being investigated in a Phase I clinical trial in the UK 

for advanced solid tumors and lymphomas (NCT01791595). AZD3965 is part of a series 

of pyrrole pyrimidine derivatives initially developed as novel immunosuppressive agents 

to potently inhibit T-lymphocyte proliferation ( 10). It was later discovered that these 

compounds are involved in inhibiting MCT1-mediated lactic acid efflux during T

lymphocyte proliferation (9-11 ). AZD3965 is a potent inhibitor of MCT1 with a Ki value of 

1.6 nM (12), with some activity against MCT2, but to a lesser extent than MCT1 . 

AZD3965 has been demonstrated to significantly decrease cell and tumor growth in 

human small cell lung cancer, Raji lymphoma, diffuse large B-cell lymphoma, Burkitt's 

lymphoma and breast cancer xenograft models overexpressing MCT1 (12-18) . 
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To our knowledge, the pharmacokinetics of AZD3965 has not been previously 

studied . A clinical report of patients with advanced solid tumors administered AZD3965 

at total daily doses of 5-30 mg given orally once and twice daily indicated that plasma 

concentrations were in the preclinical efficacy range, but detailed data were not 

provided (19) . The objectives of our current study were: (1) to investigate the 

pharmacokinetics and oral bioavailability of AZD3965 in mice; (2) to develop a 

pharmacokinetic model to characterize the plasma concentration-time profiles of 

AZD3965; and (3) to simulate the physicochemical and ADME properties of AZD3965. 

This information will enable further studies to assess the therapeutic potential of 

AZD3965 in preclinical cancer xenograft models. 
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MATERIALS AND METHODS 

Chemicals and Reagents 

AZD3965 was obtained from MedKoo Biosciences (Chapel Hill , NC) and AR

C155858 (the internal standard) was purchased from ChemScene (Monmouth Junction , 

NJ). All other reagents used in the studies were purchased from Sigma-Aldrich (St. 

Louis, MO). 

Animals 

Female, BALB/c mice (Envigo, Indianapolis, IN) weighting 18 to 20 g were used 

for the experiments. Animals were housed in standard vinyl cages. Water and food 

provided ad libitum. Animals were maintained under the standard 12-h light/dark cycle 

at 22-24°C. All animal procedures were approved by the Institutional Animal Care and 

Use Committee at the University at Buffalo. 

Pharmacokinetic Study 

Animals were acclimated to their environment for two weeks prior to the study. 

AZD3965 was administered at doses of 10, 50 and 100 mg/kg intravenously (IV) by tail 

vein injection. One additional group of animals was given 100 mg/kg of AZD3965 orally 

(po) by oral gavage. AZD3965 stock solutions (1 , 5 and 10 mg/ml) were prepared in 

20% wlv cyclodextrin in normal saline. All the animals had free access to food and 

water before and after administration of AZD3965. Blood samples of approximately 0.7-

0.8 ml were collected from each mouse (n=3-4 mice per time point) by terminal cardiac 

puncture while the animals were anesthetized with isoflurane. Lithium heparin was used 

as the anticoagulant and blood samples were collected at 10, 20, and 30 min , and 1, 2, 

3, 6, 9, 12, and 24 h after oral administration and at 15, and 30 min , and 1, 2, 3, 6, 9, 
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12, and 24 h after IV administration . Plasma samples were stored at -80°C until 

analysis . 

Plasma Sample Preparation and LC/MS/MS Analysis 

AZD3965 plasma concentrations were measured using a recently developed and 

validated liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) 

assay (20) . Briefly, samples were prepared by adding 5 µL of internal standard (I.S.) 

solution containing the AZD3965 analogue, AR-C155858 (15 and 200 ng/ml for low 

and high standard curve, respectively) to 35 µL of sample. To ensure the concentrations 

quantified were below the upper limit of the high standard curve, part of the plasma 

samples were diluted 10-fold with blank plasma prior to the sample preparation. Plasma 

standards and quality controls were prepared by adding 5 µL of I.S. (15 and 200 ng/ml 

for low and high standard curve, respectively) and 5 µL of stock solution containing 

AZD3965 to 30 µL of blank plasma. Plasma proteins were precipitated by the addition of 

600 µL of 0.1 % formic acid in acetonitrile . Samples were vortexed , followed by 

centrifugation at 10,000 x g for 20 min at 4 °C. Then 540 µL of supernatant was 

collected and evaporated under a stream of nitrogen gas, followed by reconstitution in 

200 and 1,000 µL of acetonitrile/water (40/60, vlv) for low and high standard curve, 

respectively. 

All the analyses were performed using Shimadzu Prominence HPLC with binary 

pump and autosampler (Shimadzu Scientific, Marlborough, MA) connected to a Sciex 

API 3000 triple quadruple tandem mass spectrometer with utilizing Atmospheric 

Pressure Chemical Ionization source (APCI) (Sciex, Foster City, CA). The data was 

analyzed using Analyst version 1.4.2 (Sciex, Foster City, CA). 
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Chromatographic separation was conducted by injecting 15 or 4 µL of the sample 

on to an Xterra MS C18 column (250 x 2.1 mm i.d. , 5-µm particle size; Waters, Milford , 

MA) for the low or high calibration curve, respectively. Mobile phase A consisted of 

acetonitrile/water (5/95, vlv) with 0.1 % acetic acid and mobile phase B was 

acetonitrile/water (95/5, vlv) with 0.1 % acetic acid. The flow rate was 250 µL/min with a 

gradient elution profile and a total run time of 15 min . The mass spectrometer was 

operated in multiple reaction monitoring (MRM) mode with APCI for specific detection of 

AZD3965 and the I.S. by measuring the characteristic ion transition . Q1/Q3 m/z ratio for 

the precursor/product ion of AZD3965 and AR-C155858 was 516.4/413.2 and 

462 .3/373.2, respectively. The retention time of AZD3965 and AR-C155858 (I.S.) were 

5.77 and 4.91 min, respectively. The chromatograph conditions, mass spectrometer 

parameters, linear calibration ranges, accuracy/precision , dilution integrity and recovery 

are detailed previously (20) . The standard curves were linear over the concentration 

range of 0.15-500 and 100-12000 ng/ml with r2>0 .999. The lower and upper limit of 

quantification of AZD3965 was 0.15 and 12000 ng/ml, respectively. 

Pharmacokinetic Analysis 

The plasma concentration-time profiles of AZD3965 were analyzed by non

compartmental and compartmental analysis using Phoenix WinNonlin version 7.0 

(Pharsight, Mountain View, CA) and ADAPT V (BMSR, University of South California, 

Los Angeles CA), respectively. For non-compartmental analysis, the area under the 

plasma concentration-time curve (AUC) was determined using the trapezoidal method, 

with AUC values extrapolated to infinity. The terminal slope, Az represents the slope of 

the terminal regression line. Vz represents the apparent volume of distribution estimated 
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from the terminal distribution phase. The maximal concentration after oral or IV 

administration (Cmax or Co) was determined by visual inspection . The oral bioavailability 

(F) of AZD3965 after IV and oral administration from the 100 mg/kg IV dosing group 

was calculated by the following equation : 

po _ AUC0 _ 00 Doseiv
F - - X -- X 100, ( 1) 

AUC~v-oo Dosepo 

where, AUCo-00 is the AUC from time zero to infinity. 

For the compartmental analysis, all plasma concentration data of AZD3965 were 

fitted simultaneously using the Maximum Likelihood method . The initial estimates for 

model parameters were obtained from non-compartmental analysis . The final model 

was selected based on criteria of goodness of-fit by visual inspection, Akaike's 

Information Criterion (AIC), Schwarz Criterion (SC), correlation coefficient (r2) and CV% 

of the parameter estimates. The variance model used was: 

Var(C) = (CJ1 + CJ2 X Y) 2 (2) 

where, 01 and 02 are the variance parameters and Y is the model predicted output. 

The differential equations derived from the proposed pharmacokinetic model (Figure 4) 

were as follows : 

For oral administration : 

(3) 

dXb = CL . C (6)dt b P Ko.po 
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When t < T1ag.po , --
Xb = 0 

Ko.po 

For IV administration : 

dCp V Xb
VP -dt = -CL0 · CP + CL · C - ~ · C - CLb · CP + - , Cp(O) = Dose1·v (7)

D t Km+Cp p Ko.iv 

(8) 

(9) 

Xb
When t < T1ag.iv, - = 0 

Ko.iv 

Where, Xa represents the drug amount at the absorption site; ka is the first-order 

absorption rate constant, Cp and Ct represent AZD3965 concentration in the central and 

peripheral compartment, respectively; Vp and Vt represent the volume of distribution of 

AZD3965 in the central and peripheral compartment, respectively; Clo is the 

distributional clearance from and to the central compartment; Vmax and Km are the 

Michaelis-Menten parameters to describe AZD3965 nonlinear elimination from the 

central compartment; Clb is AZD3965 clearance from the central compartment to the 

bile compartment; Xb represents the drug amount in the bile compartment; Ko.iv and Ko.po 

are the zero-order release rate of drug from the bile compartment back to the systemic 

circulation ; T1ag.iv and T1ag.po represent the lag time in the enterohepatic recycling 

process. The subscripts, (iv) and (po) indicate the intravenous and oral administration 

routes. 

Physicochemical and ADME Prediction for AZD3965 

For predicting the physicochemical and ADME properties of AZD3965, 

MedChem Designer Version 4.5.0.12 (Simulations Plus Inc. Lancaster, CA) was used . 
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AZD3965 chemical structure was loaded into MedChem Designer in the ADMET 

Predictor Module via the SIMILES to obtain the physicochemical and ADME properties. 
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RESULTS 

Pharmacokinetics of AZD3965 Following Oral Administration 

The time course of AZD3965 plasma concentrations following oral administration 

(100 mg/kg) is shown in Fig. 2A. AZD3965 concentrations could be detected in all 

plasma samples collected up to 24 h. AZD3965 exhibited rapid absorption with tmax 

occurring at 20 min . The oral bioavailability of AZD3965 calculated from AUC data was 

0.827 (Table 1 ). From the oral profile of AZD3965, a reentry peak was visible and 

occurred at between 6 to 9 h (Fig . 2A). 

Pharmacokinetics of AZD3965 Following Intravenous Administration 

The time course of AZD3965 plasma concentrations following IV administration is 

shown in Fig. 2B. AZD3965 concentrations could be detected in all plasma samples 

collected after 24 h from all the IV dose groups. However, by 24 h after the low dose, 

the plasma concentrations (average concentration of 0.285 ng/ml) approached the 

lower limit of quantitation (0 .15 ng/ml). AZD3965 showed at least a biexponential 

disposition following intravenous dosing. The dose-normalized plasma concentration

time profiles (Fig. 3A) were not superimposable, suggesting nonlinearity in the PK of 

AZD3965 in mice. Additionally, from the non-compartmental analysis, there were 

greater than proportional increases in the AUC and Co with dose. Both systemic 

clearance and Vss decreased with dose, appearing to reach a plateau at higher doses; 

however the changes were small (Table 1, Fig. 3B and 3C). The terminal slope (Az) 

increased and seemed to be capacity limited with increasing dose (Table 1 and Fig. 

3D). Similar to oral PK profile of AZD3965, the reentry peaks occurring at 6 to 9 h were 

219 



present at all dose levels (Fig . 2A), suggesting potential enterohepatic circulation of 

AZD3965. 

Compartmental Pharmacokinetics Modeling of AZD3965 

To further characterize the pharmacokinetics of AZD3965 in mice, different 

models were constructed to simultaneously fit the plasma concentration profiles 

following IV and oral administration . One-, two-, and three- compartment models with 

linear or Michaelis-Menten elimination were examined . A two-compartment model with 

Michaelis-Menten elimination was chosen as the base model. Since reentry peaks were 

observed at all dose levels following both IV and oral administration , we further 

incorporated a bile compartment to the base model to describe the enterohepatic 

recirculation process. We evaluated the reabsorption of AZD3965 from the absorption 

site (i .e. gut) to the systemic circulation and directly to the systemic circulation by zero

or first- order reabsorption rate with lag time or a sine function to represent the 

periodical changes as described by Wajima et al. (21) and Moon et al. (22). For zero

and first- order reabsorption rates, two separate reabsorption rates and lag times were 

evaluated for IV and oral doses. Linear and Michaelis-Menten biliary elimination were 

also evaluated . Based on the goodness-of-fit criteria (e.g. CV%, r2, AIC, SC and visual 

inspection of the fitting) following simultaneous fitting , a two-compartment mammillary 

model with Michaelis-Menten elimination, linear biliary elimination , and enterohepatic 

recycling components provided the best fitting (Fig. 4 ). Two separate zero-order 

reabsorption rates and lag times were used to describe the enterohepatic recirculation 

following IV and oral dose to better describe the data . Overall , based on the goodness 

fit criteria , our proposed model was able to capture both intravenous and oral data 
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r2reasonably well (Fig . 5). The values were 0.863, 0.890, 0.937, and 0.836 for the 

curves following intravenous dose of 10, 50, and 100 mg/kg and oral dose of 100 

mg/kg, respectively. The mean fitted parameter estimates and their corresponding CV% 

from the proposed model are summarized in Table 2. The estimated oral bioavailability 

of AZD3965 (0 .942) was similar to the bioavailability obtained from our non

compartmental analyses (0 .827). The rate constant for oral absorption was high (7.02 h-

1). 

Prediction of Physicochemical and ADME Properties of AZD3965 

The prediction of physicochemical and ADME properties of AZD3965 by 

MedChem Designer are summarized in Table 3. Based on the chemical structure, 

AD3965 predicted log P of 1.78, pKa of 9.95, and fraction unbound in plasma (fup) of 

0.217 and 0.0622 in rat and human, respectively. From this analysis, AZD3965 was 

indicated to be a substrate for UGT2B7 with high probability (100% ). The chance that 

that AZD3965 is also a substrate for p-glycoprotein (P-gp) was 58%, and a substrate for 

CYP3A4 was 98%, respectively. 
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DISCUSSION 

AZD3965 represents the first-in-class monocarboxylate transporter 1 (MCT1) 

inhibitor that is being evaluated in a Phase I clinical trial in the UK for solid tumors and 

lymphomas treatment, based on its chemotherapeutic properties assessed in various 

preclinical xenograft animal models. (12-18). Limited data from this study has been 

reported (19) and the pharmacokinetics, physicochemical and ADME properties of 

AZD3965 remain largely unknown . In the present work, we performed a 

pharmacokinetic study of AZD3965 following IV and oral administration in mice and a 

simulation study to predict the physicochemical and ADME properties of AZD3965. Our 

results demonstrated that AZD3965 exhibited good oral bioavailability, rapid absorption , 

and nonlinear elimination and distribution , and may be involved in enterohepatic 

recirculation . Our simulation results suggest AZD3965 may be highly protein bound in 

plasma, and a substrate for UGT2B7, CYP3A4 and potentially P-gp. Plasma 

concentration-time profiles were obtained after both IV and oral administration of 

AZD3965. Dose-normalized pharmacokinetic profiles of AZD3965 after IV 

administration of 10, 50 and 100 mg/kg doses were not superimposable, indicating 

nonlinear PK behavior. Results from non-compartmental analysis demonstrated greater 

than proportional increases in AUC and Co, further confirming the existence of nonlinear 

PK behavior. Further analysis revealed that the terminal slope (Az) , systemic clearance 

and Vss change with increasing dose. Both systemic clearance and Vss decreased, 

whereas the terminal slope increased with dose. However, at the higher doses of 50 

and 100 mg/kg, the profiles became more superimposable, with smaller changes in 

clearance and volume of distribution , suggesting that the PK of AZD3965 approached 
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linearity at higher doses. These findings are consistent with the expected behavior for a 

drug that exhibits target-mediated disposition (TMD). It has been previously proposed 

by Dr. Gerhard Levy in 1994 that "potent and specifically acting drugs are substances 

that are bound to with high affinity to pharmacologic target sites such as receptors and 

enzymes" (23) and transporters (24) are likely to exhibit pharmacologic target-mediated 

drug disposition . Although compared to biologics that are known to exhibit TMD 

behavior, TMD in small-molecule drugs are somewhat less anticipated . However, with 

the growing development of new small-molecule drugs that act potently on highly 

specific targets, the prevalence of TMD in small-molecule drugs is expected to increase 

(25-27) . Therefore, given that AZD3965 represents a potent and selective inhibitor of 

MCT1 with high binding affinity (12), TMD behavior of AZD3965 may be anticipated . 

Additionally, we have shown that AZD3965 exhibited rapid inhibition in cellular L-lactate 

uptake studies (maximal inhibition occurred after a 5 min-pre-incubation period) and the 

inhibition was prolonged up to 5 h in a murine 4T1 breast tumor cell line expressing only 

MCT1 (Chapter 4 ). We also demonstrated that inhibition by AZD3965 was slowly 

reversible. After the removal of AZD3965 from washing the cells with ice-cold buffer, 

inhibition of L-lactate uptake was only completely reversed after 12 h (Chapter 4 ). 

Together these data further support the evidence that the high affinity binding of 

AZD3965 to its target site, MCT1 could likely impact its disposition in vivo . Additional 

pharmacokinetic studies in a wide range of doses and in MCT1 knockout animals are 

needed in order to better discern the potential TMD properties (24, 25). 
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The plasma concentration-time profile of AZD3965 after oral administration 

demonstrated that AZD3965 exhibited rapid oral absorption with time to maximum 

concentration occurring at 20 min and good bioavailability (0 .827), estimated from non

compartmental analysis. The Vss for AZD3965 ranged from 25.6 to 46.4 ml at doses of 

10-100 mg/kg. The high values of Vss suggest that AZD3965 may exhibit extensive 

tissue binding . The prominent reentry peaks (occurring at 6 to 9 h) present in the 

plasma concentration-time profiles after both IV and oral dosing, suggest that AZD3965 

may be involved in enterohepatic recirculation . The molecular weight of AZD3965 is 

515.5, which is above the general MW threshold cut-off (375-400 and 425 in rat and 

human, respectively) for a drug that undergoes biliary excretion (28) . Based on the 

physicochemical properties of AZD3965, the compound is likely a substrate for CYP3A4 

and UGT2B7. Consistent with our simulation results, a previous report in a series of 

analogues of AZD3965 has indicated that these compounds are prone to metabolism by 

glucuronidation on the hydroxyl group as well as cytochrome P450 metabolism (9). 

Furthermore, our simulation also predicted that AZD3965 could be a substrate of P-gp 

(a ABC transporter presence at the canalicular membrane), which may be responsible 

for effluxing AZD3965 into the bile. Taken together, our results provided evidence that 

AZD3965 itself could undergo enterohepatic recycling, or it may undergo biliary 

excretion of its glucuronide conjugate, with hydrolysis and reabsorption of the parent 

compound . 

Based on the initial assessment of AZD3965 kinetic profiles and non

compartmental analysis, a physiologically relevant compartmental model was 

developed to characterize the kinetic behavior. Our current model incorporated 
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Michaelis-Menten elimination and a zero-order reabsorption process with lag times to 

described the nonlinear kinetic and enterohepatic recirculation of AZD3965. Although 

the dose range in our current study is not sufficiently large to fully delineate the TMD 

feature of AZD3965, our proposed model with Michaelis-Menten elimination was able to 

capture the data reasonably well , indicating that a more complex model may not be 

necessary. We incorporated two zero-order reabsorption rates and lag times in our 

model to better describe the enterohepatic recirculation of AZD3965 after IV and oral 

dosing. Our model demonstrated rapid oral absorption (7.02 h-1) and the F estimated 

here (0.941) agrees well with the calculated value. The oral bioavailability values 

estimated in our study were consistent to a previous report (12). The high value of Vss 

(49.9 ml) estimated from our model , further suggests that AZD3965 may be extensively 

tissue bound. This finding is also consistent with our breast tumor xenograft study, 

where we observed a 25.5-fold higher AZD3965 concentration in the 4T1 tumor than in 

the plasma (20) . Although our simulation study predicted AZD3965 undergoes 

conjugation by UGT2B7 (glucuronidation or sulfation), in our current model we assumed 

the recirculation of the parent compound back to the systemic circulation was rapid and 

directly from the bile compartment, due to our lack of metabolite data . This assumption 

has been previously proposed by Wajima et al. (21) as well as used to described the PK 

of morphine and its glucuronide that undergo enterohepatic recirculation (29) . Our 

model development was also limited due to the evaluation of only one oral dose, and 

the lack of bile data from animals with bile duct cannulation. 
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CONCLUSIONS 

In conclusion , the current study is the first to comprehensively evaluate the 

pharmacokinetics of AZD3965 in mice following both intravenous and oral 

administration and to computationally assess the physicochemical and ADME 

properties of AZD3965. The pharmacokinetics analysis of AZD3965 indicated rapid oral 

absorption , nearly complete oral bioavailability, large volume of distribution, nonlinear 

clearance, and suggested the presence of enterohepatic recycling . The PK of AZD3965 

following IV and oral administration was successfully characterized using a model that 

can described the nonlinearity and the reentry peaks observed in the pharmacokinetic 

profiles. Additionally, our present study also revealed that the terminal slope (Az), 

systemic clearance and Vss values were similar at higher doses, which suggest that the 

nonlinear kinetic behavior of AZD3965 may reflect the influence of target-mediated 

disposition, consistent with the high affinity and slowly reversible binding of AZD3965 to 

MCT1 . Further PK studies are necessary to better understand the potential TMD 

properties of AZD3965 and involvement of AZD3965 in enterohepatic recirculation . 
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Fig. 1. Chemical structure of AZD3965 . 
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Fig. 2. The plasma concentration profile of AZD3965 after oral (A) and intravenous (B) 

administration. Mice were dosed IV with 10, 50, or 100 mg/kg of AZD3965 or orally with 

100 mg/kg of AZD3965. Data are expressed as mean ± SD, n=3-4. 
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Fig. 3. The dose-normalized plasma concentration-time profiles of AZD3965 in mice 

after IV administration , 10, 50 or 100 mg/kg (A) . The effect of increasing AZD3965 dose 

on the volume of distribution ; Vss (B), elimination clearance; CL (C) and terminal slope; 

Az (D) where the symbols represent the mean parameter estimate obtained from non

compartmental analysis, Table 1. Data are presented as mean± SD, n=3-4 . 
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Fig. 4. The schematic representation of the proposed compartmental model of 

AZD3965 following IV and oral administration. Xa represents the drug amount at the 

absorption site; ka is the first-order absorption rate constant, Cp and Ct represent 

AZD3965 concentration in the central and peripheral compartment, respectively; V p and 

Vt represent the volume of distribution of AZD3965 in the central and peripheral 

compartment, respectively; Clo is the distributional clearance from and to the central 

compartment; Vmax and Km are the Michaelis-Menten parameters to describe AZD3965 

nonlinear elimination from the central compartment; Clb is AZD3965 clearance from the 

central compartment to the bile; Xb represents the drug amount in the bile compartment; 

Ko.iv and Ko.po are the zero order release rate of drug from the bile compartment back to 

the systemic circulation for intravenous and oral administration, respectively; T1ag.iv and 

T1ag.po represent the lag time in the enterohepatic recycling for intravenous and oral 

administration, respectively. 
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Fig. 5. Simultaneous model fitting of the plasma AZD3965 concentration-time profile 

following intravenous (10 (A), 50 (B), and 100 mg/kg (C)) and oral (100 mg/kg (D)) 

administration. Data are presented as mean ± SD, n=3-4 . Symbols depict the observed 

mean data and the lines represent the model fitted results. 
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Table I. Mean pharmacokinetic parameters for AZD3965 after intravenous and oral administration from non

compartmental analysis. The average weight of female BALB/c mice, 19 g was incorporated for the analysis. 

Parameter Unit 

Az h-1 

Cmax or Co µg/ml 

AUCo-00 µg•h/ml 

CL ml/h 

CL/F ml/h 

Vdss ml 

Vc/F ml 

F ---

Parameter description 

Terminal slope 

Maximum/initial concentrations 

Area under the curve 

Clearance 

Apparent clearance 

Volume of distribution at steady 

state 

Apparent volume of distribution 

Oral bioavailability 

10 mg/kg 

0.238 

4.02 

4.94 

46.4 

56.1 

44.2 

53.4 

Intravenous 

50 mg/kg 

0.266 

30.1 

41 .3 

23.0 

27.8 

25.6 

31 .0 

Oral 

100 mg/kg 

0.275 

54.5 

86.4 

22.0 

26.6 

100 mg/kg 

0.156 

30.3 

71.4 

26.6 

28.6 

34.6 

---

171 

0.827 
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Table II. Pharmacokinetic parameter estimates for AZD3965 obtained from 

simultaneous model fitting of IV and oral data. 

CV% 
Parameter Unit Parameter description Mean± SD 

Volume of distribution in 
Vp ml 

plasma 
49.9 ± 4.59 9.21 

Ka h-1 Absorption rat constant 7.02 ± 2.36 33.7 

0.941 ± 
F Oral bioavailability 

0.0727 
7.73 

CLd µ1/h Distributional clearance 5.28± 0.95 18.0 

Vmax µg/h Maximum velocity 617 ± 95.2 15.5 

Km µg/ml Michaelis-Menten constant 582 ± 113 19.4 

0.176 ± 
CLb ml/h Biliary clearance 

0.0175 
9.94 

0.562 ± 
Ko.iv ng/h Zero-order rate constant 

0.0724 
12.9 

Ko.po ng/h Zero-order rate constant 1.08 ± 0.360 33.4 

T1ag.iv h Lag time 5.99 FIXED 

T1ag.po h Lag time 5.53 ± 0.314 5.69 
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Table 3. The physicochemical and absorption, distribution, metabolism and elimination 

(ADME) properties of AZD3965, predicted from MedChem Designer. The prediction was 

based on the chemical structure of AZD3965. % represents the chance AZD3965 will be 

a substrate for the transporter or metabolizing enzyme. 

Name AZD3965 

pKa 9.95 

Log P 1.78 

Human Fub (%) 6.22 

Rat Fub (%) 21 .7 

P-gp substrate Yes (58%) 

CYP3A4 substrate Yes (98%) 

UGT2B7 substrate Yes (100%) 
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Abstract 

Monocarboxylate transporters (MCTs), encoded by the SLC16A gene family are 

involved in facilitated transport of short chain monocarboxylates such as lactate, 

pyruvate and ketone bodies, which represent major energy sources in cellular 

metabolism. To date, fourteen MCT isoforms have been identified through sequence 

homology. Of these, eight MCTs have been functionally characterized , but only MCT1-4 

have been demonstrated to mediate the proton-linked transport of monocarboxylates. 

The transport of lactate is particularly important for cellular metabolism and pH 

regulation as the high intracellular concentrations of lactate results in inhibition of 

glycolysis and acidosis. Emerging evidence from studies using Western blotting and 

immunohistochemical analysis (IHC) demonstrated elevated expression of MCT1 and 

MCT4, as well as CD147 (a chaperone protein required for trafficking and activity of 

MCT1 and 4 to the plasma membrane), in various types of cancer. Increased 

expression of MCT1 and MCT 4 has been shown to be highly associated with poor 

clinical prognosis and aggressiveness of tumors, suggesting that MCT1 and MCT4 may 

represent potential therapeutic targets in cancer. A number of MCT1 -4 inhibitors are 

currently available and recently more specific and potent MCT inhibitors such as pyrrole 

pyrimidine derivatives (e.g. AR-C155858, AZD3965), coumarin derivatives, as well as 

analogues of a-cyano-4-hydroxycinnamate, a nonspecific inhibitor of MCTs, have been 

identified . In vitro and in vivo studies have demonstrated inhibition of tumor growth with 

MCT inhibition and silencing . AZD3965 is currently in a Phase I study in the United 

Kingdom for solid tumors and lymphomas. Further studies are required to understand 
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the role of MCTs in cancer, as well as the potential of MCT1 and MCT4 as therapeutic 

targets in cancer. 
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Introduction 

Monocarboxylic acids play a major role in cellular metabolism, with lactic acid 

being particularly important. As the end product of glycolysis, lactate has to be exported 

out of the cells to prevent inhibition of glycolysis via phosphofructokinase and maintain 

intracellular pH. For some tissues, such as skeletal muscle, brain and red blood cells, 

lactate can be taken up into the cells and be utilized as a fuel for cellular respiration ( 1 ). 

The transport of lactate and other monocarboxylates requires monocarboxylate 

transporters (MCTs). MCTs are part of the SLC16A gene family that currently consists 

of fourteen members, with eight of these functionally characterized (1 , 2). Only four 

members of this family (MCT1-4) are involved in proton-linked facilitated transport of 

lactate and other monocarboxylates, including pyruvate, butyrate, and ketone bodies 

(2). 

A known metabolic hallmark of cancers is the increased rate of glycolysis that is 

manifested by a high demand for glucose consumption and a high lactate production. 

This elevated glucose utilization , even in the presence of oxygen in cancer cells, was 

first observed by Otto Warburg in 1956 (3) and is the basis of the clinical application of 

18-F-fluorodeoxyglucose positron emission tomography for cancer diagnosis, staging 

and detection of metastasis. Since this initial observation by Otto Warburg, studies 

have reported that the aerobic glycolysis switch and elevated lactate production result 

from the induction and activation of several enzymes in the glycolytic pathway (Figure 

1 ). The increased production of lactic acid leads to considerable cellular stress, as 

changes in intra and extracellular pH drastically affect cell activity, signaling and 

metabolic function. Along with poor vascularization , increased glycolysis creates a 
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hypoxic and acidic microenvironment that enhances tumor growth . Induction of MCTs 

not only results in the increased efflux of L-lactate from cancer cells that promotes 

glycolysis, but also increases the co-transport of intracellular protons from cells that 

prevents acidosis and apoptosis. 

Elevated glycolysis and lactate concentrations are closely linked with cancer 

aggressiveness, treatment failure and metastasis (4-9) . Furthermore, high lactate levels 

have been implicated as a strong independent prognostic factor for disease 

progression , metastasis and reduced survival in cancer (7, 10-12). This review 

summarizes the literature examining the potential of MCTs as therapeutic targets in 

various types of cancer, as well as the regulation of MCTs in cancer development and 

progression . 
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The Monocarboxylate Transporter Family (SLC1 GA) 

Initial studies in the 1980s and 1990s demonstrating transporter-mediated uptake 

of lactate and pyruvate into human erythrocytes ( 13, 14) led to the discovery of the 

monocarboxylate transporter family, SLC 16A. Currently, fourteen members of SLC 16A 

family have been discovered through sequencing of the human genome, as well as for 

other species including rodents (15). The proposed topology of the MCT family includes 

12 transmembrane domains (TMDs) with N- and C-termini on the cytoplasmic side and 

a large intracellular loop between TMDs 6 and 7 (15) . The TMDs are highly conserved 

among the MCT family members. High sequence variations at the C-terminus and the 

intracellular loop between TMDs 6 and 7 are thought to be important in the substrate 

specificity or transport activity of MCTs (15). To date, eight MCTs have been 

functionally characterized but only MCT1 -4 have been demonstrated to mediate the 

proton-linked transport of monocarboxylates. MCT6, MCT8, MCT10 and MCT12 are 

involved in transport of loop diuretics (16), thyroid hormone (17), aromatic amino acids 

(18) and creatine (19), respectively. The other members of the family have not been 

characterized functionally and are considered orphan transporters . 

Studies have revealed the regulation of MCTs1-4 at both transcriptional and 

post-transcriptional levels; however, regulatory mechanisms remain poorly understood. 

Sequence analysis suggests that these MCTs are not glycosylated (15). However, their 

expression and translocation to the plasma membrane require ancillary proteins (either 

basigin or embigin). Basigin (also known as CD147 or EMMPRIN) and embigin (also 

known as gp-70) are single transmembrane glycoproteins in the immunoglobulin 

superfamily. Studies using co-immunoprecipitation , chemical cross-linking , fluorescence 
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resonance energy transfer and in vitro and in vivo CD147 knockout mouse models have 

demonstrated that the proper cell surface expression of MCT1 , 3 and 4 requires co

localization with CD147 (20-28) while MCT2 preferentially is co-localized with embigin 

(20, 21 , 29). Knockdown of the ancillary protein failed to target MCTs to the plasma 

membrane and resulted in accumulation of the transporters in the endoplasmic 

reticulum (20, 21 , 25). In addition to being involved in trafficking MCT1-4 to the plasma 

membrane, studies also provided evidence that the interaction of MCT1 -4 with their 

ancillary proteins regulate the activity of the transporters (21 , 22, 24, 26). 

MCT1 

MCT1 was first identified and cloned from Chinese-hamster ovary cells as a 

mutation wild-type protein , which facilitated cellular uptake of mevalonate (30) . 

Subsequent studies cloned MCT1 from human, rat and mouse and showed that they 

share about 95% sequence identity with Chinese-hamster ovary MCT1 (15) . MCT1 is 

expressed ubiquitously throughout human tissues (31 ); however, its localization varies 

across different tissues. For example, the presence of MCT1 only on the apical 

membrane of retinal pigment epithelium (RPE) ( 15) and on the basolateral membrane of 

proximal tubule cells (32) suggest a tissue specific role of MCT1 . Functional 

characterization of MCT1 was performed in red blood cells using radiolabeled lactate 

(14). It was demonstrated that MCT1 functions as a proton dependent 

cotransporter/exchanger where the transport can be unidirectional (influx or efflux) or 

bidirectional depending on the proton gradient. The transport involves an ordered 

mechanism with binding of a proton first followed by lactate binding in the open 

conformation . The complex then is translocated across the plasma membrane through a 
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sequential release of the proton and lactate on the other side of the membrane. The 

return of the free transporter back to its open conformation represents the rate-limiting 

step of the transport cycle (33, 34). 

The substrate specificity of MCT1 includes a wide range of short-chain 

monocarboxylates including drugs such as y-hydroxybutyric acid (GHB) (2) . 

Monocarboxylates that are substituted at the C-2 and C-3 positions represent good 

substrates of MCT1 with C-2 substitution being preferred over the C-3 position (15). The 

Km values decrease with the chain length of monocarboxylates (15). Transport of lactate 

has been demonstrated to be stereospecific with MCT1 having higher affinity toward L

isomer than the D-isomer (2). Monocarboxylates with long branched aliphatic or 

aromatic side chains such as a-cyano-4-hydroxycinnamate (CHC) bind to the 

transporter but they are not readily released following translocation (15) indicating the 

prolonged inhibitory potential of these monocarboxylates on the transport activity of 

MCT1 . Inhibitors of MCT1 are grouped into to three categories: (1) bulky or aromatic 

monocarboxylates such as 2-oxo-4-methylpentanoate, phenyl-pyruvate and CHC that 

act as competitive inhibitors of MCTs; (2) amphiphilic compounds with divergent 

structures include bioflavonoids (e.g. quercetin and phloretin); and (3) some 4,4'

substituted stilbene-2,2'-disulphonates such as DIDS which has been demonstrated to 

act as a reversible inhibitor of MCT1 in RBC (35). However these classical inhibitors 

generally are nonspecific and have other target other than MCTs. In the past few years, 

more selective and potent inhibitors of MCT1 including pyrrole pyrimidine derivatives 

(e.g. AR-C155858, AZD3965) (36, 37), coumarin derivatives (38, 39) and compounds 

developed based on CHC template (40) have been discovered . With the overexpression 
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of MCT1 in cancers and its correlation with poor prognosis and survival , MCT1 inhibitors 

are of interest as a treatment strategy ( 41-43 ). 

MCT2 and MCT3 

MCT2 was initially cloned from hamster liver cDNA library (44 ). In contrast to 

MCT1 , MCT2 exhibits more restricted expression than MCT1 . It is mainly found in 

tissues that have high affinity for lactate uptake (Km value of 0.74 mM) where the uptake 

of lactate is utilized for oxidative metabolism and gluconeogenesis ( 1, 34). MCT2 has 

the highest affinity for monocarboxylates suggesting a tissue specific role . MCT3 

expression is mainly confined to the retinal pigment epithelium and choroid plexus 

epithelia where it is involved in the export of lactate (Km value of 6 mM in yeast) (34) . In 

the retinal pigment epithelium, the transepithelial lactate transport to the choroidal blood 

vessels is mediated by MCT1 (apical side) and MCT3 (basolateral side), providing pH 

homeostasis and metabolic acid removal (45, 46). 

MCT4 

In contrast to MCT1 , MCT4 is widely expressed in highly glycolytic tissues such 

as white skeletal muscle fibers, astrocytes and white blood cells, indicating its 

physiological role in facilitating the export of lactate out of cells (1 , 2, 35) . Despite 

substantial overlap in substrate specificity with MCT1 , MCT 4 has lower affinities for 

substrates than MCT1 (2, 47). The role of MCT4 in lactate-shuttling and metabolic 

coupling between oxidative and glycolytic cells has been recognized (40). Similar to 

MCT1 , MCT 4 has been recognized as another important target in cancer; therefore, 

there is great interest in identifying specific and potent inhibitors of MCT4. However, to 
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date there are only a few inhibitors reported to have activity against the MCT4 isoform 

and these inhibitors lack potency (statins, and bindarit) (48, 49). 

Role of Lactate in Cancer 

The shift in the cellular respiration toward glycolysis along with glutaminolysis 

and serinolysis contribute to the elevated lactate production in cancers (50) . The 

reported lactate concentration in human tumors ( 10-40 mM) can be 10- to 40-fold higher 

than blood concentrations (51 ). The elevated tumor lactate concentration correlates with 

a high risk of distant metastases and reduced overall and disease-free patient survival 

(10-12) . Given lactic acid (pKa 3.86) exists predominantly in its anionic form in the body, 

MCTs are necessary for the transport of lactate across cells. The co-transport of excess 

lactate along with proton molecules out of cancer cells by MCTs plays a role in the 

metabolic homeostasis of the tumor microenvironment (50). The extent of extracellular 

acidity is known to impact therapeutic response and promote cancer progression . 

Lactate itself has been reported to play an important role in cancer malignancy 

and treatment failure. In addition to hypoxia, both lactate and pyruvate have been 

demonstrated to stimulate the accumulation of hypoxia-inducible factor 1 alpha (HIF-

1 a), a key transcription factor that regulates genes involved in glycolysis, angiogenesis 

and cancer cell survival (4). High extracellular lactate has been shown to inhibit 

differentiation of immune cells and the release of cytokines from dendritic and cytotoxic 

T cells through blocking lactic acid efflux (52, 53). This disruption of T cell metabolism 

and function enable blockage of immune checkpoints in cancer. In fibroblasts cultured in 

the presence of lactate, the expression of hyaluronan and CD44 (key components 
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involved in cell-cell interaction , cell adhesion and migration) were stimulated (5), 

suggesting the role of lactate in cell motility and migration. The correlation observed 

between the elevated lactate concentration and resistance to radiation and 

chemotherapy in xenograft animal models of human head and neck squamous cell 

carcinoma (HNSCC), suggests that the antioxidant property of lactate may, in part, 

contribute to the radioresistance in cancer therapy (6). Furthermore, exposing 

exogenous lactate to endothelial cells led to the stimulation of vascular endothelial 

growth factor (VEGF) expression and cell migration (9) . Additionally, lactate uptake into 

endothelial cells mediated by MCT1 stimulated NF-KB and IL-8 expression and 

enhanced cell migration . In mouse xenograft models of human colorectal and breast 

cancers, lactate released from cancer cells via MCT4 was sufficient to stimulate IL-8 

dependent angiogenesis and tumor growth (54). 

Expression of MCTs in Various Types of Human Cancer 

Overexpression of MCT1 and/or MCT4, as well as CD147, has been recognized 

and correlated with poor survival and prognosis in a variety of human cancers; this 

suggests the potential role of these MCT isoforms as druggable targets in cancers. The 

overview of MCTs and CD147 expression and prognosis in various types of human 

cancers are summarized in Table 1. Overall , the importance of a particular isoform of 

MCT seems to depend on the type of cancer. 

Gastrointestinal Tract 

In colorectal carcinoma, MCT1 protein expression was first reported to 

decrease in colonic transition from normality to malignancy (55, 56) . However, more 
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recent studies in larger tumor sample sizes (n= 70 and 126), demonstrated elevated 

membrane expression of MCT1 , as compared to normal colon tissue (57, 58), and that 

the elevated MCT1 expression was significantly associated with tumor vascular invasion 

(58). Strong MCT2 expression has been detected in the cytoplasm but not on the 

membrane (57, 58) . MCT4 has been reported to be either weakly or strongly expressed 

on the membrane (57, 58). In gastric cancer, there is significantly decreased membrane 

expression of MCT 4 (59) . Strong and extensive cytoplasmic expression of MCT1 , 2, 4 

and CD147 has been reported in gastrointestinal stromal tumors . There was no 

association between oncogene mutations and the expression of MCTs but the 

expression of both MCT1 and CD147 were associated with poor patient survival . 

Central Nervous System 

Strong expression of MCT1 was first reported in ependymomas, 

hemangioblastomas and high-grade glial neoplasms in a series of primary CNS tumors 

samples (61 ). Western blot analysis demonstrated elevated cytosolic expression of 

MCT1 and MCT2 but not MCT3 in human glioblastoma multiforme (62). MCT 4 

expression was not detectable in that study (62). However, a more recent study 

showed that there were significant increases in the plasma membrane expression of 

MCT1 , MCT4 and CD147. MCT4 was detected both in the membrane and cytoplasm 

(63). The contrasting results were likely due to differences in the reactivity of the MCT4 

antibodies used in these studies. The expression of MCT1 and CD147 was found 

almost all in glioblastomas cases, whereas MCT4 was only expressed in 56.3% of total 

glioblastoma tissue samples, suggesting the importance of MCT1 in glioblastoma (63) . 

In freshly isolated neuroblastoma biopsy samples, high mRNA expression of MCT1 
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correlated positively with high fatal risk of disease and amplification of v-myc avian 

myelocytomatosis viral oncogene neuroblastoma (MYCN) (64). 

Breast 

Downregulation of MCT1 by DNA hypermethylation at the promoter region was 

first reported in human breast cancer cell lines (65). Later studies reported significantly 

increased cytosolic and membrane expression of MCT1 in human breast cancer tumors 

(n=249) as compared to normal mammary epithelium, while no overexpression of MCT2 

and MCT4 was observed (43). Importantly, the elevated MCT1 and CD147 expression 

significantly correlated with high histological grade, Ki67 proliferative index, and the 

phenotype of basal-like breast cancer (43) . In this study the glycolytic and acid-resistant 

phenotypes, as described by high GLUT1 and carbonic anhydrase IX (CAIX) expression 

in basal-like subtypes of breast cancer, correlated with poor prognostic factors and 

MCT1 and CD147 overexpression , but not MCT4 expression (42). In contrast, a later 

study reported that high MCT4 staining in breast tumors (without stromal staining) was a 

strong negative independent prognostic factor for metastasis-free survival and overall

survival in triple negative breast cancer, a basal-like form of breast cancer lacks ER, PR 

and HER2 (66) . These results suggest the importance of MCT1 and MCT4 in breast 

cancer. 

Lungs 

Initial studies reported overexpression MCT1 in sixty lung carcinomas and 

adenocarcinomas samples, with MCT1 expression not detectable in normal lung tissue 

(67). MCT2 and MCT4 were expressed in the tumor cells and MCTs were weakly 

expressed in the stroma cells (67). In contrast, Meijer et al. demonstrated high GLUT1 
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and MCT 4 expression were associated with aggressiveness of lung adenocarcinoma 

(68). Significantly decreased plasma membrane expression of MCT4 was reported in 

non-small cell lung cancer (NSCLC) ( 41 ). Furthermore, a more recent clinical pathology 

analysis in a large set of tumor samples (n=335) reported that high MCT4 staining in 

cancer cells was a poor prognostic factor in NSCLC, while high MCT1 staining in the 

stroma but not cancer cells translated to worse survival outcome (69), suggesting the 

relevance of targeting MCT1 in stromal cells in lung cancer. Since the relationship 

between reported expression and clinical prognosis value of MCTs in lung cancer is 

controversial, more studies are needed to further elucidate the role of MCTs in lung 

cancer. 

Gynecologic Tract 

In cervical cancer, a significantly increased overall expression of MCT1 and 

membrane expression of MCT4 were reported and the expression of MCT2 showed no 

progressive changes with increasing extent of invasive cervical lesions (70) . 

Additionally, co-expression of CD147 with MCT1 was associated with lymph-node 

and/or distant metastases in cervical adenocarcinomas (71 ). A more recent study 

showed increased expression of MCT 4 with progression to malignancy in cervical 

samples was highly associated with CD147, GLUT1 and CAIX expression (72). High 

staining of MCT1 , MCT4 and CD147 were observed in >80% of epithelial ovarian 

primary and metastatic tumors; however, no staining was found in normal ovarian 

tissues. Both MCT1 and MCT4 were significantly associated tumor categorized with 

high International Federation of Gynecology and Obstetrics (FIGO) stage, presence of 

residual tumor and ascites. Interestingly, MCT expression was associated with the 
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expression of multidrug resistance transporters, MDR1 and MRP2 (73) . Studies by 

other groups also reported expression of MCT1 , MCT2 and MCT4 in ovarian carcinoma, 

but low or no expression of MCT 4 was detected (41 , 7 4) and there was high 

cytoplasmic expression of MCT2 (41 ). 

Prostate 

The co-expression of MCTs and CD147 with MDR1 is associated with prostate 

cancer drug resistance and progression . Although mainly cytoplasmic staining, MCT1 

and MCT4 were found to be highly expressed (~90%) in prostate cancer cases while no 

expression was found in normal prostate tissues (75). The high expression of CD147, 

MCT4 and MDR1 was significantly correlated with high prostate-specific antigen (PSA) 

level and cancer progression (75). Conversely, Pertega-Gomes et al. reported 

decreased expression of MCT1 in prostate cancer, as compared to normal tissues, and 

low staining of MCTs in all normal prostate tissues (76). The expression of MCT2 and 

MCT4 was more frequently detected in the tumor cytoplasm (76, 77) and only MCT4 

and CD147 overexpression correlated with poor clinical outcome (76) . 

Liver 

Given the susceptibility of the liver to hypoxia, due to the physiological oxygen 

tension gradient and the regulation of MCT4 by hypoxia, the relevance of MCTs in 

hepatocellular carcinoma (HCC) has been recently studied . lmmunohistochemical 

analysis showed elevated expression of MCT1 , MCT4, CD147 and GLUT1 on the 

plasma membrane, while increased expression of MCT2 was only observed in the 

cytoplasm (78). Importantly, the expression of MCT4 and GLUT1 was significantly 

increased from the less to more invasive form of HCC tumor and MCT 4 expression on 
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the plasma membrane was strongly associated with Ki67 expression (a proliferation 

index), and more frequent in higher histological grades (78). Additionally, multivariate 

regression analysis showed MCT 4 expression as an independent prognostic factor for 

disease-free and overall survival (79) . Studies in HCC cell lines also supported the 

important role of MCT 4 in cell proliferation, migration and invasion and it has been 

hypothesized that MCT 4 may represent a potential therapeutic target in HCC (79) . 

Pancreas 

The transport of lactate across the pancreatic islet 13-cells has reported to be 

relatively slow which could be due to very low expression of MCTs in normal pancreas 

(80). Overexpression of MCT1 have been shown to alter insulin secretory responses to 

pyruvate and lactate in 13-cells (81) and result in exercise-induced hyperinsulinism-like 

disorder in vivo which suggests a role of MCTs in insulin secretion (82) . Elevated MCT4 

expression (both mRNA and protein) and the presence of MCT1 in the tumor epithelial 

compartment in a cohort of 223 patients with pancreatic adenocarcinoma (PDA) have 

been reported (83). The high expression of MCT4 was significantly associated with poor 

survival , tumor grade and lymph-node status (83). However another study reported 

elevated expression of both MCT1 and MCT 4 in PDA and the elevated expression 

levels did not correlate with the clinicopathological status; these contradictory findings 

are most likely due to the low number of PDA samples (n=51) evaluated (84 ). Further 

studies are needed to understand the role of MCTs in pancreatic cancer as well as their 

role in the regulation of insulin secretion . 

Other 
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Elevated expression of MCTs in other type of cancers such as multiple myeloma, 

soft tissue sarcoma, and renal and urothelial carcinoma have also been observed . In 

both renal and urothelial carcinoma, high plasma membrane expression of MCT1 , 

MCT4 and CD147 were detected; however, only MCT1 and CD147 significantly 

correlated with the pathological parameters evaluated (85, 86). Cells cultured from bone 

marrow obtained from multiple myeloma patients showed expression of MCT1 and 

CD147 (87). Soft tissue sarcoma tumors also showed high plasma membrane 

expression of MCT1 , MCT4 and CD147, while elevated MCT2 expression was mainly 

observed in cytoplasm (88). The high expression of MCT1 and CD147 also significantly 

correlated with poor prognostic variables in soft tissue sarcomas (88). 

Inhibitors of MCT and the Therapeutic Potential of MCT inhibition in Cancer 

In recent years, there has been growing interest in pursuing the therapeutic 

potential of MCT inhibition as a potential novel treatment strategy in cancer. This in part 

is due to : clinical evidence of MCT1 and/or MCT 4 overexpression being highly 

correlated with poor prognosis and survival in some cancers with glycolytic phenotype 

(Table 1 ), discovery of selective and potent inhibitors of MCT, and evidence from 

studies with various preclinical tumor models that inhibition or silencing MCT reduced 

tumor growth (Table 2). Table 2 summarizes in vitro and in vivo anticancer effect of 

MCT inhibition by various inhibitors of MCT with different potencies and selectivities. 

MCTs play a dual role in transport of lactate and proton molecules across the cell 

membrane. Inhibition of lactate transport can block tumor growth in several ways 

(Figure 2) . First, inhibition of lactate efflux can directly induce acidosis and apoptosis 
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through intracellular lactic acid accumulation and decrease intracellular pH . Secondly, 

blocking lactate influx into the neighboring cells that may rely on lactate as metabolic 

fuel can inhibit cell growth . Lastly, since lactate itself has multiple biological activities 

and lactate uptake into endothelial cells via MCT1 has been shown to promote 

angiogenesis (54 ), blocking the transport of lactate can therefore impair cancer 

progression . 

Nonspecific Inhibitors of MCT 

CHC represents a widely used nonspecific inhibitor of MCTs 1, 2 and 4 with a Ki 

value in the mM range (35). Despite its inhibitory activities on the mitochondrial pyruvate 

transporter and anion exchanger 1 (AE 1) ( 15), CHC has been extensively investigated 

with regards to its ability to exert anticancer activity via inhibiting MCT-mediated lactate 

efflux in both in vitro and in vivo studies (63, 89-94). Inhibition of lactate efflux by CHC 

significantly decreased breast cancer cell proliferation , migration and invasion (94 ). 

Furthermore greater radiosensitivity was demonstrated in gliomas cells, expressed 

MCT1 pretreated with CHC (95) . In vivo, chronic administration of CHC was well 

tolerated and decreased tumor growth in lung and colorectal adenocarcinma and 

glioblastoma xenograft animal models (63, 89-93). Additionally, inhibition of MCT by 

CHC has been shown to enhance adriamycin efficacy in an osteosarcoma xenograft 

model (93). Despite the low potency of CHC, inhibition of MCT by CHC was effective in 

a variety of cancer cell lines and tumor studies. 

Quercetin represents another classical inhibitor of MCT that has been that has 

been demonstrated to exhibit anti-proliferative properties through its inhibitory activities 

against MCT1 and MCT2. Quercetin belongs to a family of polyhydroxylated food-
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derived products known as flavonoids (32) that that can inhibit L-lactate uptake in 

Xenopus laevis oocytes transfected with MCT1 or MCT2, with ICso values in the low µM 

range (96). Given the chemoprevention properties of the dietary flavonoids including 

quercetin , these compounds are well recognized to have multiple pharmacological 

targets such as p-glycoprotein , multidrug resistance protein 1 /2 and breast cancer 

resistance protein (97) . Quercetin and a number of flavones were first demonstrated in 

1979 to block membrane transport of lactate in Ehrlich ascites tumor cells (98). Later 

studies in MCT transfected cell systems confirmed these flavonoids as inhibitors of 

MCT1 and 2 (32, 96). In lung, breast and colorectal cancer cell lines expressing MCT1 

and MCT 4, treatment with quercetin decreased cell proliferation, migration and invasion 

(92, 94, 99). Recently, quercetin has been shown to enhance 5-fluorouracil efficacy in 

colorectal cancer cells via inhibiting lactate efflux (92). 

Lonidamine, a derivative of indazole-3-carboxylic acid and was first introduced in 

1979 as an antispermadocidic agent has recently been shown to inhibit L-lactate uptake 

in Xenopus laevis oocytes transfected with either human MCT1 , 2 or 4 (100) . The 

anticancer activity of lonidamine involves inhibiting glycolysis and mitochondrial 

respiration through its ability to inhibit mitochondria bound hexokinase which is present 

only on tumor cells (101 ). However publications also indicated its ability to inhibit lactic 

acid efflux and increase intracellular acidification in brain tumor cells (102) and in 

neuroblastoma cells expressing MCT1 and MCT4 (64) . In vivo, lonidamine increased 

tumor acidification and reduced tumor growth in human melanoma xenografts as well as 

in breast, prostate and ovarian cancer xenografts ( 103, 104 ). These studies suggest 

lonidamine also targets MCT transport. Indeed, a recent study by Nancolas et al. 
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provided direct evidence that lonidamine is also an inhibitor of MCTs (100, 105). 

Lonidamine demonstrated inhibition of L-lactate uptake in Xenopus laevis oocytes 

transfected with either MCT1 , 2 or 4, with potency in the 40 µM range (100, 105) The 

authors also demonstrated more potent inhibition of mitochondria pyruvate carrier (Ki 

2.5 µM), compared with MCTs, suggesting the selectivity and sensitivity of lonidamine in 

mitochondria respiration (100, 105). Lonidamine, in combination with different 

chemotherapeutic agents, has been evaluated in clinical trials for treating cancers (106, 

107), and is currently approved in Europe for cancer therapy (106). 

Potent and Selective Inhibitors of MCT1 

More recently, novel , potent and highly selective inhibitors of MCT1 have been 

discovered . The pyrrole pyrimidine derivatives represent a new class of MCT1 inhibitors 

that has been developed by AstraZeneca, initially as novel immunosuppressant agents 

(36). The immunosuppressive property of this class of compounds involves inhibiting 

MCT1-mediated lactate efflux during T-lymphocyte proliferation (36, 37, 108). Similar to 

cancer cells, the increased glycolytic rate of T-lymphocytes during immune response 

requires MCT1 for the removal of lactate from the cells (36, 37, 108). This series of 

compounds have been shown to significantly inhibit T-cell proliferation and have no 

effect on cytokine levels (36, 37, 108). In vivo, these compounds significantly prolong 

allograft survival in mouse (109). One compound in this series, AR-C155858, 

demonstrates potent inhibition of MCT1 in rat erythrocytes with a Ki value of 2.3 nM 

(110). AR-C155858 inhibited both MCT1 and MCT2 when expressed in Xenopus laevis 

oocytes (29, 110). However, potent inhibition of MCT2 by AR-C155858 was only 

evidenced when MCT2 was associated with basigin (Ki<10 nM), but not embigin (29) . 
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In myeloma and pancreatic ductal adenocarcinoma cells, AR-C155858 potently blocked 

cell migration and invasion (111 , 112). In vivo, AR-C155858 has been demonstrated to 

significantly decrease tumor growth in a Ras transformed fibroblast xenograft model that 

overexpresses MCT1 (113) . 

Importantly, an analogue of AR-C155858, AZD3965, represents the first-in

human and first-in-class inhibitor of MCT1 that is being investigated in a Phase I clinical 

trial in the UK in patients with advanced solid tumors and lymphomas (NCT01791595). 

AZD3965 is orally bioavailable and is potent inhibitor of MCT1 with the reported Km 

value of 1.6 nM (114). AZD3965 has been shown to exhibit activity against MCT2, but to 

a lesser extent, and does not inhibit MCT3/MCT4 at a concentration of 10 µM (115). In a 

murine 4T1 breast tumor model of TNBC expressing MCT1 , inhibition by AZD3965, as 

well AR-C155858, blocked cell migration and invasion (116). AZD3965 (given orally at 

50 or 100 mg/kg twice a day) has been demonstrated to significantly decrease tumor 

growth in human small cell lung cancer, Raji lymphoma, diffuse large B-cell lymphoma, 

and Burkitt's lymphoma xenograft models overexpressing MCT1 (7, 99, 117-119) and in 

a breast cancer xenograft model expressing both MCT1 and MCT 4 ( 120). Furthermore, 

when AZD3965 was combined with radiotherapy in a xenograft model of small cell lung 

cancer, there was significant delay in tumor growth as compared to AZD3965 given 

alone (7). A recent study also reported a greater therapeutic effect when AZD3965 was 

co-administered with chemotherapeutic agents (i .e. phenformin) in tumor xenografts of 

colon adenocarcinoma and glioblastoma, that were highly glycolytic and expressed 

MCT1 (121). 
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Another new class of MCT1 inhibitors is the coumarins, identified through 

computational modeling and in vitro screening approaches (38). Several ?-substituted 

carboxycoumarins derivatives and quinolinone derivatives were demonstrated to inhibit 

lactate uptake in SiHa human cervix carcinoma cells with ICso values in the nM range 

(38). Two of the 7-aminocarboxycoumarin (7CC) derivatives exhibited antitumor activity 

and inhibited lactate transport in various cancer cell lines with similar potency as the 

pyrrole pyrimidine derivatives (39). Similar to AR-C155858, 7CCs inhibited only MCT1-

mediated lactate efflux in cancer cells expressing both MCT1 and MCT 4 (39). It was 

suggested that the inhibitory mechanism of 7CCs primarily involved the translocation 

cycle of MCT (39). Many of the coumarins and their derivatives are found in naturally 

occurring products and have many wide therapeutic applications. In contrast to the 

coumarin warfarin , many of the compounds identified have no effect on prothrombin 

time (38). These studies demonstrated that coumarin derivatives represent a novel and 

potent class of MCT inhibitors; however, further studies are needed to assess the 

selectivity and anticancer property of these inhibitors. 

Lastly, a new series of potent MCT1 inhibitors were developed based on the 

structure of CHC (122, 123). The potency of this series of compounds ranged from low 

µM to nM. Structure -activity relationships demonstrated that the introduction of p-N , N

dialky/diaryl , and o-methoxy groups into CHC maximized MCT1 inhibitory activity in 

cellular L-lactate uptake studies in brain endothelial RBE4 cells that express MCT1 

(122, 123). Systemic toxicity studies in healthy mice treated with these compounds 

showed normal body weight gains (122, 123). Furthermore, in vivo tumor growth 

inhibition was demonstrated with one of the compounds in the colorectal 
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adenocarcinoma cell line derived (WiDr cell line expressing MCT1) xenograft model 

(123) . 

Selective inhibitors of MCT4 

Given the important role of MCT4 in cancer, as evidenced by overexpression of 

MCT 4 in some human cancers and its regulation by hypoxia-inducible factor 1-alpha 

(HIF-1 a), MCT4 has been proposed as alternative therapeutic target to MCT1. In recent 

years, efforts to discover and identify potent and selective inhibitors of MCT4 have used 

computational modeling approaches. However, currently there are no known inhibitors 

that can potently and selectively inhibit MCT 4. 

HMG-CoA reductase inhibitors (statins), widely prescribed drugs for lowering 

cholesterol levels, have been shown to inhibit MCT4. Using double transfected MCT 4 

and CD-147 LLC-PK1 cells, it was demonstrated that many of the statins (e.g. 

fluvastatin , atorvastatin , lovastatin acid, simvastatin acid , cerivastatin , rousuvastatin and 

pravastatin), significantly inhibit L-lactic acid uptake transport with potency in the µM 

range (48). Simvastatin decreased cell migration in human lung cancer cells that 

overexpress MCT1 and MCT 4 (99). Although statins have been shown to inhibit MCT 4, 

further studies are needed to evaluate if they have activity against other MCT isoforms. 

Recent studies using in vitro screening in Xenopus laevis oocytes, transfected with 

human MCT1 and MCT 4, identified a selective inhibitor of MCT 4 that does not inhibit 

MCT1 (49). Bindarit (2[1-benzyl-1 H-indazol-3-yl) methoxy]-2-methylpropanoic acid) 

inhibited MCT4 with Ki value of 30 .2 µM (49) which is 100-fold lower than the reported 

L-lactate Km for human MCT4. It was also demonstrated that the L-lactate transport 

activity of MCT1 after inhibition by bindarit (500 µM) remained >50%, suggesting the 
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selectivity of MCT4 over MCT1 . A further study by Futagi et al. (49) also demonstrated 

that bindarit is a non-competitive inhibitor of MCT4 as indicated by its reduction in Vmax 

for lactate transport without affecting its Km. From this study, it was proposed that 

compounds with an isobutyrate moiety with two aromatic rings may provide selective 

inhibition of MCT4 (49). However, bindarit is also known to inhibit a number of monocyte 

chemoattractant proteins (CCL2) via downregulation of nuclear factor-kappa B (NF-KB) 

pathway by preventing p65 and p65/p50-mediated CCL2 promoter activation (124 ). 

MCT Regulation in Cancers 

The regulation of MCT1-4 function and expression , through short-term, 

transcriptional , and post-transcriptional regulatory mechanisms, as well as due to 

genetic polymorphisms of MCT, have been reported . Gene analysis demonstrated that 

MCT1 and MCT 4 carry multiple splice variants with variable 5' -UTR regions, suggesting 

MCT1 and MCT4 are prone to transcriptional and post-transcriptional regulation (40). 

While there are differences in the regulation of MCTs, the regulation of MCT1 and 

MCT4 have been linked directly and indirectly to the glycolytic and oncogenic pathways 

of cancer progression . 

Short-term regulation 

As described earlier, the functional expression and activity of MCT1 and MCT 4 

are regulated by the ancillary protein , CD147. Studies have revealed that elevated 

CD147 expression alone can drive cancer invasiveness and metastasis through 

stimulating a number of matrix metalloproteinases (MMPs) (key proteins involved in 

extracellular matrix remodeling known to be associated with malignant cancers) (125) 
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and vascular endothelial growth factor (VEGF), via the Pl(3)/Akt pathway (126). CD147-

mediated upregulation of MMPs in neighboring tumor, stromal and endothelial cells 

promotes tumor growth and cell mobility (51 , 125, 126). These studies suggested that 

there are multifunctional effects of CD147 on tumor growth, and that the close 

interactions of CD147 with MCTs may be important in tumor aggressiveness and 

metastasis. In addition to MCT1 and MCT4, the potential of targeting CD147 in cancer 

has been proposed as well. Although there are very few CD147 inhibitors available 

( 127), studies with si RNA demonstrated that silencing CD 14 7 decreases cell 

proliferation and invasion in melanoma, pancreatic and colorectal cancer cell lines ( 128-

130). In vivo CD147 silencing has been reported to inhibit tumor growth (130) . 

However, this finding is controversial , since a recent study demonstrated that CD147 

knockout in the presence of MCT activity did not alter tumor growth in a colon 

adenocarcinoma xenograft model (113). 

Carbonic anhydrases (CA) (a family of enzymes in involved in cellular pH 

balance by catalyzing reversible hydration of CO2 to HCQ3- and H+) can also regulate 

MCT activity (131 ). It has been shown that the transport activity of MCT1 and MCT4 

increased significantly when co-expressed with CAI I and CAIV in Xenopus oocytes 

( 132), due to an interaction of MCT1 and MCT 4 with CAI I, requiring direct binding at the 

C-terminus of the transporters (133) . It was proposed that the interaction of CA with 

MCTs allows for protons to be concentrated near the transporter pore and maintain the 

transport activity of MCT (132). A number of CAs including CAIi has been shown to 

have a role in cancer. For an example, CAIX is a hypoxia-induced mediator highly 

overexpressed in cancers and known to regulate cellular pH . 
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Transcriptional Regulation 

The transcriptional regulation of MCT 4 has been reported to be mediated by 

hypoxia-inducible factor 1-alpha (HIF-1 a), a key transcription factor known to be 

upregulated in solid tumors that are highly hypoxic (134-136). Hypoxia induced 

upregulation of HIF-1a and glycolytic switch has been associated with worse clinical 

outcomes (137). Stimulation of HIF-1 a promotes angiogenesis, metabolic adaptation, 

and metastasis, which enhance the adaptation of tumor to the hypoxic conditions and 

tumor progression (137). Under hypoxia conditions, as mimicked by low oxygen content 

(:51 % ), studies demonstrated significant elevation of mRNA and protein expression of 

MCT4 but not the other MCTs present in various cancer cell lines (134-136). Further 

investigation showed hypoxia-stimulated transcription of MCT4 occurred via binding to 

two hypoxia response elements of HIF-1a on the MCT4 promoter region just upstream 

of transcription start codon which are not present in the MCT1 and MCT2 promoters 

(135) . These data indicate the regulation of MCT4 by HIF-1 a serves as a mechanism by 

which tumor cells respond to the large production of lactate from glycolytic switch to 

prevent apoptosis resulting from intracellular proton accumulation . 

While MCT1 is not regulated by HIF-1 a, a recent study showed that under 

hypoxic conditions, loss of the tumor suppressor protein p53 (a known transcription 

factor involved in cellular integrity) enhanced MCT1 expression and lactate efflux in both 

in vitro and in vivo in p53 knockout models (138). This regulation involved direct 

interaction of p53 with the MCT1 promoter and led to MCT1 mRNA stabilization via the 

NF-KB pathway (138). Recent studies also provided evidence, that independent of its 

transport activity, MCT1 can activate NF-KB (93, 116, 139). 
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MCT1 can also be regulated by MYC (an oncoprotein known to induce genes 

involved in glycolysis in cancer, including lactate dehydrogenase-A that generates 

lactate) (140). It was reported that the elevated expression of MCT1 correlated with the 

presence of MYC driven malignancies in various cancers (141 ). Further evaluation 

showed that MCT1 is a MYC transcriptional target (141 ). MYC knockdown in breast 

cancer cells decreased cell proliferation and reduced MCT1 expression , but not the 

expression of MCT2 and MCT 4, suggesting that MYC regulation is specific to MCT1 

(141). 

Post-transcriptional Regulation 

Currently, very little is known about the post-transcriptional regulation of MCTs. 

Computational analysis and reporter assays demonstrated that MCT1 is one of the 

direct targets of miR-124 (noncoding RNA molecules that play a critical role in post

transcriptional regulation of a number of genes involved in biological processes via 

translational inhibition or mRNA degradation) in medulloblastoma cells (142) . 

Transfection of miR-124 into medulloblastoma cells significantly decreased MCT1 

protein expression and cell proliferation (142). Further analysis of human 

medulloblastoma tumors revealed significant down-regulation of miR-124 and elevation 

of MCT1 mRNA in 90% of tumors examined (142), suggesting miR-124-mediated 

regulation of MCT1 may contribute to the malignant behavior in medulloblastoma. 

Genetic Polymorphism 

Few studies have examined the genetic variability of MCTs. MCT1 

polymorphisms (A1470T or rs 1049434) has been shown to be associated with the 

endurance status of athletes and blood lactate level after intensive exercise (143). 
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Interestingly, recent studies showed single nucleotide polymorphism (SNPs) of MCT1 

(including A 1470T) and MCT2 genes are significantly associated with poor overall 

survival in patients with colorectal and NSCLC cancers (144, 145). Patients with MCT1 

SNPs had 2-fold increased risk of recurrence compared with patients that lack the 

polymorphism in colorectal cancer (144). These data suggest the MCT1 and MCT2 

SNPs may have clinical importance in predicting clinical outcomes of cancer patients. 
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Conclusions 

The proton-linked lactate transport proteins, MCT1 and MCT have been identified 

as mediators of tumor development, with reports of MCT1 and/or MCT 4 overexpression 

correlating significantly with poor prognosis and survival in various types of human 

cancer (50, 146). In addition , MCT inhibition and silencing resulted in decreased tumor 

growth in different cancer xenograft models (7, 99, 116-119, 147), suggesting the 

potential of MCT1 and MCT4 as therapeutic targets in cancer. Importantly, there is 

currently a first-in-class and first-in-human MCT1 inhibitor, AZD3965 under investigation 

in a clinical trial in the United Kingdom for treatment of advanced solid tumors and 

lymphomas. Further studies are required to understand the role of MCTs and to assess 

the therapeutic potential of MCT1/4 inhibition in cancer. 
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Fig. 1. Overview of metabolic pathways in cancer cells: The glycolytic phenotype of 

cancer often involves in elevation of HIF-1a and cMyc and inactivation of p53. HIF-1a is 

induced by hypoxia, oncogenes (e.g. Ras, Pl3K-Akt, and Her) and tumor suppressors 

(e.g. p53, pVHL, and PTEN). The downstream effect of HIF-1 a includes activation of 

GLUT1 , HK2, PFK1 , PKM2, LDHa, CAIX, and MCT4 and inhibition of PDH . Inactivation 

of p53, a tumor suppressor, removes its inhibitory effect on PFK1 and PKM2. Activation 

of Myc further increases the activity of HK2, PFK1 , PKM2, LDHa and ASCT2 . The shift 

toward glycolysis from oxidative metabolism leads to increased intracellular lactic acid 

production . To prevent acidosis and apoptosis MCTs, NHE1 , CAIX and AE1 are 

activated to efflux protons out of the cells, thereby creating an acidic tumor 

microenvironment. In this case, MCTs are mainly involved in the direct export of lactate 

along with proton out of the cells . The increased in the lactic acid production along with 

hypoxic tumor microenvironment makes cancer cells more susceptible to invasion , 

metastasis, angiogenesis, chemo/radio resistance, and immunosuppression. 

HIF: hypoxia inducible factor, Myc: v-myc myelocytomatosis viral oncogene homolog, 

p53: tumor protein p53, Ras: rat sarcoma viral homolog, Pl3K: phosphoinositide 3-

kinase, Akt: v-akt murine thymoma viral oncogene, Her: human epidermal growth factor 

receptor, pVHL: van Hippel-Lindau tumor suppressor, PTEN: phosphatase and tensin 

homolog, GLUT: glucose transporter, HK2: hexokinase-2, PFK1: 6-phosphofructose-1-

kinase, PKM2: pyruvate kinase muscle-2, LOH : lactate dehydrogenase, CA: carbonic 

anhydrase, MCT: monocarboxylate transporter, PDH : pyruvate dehydrogenase, ASCT2: 

glutamine transporter, NHE1 : Na+/H+ exchanger 1, AE1 : anion exchanger 1. 
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Fig. 2. Schematic representation of MCT inhibition in cancer cells. 7 ACC: 7-

aminocarboxycoumarins; CHC: a-cyano-4-hydroxycinnamate. 
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Table 1. Protein expression of MCTs and CD147 in various types of human cancer. 

Tumor type 

Colo rectal 
Carcinoma 

Gastric 
Cancer 

Glioblastoma 

Breast 
cancer 

Lung cancer 

Cervical 
Carcinoma 

Ovarian 
Cancer 

MCT1 

,I,. membrane (55, 56) 

t membrane (57, 58) 

( +) membrane and 
cytoplasm (59) 

t membrane (61, 63) 

t cytoplasm (62) 

t membrane and 
cytoplasm (41 , 43) 

t membrane of 
carcinoma and 
adenocarcinomas 
cells (67) 

increased with more 
invasive form of 
tumor (70) 

High staining (mostly 
cytoplasmic) in 
epithelial ovarian 
primary and 
metastatic tumors 
(>80%) but not in 

MCT2 

,I,. membrane (57, 
58) 

t cytoplasm (57, 58) 

t cytoplasm (62) 

(+) Cytoplasm (41 , 
43) 

(+) membrane of 
carcinoma and 
adenocarcinomas 
cells and weak 
expression in 
stromal cells (67) 

No progressive 
change from less to 
more invasive form 
of tumor (70) 

High frequency of 
cytoplasmic 
expression of MCT2 
in ovarian carcinoma 
(41) 

MCT4 

t membrane (58) 

(+) membrane (57) 

,I,. membrane (59) 

t membrane and 
cytoplasm (63) 

- , cytoplasm (62 
(+) membrane and t 
cytoplasm (43) 

t membrane of TNBC (66) 

(+) membrane of 
carcinoma and 
adenocarcinomas cells 
and weak expression in 
stromal cells (67) 

-I, membrane of NSCLC 

~ 
increased (plasma 
membrane staining) with 
more invasive form of 
tumor (70) 

High staining (mostly 
cytoplasmic) in epithelial 
ovarian primary and 
metastatic tumors (>80%) 
but not in normal tissues 
(73) 

CD147 

(+) membrane (59) 

t membrane (63) 

t membrane and 
significantly associated 
with MCT1 and MCT4 
expression (41 , 43) 

(+) significantly 
associated with MCTs 
expression (41) 

(+) membrane (71 , 72) 

Highly associated with 
overexpression of 
membrane MCT1 and 
MCT4 iZ.12 
High staining in epithelial 
ovarian primary and 
metastatic tumors 
(>80%) but not in normal 
tissues (73) 

Clinical prognosis/references 

(:j:) MCT1 is associated with vascular invasion (58) 

(:j:) MCT1/CD147 coexpression was associated with 
advanced gastric carcinoma and poor clinic
pathological parameters as well as lymph-node 
metastasis (59 

(:j:) MCT1/CD147 is associated with poor prognostic 
variables such as basal-like phenotype and high grade 
tumors (41 , 43) 

(:j:) High tumoral MCT4 staining is a negative 
independent prognostic factor for metastasis-free 
survival and overall-survival in TNBC (66) 

(:j:) Low MCT1 and high MCT4 tumor cell staining is a 
poor prognostic factor in NSCLC (69) 

High MCT1 staining in the stroma is an independent 
negative prognostic factor in NSCLC (69) 

High GLUT1 and MCT4 expression were associated 
with adenocarcinoma aggressiveness (68) 

(:j:) MCT1/CD147 co-expression is associated with 
lymph-node and/or distant metastases of cervical 
adenocarcinomas (71) 

(:j:) MCT4 and CAIX and GLUT1 present in cervical 
carcinomas (72) 
(:j:) MCT1/MCT4 associated with tumor grades, clinical 
stage, residual tumor and ascites but no differences in 
histological type (73) 

The expression of MCT1/MCT4 associated with the 
expression of MDR1 and MRP2 (73) 
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Prostate 
Cancer 

Liver 
Carcinoma 

Pancreatic 
Cancer 

Renal 
carcinoma 
Urothelial 
carcinoma 

Multiple 
myeloma 
(MM) 
Soft tissue 
sarcoma 
(STS) 

normal tissues (73) 

High staining (mostly 
cytoplasmic) in tumor 
samples but not in 
normal tissues (75) 

-!- tumor samples as 
compared to normal 
tissues (76 
t membrane (78) 

t membrane (84) 

( +) only in tumor 
epithelial 
compartment (83 
t membrane (85) 

t membrane (86) 

( +) cultured bone 
marrow obtained 
from MM patients (87) 
t membrane (88) 

Highly associated with 
Low or no expression overexpression of MCT1 
detected (41 , 74) and MCT4 (73) 

t cytoplasm (76) High staining (mostly High staining in tumor (:j:) Coexpression of MCT4 and MDR1 correlated with 
cytoplasmic) in tumor samples but not in prostate cancer drug resistance and progression (75) 
samples but not in normal normal tissues (75, 76) 
tissues (75) (:j:) CD147 and MCT4 overexpression correlated with 

significantly associated higher PSA level, Gleason score, pT stage and 
t cytoplasm (76) with MCT1, MCT4 and recurrence (76) 

MDR1 expression (75) 

t cytoplasm ; t membrane from less to t membrane (78) (:j:) MCT4 correlated with Ki67 expression (78) 
-!- membrane (78) more invasive form of 

tumor (78) High MCT4 expression was more frequent 
in higher histological grades (78) 

MCT4 expression is as independent prognostic factor 
for disease-free and overall survival (.Zfil 

t membrane (84) Tumor with high expression MCT4 significantly 
correlated with poor survival (83) 

High expression in tumor 
but not on stroma (83) 

t membrane (85) t membrane (85) (:j:) MCT1/CD147 overexpression associated with 
clinicopathological parameters but not with MCT4 (85) 

t membrane (86) t membrane (86) (:j:) High level of MCT1/CD147 associated with poor 
prognostic variables (86) 

Multivariate analyses revealed high MCT1/4 expression 
was an independent prognostic factor for poor overall 
and recurrence-free survival (86) 

(+) cultured bone marrow 
obtained from MM 
patients (87) 

t cytoplasm (88) t membrane (88) t membrane (88) (:j:) Plasma membrane MCT1/4 associated with poor 
prognostic variables e.g. high tumor grade, disease 

significantly associated progression and shorter survival) (88) 
with MCT1 and MCT4 
expression (88 

t elevated/significantly increased as compared to normal epithelium 

.J.. decreased/significantly decreased as compared to normal epithelium 
( +) present but not elevated 

(-) no expression/non-detectable was noted 
f significant correlation/ between 
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Table 2. The effect of in vitro and in vivo MCT inhibition in different cancer models 

Potency
Compounds Chemical structure Specificity In vitro/In vivo Studies range 

-!- Intracellular pH in an ex vivo DB-1 human melanoma xenograft (89) 

t Radiosensitivity of gliomas cells pretreated with CHG (95) 
-!- Invasion of glioma cells and in the brain of tumor bearing rat via inhibition of lactate efflux (90) 

-!- U251 tumor size and the number of blood vessels formed in chicken CAM assay (63) 

0 

t Cell death and -!- tumor growth in colorectal and cervix carcinoma xenograft models (91 , 92)CHC ~ OH MCT 1, 2, 4 LowmM 
HO 

5-fluorouracil cytotoxicity was potentiated by lactate transport inhibition in colorectal cells (92) 

-!- Tumor proliferation, migration and invasion in breast cancer cell lines (94) 

-!- Cell proliferation and tumor growth in vitro and in vivo including in an orthotropic model of 
osteosarcoma. MCT1 inhibition by CHG enhanced adriamycin efficacy against osteosarcoma in 
vivo (93) 

-!- Tumor invasion in lung cancer cells (99) 

OH 0 

-!- Tumor proliferation, migration and invasion in breast cancer cell lines (94) 
Quercetin MCT 1, 2 µMHO~ O~ OH 

-!- Cell viability, disrupted the glycolytic phenotype and enhanced cell death. 5-fluorouracil 
OH 

cytotoxicity was potentiated by lactate transport inhibition in colorectal cells (92) 

t Intracellular pH and -!- cell viability in neuroblastoma cells (64) 
0 

(r}OH -!- Tumor proliferation, migration and invasion in breast cancer cell lines (94)
NLonidamine MCT 1,2, 4 µM 

N'-----0--CI t Tumor acidification and -!- tumor growth in human melanoma, breast, prostate and ovarian 
Cl cancer xenograft (104, 105) 
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Currently in phase I clinical study in UK for solid tumors and lymphomas 

AZD3965 ,., N 

F 

MCT 1,2 LownM 
-!- Tumor proliferation and t intra-tumor lactate cone. in SCLC xenograft mouse model (117) 

0 -!- Tumor growth in SCLC, Raji lymphoma, diffuse large B-cell lymphoma, Burkitt's lymphoma and 
breast cancer xenograft models (7, 116-119) 

~ 1/~NH 

AR-C155858 0-:,,.,-~SI I A MCT 1, 2 LownM 
-!- Lactate export, glycolysis and tumor growth in Ras-transformed fibroblast cells and xenograft 
model (113) 

,., N O O NO)_.OH 

Coumarin 
Derivatives 
(e.g. 7ACC) 

( 
( N'(YOY O 

~ OH 

0

HOD O 
MCT1, LownM 

-!- Lactate uptake in SiHa human cervix carcinomas cells (38) 

Exhibited antitumor activity through inhibiting lactate transport in various cancer cell lines (39) 

Statins 
(e.g. 

simvastatin) ~1 ~ ( ~ 
,Cl),,.. 

MCT4 µM Simvastatin -!- lung cancer cell viability and invasion (99) 

Bindarit 

0
;-(1,,-'t-" ,_:J) MCT4 µM 

0 
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The large production of lactic acid, produced from the elevated rate of glycolysis 

in cancer requires monocarboxylate transporters (MCT) for effluxing L-lactate from 

cancer cells and maintaining cell growth . MCTs are part of the solute carrier SLC 16A 

family comprised of fourteen members. Only MCT1 through 4 are involved in proton

facilitated transport of monocarboxylates and play pivotal roles in cellular metabolism. 

The rapid efflux of lactic acid from cancer cells by MCT is an essential mechanism for 

the growth of cancer as the transport of lactate along with protons prevent apoptosis 

and acidosis and maintains the glycolytic rate . The lactate transporter MCT1 represents 

a potential therapeutic target in cancer and currently there is an ongoing Phase I clinical 

study of a potent and selective MCT1 inhibitor, AZD3965, in the UK for patients with 

advanced solid tumors and lymphomas (NCT01791595). Clinical evidence supports the 

potential therapeutic target of MCT1 in TNBC, an aggressive and deadly form of breast 

cancer that lacks a promising targeted therapy. Although reduced tumor growth 

following inhibition of MCT has been demonstrated in various types of human cancer 

xenograft models, the therapeutic potential of inhibiting MCT1 in TNBC has not been 

investigated. 

Through in vitro characterization of a panel of human and murine TNBC cell lines 

we identified 4T1 and HCC1937 cell lines as relevant TNBC cell lines for the study of 

the effects of MCT inhibition . Characterization of the human TNBC cell lines 

demonstrated presence of protein and mRNA expression of MCT1 , MCT4 and CD147 

at varying levels. The murine 4T1 breast tumor cell line demonstrated characteristics of 

TNBC and expression of only MCT1 and CD147 on the plasma membrane. We 

evaluated the effect of six MCT inhibitors of different chemical classes and selectivity in 
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HCC1937 and 4T1 cell lines. a-cyano-4-hydroxycinnamic acid (CHC), quercetin , 

atorvastatin , lonidamine, AR-C155858 and AZD3965 demonstrated inhibition of L

lactate uptake with ICso values ranging from micromolar to low nanomolar 

concentrations in HCC1937 and 4T1 cells . Quercetin , lonidamine and atorvastatin 

showed greater MCT4 selectivity over MCT1. Of all the inhibitors evaluated , AR

C155858 and AZD3965 potently inhibited cell growth in HCC1937 and 4T1 cells, which 

also directly translated to the potency obtained from the cellular L-lactate uptake 

studies. 

Murine 4T1 breast tumor is an animal model for stage IV human breast cancer 

and it represents one of the few preclinical breast cancer models available that closely 

mimics the metastatic phenotype of human breast cancer with similar TNBC 

characteristics . Our studies indicated that the 4T1 cell line demonstrated protein 

expression of MCT1 and CD147 and the absence of MCT4. In vitro characterization of 

AR-C155858 and AZD3965 were evaluated in 4T1 breast tumor cells . AR-C155858 

and AZD3965 treatments significantly increased intracellular lactate concentrations and 

decreased cellular proliferation . To better understand the mechanism of inhibition and 

mode of action , the inhibition of L-lactate uptake by AR-C155858 and AZD3965 was 

characterized , demonstrating prolonged and slowly reversible inhibition , with AZD3965 

reversal being more prolonged than AR-C155858. Our study revealed for the first time 

that the uptake of AR-C155858 in 4T1 cells was saturable and can be inhibited by the 

MCT inhibitor CHC, suggesting AR-C155858 may be a substrate for MCT1 present in 

4T1 cells . In contrast, AZD3965 demonstrated passive diffusion , which is consistent 

with its greater lipophilicity than AR-C 155858. These studies provided new insight into 
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MCT1 inhibition by the novel and first-in-class MCT1 inhibitors AR-C 155858 and 

AZD3965. 

To further confirm our in vitro findings, we evaluated the in vivo effect of AR

C155858, AZD3965 and CHC in the 4T1 breast tumor model. Interestingly, although in 

vitro efficacy of CHC demonstrated inhibition of cellular L-lactate uptake and cell growth, 

in vivo CHC (given at 200 mg/kg i.p. once daily when tumor size reached 100 mm3) was 

ineffective. This lack of efficacy seen in vivo could be due to the low potency of CHC. 

Additionally, in contrast to our in vitro results, AR-C155858 (given at 10 mg/kg i.p. once 

daily one day post tumor cells inoculation) was ineffective in decreasing 4T1 breast 

tumor growth. Since AZD3965, a potent and selective inhibitor of MCT1 is being 

investigated clinically in a Phase 1/11 study and it is orally bioavailable, we also 

investigated the effect of AZD3965 treatment in vivo . AZD3965 administered i.p at 100 

mg/kg twice-daily was well tolerated and significantly decreased tumor volume and Ki67 

(a proliferative biomarker) expression and increased intra-tumor lactate concentration . 

However, there was minimal efficacy as indicated by the lack of reduction in tumor 

weight and very interestingly, increased number of lung metastases. AZD3965 

treatment significantly reduced the blood leukocyte count and spleen weight, while CHC 

did not, indicating the immunosuppressive activity of AZD3965. 

To rule out a lack of efficacy due to low tumor concentrations of AR-C155858 

and AZD3965, plasma and tumor drug concentrations were determined . An LCMSMS 

assay was developed for AR-C155858 and AZD3965 and validated in plasma and 

tumor tissue. Our assays revealed that AR-C155858 and AZD3965 were present at 

high concentration in the tumor compared to the in vitro effective concentration . Both 
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AR-C155858 and AZD3965 exhibited extensive tumor accumulation and uptake. Our 

results also indicated that the dosing regimens of AR-C155858 and AZD3965 used in 

our current tumor study were expected to be effective. While AR-C155858, AZD3965 

and CHC have been shown to reduce tumor growth in tumor xenografts of 

immunocompromised mice, these inhibitors were ineffective in our 4T1 tumor model. 

From these studies, we concluded that the effects of AZD3965 on immune function and 

the changes in the target and tumor MCT 4 expression over time represented potential 

mechanisms responsible for developing resistance toward AZD3965 treatment, which 

needed further investigation. Additionally, although tumor AR-C155858 and AZD3965 

concentrations were high compared to in vitro ICso values, it is possible that even higher 

tumor concentrations are needed to inhibit lactate efflux and tumor growth in vivo. 

Although AZD3965 is currently being studied clinically for the treatment of solid 

tumors and lymphomas, the pharmacokinetics of AZD3965 has not been investigated. 

Our pharmacokinetic study in mice revealed that AZD3965 exhibits rapid oral 

absorption , nearly complete oral bioavailability, nonlinear PK and potential 

enterohepatic recycling . A two-compartment mammillary model with Michaelis-Menten 

elimination and enterohepatic recirculation components best described the AZD3965 

PK profiles following intravenous and oral administration . The large volume of 

distribution of AZD3965 agreed with the extensive accumulation and uptake of 

AZD3965 in our tumor study. Further assessment suggested that the nonlinear kinetic 

behavior of AZD3965 may be target-mediated . A simulation study to determine the 

physicochemical and absorption , distribution , metabolism and elimination (ADME) 

properties of AZD3965 revealed a log P of 1.78, pKa of 9.95, and fraction unbound in 

304 



plasma (fup) of 0.217 and 0.0622 in rat and human, respectively. Our simulation also 

predicted AZD3965 to be a potential substrate for the ABC transporter p-glycoprotein , 

and the metabolizing enzymes CYP3A4 and UGT2B7. Our simulation results agreed 

well with our observed pharmacokinetic properties of AZD3965. The PK information 

obtained from this study will enable further studies to assess the therapeutic potential of 

AZD3965 in preclinical cancer xenograft models. 

In summary, this dissertation assesses the therapeutic potential of MCT1 

inhibition as a targeted therapy strategy for the treatment of TNBC. Our in vitro 

characterization demonstrated that the murine 4T1 breast tumor cell line (expresses 

only MCT1) is a relevant TNBC model to study the immunosuppressive and 

chemotherapeutic properties of AR-C155858 and AZD3965. We found that AR

C155858 and AZD3965 potently inhibited cellular L-lactate uptake and cell growth and 

their inhibition were slowly reversible. In contrast to AZD3965, ARC-155858 

demonstrated saturable uptake and the uptake was inhibited by CHC in the 4T1 cells 

suggesting AR-C155858 may be a substrate for MCT1 . The effectiveness of MCT1 

inhibition in vitro by AR-C155858, AZD3965 and CHC did not translate to reduction of 

tumor growth in the murine 4T1 breast tumor model. Our concentration-effect 

relationships revealed that AR-C155858 and AZD3965 were present at very high 

concentrations in the tumor relative to their in vitro ICsos. Although previous publications 

have reported effectiveness of these inhibitors in decreasing tumor growth in 

immunocompromised mice in varying cancers, the significance of our current results 

revealed the need to consider the efficacy in an immunocompetent mouse model and 

alterations in target expression (i .e. changing expression of MCT1 ), as well as MCT4 
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expression as potential mechanisms involved in the lack of in vivo efficacy. The findings 

of this thesis dissertation provide novel information regarding the mechanism of action 

and efficacy of the first-in-class MCT1 inhibitors AZD3965 and AR-C155858. 
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APPENDIX ONE 

The Role of Transporters in Drug Delivery and Excretion 

This book chapter review was written as published in Drug Delivery Principles and 

Applications (pp.62-102). 2th edition ed .; Binghe Wang, Longqin Hu and Teruna J. 

Siahaan . Ed. John Wiley & Sons, Inc., Hoboken, NJ 07030 

With contributing authors: Marilyn E. Morris and Xiaowen Guan 
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1. Introduction 

Therapeutic agents or other xenobiotic compounds can exert their 

pharmacological or toxicological activities only when sufficient concentrations of the 

compounds are present at the site of action and upon binding to the targeted receptors 

or enzymes. Therefore, the ability of drug molecules to cross biological membranes 

represents an important determinant of drug absorption , distribution , metabolism, 

elimination and ultimately, their therapeutic or toxic effects. It is known that the complex 

biological membrane system is not pure lipid bilayers, but lipid bilayers embedded with 

numerous proteins, including transporters . The fundamental role of transporters is to 

maintain the cellular homeostasis and to provide physiological function for movement of 

endogenous substances, such as amino acids, glucose and hormones; however, many 

of these transporters are also involved in transporting therapeutic agents. Thus, for a 

large number of drug molecules, their ability to pass through biological membranes is 

not solely determined by their physiochemical parameters such as lipophilicity, but also 

governed by drug transporter activities. 

Drug transporters are classified into two families, namely the ABC (ATP-binding 

cassette) and SLC (solute carrier) families . As the name implies, ABC transporters are 

primary active transporters that utilize ATP as the source of energy. ABC transporters 

are efflux transporters that transport substrates out of the cell. Members of ABC family 

that are important in drug excretion include P-glycoprotein (P-gp ), multidrug resistance

associated proteins (MRPs) and breast cancer resistant protein (BCRP). In addition , 

these ABC transporters are also known to transport a number of clinically important 

anticancer agents thereby limiting intracellular accumulation of these drugs and 
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resulting in inefficient tumor cell killing , a phenomenon known as multidrug resistance 

(MOR) that is attributed to overexpression of these transporters on tumor cells. 1-4 In 

contrast SLC transporter families are secondary active transporters that use the 

concentration gradient of a co-substrate such as protons or sodium ions to drive their 

transport. SLC transporters are mostly influx transporters that transport substrates from 

the extracellular lumen into the cell ; exceptions to this are monocarboxylate transporters 

(MCTs) 1 and 4 and multidrug and toxin extrusion (MATE) transporters that can function 

as efflux transporters. 

Localization of drug transporters in particular organs and tissues, and in 

polarized membrane domains (apical versus basolateral membrane) govern their 

functional role in the absorption , intestinal , hepatobiliary and renal excretion , and tissue 

distribution of a variety of endogenous and exogenous compounds. 5 The expression of 

drug transporters in the luminal membrane of the blood-brain barrier, blood-testis barrier 

and placenta suggest central roles of these transporters in regulating the entry of 

potentially harmful compounds into these tissues. 5 Considering the impact of drug 

transporters on drug disposition and the wide substrate specificity of many drug 

transporters, adverse drug interactions due to inhibition or induction of drug transporters 

by co-administered drugs, ingested dietary or environmental compounds could be 

expected , and has been reported in a number of animal and clinical studies.6 On the 

other hand, these transporter-based interactions may also result in a beneficial outcome 

and improvement of therapeutic efficacy of a particular drug of interest. For instance, 

the poor bioavailability of some anticancer agents could be improved by inhibiting 

intestinal P-gp or other efflux transporters and transporters can therefore be targeted as 
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a drug delivery mechanism. To appreciate the importance of the transporters in drug 

delivery and excretion , an understanding of the molecular and functional characteristics 

of drug transporters, such as their tissue distribution and the impact of transporters on 

drug disposition , is essential and therefore will be the focus of the present review. 

2. Drug Transport in absorption and excretion. 

2.1. Intestinal transport 

For orally administered drugs, the U.S. Food and Drug Administration (FDA) has 

incorporated the Biopharmaceutics Classification System (BCS)7 in which solubility and 

permeability are used as determining factors for oral absorption . These factors will 

highly impact the influence of transporter-mediated absorption since highly permeable 

drugs will predominantly undergo passive diffusion in the intestine, and solubility will 

determine drug concentrations and the potential saturation of drug transporters at high 

drug concentrations. However, other factors including transporter expression and 

capacity, as well as substrate specificity of the drug need to be considered . For those 

compounds with low permeability, uptake transporters will be important for their 

intestinal absorption (Classes 3 and 4) while for compounds with low solubility and 

therefore present at lower membrane or intracellular concentrations, efflux transporters 

may be important. On the other hand, for those compounds with high permeability and 

high solubility, transporter-mediated absorption is likely not important since these 

compounds will be taken up into enterocytes by passive absorption and intracellular 

concentrations will be high, likely resulting in saturation of efflux transporters . High drug 
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concentrations will result in saturation of influx transporters resulting in reduced 

bioavailability whereas saturation of efflux transporters can enhance the extent of drug 

absorption .6 As a modification of BCS, Wu and Benet have proposed the 

Biopharmaceutics Drug Disposition Classification System (BDDCS)8 to include both 

transporter and metabolism effects on the overall bioavailability of drugs. 

Various members of both families of drug transporters, ABC and SLC 

transporters are expressed throughout the intestinal tract (Figure 1A). Although mRNA 

expression of numerous transporters has been identified in the gastrointestinal tract, 

only a few transporters have been found to play a crucial role in intestinal drug 

absorption . One of the reasons for this is that many transporters show overlapping 

substrate specificity, which makes it difficult to attribute the effect of one particular 

intestinal transporter to changes in drug absorption . Additionally, transporter-mediated 

changes in both bioavailability and clearance can occur, both resulting in altered plasma 

concentrations following oral administration of the drug; the contribution of each of these 

processes may not be known unless additional studies after intravenous administration 

of the drug are performed . Nevertheless, the use of probe substrates, specific inhibitors 

and inducers of transporters, transfected cell lines, small interference RNAs (siRNAs) 

and knockout animals, have provided useful tools to assess the effect of a specific 

transporter in vitro and in vivo . 

High expression and transport capacity of the influx transporters peptide 

transporter (PEPT1) and MCT1 have resulted in their use as drug delivery targets in 

order to increase oral drug absorption , which will be discussed later in this review. Efflux 

transporters can limit drug bioavailability, and the interplay between transporters and 
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drug metabolizing enzymes (DMEs) can contribute to another level of complexity with 

first pass metabolism and transporter-mediated efflux in the gut contributing to low oral 

drug bioavailability. 

2.2. Hepatic Transport 

As the major clearance organ in the body, the liver can metabolize drugs or 

excrete the parent drug into the bile . Following the uptake of xenobiotics into 

hepatocytes via the sinusoidal (basolateral) membrane, compounds may undergo 

metabolic modifications, or the parent compound, as well as the formed metabolites, 

may be excreted into the bile across the canalicular membrane or effluxed back into the 

blood via the sinusoidal membrane (Figure 2). The relatively small surface area of the 

canalicular membrane (10-15% of the hepatocyte surface area) in contrast to the 

sinusoidal membrane (at least 70%) and small intra-canalicular fluid volume suggests 

that carrier mediated transport may significantly contribute to the biliary excretion of 

both endogenous and exogenous compounds.9-10 Indeed, many active transporters 

have been identified on the canalicular membrane to mediate this process, 10-12 including 

P-gp, BCRP and MRP2 (Figure 1B). The contribution of P-gp in biliary secretion has 

been demonstrated for several drugs including doxorubicin .13 MRP2 is known for its 

significant role in the biliary excretion of drug conjugates, whereas BCRP is mainly 

involved in biliary excretion of sulfate conjugates as well as some unconjugated drugs. 

Furthermore, since the liver represents the primary site for drug metabolism by Phase I 

and Phase 11 DMEs, uptake of drugs into the hepatocytes is necessary for their access 

to DMEs. For drugs that are hydrophilic, uptake transporters localized on the sinusoidal 
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membrane such as organic anion-transporting polypeptides (OATPs) are important 

determinants in the overall distribution of drugs into the liver (Figure 1 B). However, only 

when the uptake of drugs by transporters is rate-limiting relative to the metabolism will it 

affect the over drug elimination from the liver. The relevance of drug metabolism that is 

limited by uptake transporter has been demonstrated for the OATP1 B1-mediated 

uptake of various statin drugs including pravastatin .14-15 In addition, the effect OATP1 B1 

polymorphisms and OATP1 B1 inhibitors, as observed in several clinical studies, have 

further proven the important role of OATP1B1 on the disposition of statins in the liver.16-

17 Other uptake transporters present on the sinusoidal membrane include MCT1 which 

may be involved in the uptake of L-lactic acid into the liver for gluconeogenesis, 

especially after exercise.18 

2.3. Renal Transport 

The kidneys represent another important site for the elimination of a large number of 

xenobiotic compounds. Renal clearance is a dynamic process involving glomerular 

filtration, transporter-mediated renal tubular secretion and reabsorption and passive 

reabsorption . Unbound small-molecule drugs are filtered at the glomerulus and for a 

lipophilic drug, passive reabsorption from proximal tubule back into the systemic 

circulation will result in minimal renal clearance. On the other hand, if the drug is 

hydrophilic, the filtered drug will be excreted into the urine unless the drug is actively 

reabsorbed back into the systemic circulation by a transporter-mediated mechanism. 

Drugs can also be secreted from the blood into the lumen of the proximal tubules, 

resulting in a renal clearance greater than the glomerular filtration rate. There are two 
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major carrier systems responsible for the renal secretion of drugs: organic anion 

transporters (OATs) and organic cation transporters (OCTs). 19 In addition, several ATP

dependent transporters, including P-gp and MRPs, as well as the SLC transporters from 

the MATE family are present on the brush border membrane and responsible for the 

22efflux of drugs out of proximal tubule cells into the urine20- (Figure 1 C). Other SLC 

transporters present on the brush border membrane are responsible for the active 

reabsorption of endogenous compounds including glucose, amino acids and phosphate, 

as well as drugs including the drug of abuse y-hydroxybutyrate (GHB).23 These 

transporter-mediated processes are saturable leading to nonlinear pharmacokinetics of 

drugs. As well, the most common drug-drug interaction involving renal clearance is due 

to inhibition of active secretion, such as that occurring with penicillin and probenecid .21 

2.4. Blood-brain barrier transport 

The blood-brain barrier (BBB) is comprised of endothelial cells that form tight junctions 

around the capillaries and serves as a protective barrier for the brain against 

xenobiotics or toxins . Transport of essential polar nutrient molecules (e.g . amino acids 

and glucose) into the brain requires uptake transporters . There is considerable interest 

in the targeted delivery of drugs into the brain to treat neuronal diseases and brain 

tumors . One of the prime examples for such a delivery strategy has exploited the L

type amino acid transporter (LAT1) in enhancing levodopa uptake into the brain for 

Parkinson's disease.24-25 Additionally, inhibition of efflux transporters present at the BBB 

(e.g. P-gp and BCRP) has been evaluated as a potential alternative strategy to enhance 
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penetration of drugs (e.g. vinblastine, digoxin, colchicine, paclitaxel and nelfinavir) into 

the brain by decreasing drug efflux.26 

3. ABC (ATP-binding cassette) transporter family 

3.1. P-glycoprotein (ABCB1) 

MDR1, also commonly known as P-glycoprotein (P-gp) has been extensively studied 

since its discovery by Juliano and Ling in 1976 from the plasma membrane of Chinese 

hamster ovary cells .27 The molecular structure of P-gp was predicted to have two 

homologous halves; each consisting of six transmembrane domains, and a hydrophilic 

29nucleotide domain for ATP binding that is located intracellularly. 28- At least three 

proposed mechanisms by which P-gp performs its transport function have been 

hypothesized. These include classical, "hydrophobic vacuum cleaner" and "flippase" 

models. In the classical model, P-gp acts as a pore-forming protein and directly expels 

substrates from the cytoplasm into the extracellular space.22 In contrast, in the 

"hydrophobic vacuum cleaner" and "flippase" models, substrates are removed directly 

from the cell membrane by P-gp before entering the cytoplasm through either direct 

binding to P-gp or binding of substrates in the inner leaflet of the plasma membrane, 

30respectively. 2· 

One of the distinctive features of P-gp is its broad substrate specificity (Table 1 ). P

gp substrates encompass many therapeutically administered drug classes including 

anticancer agents, cardiovascular drugs, HIV protease inhibitors, immunosuppressants, 

antibiotics, steroids and cytokines. P-gp substrates are commonly hydrophobic, 

31positively charged or neutral compounds with a planar structure; 2· however, negatively 
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charged compounds, such as methotrexate and phenytoin , can also serve as substrates 

under certain circumstances. 32-34 The mechanism by which P-gp recognizes such a 

wide range of structurally unrelated chemical entities still remains an enigma, but could 

be partly due to the multiple drug binding sites present in the transmembrane domains 

of the protein and the relative hydrophobicity of substrate in the lipid membrane may 

38 facilitate the transport by P-gp even in the absence of high affinity binding .35- The 

relative lipophilicity of P-gp substrates also suggests that these substrates can passively 

diffuse across membranes and , therefore, transport by P-gp must be efficient to have an 

impact on drug absorption , clearance or tissue distribution.6 In addition , P-gp substrates 

are often substrates of other transporters and DMEs, so that it is difficult to identify 

interactions solely due to P-gp. 

P-gp is found in variety of tissues such as the liver, kidney, gastrointestinal (GI) tract, 

the blood-brain and blood-testis barriers, and the adrenal glands, as well as in MOR 

tumor cells . At the subcellular level , P-gp has been shown to be predominantly located 

on the apical surface of the epithelial (or endothelial) cells with a specific barrier 

function , such as the endothelial cells of the blood capillaries in the brain, the 

canalicular membranes of the hepatocytes, the brush border membranes of renal 

proximal tubules, and the luminal membrane of the enterocytes in the colon and 

jejunum. 39-41 The polarized expression of P-gp in the excretory organs (liver, kidney and 

intestine) and blood-tissue barriers, together with its ability to transport a wide variety of 

chemicals, indicates that P-gp may play an important role in protecting the body or 

certain tissues (such as brain and testis) from the insult of ingested toxins and toxic 

metabolites, by actively excreting these toxic agents into bile, urine and intestine, or by 
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restricting their entry into the brain and other pharmacological sanctuaries. P-gp is also 

present in placental trophoblasts, from the first trimester of pregnancy to full term, 

indicating it may be also involved in the protection of the developing fetus .2 

A wide range of P-gp inhibitors that are as chemically diverse as the substrates, 

have also been identified (Table 1 ). Interestingly, a number of pharmaceutical excipients 

(e.g., cremophor EL, Tween 80, and polyethylene glycols)42-43 and dietary compounds 

in a variety of natural products (e.g., flavonoids,44-47 curcumin48 and piperine49 ) have 

been also shown to inhibit P-gp. The potential applications of P-gp inhibitors in 

enhancing oral bioavailability, drug delivery to the brain and restoring MOR (a 

phenomenon resulting from overexpression of the efflux transporters in tumor cells) 

related tumor responsiveness to chemotherapeutic agents have been extensively 

studied both in vitro and in vivo . Many P-gp inhibitors have undergone clinical testing for 

their ability to restore tumor responsiveness to chemotherapeutic agents; however, the 

toxicities associated with the high concentrations of these inhibitors required for 

significant P-gp inhibition have prevented their clinical use. The newly-developed 

second and third generations of P-gp inhibitors such as PSC83350, GF12091851 , 

L Y33597952 and XR957653 have very high potency and low toxicity, and clinical trials 

57using these agents as chemosensitizers have produced some promising results . 54-

Development of Mdr1 knockout rodent models has provided convincing evidence 

concerning the functional role of P-gp in drug disposition . Significant P-gp-mediated 

effects on absorption and intestinal excretion have also been observed in a number of 

studies. Using Mdr1 knockout mouse models, the importance of P-gp in the 

bioavailability of a number of orally administered drugs including paclitaxel 58 , digoxin59, 
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grepafloxacin60, vinblastine13 and HIV protease inhibitors61 have been demonstrated. 

The clinical relevance of these observations in animal studies has been demonstrated in 

several human studies (e.g. talinolol , a ~1-adrenergic receptor blocker62 and digoxin63). 

Following intravenous (i .v.) administration , the intestinal secretion of talinolol was shown 

to occur against a concentration gradient (5.5 (lumen): 1 (blood)), indicating the 

involvement of an active process. In addition , the secretion rate of talinolol in the 

presence of a simultaneous intraluminal perfusion of R-verapamil, a known P

glycoprotein inhibitor, dropped to 29-59% of the values obtained in the absence of R

verapamil62. Similar results have also been obtained for digoxin with concomitant oral 

administration of clarithromycin63 . With P-gp induction due to the administration of 

rifampin , intestinal secretion of talinolol was also increased significantly in human 

subjects, and the increased secretion correlated with a 4.2-fold increase in intestinal P

gp expression64. Together these results suggest the significance of P-gp in oral drug 

bioavailability. 

The presence of P-gp on the canalicular membrane of hepatocytes suggests a 

role in the biliary excretion of drugs. The administration of P-gp inhibitors, cyclosporin A 

or its analogue PSC833, resulted in a decrease in the biliary excretion of both colchicine 

66and doxorubicin in vivo.65- Inhibition with erythromycin decreased P-gp mediated 

biliary excretion of fexofenadine in an isolated perfused rat liver study.67 In a Mdr1a (-/-) 

knockout mouse model , the biliary excretion of unchanged doxorubicin decreased from 

13.3% of the dose in wild type mice to only 2.4% in knockout mice after a 5 mg/kg i.v. 

dose. 13 However, other studies have failed to find significant effects on P-gp-mediated 

biliary excretion in Mdr1 a (-/-) knockout mice with paclitaxel , digoxin and vinblastine. 
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One possible explanation of these conflicting results is the presence of alternative 

transport processes responsible for the secretion of these substrates into the bile . P-gp 

may act in concert with other transporters in excreting certain substrates into bile, and 

the loss of P-gp function could be compensated by other transport processes under 

certain circumstances. Indeed, it has been shown that Mdr1 b expression in the liver 

and kidney was consistently increased in Mdr1a (-/-) knockout mice compared to the 

wild type animals, indicating that the loss of Mdr1a function could be compensated by 

Mdr1 b protein for their common substrates68 . Other canalicular membrane transporters 

may also exhibit overlapping substrate specificity for certain P-gp substrates. 

Nevertheless, in humans the P-gp inhibitors verapamil and quinidine produced 

significant reduction in the biliary clearance of digoxin , (a non-metabolized P-gp 

substrate), as well as an increase in digoxin plasma concentration , indicating the clinical 

significance of this transporter-mediated interaction . Additionally, in humans, the renal 

clearance of digoxin was decreased by 20% (p < 0.01) by the concomitant use of the P

gp inhibitor, itraconazole. Since digoxin is mainly excreted unchanged into urine, this 

reduction is most likely mediated by the inhibition of P-gp69 . Similarly, the renal 

clearance of quinidine was also decreased by 50% (p < 0.001) by itraconazole in a 

double-blind , randomized crossover study, and inhibition of P-gp is most likely the 

underlying mechanism involved70 . Taken together, these studies demonstrated that P

gp also significantly contributes to the renal excretion of its substrates. 

3.2. Multidrug Resistance-associated Proteins (ABCC) 
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The family of multidrug resistance associated proteins (MRPs), consisting of nine 

members, is another group of ABC transporters involved in drug transport. Among the 

family members, MRP2, in particular plays a role in drug transport while MRPs 1 and 3 

have recently been identified as emerging members of MRPs with clinical importance. 71 

MRPs 1-3 have similar topology, containing a typical ABC core structure of two 

segments with each consisting of six transmembrane domains and an ATP binding 

domain, similar to P-gp, and an extra N-terminal segment of five transmembrane 

domains linked to the core structure through an intracellular loop. 72 

The first member of this family, MRP1 , was cloned in 1992 from the resistant 

77human lung cancer cell line,73 which does not overexpress P-gp.74- Subsequent 

transfection studies demonstrated that overexpression of this 190 KD membrane protein 

is able to confer multidrug resistance against a number of natural product anticancer 

agents such as the anthracyclines, vinca alkaloids and epipodophyllotoxins, by 

extruding these cytotoxic agents from cells and thus lowering their intracellular 

concentrations.78-81 Later on , MRP2 and other members were also identified and 

91characterized to varying extents. 82- MRP3 is the most closely related member to 

MRP1 with 58% amino acid identity, followed by MRP2 (49%).92 Substrates of MRP1 

include amphiphilic anions, preferentially lipophilic compounds conjugated with 

glutathione (e.g., leukotriene C4, dinitrophenylglutathione), glucuronide (e.g., bilirubin , 

17~-estradiol), or sulfate.93 Some unconjugated amphiphilic anions such as 

methotrexate and Fluo-3, a penta-anionic fluorescent dye, can also be transported by 

MRP1 in unchanged form .94-95 In addition to the anionic compounds, MRP1 can also 

transport unconjugated amphiphilic cations or neutral compounds, such as 
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anthracyclines, etoposide and vinca alkaloids but requires reduced glutathione (GSH) 

as a co-transporting substrate,96-99 one of the distinctive property of MRP1-3-mediated 

transport. Both MRP2 and MRP3 share similar substrate specificity with MRP1 . They 

can also transport conjugates of lipophilic substances with glutathione, glucuronide and 

sulfate such as glutathione S-conjugate leukotriene C4, bilirubin glucuronide and 

anticancer agents such as methotrexate, vincristine and etoposide.93 However, the 

substrate specificity of these three MRP isoforms is not identical , and for their common 

substrates, the transporting efficiency by these isoforms varies substantially;93 there are 

also substrates that can be recognized by one isoform but not the others. 

MRP1 is ubiquitously expressed throughout the body and its distribution is solely 

confined to the basolateral membranes with low expression in the liver.72• 100-101 It is has 

been well established that the involvement of MRP1 in transporting many exogenous 

and endogenous toxic compounds is important for its protective role in preventing 

tissues or organ exposure to these toxins such as proinflammatory cysteinyl leukotriene 

C4 (LTC4). 102 MRP1 is also known for its cellular defense against oxidative stress by 

extruding oxidized glutathione (GSSG) out of the cells. 103 Interestingly, although GSH is 

a co-substrate for MRPs 1-3 and it also has been demonstrated to plays an important 

role in modulating MRP1-mediated transport.103 Drugs such as verapamil and many of 

the dietary flavonoids have been shown to act as modulators for stimulating MRP1-

104-105mediated GSH transport via increase in the apparent affinity of MRP1 . 

Furthermore depletion of intracellular GSH by buthionine sulfoximine (BSO), an inhibitor 

of GSH synthesis, can increase the intracellular accumulation of many anticancer 

agents in MRP1 overexpressing cells, 106-107 suggesting that alteration of intracellular 
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GSH concentration may be one of the reasons for MRP1-mediated MOR. In addition to 

its role in transport, recent studies have also suggested involvement of MRP1 in 

modulating the biological activities of its endogenous toxins, mainly lipid metabolites 

such as LTC4, via altering the expression of other proinflammatory molecules leading to 

reduced inflammatory responses as observed in Mrp1 knockout mice.102, 108 Despite the 

physiological role of MRP1 , it has been reported that mice with disrupted Mrp1 (Mrp1 (

/-)) are viable, fertile and have no physiological or histological abnormalities, indicating 

that Mrp1 may be not essential for normal mouse physiology and that these mice are a 

useful model for studying Mrp1-mediated effects. 

The expression of MRP1 found in cells of blood-tissue barriers such as choroid 

blood-CSF barrier in the basolateral membrane of the choroid plexus suggests its role in 

protecting some tissues or organs from exposure to toxic substances. Indeed, 

numerous studies in Mrp1 (-/-) knockout mice have demonstrated that Mrp1 (-/-) 

knockout significantly increases sensitivity to a cytotoxic agent etoposide with increased 

bone marrow toxicity109 and increased CSF exposure110 . A similar observation has also 

been reported with a therapeutic dose of vincristine, which normally does not exhibit 

bone marrow toxicity and gastrointestinal damage, causing extensive damage to these 

tissues in both Mrp1 (-/-) and Mdr1 a/1 b (-/-) knockout mice, indicating that Mrp1, Mdr1-

type P-gp and probably other related efflux transporters work in concert as detoxifying 

mechanisms to protect tissue from damage induced by toxic agents.111 

Similar to MRP1, both MRP2 and MRP3 have also been shown to confer MOR to 

112several anticancer drugs in vitro. -115 The clinical relevance for MRP1-mediated MOR 

has been a topic of extensive investigation and there is increasing evidence suggesting 
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that overexpression of MRP1 might represent a poor prognostic factor in various 

116 126cancers particularly in neuroblastoma. 102, - . The clinical relevance of MRP2- and 

MRP3-mediated MOR is currently unknown. 

MRP2 is an organic anion transporter and is the only MRP member that is 

localized exclusively on the apical membrane of polarized cells including hepatocytes, 

intestinal epithelial cells and renal proximal tubule cells .127 In addition to sharing similar 

substrate spectrum with MRP1 , MRP2 can also transport many of the phase II drug 

metabolites, which are often conjugated .128 MRP2 deficiency in humans is associated 

with Dubin-Johnson syndrome (DJS), a hereditary disorder characterized by mild 

conjugated hyperbilirubinemia and pigment disposition in the liver due to impairment in 

MRP2-mediated transport .129-132 Two naturally occurring mutant rat strains, GY/TR- and 

EHBR rats from the Wistar and Sprague-Dawley rat colonies, respectively, also lack 

Mrp2 expression and are considered animal models for DJS in humans. 83, 133-135 

Furthermore utilization of these Mrp2 deficient rats has been valuable in the functional 

characterization of MRP2. 

While MRP2 is localized on the brush border membrane of organs, other MRPs, 

including MRP 1, 3, 4, 5 and 6 are present on the basolateral membrane. An exception 

is MRP4, which is present on the basolateral membrane of hepatocytes but on the 

71brush border of renal proximal tubules and brain capillary endothelial cells .21 , 

Currently, there are no selective inhibitors available for MRPs 1-4. MK-571 , a quinolone 

derivative (developed as leukotriene D4 receptor antagonists) represents a widely used 

nonselective inhibitor that targets MRPs 1, 2, 3 and 4; 103 however, it also inhibits 

136OATP1 B1 , 1B3 and 2B1 _ 
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MRP2 is best known for its significant role in the biliary excretion of drug 

glucuronide and sulfate conjugates and divalent bile acids. MRP2 is also involved in 

renal secretion of some drug substrates. Unlike MRP1 , MRP2 shows extensive overlap 

in substrates with P-gp. Studies have shown that MRP2 is involved in the biliary 

excretion of doxorubicin (a substrate for P-gp as well), pravastatin and valsartan which 

further suggests that P-gp and MRP2 collectively are involved in biliary excretion and 

137 139oral drug absorption for many therapeutic agents. 6, - Using Mrp2 deficient rats, it 

has been shown that the AUC (0-6 hour) of 14C-temocapril was dramatically increased 

and the biliary clearance, as measured by total radioactivity, was markedly decreased in 

EHBR rats compared with the control rats after i.v. administration. Since the active 

metabolite temocaprilat accounted for > 95% of the total radioactivity, again these data 

indicate that Mrp2 plays a central role in the biliary excretion of the metabolites of this 

drug.140 Interestingly, it was shown that the biliary excretion of irinotecan, its active 

metabolite SN-38, and its glucuronide conjugate can be substantially decreased by 

probenecid , an MRP2 inhibitor, with concomitant elevation of plasma concentrations of 

these compounds in normal rats, resulting in decreased GI toxicity141 . 

MRP3 may be responsible for the development of MOR against etoposide, 

142teniposide and vincristine.114• The primary role of MRP3 is to transport drug 

metabolites that have been glucuronidated in the liver (e.g. morphine-3-glucuronide, 

bilirubin-glucuronide, etoposide-glucuronide, and acetaminophen-glucuronide )143-144 and 

efflux them out of hepatocytes into the systemic circulation via the sinusoidal 

membrane. It has been shown that expression of MRP3 in the liver is highly variable 

and inducible.145 Interestingly, MRP3 is significantly up-regulated in the liver of Mrp2-
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deficient rats and in patients with DJS or primary biliary cirrhosis 142• 146 indicating that 

MRP3 may serve as a compensatory mechanism to remove the conjugates from 

hepatocytes through the sinusoidal membrane in conditions where MRP2-mediated 

biliary excretion is impaired .93 

In the kidney, secretion of anions across the brush border membrane into the 

urine is mainly mediated by MRP2 and MRP4. Based on recent findings that MRP4 

protein expression was reported to be five-fold higher than MRP2 and MRP4 exhibits 

higher affinity toward anions than MRP2 in human renal cortex,21 • 147 it was suggested 

that MRP4 may play much greater role in anion secretion in the kidney than MRP2. 

Significant accumulation of antiviral drugs (e.g. adefovir and tenofovir), 148 diuretics149 

and antibiotics150 in renal cells were observed in Mrp4 knockout mice. Studies in human 

kidney revealed that MRP4 is primarily involved in excreting many antiviral drugs such 

as adefovir and cidofovir. 151 Interestingly, it was found that cidofovir in particular is not 

transported by MRP4 and therefore further suggested that absence of MRP4-mediated 

secretion of antiviral drugs such as cidofovir may in part be one of the reasons for the 

nephrotoxicity seen with some of the antiviral drugs.6, 148 

3.3. Breast Cancer Resistance Protein (ABCG2) 

Breast Cancer Resistance protein (BCRP) was initially cloned from a 

doxorubicin-resistant breast cancer cell line (MCF-7/AdrVp) selected with a combination 

of adriamycin and verapamil. 152 Two other groups also independently identified this 

transporter from human placenta 153 and human colon carcinoma cells (S1-M1-80), 154 

and named the protein ABCP (ABC transporter in placenta) and MXR (mitoxantrone 
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resistance-associated protein), respectively. As its name implies, BCRP exhibits MOR in 

various tumors . Significant and variable expression of BCRP has been reported in 

human tumors such as acute leukemia and breast cancer; however, the contribution of 

this efflux transporter to clinical MOR needs to be further investigated .155-161 In contrast 

to P-gp and MRP1 or MRP2, BCRP is a "half ABC transporter" which consists of only 

six transmembrane domains and one ATP binding site.153 As a "half transporter", BCRP 

most likely forms a homodimer or homomultimers to transport its substrates out of the 

152 162 164cells utilizing the energy derived from ATP hydrolysis.3, , -

BCRP shows considerable overlap in substrate specificity with P-gp and MRP1 

or MRP2, although the binding affinity of substrates to these transporters may vary 

substantially.3 Interestingly, expression of BCRP in normal tissues is similar to P-gp. 

Because BCRP shares similar substrates with P-gp and is often co-localized with P-gp, 

specific BCRP inhibitors and knockout animals are valuable for attributing drug transport 

to BCRP in drug disposition . Nevertheless, it is thought that it is the functional 

redundancy of BCRP with other transporters like P-gp that makes the occurrence of 

BCRP-related drug-drug interaction relatively rare clinically.165 Constitutive expression 

of BCRP was detected in various human tissues such as placenta (syncytiotrophoblast), 

liver (canalicular membrane of hepatocytes), small and large intestine (apical 

membrane of the epithelium), ducts and lobules of the breast tissue, BBB, and kidney 

(proximal tubules) .153, 165-168 By analogy with P-gp, it is reasonable to speculate that one, 

if not the major physiological function of BCRP, is to protect the body from exposure to 

toxic endogenous or exogenous compounds. And indeed it has been shown that some 
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physiological roles of BCRP include effluxing porphyrins from haematopoietic cells and 

170hepatocytes and secreting urate into urine. 169-

BCRP can limit drug bioavailability either by decreasing intestinal uptake or by 

hepatobiliary drug excretion . A study conducted by Jonker et. a/_171, using Bcrp1 (-/-) 

knockout mice, strongly supported this speculation. In this study, the authors 

demonstrated that the oral bioavailability of topotecan increased about 6-fold in Bcrp1 (

/-) mice compared to the wild type mice. Additionally, in humans, it has been shown that 

the apparent oral bioavailability of topotecan was significantly increased from 40.0% to 

97.1 % following the co-administration of GF120918. 172 As it is known that topotecan is 

only a weak substrate of P-gp172, this observed change most likely resulted from the 

inhibition of BCRP. In addition , oral co-administration of rosuvastatin and BCRP 

inhibitors (e.g. atazanavir/ritonavir) significantly increased rosuvastatin plasma 

concentrations in humans, which further suggested that the interaction resulted from 

inhibition of BCRP-mediated intestinal efflux and biliary excretion .173 It also should be 

noted that the expression of BCRP and MRP2 in the human intestine is even higher 

than P-gp174 , and therefore, it may be possible that the contribution of BCRP to the 

intestinal secretion and oral absorption of xenobiotics can be comparable with , if not 

greater than that of P-gp. 

The expression of BCRP in the luminal side of the intestinal epithelial cells and 

canalicular membrane of the hepatocytes suggests that BCRP may also play a 

significant role in the biliary excretion , thus limiting the entry of xenobiotic toxins into the 

systemic circulation or facilitating drug elimination . Unlike MRP2, it was found that 

BCRP plays an important role in biliary excretion of sulfate conjugates along with 
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176unconjugated drugs.175- In mice lacking Bcrp1 , a decrease in biliary excretion of 

acetaminophen sulfate and other sulfate conjugated drug was observed while the same 

effect is not seen in Mrp2 lacking mice, suggesting that sulfate conjugates are 

predominately exported by BCRP into bile .176-178 Clinically relevant changes in plasma 

concentrations of BCRP substrates, such as rosuvastatin , can occur due to genetic 

polymorphisms in BCRP .179 

In the brain , BCRP also plays a protective role at the BBB. Through liquid 

chromatography-tandem mass spectrometry, quantitative membrane transporter 

expressions were determined in human brain and it was found that BCRP was the most 

180 abundant protein among the other transporters, being 1.33 fold higher than P-gp. 165, 

In comparison to mice, BCRP protein level is 1.85 fold higher in humans and it is 

thought that the relative contribution of human BCRP in BBB transport may be 

underestimated when extrapolating from mouse studies.165, 18 °Knockout of both P-gp 

and BCRP in a mouse model has shown to increase the accumulation of numerous 

181 anticancer drugs in the brain ;165, -183 however, knockout of only one transporter may 

have limited effects for substrates that exhibit overlapping substrate specificity for these 

two transporters . This functional relevance of BCRP in brain penetration of drugs has 

given insight on targeting inhibitors of both P-gp and BCRP as a potential strategy to 

enhance anticancer, antiviral and antiepileptic drugs delivery into the brain tumor. As for 

the role of BCRP in the renal elimination of drugs, the expression level of BCRP/Bcrp1 

is high in rodents but low in humans, and therefore may not be important for the renal 

secretion of drugs in humans.184 
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3.4. Other ABC transporters 

MDR3 (ABCB3) is the other human P-gp isoform with virtually identical molecular 

structure to that of the human MDR1 and mouse mdr1 b genes.185 MDR3 is mainly 

present in the canalicular membrane of liver hepatocytes and functions as an ATP

dependent phosphatidylcholine translocator. It has been shown that MDR3 is also 

capable of transporting several cytotoxic drugs such as digoxin, paclitaxel, and 

vinblastine, but with a low efficiency. Bile salt export pump (BSEP, ABCB11) is almost 

exclusively present in the liver and localized to the canalicular microvilli and 

subcanalicular vesicles of the hepatocytes, functioning as a major bile salt efflux protein 

in mammalian livers.186 At this time, it is generally believed that both MDR3 and BSEP 

may not play significant roles in terms of drug disposition . Additionally, other members 

of the ABCG family, related to BCRP, including ABCG1, 3 and 5 are involved in 

cholesterol transport and ABCG8 in phytosterol transport.187 

4. SLC (solute carrier) transporter family 

4.1. Organic Anion Transporting Polypeptides (SLCO) 

Organic anion transporting polypeptides (OATPs) are part of SLCO solute carrier 

family which are involved in sodium independent transport of large molecular weight 

amphipathic organic anions (>300 Da) such as bile acids, cationic and neutral 

compounds188 . OATPs are predicted to have 12 transmembrane domains and a large 

extracellular loop at the fifth position .189 OATPs are antiporters and their mechanism of 

transport most likely involves using intracellular glutathione concentrations as a driving 
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force. 188 , 190 Because members of OATP are poorly conserved and orthologs for human 

OATPs may not be present in rodents, the relevance of extrapolation from animal 

models to understand OATP-mediated drug disposition in humans is limited. 170 

OATP1B1 and OATP1B3 are exclusively expressed at the sinusoidal membrane 

of the liver where they serve to transport substrates into hepatocytes for metabolism or 

biliary excretion . Generally, OATP1B3 shares many substrates with OATP1B1 , with a 

few exceptions (Table 2) . In the OATP family, OATP1B1 is probably best known for its 

clinically significant drug-drug interactions (DOis) reported for HMG-CoA reductase 

191 195inhibitors (e.g . rosuvastatin , cerivastatin) when given with OATP1 B1 inhibitors_ 17, -

While OATP1 B3 plays a minor a role in the uptake of drugs into hepatocytes, as 

compared to OATP1 B1 , it often acts as compensatory transporter for OATP1 B1 . 188 In 

addition to transporting a wide spectrum of substrates, OATP1 B1 is also involved in 

transporting numerous endogenous substrates including bilirubin and estrogen 

conjugates. OATP1 B1 inhibitors such as gemfibrozil , cyclosporine and rifampin (act as 

both substrates and inhibitors for OATP 1 B 1) are also commonly used in the clinic. It is 

important to note that cyclosporine and rifampin are inhibitors of multiple transporters 

and DMEs and therefore specific transporter attribution for a clinical DOI is often difficult 

to ascertain based on interaction studies. Interestingly, many single nucleotide 

polymorphisms (SNPs) have been identified in the SLCO1 B1 gene in various 

populations and shown to significantly contribute to the reduction in the uptake of drugs 

into the liver resulting in decreased hepatic clearance of statins and many other 

OATP1 B1 substrates (e.g . repaglinide 196, atrasentan 197 , olmesartan 198 and SN38199, the 

active metabolite of irinotecan ). Along with OATP 1 B 1 polymorphisms, hepatic uptake of 
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substrates such as bosentan have been speculated to be rate-limiting in their overall 

hepatic clearance;200 thus, inhibition of OATP1 B 1-mediated uptake may represent the 

predominant mechanism in some clinically significant DOis. 

Several clinical studies have demonstrated the importance of OATP1 B1 in the 

disposition of statins. Following co-administration of gemfibrozil with cerivastatin , a 

significant increase in cerivastatin exposure was shown to increase risk for 

rhabdomyolysis in healthy vounteers201 and it was later determined that the interaction 

was due to inhibition of OATP1 B1 and CYP2C8 by gemfibrozil. 17 Further demonstrating 

the significant role of OATP1 B1 in the hepatic uptake of statins, the concomitant 

administration of gemfibrozil also resulted in increasing plasma concentration of other 

statins such as rosuvastatin , which undergoes minimal metabolism.17• 191-192 Studies 

examining the effect of OATP1 B1 polymorphisms on the pharmacokinetics of statin 

drugs reported that individuals with SLCO1 B1 *15 expression have an increased 

exposure to statins including pravastatin , 15 pitavastain,202 simvastatin acid,203 

atorvastatin204 and rosuvastatin ,205 compared to subjects with the wild-type allele. This 

increase in statin exposure was shown to be associated with myopathy observed in 

individuals with the SLCO1 B 1 *15 allele.16• 206 Collectively, these results clearly provide 

evidence of the significant role of OATP1 B 1 in hepatic uptake and hepatic clearance of 

drugs. 

OATP isoforms involved in the intestinal absorption of drugs include OATP1A2 

and 2B1 207 . In addition to its expression in the intestine, OATP1A2 is also expressed at 

the BBB where it is involved in BBB transport of drugs and endogenous molecules. 6, 208 

Unlike OATP1 B1 and 1 B3, OATP2B1 is more widely expressed; it is found in intestine 
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(apical membrane of intestinal cells) and liver (sinusoidal membrane of hepatocytes)209 

The role of OATP1A2 in intestinal absorption has been demonstrated with the 

interaction between grapefruit juice and fexofenadine . Fexofenadine is also a substrate 

for P-gp and grapefruit juice can also inhibit P-gp. Interestingly, it was shown in vitro 

that inhibition of P-gp was observed at grapefruit juice concentrations >20%, whereas at 

lower concentrations (<5%)210, grapefruit juice is a good inhibitor of OATP-mediated 

fexofenadine transport. 211 In clinical studies, co-administration of grapefruit juice with 

fexofenadine decreased the plasma concentrations of fexofenadine by 63%, suggesting 

that it is likely that a decrease in bioavailability of fexofenadine is mediated by inhibition 

of OATP1A2.212-213 

OATP4C 1 is the only member of the OATP family found in the human kidney, 

where it is localized to the basolateral membrane of proximal tubules . 214 Substrates for 

OATP4C1 include digoxin, thyroid hormones, methotrexate and anti-diabetic drug 

sitagliptin and OATP4C1 may be involved in the renal secretion of these drugs from the 

blood into the kidney.214-21 5 

4.2. Organic Anion Transporters (SLC22A) 

In addition to MRPs and OATPs, organic anion transporters (OATs) are also 

involved in transporting organic anions, and OATs are known particularly for their 

significant role in the renal secretion and clearance of many anionic drugs. Like the 

other SLC22 family members, OATs are predicted to consist of 12 a-helical 

transmembrane-spanning domains.216 OAT1 and OAT3 are highly expressed 

exclusively in the kidney on the basolateral membrane of proximal tubule cells . OAT1 
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and OAT3 are also expressed in various other tissues such as the choroid plexus. 19·217 

OAT1 and OAT3 function as organic anion/dicarboxylate exchangers that are involved 

in facilitating anionic drug transport into the proximal tubule cells from the blood through 

the utilization of an intracellular a-ketoglutarate gradient.218 Substrates for OAT1 and 

OAT3 include 13-lactam antibiotics, nonsteroidal anti-inflammatory drugs (NSAIDs) and 

other structurally distinct classes of type I organic anions (monovalent or selected 

divalent anions that are less than 500 daltons)216, 218-219(Table 2) . Despite overlapping 

substrate specificity between OAT1 and OAT3, OAT3 prefers more bulky amphipathic 

anions such as HMG-CoA reductase inhibitors (statins) and some cationic drugs such 

as H2 receptor antagonists.218 

In addition to OAT1 and OAT3, OAT4 is also found in the kidney where it is 

localized to the apical membrane of proximal tubule cells . OAT 4 is involved in both 

renal secretion (e.g. glutarate) and reabsorption (e.g. loop diuretic torasemide, 

methotrexate, urate and prostaglandin) of drugs and many endogenous substrates; 

however its primary role is likely the renal reabsorption for many of its substrates.220 

Unlike OAT1 and OAT3, OAT4 has a much narrower substrate specificity. 

High expression of OAT1 and OAT3 in the kidney and their broad substrate 

spectrum has resulted in these transporters playing a significant role in the renal 

excretion of numerous therapeutic agents. Numerous earlier studies, reported from the 

1960s to the 1990s, have demonstrated that co-administration of the nonspecific OAT 

inhibitor, probenecid , with various penicillin derivatives (e.g. piperacillin , nafcillin and 

ticarcillin) , statins, antiviral drugs (e.g. acyclovir, cidofovir, ganciclovir) and diuretics (e.g . 

furosemide) decrease the renal clearance of these drugs in humans.21 The decrease in 
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furosemide renal clearance when probenecid was co-administered also resulted in a 

reduced diuretic effect which was associated with the decreased furosemide 

222concentrations in tubular fluid .221 - Because probenecid is also a MRP2 inhibitor and 

MRP2 is known to mediate the renal secretion of anionic drugs, but is present at the 

apical membrane of proximal tubule cells, it is likely that probenecid effects on the renal 

clearance for some of these anionic drugs can be attributed to both inhibition of OATs 

and MRP2. Furthermore, since some of the antiviral drugs such as acyclovir, cidofovir, 

ganciclovir which are renally secreted mainly by OATs and MRP2, can cause 

nephrotoxicity, OAT inhibition could represent a potential strategy to prevent renal 

accumulation of these drugs and hence minimize the nephrotoxicity associated with 

these agents. 

Hepatic transport of organic anions across hepatocytes can be mediated by 

OAT2, the major OAT on the sinusoidal membrane of hepatocytes. OAT2 is also 

expressed on the basolateral membrane of proximal tubule cells but to a much lesser 

extent.223 Inhibition of OAT2-mediated hepatic uptake of theophylline by erythromycin 

225has been reported to produce a 25% decrease in theophylline concentrations.224-

4.3. Organic Cation Transporters (SLC22) 

OCT1-3 are electrogenic uniporters that use the negative membrane potential to 

facilitate diffusion of organic cations across membranes in both directions. 226 OCT 

isoforms show both species and tissue specific distribution (e.g. OCT2 is the major OCT 

in human kidney while Oct1 is the major OCT in rodent kidney) .227 Interestingly, all three 
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OCTs isoforms exhibit genetic polymorphisms228-230 but OCT2 displays the greatest 

233number of genetic variants 229 and it is clinically most relevant.231 -

Substrates for OCTs are often small molecular weight and hydrophilic organic 

cations with distinctive and diverse structure, hence the term "polyspecific".234 However 

they can also transport weak bases and some neutral compounds as well. 19 The 

"polyspecific" property of OCTs could be due to the transporters' large binding site that 

allows for interaction of different substrates with their binding domains and tissue 

specific distribution of OCT isoforms in the body. 234-235 OCT1 is predominantly 

expressed on the sinusoidal membrane of the hepatocytes in the liver and on the 

basolateral membrane of intestinal cells .227• 236 OCT1 is also present on the apical 

236membrane of proximal tubule cells but at a much lower amount. 227 , OCT2 is mainly 

expressed on the basolateral membrane of proximal tubule cells. 237 OCT3 shows a 

much broader tissue distribution , and is present in brain , heart, skeletal muscle, 

placenta and liver, and with high expression in placenta and brain .19 In contrast to OCT1 

and OCT2, OCT3 is involved in transporting mostly endogenous substrates such as 

monoamines.238 OCT3 is known for its central role in eliminating catecholamines from 

the fetal blood circulation .239 

With tissue-specific distribution of OCT1 in the liver and OCT2 in the kidney, 

OCT1 and OCT2 have been shown to play significant roles in the disposition of drugs 

such as metformin and cisplatin , and potentially in the tissue specific toxicity observed 

241in humans.240- Using both single and double Oct1/2 knockout mouse models, studies 

have characterized the pharmacological and physiological roles of OCTs. Studies in 

Oct1 (-/-) mice showed significant decreases in tetraethyl ammonium (TEA) and 
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metformin concentrations in the liver and significant increases in renal excretion of TEA 

and metformin as compared to wild type mice.242-243 With Oct1/2 (-/-) double knockout 

mice, renal excretion of TEA was completely abolished and the plasma concentrations 

of TEA were significantly increased . Because of the differences in human and murine 

OCT isoform tissue distribution , these data most likely reflect the effect of human OCT2 

in the kidney.244 

Clinically, OCT-mediated transport of metformin and cisplatin have been reported 

to be associated with drug interactions and toxicity240-241 . Metformin , used in the 

treatment of diabetes, is a substrate for both OCT1 and OCT2. The role of OCT1 in the 

transport of metformin has been studied both in vitro243 and in vivo243· 245 and OCT1 is 

the major isoform involved in metformin uptake into the liver. In Oct1 (-/-) knockout 

mice the distribution of metformin in the liver was >30 times lower than in wild-type 

mice243 and blood lactate concentrations were significantly increased in wild type 

mice245 suggesting an important role of OCT1 for metformin uptake into the liver and in 

the toxicity of metformin. It was also demonstrated that OCT2 polymorphisms and co

administration of the OCT inhibitor cimetidine, with metformin , resulted in decreased 

renal clearance of metformin which can be attributed mainly to decreased OCT2-

mediated renal secretion .232 

OCT2-mediated transport of the anticancer agent cisplatin into proximal tubule 

cells has been identified as an important factor in cisplatin-induced nephrotoxicity 

observed clinically.241 Mice with deletion of Oct1 and Oct2 exhibit significantly impaired 

renal secretion of cisplatin and reduced cisplatin-induced tubular toxicity.246 Collectively, 

these results clearly indicate the importance of OCT2 in the renal excretion and hence 
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the toxicity associated with cisplatin . Therefore, aside from MRP inhibition, OCT2 

inhibition may provide another therapeutic strategy to mitigate nephrotoxicity associated 

with cisplatin and other drugs. 

Little is known about role of OCTs in intestinal excretion of xenobiotic although 

Oct1 knockout (Oct1 -/-) mouse models lack excretion of TEA into the lumen of intestine 

as well as uptake of TEA into the hepatocytes, suggesting a role for Oct1 in mediating 

these transport processes247 . This is most likely due to the differences in tissue 

distribution of OCT1 between humans and rodents; rat Oct1 mRNA has been detected 

in liver, kidney and intestine248 whereas human OCT1 is primarily expressed in the liver. 

Although human OCT1 and OCT3 mRNA level are detected in jejunum and colon 249, 

the importance of OCTs in the intestinal transport of organic cations has not been 

demonstrated . 

The carnitine/organic cation transporter (OCTN) family consists of two members, 

OCTN1 and OCTN2. In addition to OATs and OCTs, OCTNs are also part of subfamily 

of SLC22A superfamily. OCTN1 was first discovered in 1997, followed by OCTN2 in 

HEK293 cells .250-251 They consist of 11-12 putative membrane-spanning domains. 

Interestingly, OCTN1 was found to have a nucleotide binding site motif; thus, the reason 

why it was named OCTN .250-252 Unlike OCTs, OCTNs are uniquely involved in 

transporting zwitterionic carnitine. 252 OCTNs are known to be important in the placenta 

239for the transport of carnitine to the fetus. 6, They are also involved in transporting 

xenobiotics, particularly cationic compounds.252 

OCTN 1 is organic cation proton exchanger and its mRNA and/or protein 

expression have been found in various tissues including gut, placenta, skeletal muscle, 
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bone marrow and trachea; however, it is mainly expressed on the apical membrane of 

renal tubular cells.252-253 The physiological role of OCTN1 has not been well established 

although it was found to preferentially transport the anti-oxidant ergothioneine with 

relatively high affinity.252, 254 In addition , OCTN1 is capable of transporting drugs 

including quinidine, pyrilamine, verapamil , TEA, oxaliplatin , acetylcholine and the 

252 255 256anticholinergic drugs ipratropium and tiotropium 19· , - (Table 2). OCTN1 

polymorphisms were found to be associated with autoimmune diseases such as 

rheumatoid arthritis and Crohn's disease. Interestingly, it has been reported that 

OCTN 1-mediated renal secretion of gabapentin in individuals with OCTN 1 

polymorphisms were decreased suggesting relevance of OCTN 1 in renal secretion of 

gabapentin as well as other xenobiotics .257 Although many studies have provided 

evidence of the role of OCTN 1, more studies are needed to further confirm the 

significance of OCTN1 in drug transport.252 

OCTN2 is a sodium-dependent, high-affinity transporter but it can also function 

as sodium-independent transporter for TEA, choline, verapamil and pyrilamine.253 

OCTN2 mRNA and/or protein expression have been found ubiquitously throughout the 

body (e.g . liver, kidney, skeletal muscle, heart, brain , placenta, intestine, etc.) but high 

expression of OCTN2 is found on the apical membrane of renal tubular cells . 252-253 

OCTN2 is primarily responsible for the transport of carnitine in the body for 13-oxidation 

of long-chain fatty acids in mitochondria .252 Mutations in OCTN2 cause primary 

systemic carnation deficiency syndrome, which leads to various symptoms including 

cardiomyopathy, skeletal muscle weakness, male infertility and fatty liver. 252 Many drug 

substrates for OCTN2 are also transported by OCTN1 (Table 2). However, the 
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anticholinergic drugs ipratropium and tiotropium are transported mainly by OCTN2. 6 

Inhibitors of OCTN generally inhibit both OCTN1 and OCTN2 and many of those 

inhibitors are also substrates, including valproate and verapamil. 19• 252 Using human 

placenta brush-border membrane vesicles, it was demonstrated that many 

anticonvulsants including valproate inhibit OCTNs and it has been suggested that 

inhibition of OCTNs could be responsible, at least in part, for the teratogenicity and 

other side effects associated with anticonvulsant drugs.6, 258 

4.4Multidrug and Toxin Extrusion Transporters (SLC47A) 

MATEs are cation transporters, with transport mediated by proton exchange. 

There are two members of the MATE family identified: MATE 1 and the splice variant 

MATE2-K. MATE1 is localized predominantly on the apical membrane of proximal 

tubule cells and is also expressed in liver (canalicular membrane), adrenal gland , testis 

and skeletal muscle.259 MATE2-K is human specific, present only in the kidney on the 

apical side.260 MATE1 and MATE2-K share similar substrate specificities261 ; however it 

was demonstrated that the zwitterions cephalexin and cephradine are MATE1 

specific.262 

The unidirectional transport involved in the renal secretion of organic cations 

across proximal tubule cells, from the blood to the urine, was further elucidated 

following the discovery and characterization of MATEs. It is now known that MATEs on 

the apical membrane of renal tubular cells act in concert with OCT2, which is expressed 

on the basolateral side, to transport organic cationic drugs. OCT2 and MATE1 double

transfected MOCK cells have been a useful in vitro system for studying renal secretion 
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of cationic drugs in that it mimics the vectorial transport in human kidney. 263 The results 

of many of the DOI studies using double-transfected MOCK cells agreed well with 

findings from knockout mouse models. Metformin has been characterized as a 

substrate for MATEs in addition to OCT1 and OCT2 and cimetidine inhibits MATEs as 

well as OCTs. To understand the pharmacokinetic role of MATE1 in vivo, a murine 

Mate1 knockout mouse model has been developed. Following i.v. administration of 

metformin to Mate (-/-) mice, the renal excretion of metformin decreases significantly, 

which further suggested that in addition to Oct2, Mate1 is also important in renal 

elimination of metformin.264 

It was also demonstrated that MATE 1 has a protective role in preventing 

nephrotoxicity associated with many of platinum drugs. Cisplatin is a substrate for OCT2 

but not MATEs, and therefore accumulates in proximal tubule cells leading to 

267nephrotoxicity265- , while another platinum drug, oxaliplatin, which is a substrate for 

both OCT2 and MATEs, is not associated with nephrotoxicity. This suggests that 

transport of oxaliplatin by MATE 1 and MA TE2-K allows for its efficient secretion into the 

urine, thus reducing the potential for renal toxicity. 267 Furthermore carboplatin and 

nedaplatin, that are neither MATE or OCT2 substrates, do not manifest any 

nephrotoxicity.267 Together these results indicate that the substrate specificity of 

platinum drugs determines their nephrotoxic features and that MATE-mediated efflux of 

oxaliplatin has a protective role in preventing nephrotoxicity. 

In addition, the presence of MATE1 on the canalicular membrane of hepatocytes 

suggests its potential role in biliary excretion of cationic drugs. Both the renal clearance 

and biliary excretion of metformin decreased with pyrimethamine (a potent MATE 
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inhibitor),268 suggesting a role of MATE in biliary excretion . In the Mate1 (-/-) knockout 

mouse model , elevated hepatic metformin concentrations are present and associated 

with the extent of lactic acidosis.269 However, because metformin is almost completely 

excreted unchanged in urine, it is very likely that biliary excretion of metformin by 

MATE1 is minimal. Nevertheless, the presence of MATE1 on the canalicular membrane 

of hepatocytes suggests that it may play a role in biliary excretion of some endogenous 

compounds or drugs. 

4.5 Monocarboxylate Transporters (SLC16 and SLC5) 

Two families of monocarboxylate transporters (MCTs), namely the proton

dependent transporters (MCTs, SLC16A) and the sodium-dependent transporters 

(SMCTs, SLC5A) have been identified. The proton-dependent MCT family is comprised 

271of fourteen isoforms, with seven of the members functionally characterized to date. 270-

Only the first four members of MCTs (MCT1-MCT 4) exhibit proton-linked symport of 

various monocarboxyates (e.g. lactate, pyruvate and ketone bodies) and are important 

for cellular metabolism, as well as transport of therapeutic agents (e.g. salicylate, 

271valproic acid and atorvastatin) .18· MCT proteins contain 12 transmembrane domains 

(TMDs) with C- and N-termini within the cytoplasm and an intracellular loop between 

TMDs 6 and 7.272 The ubiquitous tissue localization of MCTs that includes liver, kidney, 

intestine and brain suggests their potential role in drug pharmacokinetics and 

pharmacodynamics. MCT1 is by far most studied in terms of its role in drug disposition. 

In particular, the impact of MCT1 on drug disposition has been characterized for y

hydroxybuyrate (GHB), a drug of abuse which is also marketed as Xyrem® in the US for 
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the treatment of narcolepsy273 and in Europe for treatment of alcohol withdrawal274 . 

MCT6, MCT8 and MCT10 have been identified to transport diuretics,275 thyroid 

hormone276 and aromatic amino acids,277 respectively. Interestingly, unlike the other 

MCTs, MCT6 does not transport short chain monocarboxylates; substrates that have 

been identified are mainly pharmaceutical agents such as bumetanide.275 

MCTs are important for the renal transport of endogenous and exogenous 

substrates. MCT1 is predominantly expressed on the basolateral (BLM) membrane of 

rat kidney membrane vesicles23, 278 and human kidney HK-2 cells .279 Although GHB was 

found to be a substrate for MCTs 1, 2, and 4, studies performed with silencing RNA for 

MCT1 , 2, and 4 in HK-2 cells showed that GHB is primarily transported by MCT1 . 279 

This suggests that MCT1 most likely plays a role in renal handling of GHB. Indeed in 

vitro and in vivo studies using MCT inhibitors such as L-lactate23 , a-cyano-4-

hydroxycinnamate (CHC) 23· 280 and flavonoids (e.g. quercetin and luteolin)281 supported 

previous findings that MCTs are involved in the active renal reabsorption of GHB in the 

kidney. Co-administration of L-lactate with GHB resulted in an increase in GHB renal 

elimination from 63 to 118 ml/h/kg in rats .282 In addition, the renal clearance of GHB 

significantly increased by more than 3-fold with luteolin administration (10 mg/kg) in 

rats. 281 Collectively, these data suggest that GHB is a substrate for MCTs and the 

administration of MCT inhibitors can increase its renal elimination resulting in increased 

total clearance and decreased plasma concentrations. 

In the intestine, MCT1 has been shown to be the predominant isoform among the 

proton-dependent MCTs and it is expressed on the apical membrane of intestinal cells . 

283 Previously our laboratory has carried out transport studies in Caco-2 cells, known to 
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express MCT1, 2 and 4, and demonstrated that GHB and D-lactate uptake occurred in a 

pH- and concentration-dependent matter, suggesting that GHB undergoes saturable 

intestinal absorption mediated, at least in part, by MCTs.278 In addition to GHB, 

cefdninir,284 carindacillin ,285 salicylic acid ,286 pravastatin287 and atorvastatin288 were also 

shown to be transported by MCTs in various intestinal cell lines and intestinal 

membrane vesicles. In particular, MCT1 has been reported to play a role in the 

intestinal uptake of carindacillin (prodrug of 13-lactam antibiotic) in rat intestinal brush 

border membrane vesicles and it is speculated that the enhanced exposure of 

carindacillin may be attributed to MCT-mediated uptake.285 Furthermore, due to the high 

transport capacity of MCT1 and its high expression throughout the intestine, MCT1 is an 

important target for oral drug delivery. The oral delivery of gabapentin has been 

enhanced by designing gabapentin as a prodrug, XP13512 (Horizant®, XenoPort) that 

targets MCT1 . 289 MCT1-mediated uptake of XP13512 was confirmed in Caco-2, HEK 

and MOCK cell lines.289 The oral bioavailability of gabapentin increased from 25% to 

84% with XP13512 administration in monkeys289 and in a human clinical trial , XP13512 

showed dose-proportional increases in gabapentin plasma concentrations.290 In 2012, 

the FDA approved XP 13512 under the trade name Horizant® for postherpetic 

neuralgia . 291 

MCTs are also widely expressed in rat, mouse and human brain, (e.g . MCTs 1, 2 

293and 4), with MCT1 present at the BBB. 292- The physiological role of MCT1 at the BBB 

is to mediate transport of metabolic monocarboxylates (e.g . lactate and ketone bodies) 

across the BBB. The importance of MCT1-mediated BBB transport has been examined 

in several in vitro and in vivo studies. Tsuji et al. were probably the first to examine 
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MCT-mediated uptake of acidic drugs such as valproic acid , benzoic acid, and various 

13-lactam antibiotics (e.g. benzylpenicillin , propicillin and cefazolin) across the BBB in rat 

brain.294 Later Tsuji et al. reported the uptake of various statins including simvastatin 

and atorvastatin into bovine brain capillary endothelial cells in a pH-dependent and 

carrier-mediated manner.295 Furthermore, in vivo brain perfusion studies demonstrated 

that statin (e.g. simvastatin , lovastatin) penetration into the brain correlated well with 

sleep disturbance, a side effect of statins.296 An in situ rat brain perfusion study showed 

saturable transport of GHB into the brain,297 and a more recent study showed that the 

transport of GHB in rat (RBE4) and human (hCMEC/D3) brain endothelial cells was 

significantly inhibited by CHC, a MCT inhibitor, with GHB uptake in these cell lines 

exhibiting Michaelis Menten kinetics .298 High doses of L-lactate can decrease the MCT

mediated BBB uptake of GHB, indicating the potential for inhibition of brain uptake.298 

Taken together, a greater understanding of the role of MCTs in drug transport across 

the BBB may provide additional insight in optimizing drug delivery into the brain . 

The SLC5 transporter gene family consists of 12 members, with the cotransport 

of sodium representing the driving force for membrane transport. Two members, 

SLC5A8 and SLC5A12, transport physiological monocarboxylates including lactate, 

pyruvate and butyrate and are known as SMCT1 and SMCT2, respectively. SMCT1 and 

SMCT2 are localized predominantly in the kidney and gastrointestinal tract, although 

SMCT1 is also present on neuronal membranes in the brain . Due to their tissue 

localization , these transporters play an important role in the reabsorption of L-lactate in 

the kidney and nicotinamide in the intestine. Their role in drug transport is less well 

understood, although GHB is a substrate for SMCT1 . Due to their low capacity for 
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transport, compared with MCT1 , SMCTs have not been utilized as a drug delivery 

target.299-301 

4.6. Peptide Transporters (SLC1 SA) 

The Proton-coupled Oligopeptide Transporter (POT; SLC15) superfamily 

consists of four members, Peptide Transporters 1 and 2, PEPT1 and PEPT2 and 

Peptide/Histidine Transporters 1 and 2, PHT1 and PHT2, which are responsible for 

absorption and secretion of a wide range of di- and tri-peptides as well as 

peptidomimetic drugs via proton-mediated symport. 302 Members of the POT family 

share similar topology, 12 putative a-helical transmembrane domains with N- and C

termini embedded intracellularly.303-304 PEPT1 is a low affinity and high capacity 

transporter and it is primarily expressed on the apical membrane of enterocytes of small 

intestine, particularly in the duodenum. PEPT1 is also highly expressed in renal 

proximal tubules, hepatic bile duct and pancreas, with lower expression in other 

tissues.305 Compared with PEPT1 , PEPT2 is a high affinity and low capacity transporter 

and it is more ubiquitously expressed throughout the body; high expression of PEPT2 

was detected on the apical membrane of proximal tubule cells . 306 In contrast to the 

PEPT transporters, PHTs have not been as extensively studied and little is known about 

their physiological role, although PHT1 has been implicated in the efflux of peptide and 

neuroactive peptides out of the brain .307 PHT1 is primarily expressed throughout the 

brain whereas PHT2 is widely expressed in various tissues. 305 

Overall , the primary role of PEPT1 , PEPT2 and PHT1 seems to be the 

absorption of peptide nutrients, whereas the role of PHT2 needs to be elucidated. 
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Various studies have suggested that the role of PEPT2 could be expanded to include 

309the elimination of neuropeptides from the brain .308- Substrates for PHT1 include 

histidine, with relatively high affinity, and carnosine.310 PEPTs transport endogenous di

and -tri-peptides, as well as several drugs including zanamivir prodrug, oseltamivir 

analogue, bisphosphates and angiotensin-converting enzyme (ACE) inhibitors. 

PEPT1 has been targeted for the oral drug delivery for some of the antiviral and 

vasopressor drugs that exhibit poor bioavailability. Since PEPT1 is a high capacity 

transporter present on the apical membrane of enterocytes in the duodenum, adding 

chemical moieties (e.g. valine or glycine) to make the drug molecules mimic peptides 

(peptide-based prodrug) has been exploited in targeting drug uptake in the small 

intestine via PEPT1-mediated transport. In addition , developing a good understanding 

of the structural requirements for PEPT1 is also a key aspect in screening and 

determining potential applicability of transporters for drug delivery. Currently, three 

marketed drugs have utilized PEPT1 -mediated transport for their absorption across the 

intestinal barrier. These include valacyclovir (Valtrex®, GlaxoSmithKline), valganciclovir 

(Valcyte®; Roche) and midodrine (ProAmatine®, Shire pie). Both valacyclovir and 

valganciclovir are antiviral drugs with the amino acid valine as their promoiety of 

312acyclovir and ganciclovir, respectively.311 - The low oral bioavailability acyclovir and 

ganciclovir is primarily due to the high hydrophilicity of the drugs. After transport across 

the intestinal membrane by PEPT1 , valacyclovir and valganciclovir are readily 

hydrolyzed back to their parent drugs. Comparing oral bioavailability from clinical trials, 

oral bioavailability for valganciclovir improved from 12-20% (acyclovir) to 54%25• 313 and 

even higher for valganciclovir, from 6% (ganciclovir) to 61 %. 25 The increased 
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bioavailability of these prodrugs translates to higher plasma concentrations of the parent 

314drug and increased antiviral activity. 313- Midodrine is a prod rug with a glycine 

promoiety attached to desglymidodrine (DMAE), a selective a1-receptor agonist used 

for orthostatic hypotension , and utilizes PEPT1 to improve oral absorption of the drug, 

315 316increasing bioavailability from 50% (DMAE) to 93%. 25, -

In targeting an intestinal uptake transporter such as PEPT1 , it is also important to 

consider the effect of metabolizing enzymes, such as CYP3A4 or other transporters 

such as the efflux transporters P-gp and MRP2 on the overall bioavailability.317-319 Many 

of HIV protease inhibitors given orally such as saquinavir and lopinavir are substrates 

for P-gp, MRP1 and MRP2. To improve bioavailability of saquinavir and lopinavir 

through exploiting PEPT1-mediated transport, the peptide prodrug derivative with 

320 321valine-valine (Val-Val) or glycine-valine (Gly-Val) promoiety were developed.317, - It 

was demonstrated that introducing Val-Val or Gly-Val promoieties to these protease 

inhibitors not only targeted PEPT1 uptake but also reduced the affinity and capacity of 

320 321the prodrugs for efflux transporters, compared with the parent compound . 317, -

Furthermore, to exploit an intestinal transporter for drug delivery requires an 

understanding of its substrate specificity, inhibitors and changes in its expression with 

disease, age and diet, since these factors will impact the overall prodrug oral 

bioavailability. 

4.5. Other SLC transporters 

SLC transporters currently are divided into 53 families, many of which transport 

endogenous substrates. The nucleoside transporters consist of two families : the 
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Concentrative Nucleoside Transporters (CNT, SLC28) and the Equilibrative Nucleoside 

Transporters (ENT, SLC29). These transporters are important for the disposition of 

purines and pyrimidines, as well as nucleoside analogues including zidovudine, Ara-C 

and gemcitabine. As well , some of the bile acid transporters may be involved in drug 

transport, including the sodium taurocholate cotransporting polypeptide (NTCP, 

SLC 1 OA1) present on the sinusoidal membrane of hepatocytes. 

5. Conclusions 

The ongoing molecular and functional characterization of transporters has 

increased our understanding concerning how these transporters control the passage 

of a diverse range of substrates through biological membranes. The characterization 

of their tissue localization and their function has suggested that transport proteins 

may significantly impact the absorption, elimination and distribution of xenobiotic 

compounds. In addition , identifying transporter protein features, such as their relative 

transporter expression level , substrate specificity and transporter capacity, have 

resulted in their application in drug delivery. The generation of knockout mice 

lacking a specific transporter or transporters, and the identification of specific 

inhibitors and siRNA studies have greatly enhanced our ability to understand the 

physiological and pharmacological functions of these transporters. It has been 

clearly demonstrated by the studies presented here, as well as others, that these 

transporters play an essential role in intestinal absorption , biliary excretion , and renal 

secretion and contribute to the barrier functions between the blood and various 

tissues such as brain, testis and placenta . The potential importance of transporters 
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for oral drug delivery in the small intestine and for transport into specific tissue sites, 

such as the brain , remains an area for further exploration , as our molecular and 

functional understanding of transporters increases. 
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Fig. 1. Human transporters for drugs and endogenous substances. Localization of 

transporters on the plasma membrane of enterocytes, hepatocytes and kidney proximal 

tubules are presented . A. Intestinal transporters. On the apical (luminal) membrane of 

enterocytes, several solute carrier, SLC transporters are presented . These include ileal 

apical sodium/bile acid co-transporter (ASBT), carnitine/organic cation transporters 

(OCTN1/2), concentrative nucleoside transporters (CNT1/2), peptide transporter 1 

(PEPT1 ), monocarboxylate transporter 1 (MCT1 ), and organic anion transporting 

polypeptide transporters (OATPs 1 A2 and 2B 1 ). The apical ATP-binding cassette, ABC 

transporters include multidrug resistance-associated protein 1 (MRP1 ), breast cancer 

resistance protein (BCRP), P-glycoprotein (P-gp; MDR1 ), and ABC sub-family G 

members 5/8 (ABCG5/8). The transporters on the basolateral membrane of enterocytes 

consist of organic cation transporter 1 (OCT1 ), equilibrative nucleotide transporters 

(ENT1/2), MCT1, heteromeric organic solute transporters (OSTa-OST~), MRPs 1, 3, 

and 4. B. Hepatic transporters. The uptake transporters on the basolateral (sinusoidal) 

membrane of hepatocytes include sodium/taurocholate co-transporting peptide (NTCP), 

OSTa-OST~, organic anion transporter 1 (OAT2), OCT1/3, MCT1 and OATPs 1B1, 

1B3, and 2B1. The efflux transporters present on the basolateral membrane of 

hepatocytes include MRPs 3 and 4. The efflux transport across canalicular membrane 

of hepatocytes includes BCRP, MRP2, MDRs 1 and 3, multidrug and toxin extrusion 

transporter (MATE1 ), ABCG5/8 and bile salt export pump (BSEP). C. Renal 

transporters. The uptake transporters on the apical (brush-border) membrane of 

proximal tubules include CNT3, OCTN1/2, sodium-dependent monocarboxylate 

transporter 1 (SMCT1 ), OAT4, PEPT1/2 and urate transporter 1 (URAT1 ). The efflux 
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transporters on the brush-border membrane of proximal tubules contain MRPs 2 and 4, 

BCRP, P-gp and MATE 1 and 2K. The transporters on the basolateral membrane of 

proximal tubules consist of ENT1/2, MCT1 , OATP4C1 , OCT2 and OAT1/3. 
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Table 1. ABC TransQ_orters 

Transporter 

MDR1 
(P-gp) 

MRP1 

MRP2 
(cMOAT) 

MRP3 

MRP4 

BCRP 
(ABCP, MXR) 

HUGO 
Symbol 
ABCB1 

ABCC1 

ABCC2 

ABCC3 

ABCC4 

ABCG2 

Tissue 
localization 

liver, intestine, 
kidney, adrenal 
gland, blood 
brain barrier, 
placenta 
ubiquitous 

liver, intestine, 
kidney 

liver, intestine, 
kidney, adrenal 
gland 

kidney, liver, 
brain 

placenta, liver, 
intestine apical 
membrane 

Drug Substrates 

anthracyclines, vinca alkaloids, 
epipodophyllotoxins, paclitaxel, 
topotecan, mitoxantrone, HIV 
protease inhibitors, digoxin, 
Rhodamine123, methotrexate3 

Aflatoxin B1, doxorubicin, etoposide, 
vincristine, methotrexate, and various 
lipophilic glutathione, glucuronide and 
sulfate conjugates 
Glutathione conjugates, glucuronides, 
sulfate conjugates, methotrexate, 
temocaprilat, CPT11 carboxylate, 
SN38 carboxylate, cisplatin, 
pravastatin, PAH, vinblastine 
glutathione conjugates, glucuronides, 
sulfate conjugates, methotrexate, 
monoanionic bile acids (taurocholate, 
glycocholate), vincristine, etoposide 
Azidothymidine, adefovir, ganciclovir, 
loop diuretics, thiazides, angiotensin II 
receptor antagonists144 

anthracyclines, epipodophyllotoxins, 
camptothecins or their active 
metabolites, mitoxantrone, 
bisantrene, methotrexate, flavopi ridol, 
zidovudine, lamivudine 

Inhibitors 

verapamil, diltiazem, trifuoperazine, 
quinidine, reserpine, cyclosporin A, 
valinomycin, terfenadine, PSC833, 
VX710, PAK-104P, GF120918, 
L Y35979, XR95763 

MK571, cyclosporin A, VX710, PA-
104P3 

MK571, benzbromarone 71 

MK571 

MK571 71 

FTC, GF120918, Ko-134 
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Table 2. Solute Carrier SLC Transporters 

Transporter 
HUGO 

Symbol 
Tissue 

localization 
Substrates Inhibitors 

OATP1A2 SLC01A2 Brain, intestine Digoxin, erythromycin, fexofenadine, Grapefruit juice, rifampin, ritonavir, 
imatinib, levofloxacin, methotrexate, 191 saquinavir, verapamil 6 , 

ouabain ,pitavastatin, rocuronium, 
rosuvastatin, saquinavir, thyroxine, 

191 unaprostone 6· 

OATP1B1 SLC01 B1 Liver Atorvastatin, atrasentan, benzylpenicillin, Atorvastatin, clarithromycin, 
bosentan, caspofungin, cerivastatin, cyclosporine, erythromycin, 
enalapril, fexofenadine, fluvastatin, gemfibrozil, paclitaxel, rifampin, 
methotrexate, olmesartan, pravastatin, ritonavir, saquinavir, tacrolimus, 
repaglinide, rifampin, rosuvastatin, 191 telmisartan6 · 

191 simvastatin, SN-38, valsartan 6 , 

OATP1B3 SLC01B3 Liver Atrasentan, bosentan, digoxin, docetaxel, Clarithromycin, cyclosporine, 
enalapril, erythromycin, fexofenadine, 191 erythromycin, rifampin, ritonavir6 , 

fluvastatin, imatinib, methotrexate, 
olmesartan, ouabain, paclitaxel, pitavastatin, 
pravastatin, rifampin, rosuvastatin, 

191 telmisartan, SN-38, thyroxine, valsartan 6 , 

OATP2B1 SLC02B1 Intestine, liver Atorvastatin, benzylpenicillin, bosentan, Cyclosporine, gemfibrozil, rifampin 6 · 

fexofenadine, fluvastatin, glibenclamide, 191 

191 ~ravastatin, rosuvastatin, una~rostone 6 , 

OAT1 SLC22A6 Kidney Acyclovir, adefovir, cidofovir, ciprofloxacin, Probenecid 
lamivudine, methotrexate, penicillins, 
tenofovir, zidovudine6 

OAT3 SLC22A8 Kidney Bumetanide, cefaclor, ceftizoxime, Probenecid 
furosemide, NSAIDs, penicillins6 

OCT1 SLC22A1 Liver Metformin, lamivudine, oxaliplatin6 Disopyramide, quinidine6 

OCT2 SLC22A2 Kidney Cisplatin, lamivudine, metformin, oxaliplatin, Cetirizine, cimetidine, quinidine6 

procainamide6 

MATE1 SLC47A1 Kidney, liver Cephalexin, cephradine, creatinine, Cimetidine, quinidine, procainamide6 

cimetidine, Metformin, MPP, oxaliplatin 
20procainamide, TEA6 , 

MATE2-k SLC47A2 Kidney Cimetidine, creatinine, Metformin, MPP, Cimetidine, quinidine, procainamide 
oxali latin, TEA2° 

MCT1 SLC16A7 Ubiquitous Atorvastatin, salicylic acid, pravastatin, Dietary flavonoids, L-lactate, CHC 
valproic acid, y-hydroxybutyric acid, 
XP13512 

PepT1 SLC15A1 Intestine, Captopril, cefadroxil, cephalexin, enalapril, Glycyl-proline, zinc6 

kidney, liver, valacyclovir, valganciclovir, midodrine 
ancreas 
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APPENDIX TWO 

ADAPT V Model Code for Chapter 7 
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********************************************************************** 
C ADAPT * 
C Version 5 * 
C********************************************************************** 
C * 
C MODEL * 
C * 
C This file contains Fortran subroutines into which the user * 
C must enter the relevant model equations and constants. * 
C Consult the User's Guide for details concerning the format for * 
C entered equations and definition of symbols. * 
C * 
C 1. Symbol- Parameter symbols and model constants * 
C 2. DiffEq- System differential equations * 
C 3. Output- System output equations * 
C 4. Varmod- Error variance model equations * 
C 5. Covmod- Covariate model equations (ITS,MLEM) * 
C 6. Popinit- Population parameter initial values (ITS,MLEM) * 
C 7. Prior - Parameter mean and covariance values (ID,NPD,STS) * 
C 8. Sparam- Secondary parameters * 
C 9. Amat System state matrix * 
C * 
C********************************************************************** 

C######################################################################C 

Subroutine SYMBOL 
Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

cc 
C----------------------------------------------------------------------C 
C Enter as Indicated C 
C----c-----------------------------------------------------------------C 

NDEqs = 13 ! Enter# of Diff. Eqs. 
NSParam = 11 ! Enter# of System Parameters. 
NVparam = 8 ! Enter# of Variance Parameters. 
NSecPar = 0 ! Enter# of Secondary Parameters. 
NSecOut = 0 Enter # of Secondary Outputs (not used). 
Ieqsol = 1 Model type: 1 - DIFFEQ, 2 - AMAT, 3 - OUTPUT only. 
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Descr = ' pk ' 

cc 
C----------------------------------------------------------------------C 

C Enter Symbol for Each System Parameter (eg. Psym(l)='Kel') C 
C----c-----------------------------------------------------------------C 

Psym(l)='Vp' 
Psym(2)='Ka' 
Psym(3)='F' 
Psym(4)='CLD' 

Psym(S)='Vmax' 
Psym(6)='Km' 
Psym(7)='CLB' 
Psym(8)='Ko' 
Psym(9)='Tlag' 
Psym(10)='Ko2' 
Psym(11)='Tlag2' 

cc 
C----------------------------------------------------------------------C 

C Enter Symbol for Each Variance Parameter {eg: PVsym(l)='Sigma'} C 
C----c-----------------------------------------------------------------C 

PVsym(l)='Sigmal' 
PVsym(2)='intercept1' 
PVsym(3)='Sigma2' 
PVsym(4)='intercept2' 
PVsym(5)='Sigma3' 
PVsym(6)='intercept3' 
PVsym(7)='Sigma4' 
PVsym(8)='intercept4' 

cc 
C----------------------------------------------------------------------C 

C Enter Symbol for Each Secondary Parameter {eg: PSsym(l)='CLt'} C 
C----c-----------------------------------------------------------------C 

C----------------------------------------------------------------------C 

C----------------------------------------------------------------------C 

C 

Return 
End 

C######################################################################C 
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Subroutine DIFFEQ(T,X,XP) 
Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Real*8 T,X(MaxNDE),XP(MaxNDE) 
Real*8 Vp, Ka, F, CLD, Vmax, Km, CLB, Ko, Tlag, Ko2, Tlag2 

cc 
C----------------------------------------------------------------------C 
C Enter Differential Equations Below {e.g. XP(l) = -P(l)*X(l) } C 
C----c-----------------------------------------------------------------C 

Vp=P(l) 
Ka=P(2) 
F= P(3) 
CLD=P(4) 
Vmax=P(S) 
Km=P(6) 
CLB=P(7) 
Ko=P(8) 
Tlag= P(9) 
Ko2= P(10) 
Tlag2= P(ll) 

C--------------------------10mg/kg (IV)-------------------------------
IF (t.LE.Tlag) THEN 
XP(l)= -CLD*X(l) + CLD*X(2) - Vmax*X(l)/(Km+X(l)) - CLB*X(l) 
XP(2)= CLD*X(l) - CLD*X(2) 
XP(3)= CLB*X(l) 

ELSE 
XP(l)= -CLD*x(l)+CLD*X(2) - Vmax*X(l)/(Km+X(l)) -CLB*X(l)+X(3)/Ko 
XP(2)= CLD*X(l) - CLD*X(2) 
XP(3)= CLB*X(l) - X(3)/Ko 
ENDIF 

C--------------------------50mg/kg (IV)-------------------------------
IF (t.LE.Tlag) THEN 
XP(4)= -CLD*X(4) + CLD*X(S) - Vmax*X(4)/(Km+X(4)) - CLB*X(4) 
XP(S)= CLD*X(4) - CLD*X(S) 
XP(6)= CLB*X(4) 
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ELSE 
XP(4)= -CLD*x(4)+CLD*X(5) - Vmax*X(4)/(Km+X(4)) -CLB*X(4)+X(6)/Ko 
XP(S)= CLD*X(4) - CLD*X(S) 
XP(6)= CLB*X(3) - X(6)/Ko 
ENDIF 

C---------------------------100mg/kg (IV)------------------------------
IF (t.LE.Tlag) THEN 
XP(7)= -CLD*X(7) + CLD*X(8) - Vmax*X(7)/(Km+X(7)) - CLB*X(7) 
XP(8)= CLD*X(7) - CLD*X(8) 
XP(9)= CLB*X(7) 

ELSE 
XP(7)= -CLD*x(7)+CLD*X(8) - Vmax*X(7)/(Km+X(7)) -CLB*X(7)+X(9)/Ko 
XP(8)= CLD*X(7) - CLD*X(8) 
XP(9)= CLB*X(7) - X(9)/Ko 
ENDIF 

C---------------------------100mg/kg (ORAL)-----------------------------
IF (t.LE.Tlag2) THEN 

XP(10)= -Ka*F*X(10) 
if (F .LE. 1) then 
XP(11)= Ka*F*X(10) - CLD*X(11) + CLD*X(12) - Vmax*X(11)/(Km+X(11))

I - CLB*X(11) 
else 
XP(11)=0 
endif 
XP(12)= CLD*X(11) - CLD*X(12) 
XP(13)= CLB*X(11) 

ELSE 

XP(10)= -Ka*X(10) 
if (F .LE. 1) then 
XP(11)= Ka*F*X(10) - CLD*X(11) + CLD*X(12) - Vmax*X(11)/(Km+X(11))

I - CLB*X(11) + X(13)/Ko2 
else 
XP(11)=0 
endif 
XP(12)= CLD*X(11) - CLD*X(12) 
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XP(13)= CLB*X(ll) - X(13)/Ko2 

ENDIF 
C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 

Subroutine OUTPUT(Y,T,X) 
Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Real*8 Y(MaxNOE),T,X(MaxNDE) 
Real*8 Vp 

cc 
C----------------------------------------------------------------------C 
C Enter Output Equations Below {e.g. Y(l) = X(1)/P(2) } C 
C----c-----------------------------------------------------------------C 

Vp=P(l) 

Y(l)=X(l)/Vp !10mg/kg (IV) 

Y(2)=X(4)/Vp !50mg/kg (IV) 

Y(3)=X(7)/Vp !100mg/kg (IV) 

Y(4)=X(11)/Vp !100mg/kg (Oral) 

C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 

C 

Return 
End 

C######################################################################C 
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Subroutine VARMOD(V,T,X,Y) 
Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Real*8 V(MaxNOE),T,X(MaxNDE),V(MaxNOE) 

cc 
C----------------------------------------------------------------------C 
C Enter Variance Model Equations Below C 
C {e.g. V(l) = (PV(l) + PV(2)*V(1))**2} C 
C----c-----------------------------------------------------------------C 

V(l) = (PV(2) + PV(1)*V(1))**2 
V(2) = (PV(4) + PV(3)*Y(2))**2 
V(3) = (PV(6) + PV(S)*V(3))**2 
V(4) = (PV(8) + PV(7)*Y(4))**2 

C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 

Subroutine COVMOD(Pmean, ICmean, PC) 
C Defines any covariate model equations (MLEM, ITS) 

Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Real*8 PC(MaxNCP) 
Real*8 Pmean(MaxNSP+MaxNDE), ICmean(MaxNDE) 

cc 
C----------------------------------------------------------------------C 
C Enter# of Covariate Parameters C 
C----c-----------------------------------------------------------------C 

NCparam = 0 ! Enter# of Covariate Parameters. 
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cc 
C----------------------------------------------------------------------C 

C Enter Symbol for Covariate Params {eg: PCsym(l)='CLRenal'} C 
C----c-----------------------------------------------------------------C 

cc 
C----------------------------------------------------------------------C 
C For the Model Params. that Depend on Covariates Enter the Equation C 
C {e.g. Pmean(l) = PC(l)*R(2) } C 
C----c-----------------------------------------------------------------C 

C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 

Subroutine POPINIT(PmeanI,ICmeanI,PcovI,ICcovI, PCI) 
C Initial parameter values for population program parameters (ITS, MLEM) 

Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Integer I,J 
Real*8 PmeanI(MaxNSP+MaxNDE), ICmeanI(MaxNDE) 
Real*8 PcovI(MaxNSP+MaxNDE,MaxNSP+MaxNDE), ICcovI(MaxNDE,MaxNDE) 
Real*8 PCI(MaxNCP) 

cc 
C----------------------------------------------------------------------C 
C Enter Initial Values for Population Means C 
C { e.g. PmeanI(l) = 10.0 } C 
C----c-----------------------------------------------------------------C 

cc 
C----------------------------------------------------------------------C 
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C Enter Initial Values for Pop. Covariance Matrix (Lower Triang.) C 
C { e.g. PcovI(2,1) = 0.25 } C 
C----c-----------------------------------------------------------------C 

cc 
C----------------------------------------------------------------------C 
C Enter Values for Covariate Model Parameters C 
C { e.g. PCI(l) = 2.0 } C 

C----c-----------------------------------------------------------------C 

C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 

Subroutine PRIOR(Pmean,Pcov,ICmean,ICcov) 
C Parameter mean and covariance values for MAP estimation (ID,NPD,STS) 

Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Integer I,J 
Real*8 Pmean(MaxNSP+MaxNDE), ICmean(MaxNDE) 
Real*8 Pcov(MaxNSP+MaxNDE,MaxNSP+MaxNDE), ICcov(MaxNDE,MaxNDE) 

cc 
C----------------------------------------------------------------------C 
C Enter Nonzero Elements of Prior Mean Vector C 
C { e.g. Pmean(l) = 10.0 } C 
C----c-----------------------------------------------------------------C 

cc 
C----------------------------------------------------------------------C 

C Enter Nonzero Elements of Covariance Matrix (Lower Triang.) C 
C { e.g. Pcov(2,1) = 0.25 } C 
C----c-----------------------------------------------------------------C 
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C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 

Subroutine SPARAM(PS,P,IC) 
Implicit None 

Include 'globals.inc' 

Real*8 PS(MaxNSECP), P(MaxNSP+MaxNDE), IC(MaxNDE) 

cc 
C----------------------------------------------------------------------C 
C Enter Equations Defining Secondary Paramters C 
C { e.g. PS(1) = P(1)*P(2) } C 
C----c-----------------------------------------------------------------C 

C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 

Subroutine AMAT(A) 
Implicit None 

Include 'globals.inc' 
Include 'model.inc' 

Integer I,J 
Real*8 A(MaxNDE,MaxNDE) 

DO I=1,Ndeqs 
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Do J=l,Ndeqs 
A(I,J)=0.0D0 

End Do 
End Do 

cc 
C----------------------------------------------------------------------C 
C Enter non zero elements of state matrix {e.g. A(l,1) = -P(l) } C 
C----c-----------------------------------------------------------------C 

C----------------------------------------------------------------------C 
C----------------------------------------------------------------------C 
C 

Return 
End 

C######################################################################C 
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