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ABSTRACT 

 

Chemotherapy related neurotoxicity is the decrease in cognitive function observed in 

patients receiving chemotherapy for breast cancer. For cancers with higher survival rates 

such as breast cancer, quality of life for patients after treatment cessation is a major 

concern. In studies performed in our laboratory, we reported cognitive deficiencies in 

male Swiss-Webster mice on administering 75 mg/kg 5-FU with 3.2 mg/kg MTX and 

these deficits were significantly greater than groups receiving either drug alone or in 

another higher dose combination. The probable mechanisms for the reported drug-drug 

interaction (DDI) between 5-FU and MTX could be either pharmacokinetic (PK) or 

pharmacological. Since the reported study consists of a combination of two drugs, it is 

imperative to determine if the PK of either drug was altered. 

On performing the PK based study we established the nature of the DDI to be PK based. 

We observed statistically significant changes for PK parameters clearance and apparent 

volume of distribution. Since, 5-FU and MTX are high clearance drugs, uptake 

transporters responsible for presenting the drugs to the clearing organs are the limiting 

factors for their clearance. Therefore, for any PK based interactions observed between 5-

FU and MTX in the different dose groups a highly probable mechanism would be 

interactions at the site of uptake transporters.  

Based on the physicochemical properties of 5-FU and MTX and the results observed 

form the PK study, we hypothesized transporter-based interactions to be a probable 

mechanism for the observed DDI. From the transporter based studies we hypothesized 5-

FU probably inhibited the uptake of MTX’s transport across the blood brain barrier 

(BBB). To date the transport of MTX and other similar folates has not been characterized 
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extensively. However, MTX is a very close analogue for reduced folates and therefore 

shares the transporter reduced folate carrier-1 (Rfc-1) expressed abundantly at the BBB, 

with endogenous reduced folates. Hence we hypothesized the decreased exposure of 

MTX in the presence of 5-FU would most probably be as a result of inhibition of uptake 

transporters such as Rfc-1.  

Finally, we developed a mathematical PK model for MTX to predict appropriately drug 

concentrations in the plasma and the brain tissue. The utility of the model was to support 

the hypothesized interactions responsible for the observed PK data. This models utility is 

to provide the PK component for the future PK-pharmacodynamic models, which would 

narrow the gap between the reported cognitive deficits and the PK results reported in this 

dissertation. 
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 1 

CHAPTER 1 

1. INTRODUCTION 

1.1 Chemotherapy related neurotoxicity- chemo brain or chemo fog 

    “Chemo  brain”  or  “chemo  fog”  is a colloquial term coined for the decrease in 

cognitive function observed in patients receiving chemotherapy for breast cancer (Ahles 

& Saykin, 2002, 2007). In 2013 for patients suffering from breast cancer approximately 

40,000 deaths were expected to occur for all age groups which was  nearly 15% of the 

total reported cases add more info among females  (North American Association for 

Central Cancer Registries, American Cancer Society, 

http://www.cancer.org/research/cancerfactsstatistics/breast-cancer-facts-figures). For 

cancers with higher survival rates, such as breast cancer, the quality of life for patients 

after treatment cessation is a major concern. For breast cancer, among the cancer 

survivors who received adjuvant or neo-adjuvant chemotherapy there were increased 

reports of cognitive deficiencies (Tannock, Ahles, Ganz, & Van Dam, 2004). For a long 

time, cognitive decline in patients receiving chemotherapy was attributed to a variety of 

factors such as anxiety, fatigue, stress and the disease cancer itself. Even though we 

cannot diminish the importance of any of the above-mentioned factors, the role of 

chemotherapy in cognitive decline has been largely ignored, until recently.  

Nearly 15-70 % patients receiving adjuvant chemotherapy were reported to suffer 

from acute cognitive deficits post chemotherapy, in the form of decreased working 

memory, information processing, inability to multitask, and loss of executive function 
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(Schagen et al., 2002). Almost 30 % patients exhibited symptoms of cognitive 

impairment 5-6 years after cessation of chemotherapy (Duffner, 2006; Schagen, Muller, 

Boogerd, & Van Dam, 2002). In an in-vitro study, cytotoxic agents carmustine (BCNU), 

cisplatin, and cytosine arabinoside, when administered at dose levels lower than the 

therapeutic levels, exhibited higher levels of toxicity to neuronal progenitor cells than 

terminally differentiated neuronal cells (Dietrich, Han, Yang, Mayer-Pröschel, & Noble, 

2006). 5-fluorouracil (5-FU) when administered at doses less than therapeutic dose levels 

in-vitro exhibited greater toxicity for progenitor cells than terminally differentiated 

neuronal cells. Finally, when administered systemically in mice, 5-FU related 

neurotoxicity was found to be a result of myelin sheath destruction thus providing the 

first animal model for delayed damage in the central nervous system (Han et al., 2008).  

 

1.2 Breast cancer chemotherapy 

Drug treatment options for breast cancer are listed in Table 1. One of the most 

common regimen for breast cancer chemotherapy, especially in the past, consists of a 

combination regimen of 5-FU, MTX and cyclophosphamide. 5-FU and MTX are anti-

metabolites, target rapidly dividing cells, and are reported to have synergistic 

interactions. 

MTX (Figure 1) is an antifolate commonly used in the treatment regimens for 

cancer, psoriasis, and rheumatoid arthritis (Olsen, 1991). Mechanism of action for MTX 

involves inhibition of the enzyme dihydrofolate reductase (DHFR). DHFR is involved in 
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the reduction of dihydrofolates (FH2) to tetrahydrofolates (FH4; Figure 2)(Calabresi & 

Schein, 1993). Reduced folates are involved in numerous physiological processes such as 

de novo purine synthesis and protein synthesis.  These processes require the transfer of 1-

carbon units.  Another enzyme requiring 1-carbon transfer reactions is thymidylate 

synthetase, which is crucial in the DNA synthesis. Inhibition of this process leads to 

DNA disruption (Jolivet et al. 1983). Adverse toxicities resulting from MTX 

chemotherapy have been reported in the past (Olsen 1991). 
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Table 1. Chemotherapeutic agents used for the treatment of breast cancer with the associated mode of actions. 

Drug  Mode of action Type 

Doxorubicin/Adriamycin 

Mol. weight: 543.5 g/mol 

Intercalation of DNA  

 

Anthracycline 

antibiotic 

Cyclophosphamide 

Mol. weight: 261.1 g/mol 

Adds an alkyl group to DNA Alkylating agent  

5-FU  

Mol. weight: 130.1 g/mol 

DNA damage. 

 

Antimetabolite 

 

Methotrexate Inhibits folate homeostasis by inhibiting the 

enzyme DHFR 

Antimetabolite 



 

 5 

Table 1. (Continued)   

Drug  Mode of action Type 

Mol. weight: 455.1 g/mol   

Gemcitabine  

Mol. weight: 263.2 g/mol 

Delivered as a prodrug, exerts cytotoxic effects 

during S-phase of the cell cycle.  

Nucleoside 

analogue 

Bevacizumab /Avastin® 

Mol. weight: 149 g/mol 

Targets vascular endothelial growth factors 

 

Monoclonal 

antibody 

Paclitaxel , Docetaxel 

Mol. weight: 807.9(D) g/mol 

Antimitotic Taxanes 
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Table 1. (Continued)   

Drug  Mode of action Type 

Mol. weight: 853.9 (P) g/mol   

Epirubicin  

Mol. weight: 543.  g/mol 

Intercalation of DNA  Anthracycline  
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Figure 1. Chemical structure of antifolate methotrexate, molecular weight: 455.1 g/mol. 

 

Figure 2. Mode of action for MTX, an antifolate, involves the inhibition of 1-carbon 

transfer reactions by inhibiting the enzyme dihydrofolate reductase (DHFR) (Calabresi & 

Schein, 1993). 
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  5-FU is a fluorinated analogue of naturally occurring pyrimidine-uracil and is 

commonly co-administered with other cytotoxic agents like MTX, cyclophosphamide and 

oxaloplatin. Inside cells, nearly 20% of 5-FU is converted to fluorodeoxyuridine 

monophosphate (FdUMP), which forms a stable complex with thymidylate synthase 

(TS), inhibiting the synthesis of deoxythymidine mono- phosphate (dTMP).  This 

inhibition of dTMP leads to DNA damage leading to the desired cytotoxicity (Longley, 

Harkin, & Johnston, 2003). In the past, reports have also suggested 5-FU metabolites are 

also being incorporated into cellular DNA and RNA resulting in an alternative mode for 

cytotoxicity (Fareed et al. 2009, Longley et al. 2003; Figure 4).   

                     

Figure 3. Chemical structure for 5-flourouracil, molecular weight – 130.1 g/mol. 
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Figure 4: Mechanism of action for 5-FU includes direct or indirect damage to DNA and 

RNA.  Abbreviations: fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine 

triphosphate (FUTP), fluorouridine monophosphate (FUMP), orotate 

phosphoribosyltransferase (OPRT), phosphoribosyl pyrophosphate (PRPP), fluorouridine 

(FUR) , uridine phosphorylase (UP) and uridine kinase (UK), fluorouridine diphosphate 

(FUDP), fluorouridine triphosphate (FUTP), fluorodeoxyuridine diphosphate (FdUDP) 

by ribonucleotide reductase (RR), fluorodeoxyuridine (FUDR), thymidine kinase (TK) to 

FdUMP, Dihydropyrimidine dehydrogenase (DPD), dihydrofluorouracil (DHFU) 

(Longley, et al., 2003). 
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1.3 Cognitive deficiency assessment 

Assessment of cognitive deficiency may be performed via different methods 

depending on the purpose of the study. Depending on the kind of memory being tested 

(e.g. working memory, long term memory, etc.) tasks will differ (radial arm maze, Morris 

water maze, respectively). Cognitive function was assessed using the autoshaping 

procedure in mice in our laboratory (Foley, Raffa, & Walker, 2008; Walker, Foley, 

Clark-Vetri, & Raffa, 2011). Autoshaping is a robust and efficient method to test memory 

deficits. Briefly, auto-shaping involves three steps in memory formation- learning, 

consolidating and retrieving. In step 1, the animal is exposed to a novel task; step 2 

encompasses consolidation of the novel experience of the task from step 1; and in step 3 

the animal is required to recall the task taught in step 1. If performed suitably, a reward is 

provided to the animal (e.g., food, water). Measures of learning and memory deficits due 

to chemotherapy in these animal models is the delay in acquiring task in the step 1 or the 

failure to recall the information in step 3. The longer the delays in acquiring the task or 

the failure to recall the information in step 3 for a drug treated animal, the greater is the 

memory deficit. 

Recent studies have shown 5-FU and MTX may have additional neurotoxic side 

effects. Past studies which reported have cognitive deficiency in rodent models when 

administered 5-FU and/or MTX, as reported in Table 2. Most of these reports examined 

different aspects of hippocampus-related spatial memory tasks in normal mice. Potential 

mechanistic explanations for the reported cognitive deficiencies were attributed to 

decreased cell proliferation in the hippocampus (Elbeltagy et al., 2012; Winocur, Vardy, 
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Binns, Kerr, & Tannock, 2006a, 2006b), decreased blood vessel density in the 

hippocampus (Seigers et al., 2010), decrease in the methylation potential (Y. Li, V. 

Vijayanathan, M. Gulinello, & P. D. Cole, 2010a; Y. Li, V. Vijayanathan, M. E. 

Gulinello, & P. D. Cole, 2010b), and decrease in amine concentrations in the brain 

(Madhyastha, Somayaji, Rao, Nalini, & Bairy, 2002, 2005).  
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Table 2:  Past studies performed to assess cognitive impairment in rodent models when 5-FU and MTX were administered 

either alone or in combination. 

Drug(s) Animal  Results  Reference 

5-FU Male Lister-hooded rats Cell proliferation 

reduced in 

hippocampal sub-

granular zone 

(Elbeltagy, et al., 2012)  

MTX + 5-FU Male C57BL/6H mice Decreased ability to 

comprehend 

auditory stimuli, 

however novel 

object recognition  

(Gandal, Ehrlichman, 

Rudnick, & Siegel, 2008)  
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Table 2. (Continued)  

Drug(s) Animal model Results  Reference 

  unaffected  

MTX  Male Long-Evans rats, 

young female and male 

Long Evans 

Decreased folate 

levels in CSF and 

serum. 

Impaired spatial 

memory 

(Y. Li, et al., 2010a; Y. 

Li, et al., 2010b) 

MTX Male Wistar rats (four 

months old)  

Impaired 

conditioned  

(Madhyastha, et al., 

2002, 2005) 
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Table 2. (Continued)  

Drug(s) Animal model Results  Reference 

  avoidance learning. 

Decreased 

norepinephrine, 

dopamine, and 

serotonin in brain. 

 

5-FU Male Lister-hooded rats 

(200–250 g) 

Subtle impairment 

in object location 

recognition. 

Decreased cell 

proliferation in  

(Mustafa, Walker, 

Bennett, & Wigmore, 

2008) 
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Table 2. (Continued)  

Drug(s) Animal model Results  Reference 

  hippocampus.  

MTX Male Wistar rats (three 

months old) 

Impairment in 

novel object 

recognition. 

Decreased cell 

proliferation in 

hippocampus 

(Seigers et al., 2008; 

Seigers et al., 2009; 

Seigers, et al., 2010) 

MTX Male and female Sprague-

Dawley rats 

No impairment in 

appetitive 

Pavlovian 

conditioning task 

(Stock, Rosellini, 

Abrahamsen, McCaffrey, 

& Ruckdeschel, 1995) 
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Table 2. (Continued)  

Drug(s) Animal model Results  Reference 

MTX Male and female Lewis-

inbred rats 

Impaired 

conditional 

emotional response 

and conditioned 

taste aversion 

acquisition 

(Yanovski et al., 1989) 

MTX + 5-FU Female BALB/C mice Impairment in non-

matching-to-sample 

and delayed non-

matching-to-

sample, due to 

possible alterations 

in hippocampus 

(Winocur, et al., 2006a) 
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1.4. Rationale for conducting a pharmacokinetic study to understand the reported 

drug-drug interactions 

Though past studies provided potential mechanistic rationale for the observed 

neurotoxic effects, they did not include changes in concentrations for either the drug/ 

endogenous compounds such as reduced glutathione, folic acid or reduced folates. Such 

measurements would be especially important for studies reporting increased cognitive 

deficits for a combination of two or more drugs. Pharmacokinetics (PK) deals with the 

time dependent disposition of a drug. Most of the studies dealing with chemotherapy 

related cognitive dysfunction have not reported the time course for the drugs 

administered. Thus, it is unknown if the PK of the drug or endogenous compounds were 

altered in the given study. Since most chemotherapy regimens require a combination of 

two or more drugs, determining the nature of the drug-drug interactions (DDI), i.e. 

whether the DDI is PK driven or pharmacodynamicaly (PD) driven, would provide a 

better understanding of the potential contributors to the observed chemotherapy related 

cognitive deficits. Increased cognitive deficits may be due to an increase in brain 

exposure of a toxic drug/metabolite in the presence of an interacting drug; therefore 

quantifying the drug concentrations in brain would provide a stronger foundation for 

further mechanistic studies. Also as recently reported, changes occurring peripheral to the 

brain may also contribute to the observed cognitive deficits. In a reported clinical study, 

increased oxidative stress and cytokine levels plasma was attributed to increased 

cognitive deficiencies when anticancer agent doxorubicin was administered (Aluise et al., 

2011; Aluise et al., 2010).  
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In studies performed in our laboratory, we reported cognitive deficiencies in male 

Swiss-Webster mice after administration of 75 mg/kg 5-FU with 3.2 mg/kg MTX (Foley, 

et al., 2008; Walker, et al., 2011). These deficits were significantly greater than groups 

receiving either drug alone or in another higher dose combination (75 mg/kg 5-FU + 32 

mg/kg MTX) as shown in Figure 5. Based on these pharmacological results, we 

established a DDI existed between 5-FU and the lower dose of MTX. However, this DDI 

could either be PK based or PD based.  In my dissertation, we aim to identify the nature 

of the DDI observed between 5-FU and MTX in male Swiss-Webster mice by performing 

a PK based study. For this PK-based study, we quantified concentrations of both drugs in 

brain and systemic circulation when the drugs are administered either alone or in 

combination.  
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Figure 5: Mice (n=8-12) receiving 75 mg/kg 5-FU + MTX via the intra peritoneal (i.p.) 

route exhibited increased adjusted latency in task retention when compared to groups 

receiving either drug alone.  X-axis corresponds to the different dosing groups. Y-axis 

shows the adjusted latency (in seconds) for mice to earn 10 rewards. * p< 0.05 when 

compared to group receiving 5-FU alone. ^ p < 0.05 when compared to the group 

receiving MTX alone (Foley, et al., 2008). 

 

1.5 Primary pharmacokinetic parameters 

Two primary PK parameters describing drug behavior are volume of distribution 

(Vd) and clearance (CL). Primary PK parameters are parameters, which are dependent on 
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physiological parameters such as blood flow. All other PK parameters such as the half-

life and the elimination rate constant are derived from these primary PK parameters. In 

the past, PK studies performed for a combination of 5-FU, MTX and cyclophosphamide 

have reported increased volume of distribution for 5-FU and increased clearance of MTX 

when administered in the said combination (de Bruijn et al., 1986; de Bruijn et al., 

1987a).  However, this study included a combination of three drugs, therefore individual 

contributions were not identified for the reported changes in PK parameters. 

Both 5-FU and MTX exhibit rapid and extensive clearance from the systemic 

circulation, hence the intrinsic clearance of the liver (5-FU) and the kidneys (MTX) is 

high for these drugs. Pharmacokineticaly, total organ intrinsic clearance is defined as 

follows:  CLint, organ = PSi * CLint  / (PSe + CLint). Where PS is the permeability surface 

area product. PSi represents influx and PSe represents efflux processes (Shitara, Horie and 

Sugiyama 2006, Pang and Gillette 1978). CLint of a drug is defined as the inherent ability 

of the organ to clear the drug in the absence of any blood flow restrictions. Thus for drugs 

with a high CLint, PSi is the rate limiting factor determining CLint, organ 

Therefore for high clearance compounds such as 5-FU and MTX, uptake 

processes across the eliminating organs are major limiting factors determining the total 

organ intrinsic clearance. Therefore, for MTX the limiting factors for its renal clearance 

would be the uptake of MTX across the basolateral membrane of the renal cell.  For 5-

FU, the limiting factor for hepatic clearance could be the uptake across the basolateral 

membrane of the liver.  Also, as mentioned previously, both 5-FU and MTX are close 

analogues of naturally occurring endogenous compounds. Therefore, the presence of 
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these drugs in the systemic circulation may also affect the disposition of such endogenous 

compounds. For example presence of MTX inhibited the uptake of folic acid in 

transfected human choriocarcinoma cell lines (Takahashi et al., 2001). 

Vd correlates the administered doses with the concentrations of the drug in the 

systemic circulation, i.e., it is a proportionality factor between dose and concentration. Vd 

is not a real volume but an apparent value, however it represents the extent of distribution 

of the drug in-vivo. Since Vd is a proportionality factor between the dose and the 

concentration of the drug in the systemic circulation, it is a dynamic PK parameter. 

Hence the most preferred Vd value used for describing the drug disposition is the Vd at 

the steady state when it is assumed that drug concentrations across all tissues and the 

systemic circulation has achieved steady state. Mathematically therefore volume of 

distribution at steady state (Vss) is defined as: 

  Vss = Vp + ∑  Vt  

Vp is volume of plasma; fp free- fraction of drug in plasma, ft free fraction in tissue 

and Vt is the volume of distribution in tissue. Altered drug distribution as a result of an 

change in the free fraction of drug in plasma (fp) is one possible explanation for an 

observed change in Vss (Gibaldi & McNamara, 1978).  Another factor that would 

contribute to alteration in Vss is change in binding of drug to tissues.  
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1.6 Rationale for conducting a transporter based study to understand the reported 

drug-drug interactions 

With respect to brain permeability, both 5-FU and MTX are weak hydrophilic 

acids existing in an ionized form at physiological pH (pH = 7.4). Therefore, passive 

transport across membranes such as the blood-brain barrier is limited. Regarding active 

transport across the blood-brain barrier (BBB), there are very few studies reporting 

detectable levels of 5-FU in the brain. MTX on the other hand is a known substrate for 

the efflux transporters such as P-glycoprotein (Pgp), thus preventing MTX transport 

across the Pgp enriched BBB (Assaraf, 2006; Matherly & Goldman, 2003; Shibayama, 

Takeda, & Yamada, 2009). Although uptake transport for reduced folates and antifolates 

such as MTX across the BBB has not been extensively characterized, Rfc-1 is known to 

be a major contributor for uptake (Araújo, Gonçalves, & Martel, 2010). 

In addition to efflux at the BBB, transporters (uptake and efflux) play a major role 

in the systemic elimination of MTX. Besides being metabolized in the liver, MTX is 

excreted unchanged in the urine to a large extent (40-90%) with processes involving 

passive filtration, active tubular secretion and reabsorption (Bertino, 1982). Uptake 

transporters such as organic anion transporters (Oat1/2/3) play an important role in the 

secretion of MTX in the urine.  Recent reports suggest these uptake transporters to be 

frequent sites of interactions between MTX and other drugs resulting in altered exposure 

levels for MTX (Masuda, Saito, & Inui, 1997; Takeuchi, Masuda, Saito, Doi, & Inui, 

2001; Uwai et al., 2004). Alternatively, since FBAL is excreted mainly unchanged in the 

urine, renal elimination of MTX may be affected by the presence of increased levels of 
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FBAL. The renal elimination route could be another possible site of interaction between 

the metabolite FBAL and the renaly excreted drug MTX. 

For high clearance drugs such as 5-FU, whose major clearance mechanism is via 

metabolism in the liver, uptake transporters across liver will prove to be a rate-limiting 

step. Recently membrane transporters have been suggested to play a crucial role in 

altering Vss (Grover & Benet, 2009). Altered Vss due to uptake transporters is especially 

pronounced for hydrophilic acidic drugs such as 5-FU, in comparison to basic, neutral 

and lipophilic drugs. Other studies have also reported similar findings where transporters 

affect the drug clearance and tissue distribution (Shitara, Horie, & Sugiyama, 2006). 

Transporters commonly implicated in drug uptake include Organic anion transporter 

polypeptides and organic anion transporters/organic cation transporters (Lam, Okochi, 

Huang, & Benet, 2006).  Also, transport via the uptake transporters present across the 

basolateral membranes of the liver (5-FU) and kidneys (MTX) are the rate limiting 

factors determining the disposition for these drugs. Hence, if either Vss or CL were 

affected in our PK study, we hypothesize interactions at the site of transporters as a 

probable mechanistic explanation. 

 

1.7 Utility for developing a pharmacokinetic model 

Finally, we aim to develop a mathematical PK model for the drugs MTX and/or 

5-FU to predict appropriately drug concentrations in the plasma and the brain tissue. The 

utility of the model is to appropriately predict the hypothesized interactions responsible 
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for the observed PK data. If the model was successful, the results obtained would be used 

as the premise for additional experiments to further narrow the gap in the understanding 

of chemotherapy related neurotoxicities. Also, the PK model developed would be needed 

in developing a robust PK-PD model in the future. 

 

In conclusion, a PK based study to understand the reported DDI is critical for 

quantifying the changes in the concentrations of drugs when administered together. In the 

past many studies have reported interactions between 5-FU and MTX, though none have 

performed a PK-based study to better understand increased cognitive deficiency observed 

with a combination of 5-FU and MTX. Thus, this study would provide a fresh perspective 

on previously unreported interactions between 5-FU and MTX. 
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CHAPTER 2 

 RESEARCH OBJECTIVES 

 

In studies performed in our laboratory, we reported cognitive deficiencies in male 

Swiss-Webster mice after administration of 75 mg/kg 5-FU with 3.2 mg/kg MTX (Foley, 

et al., 2008; Walker, et al., 2011). These deficits were significantly greater than groups 

receiving either drug alone or other higher dose combination (75 mg/kg 5-FU + 32 mg/kg 

MTX). 5-FU and MTX are both weak hydrophilic acids existing in an ionized form at 

physiological pH (pH = 7.4). Therefore, passive transport across membranes such as the 

blood-brain barrier is limited. Regarding active transport across the blood-brain barrier, 

there are very few studies reporting detectable levels of 5-FU in the brain. Thus to 

determine the basis for the reported drug-drug interactions (DDI) between 75 mg/kg 5-

FU + 3.2 mg/kg MTX, we aim to perform a PK- based study in plasma and urine in 

addition to a PK study in the brain tissue. Also, based on the physicochemical properties 

of 5-FU and MTX and the past reports with respect to the observed PK in rodent models, 

we believe if there were to be a PK based DDI established, uptake transporters would 

most probably be the sites of interaction.  

 

Based on the rationale provided above we proposed the following Specific Aims:  
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Specific Aim 1: To develop and validate a bio-analytical method for the quantitative 

determination of 5- fluorouracil (5-FU), methotrexate (MTX), and  metabolite  α-

fluoro  β-alanine (FBAL) in mouse plasma, brain, and urine using high performance 

liquid chromatography tandem mass spectrometer (HPLC-MSD) for use in 

performing future pharmacokinetic studies. 

To capture a complete pharmacokinetic profile for any drug, it is imperative to 

establish a sensitive, validated analytical procedure for the drugs of interest in the 

required matrices. We aimed to develop a sensitive analytical method for both 5-FU and 

MTX in plasma, brain and urine for the purposes of obtaining complete PK profiles for 

drugs of interest in vivo. In addition, for FBAL, we aimed to develop a sensitive 

analytical method in mouse plasma and brain. 

 

Specific Aim 2: To perform a PK study for 5-FU (75 mg/kg) and MTX (3.2 mg/kg, 

10 mg/kg and 32 mg/kg) individually and in combination in male Swiss-Webster 

mice. 

The probable mechanisms for the reported DDI between 5-FU and MTX could be 

either pharmacokinetic or pharmacological. Pharmacokinetics deals with drug behavior at 

a macro level with respect to drug absorption, distribution, metabolism, and elimination. 

Changes in any of these factors may lead to altered exposure levels of the drug(s) in the 

body. Whether this altered exposure of the drug is an upstream modulator for the 

observed pharmacodynamic response will be answered by performing a PK study. For a 
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PK study, we would measure time dependent concentration profiles of the drugs when 

dosed alone vs. in combination for plasma, brain and urine. 

 

Specific Aim 3: To conduct transporter based studies to explain probable changes 

observed in the PK study for 3.2 mg/kg MTX and 75 mg/kg 5-FU. 

5-FU and MTX at a physiological pH of 7.4 exist as organic anions. Thus, the 

passive transport for either of these two drugs across the blood brain barrier is not highly 

probable. Also, 5-FU and MTX are highly cleared via excretory organs such as the liver 

(5-FU) and kidneys (MTX). For such high clearance organs, the uptake transporters 

responsible for presenting the drugs to the clearing organs are the limiting factor. 

Therefore, for any PK based interactions observed between 5-FU and MTX in the 

different dose groups, probable mechanisms would involve uptake transporters based 

interactions. The transporters of interest here would be the common uptake transporters 

for 5-FU and MTX present on the basolateral surfaces of the hepatocytes and the 

proximal convoluted tubule. In addition, MTX is a close analogue for folates therefore; 

MTX uses the same uptake transporters used by the reduced folates for cellular entry. 

The most efficient uptake transporter for reduced folates and MTX is the reduced folate 

carrier-1 (Rfc-1). 

Based on the physicochemical properties and past studies reported for 5-FU and 

MTX, a high probability of a possible interaction at the site of uptake transporters exists. 

Thus, we performed mechanistic studies to explain the observed PK changes. The uptake 
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transporters we are interested in investigating are the organic anion transporter-1/3 (Oat-

1/3) and Rfc-1. We hypothesize a possible mechanistic basis for a PK based DDI 

between 5FU and MTX may be due to an interaction at the uptake transporter level. 

 

Specific Aim 4: To develop a mathematical PK model based on the data collected 

from specific aims 2 and 3 for better understanding the observed DDI between 75 

mg/kg 5-FU and 3.2 mg/kg MTX.  

Pharmacokinetic models are developed to attain a better understanding about a 

compounds’  behavior  in  a  biological  system,  while  explaining  the  data  as  best  as  

possible. We proposed to develop a robust model for describing characteristics of MTX 

in brain and plasma. The utility of the model would be to appropriately predict the 

hypothesized interactions and results obtained from Specific Aims 3 and 4. This model 

would be helpful in conducting future experiments.  
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CHAPTER 3 

DEVELOPMENT AND VALIDATION OF BIO-ANALYTICAL METHODS FOR 

5-FLUOROURACIL,  METHOTREXATE  AND  α-FLUORO  β-ALANINE IN 

BIOLOGICAL MATRICES. 

 

Part A: Development of a bio-analytical LCMS method for 5-fluorouracil, 

methotrexate in mouse plasma, brain and urine. 

 

3.1. Introduction 

For MTX (Figure 1), a weak di-carboxylic acid, numerous analytical methods 

have been reported, such as HPLC methods with different detectors such as UV-Vis, MS, 

and MS/MS have been reported for MTX and its metabolites as well in different 

biological matrices with acceptable sensitivities (Blakeley et al., 2009; den Boer et al., 

2012; Guo et al., 2007; Lobo & Balthasar, 2003). 

For 5-FU (Figure 3) numerous quantitative and qualitative bio-analytical methods 

have been reported in the past. Reverse-phase high performance liquid chromatography 

(HPLC) has been commonly used with a variety of different detectors such UV-Vis, 

fluorescence, NMR, MS, and MS/MS. (Heggie, Sommadossi, Cross, Huster, & Diasio, 
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1987; Jarugula & Boudinot, 1996; H. Y. Liu, Ding, Yu, Chu, & Zhu, 2012; K. Liu, 

Zhong, Zou, & Chen, 2010a; Peer, McManus, Hurwitz, & Petros, 2012).  

Of all the methods available for 5-FU detection, HPLC methods with MS 

detectors are the most sensitive and reliable. Unfortunately most of these methods are 

fraught with shortcomings such as tedious sample extraction procedures (Joulia, Pinguet, 

Grosse, Astre, & Bressolle, 1997; H. Y. Liu, et al., 2012; Wang, Nano, Mulligan, Bush, 

& Edom, 1998), complex chromatographic conditions (Pisano, Breda, Grassi, & James, 

2005; Remaud, Boisdron-Celle, Morel, & Gamelin, 2005), low sensitivity (Chu, Gu, Liu, 

Paul Fawcett, & Dong, 2003; van Kuilenburg, van Lenthe, Maring, & van Gennip, 2006), 

and the requirement of large sample volumes (Coe, Earl, Johnson, & Lee, 1996; K. M. Li, 

Rivory, & Clarke, 2005; H. Y. Liu, et al., 2012; Loos et al., 1999; Peer, et al., 2012). 

In addition, most reported studies used only plasma for 5-FU, while brain tissue 

and urine as matrices, were not evaluated (Büchel et al., 2012; Casale et al., 2002; 

Ciccolini et al., 2004; Joulia, et al., 1997; Kosovec, Egorin, Gjurich, & Beumer, 2008; H. 

Y. Liu, et al., 2012; K. Liu, et al., 2010a). Analytical methods determining 5-FU 

concentration in cerebrospinal fluid have been reported (Bourke, West, Chheda, & 

Tower, 1973)  but were not very successful in tissues such as the brain (Bourke, et al., 

1973; Hao, Cheng, Zou, Sun, & Cui, 2004).  

Furthermore, there are very few sensitive analytical methods reported for the 

simultaneous determination of 5-FU and MTX in biological matrices such as the plasma, 

brain and urine.  Sabatini et al., reported an analytical method for simultaneous 

quantification of 5-FU and MTX, however, the sample matrix used for quantification was 
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Kleenex® tissue (Sabatini, Barbieri, Tosi, & Violante, 2005). This sample matrix 

normally used for wiping surfaces is not as complex as the biological matrices, which we 

have employed in our report. In this study, we present the development and validation of 

a fast, sensitive and robust LC-MS method for 5-FU and MTX in biological matrices 

commonly utilized for preclinical as well as clinical PK and pharmacological evaluation 

of drugs. The LC-MS parameters we used are common for both 5-FU and MTX 

increasing the ease of analysis. This sensitive bio-analytical method was applied in the 

PK analysis for 5-FU and MTX in male Swiss-Webster mice (n=3) and allowed 

characterization of the brain concentrations of 5-FU over a period of 24 h, which has not 

been reported extensively in the past.  

 

3.2. Experimental 

3.2.1. Chemicals and reagents 

5-FU was purchased from GeneraMedix, Inc. (Ahmedabad, India); MTX was 

purchased from Hospira Inc. (Lake forest, IL).  Aminopterin (AMP) and 5-bromouracil 

(5-BU) were purchased from Sigma-Aldrich Inc. (St Louis, MO) to be used as internal 

standards (IS) for 5-FU and MTX respectively. Ammonium acetate, glacial acetic acid, 

and ethyl acetate (HPLC grade) were purchased from Fisher Scientific (Fairlawn, NJ). 

HPLC grade methanol was purchased from EMD chemicals Inc. (Gibbstown, NJ). 

Deionized nanopure water was obtained from the nanopure de-ionization system 

(Barnstead / Thermolyne, Dubuque, IA, USA) located in the facility, and was used in all 
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the experiments. Blank mouse plasma (drug free) was purchased from Lampire 

Biological laboratories (Pipersville, PA, USA). On receiving the blank plasma, aliquots 

of 10 ml were made and stored in -20⁰ C freezer. Batch number and date of receipt was 

noted. 

3.2.2 Liquid chromatography (LC) and mass spectrometry (MS) parameters 

        The LC system used was an Agilent 1100 series HPLC system (Agilent® 

Technologies, Santa Clara, CA). For chromatographic separation, Agilent® Zorbax® SB-

C18 (3.5 µm, 150 mm x 3 mm) analytical column coupled with a C-18 guard cartridge (4 

mm × 2.0 mm; Phenomenex, Torrance, CA) was used. Columns were maintained at room 

temperature throughout the analysis. Sample volume injected in to the system was 10 uL. 

Internal standards were 5-BU for 5-FU and AMP for MTX. 

The MS system used was an Agilent MSD SL-G1946D (Agilent® Technologies, 

Santa Clara, CA). For determining appropriate MS parameters, flow injection analysis 

was performed with the drug solution at a concentration of 1 µg/mL in de-ionized 

nanopure water. The same mass spectrometer parameters were used for 5-FU and MTX. 

These parameters were applicable for all matrices (plasma, brain, urine) and were as 

follows: fragmentor voltage 100 V; drying gas flow rate 8 L/min; gas temperature 250°C; 

nebulizer pressure 40 psig; capillary voltage 2500 V (+/-). Analyses for 5-FU and 5-BU 

were done in a negative ion mode with single ion monitoring (SIM) values of 129 and 

189 respectively. For MTX and AMP, analyses were performed in a positive ionization 

mode with SIM values of 455 and 441, respectively. The MS detector described above 

has the capacity to quantify positive and negative ionizations simultaneously. The 
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ionization source used for the method was electron spray ionization. All responses 

obtained were analyzed using the Agilent® ChemStation® software. 

 

 

3.2.3. LC method development 

With the parameters obtained for MS by flow injection analysis, we proceeded 

with developing appropriate LC parameters. Table 1 explains in detail the various 

protocols evaluated for the simultaneous determination of 5-FU and MTX in plasma, 

brain and urine samples.  
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Table 3. Different methods tested for the simultaneous determination of 5-FU and MTX 

Sample extraction procedures tested a,b 

Protein precipitation Double protein 

precipitation 

Protein precipitation with LLE LLE 

Plasma+ 3Xc MeOH/3X 

ACN 

Plasma+ TCA+ GAA 

Plasma+ ammonium 

sulfate 

Plasma+ perchloric acid 

Plasma+ 

ammonium sulfate 

+MeOH/ACN 

Plasma+ 

perchloric acid+ 

MeOH/ACN 

 

Plasma+ 2X perchloric acid+ 10X EA 

Plasma+ 2X ammonium sulfate+ 10X EA 

Plasma+ 2X ammonium sulfate+ n-

propanol- dimethyl ether (8:2) 

Plasma+ 2X ammonium sulfate + GAA+ 

10X EA+ back extraction  with potassium  

Plasma + 10X 

dichloromethane 

Plasma+ 3X 

MeOH/ACN+ 

10X EA 

Plasma + 10X 

dichloromethane 
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Table 3. (Continued) 

Protein precipitation Double protein 

precipitation 

Protein precipitation with 

LLE 

LLE 

Plasma + 2X HCl+ 10X 

EA:isopropanol 

( 9:1) 

 

hydroxide (0.5M) 

Plasma+ 3X MeOH/ACN + 

10X EA 

Plasma + 10X EA 

Mobile phases tested (pH = 4.0) 

AA (1mM-20mM; %v/v AA: MeOH), or 

AF (1mM-20mM; %v/v AF: ACN) 

40:60 ; 50:50 ; 60:40 ; 70:30 ; 90:10  
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Abbreviations: MeOH- methanol, ACN- acetonitrile, TCA- trichloro acetic acid, GAA- glacial acetic acid, LLE- liquid-liquid   

extraction, EA- ethyl acetate, AA- ammonium acetate, AF- ammonium formate.   

a Each sample extraction procedure was individually performed with centrifugation speeds 4000, 8000, and 12000 rpm 

b Isocratic elution method was utilized for all combinations. 

c X= plasma, brain, urine volume in µL

Table 3. (Continued)  

Reconstitution media tested 50:50 (%v/v) buffer: organic 

100% organic 

100% aqueous 
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3.2.4. Preparation of stock solutions, calibration standards and quality controls 

Both 5-FU and MTX were commercially available as 50 mg/mL solutions in 

saline. For AMP, stock solutions were prepared in methanol with 4% DMSO at 200 

µg/mL final concentration, and were stored in amber colored bottles at -20 °C. For 5-BU, 

stock solutions were prepared in 100 % methanol at 200 µg/mL final concentration, and 

were stored in amber colored bottles at -20 °C. On the day of the experiment, fresh stock 

solutions at 40 µg/mL concentrations were prepared in de-ionized water for both the 

drugs.  

For the standard curve, calibration standards were prepared by adding appropriate 

aliquots of 5-FU and MTX stock solutions to the blank murine matrix (plasma, brain or 

urine). After which serial dilution was performed with the appropriate matrix to obtain a 

standard curve. The standard curve comprised seven non-zero concentrations ranging 

from 15.6 ng/mL -1µg/mL (plasma and brain) and 78 ng/mL- 5µg/mL (urine).  A 

working solution of AMP was prepared by diluting stock solutions with 100 % methanol 

to make a final concentration of 15.6 ng/mL. A working solution of 5-BU was prepared 

by diluting stock solution with 100% ethyl acetate to make a final solution of 15.6 

ng/mL. Separate stock solutions were prepared for quality control (QC) samples, and 

were used to validate the assay.  

For plasma and brain samples, three QC samples were chosen for each drug at the 

following concentrations to cover the entire standard curve range:  31.3 ng/mL (low), 125 

ng/ml (medium) and 500 ng/mL (high). For urine samples three QC samples were chosen 
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for each drug at the following concentrations: 156 ng/mL (low), 625 ng/mL (medium) 

and 2500 ng/mL (high).  

 

3.3. Method validation 

3.3.1. Calibration curve 

Seven non-zero concentrations plus one blank sample comprised the calibration 

curve with concentrations: 15.6, 31.3, 62.5, 125, 250, 500 and1000 ng/mL for plasma and 

brain samples, and 78.1, 156.3, 312.5, 625, 1250, 2500 and 5000 ng/mL for urine 

samples. The standard curve was constructed by plotting the peak area ratios of drug and 

IS against theoretical concentrations of calibration standards. Linear regression analysis 

of the standard curve was performed using Graph Pad software (version 4.0), with a 

weighting factor of 1/x (where x = concentration). Back calculation of standards and QCs 

were performed using the formula y = mx+ c for evaluation of accuracy and precision on 

five separate occasions. 

 

3.3.2. Accuracy and precision 

The accuracy and precision of the given assay were determined for three matrices 

containing known concentration of the drugs. Intraday accuracy and precision were 

determined by analyzing 6 replicates of QC samples on the same day. Interday accuracy 



 

 39 

and precision were determined by analyzing 5 replicates of QC samples, with the 

procedure performed on five separate occasions. At each concentration of the QC 

samples, precision was determined by calculating the % coefficient of variation, which 

was defined as: CV% = (standard deviation / mean) *100. Accuracy was determined by 

calculating the % relative error (RE), which was defined as: RE % = [(mean observed- 

theoretical)/ theoretical]*100. The samples passed validation if the accuracy and 

precision  at  each  QC  concentration  was  ≤  15%  for  all  the  conditions  tested.   

 

3.3.3. Extraction efficiency and matrix effect 

Extraction efficiency and matrix effect were evaluated for the plasma, brain and 

urine samples (n=3) at concentrations of 31.3 ng/mL, 125 ng/ml and 500 ng/mL for both 

5-FU and MTX. For this purpose, three sets of samples were prepared.  In set 1, plasma, 

brain or urine sample were spiked with drug + IS prior to sample extraction process. In 

set 2, plasma, brain or urine samples were spiked with drug + IS post sample extraction. 

In set 3, drug and IS concentrations were prepared in a solution of 50: 50 %v/v 

ammonium acetate- methanol solution. Extraction efficiency (EE) was defined as: 

EE % = (peak area ratio of drug + IS in set 1/ peak area ratio of drug + IS in set 2)* 100.   

Matrix Effect (ME) was calculated as: 

ME% = [(peak area ratio of drug + IS in set 2/ peak area ratio of drug + IS in set 3)* 

100]-100.  
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3.3.4. Freeze-thaw stability 

Freeze-thaw cycles for samples stored at -80°C were performed at 4 and 22 h for 

both 5-FU and MTX in plasma and brain (n=2) at QC concentrations of 31.3 ng/mL, 125 

ng/ml and 500 ng/mL. Urine samples were analyzed immediately upon collection for the 

calculation of fraction of drug excreted unchanged in the urine (fe). Relative error was 

calculated as:  RE % = [(mean observed- theoretical value)/ theoretical value]*100.   

 

3.4. Results 

3.4.1. LC method development 

      Several methods were examined for the simultaneous determination of 5-FU 

and MTX (Table 1). The most important criteria for selecting an appropriate LC-MS 

method were sensitivity, low run time, and ease of analysis. The parameters chosen for 

LC and MS as reported here and also in the methods section above, were amenable for 

both 5-FU and MTX. The mobile phase for both 5-FU and MTX consisted of ammonium 

acetate (5 mM, pH 4) and 100% methanol (70:30, %v/v) with an isocratic elution at a 

flow rate of 300 µL/min. Retention times for the analytes were: 2.6 min (5-FU), 3.2 min 

(5-BU), 5.7 min (MTX), and 3.5 min (AMP). Representative chromatograms for 5-FU 

and MTX are shown in Figures A.1 and A.2 in Appendix. 
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3.4.2. Sample preparation 

5-FU method 

Of all the sample preparation protocols that were tested (Table 1), the following 

sample preparation method provided the best results analytically. To prepare 5-FU 

samples, 10X volume of ethyl acetate + IS (EA+IS) solution was added to 50 µL 

(plasma) or 20 µL (brain or urine samples) to which drug was added before. The drug-

matrix-organic solvent mixture was then placed in a shaker for 10 min, after which it was 

centrifuged at 12000 rpm for 10 min at 4⁰ C. The upper layer was removed completely 

and collected in a fresh Eppendorf® tube. This process was repeated by adding 10X 

volume of fresh EA + IS solution to the remaining plasma or brain tissue sample. The 

upper layer was removed completely and collected again. This collected mixture was 

dried under N2 for 15 min. The dried residue was reconstituted with 50 µL of mobile 

phase (plasma sample) or 20 µL of mobile phase (brain or urine samples). Next 10µL of 

this solution was injected in the LC/MS system for analysis.  

 

MTX method 

To prepare MTX samples, 3X volume of methanol + IS (M+IS) solution was 

added to 50 µL (plasma) or 20 µL (brain, or urine samples) to which drug was added 

before. The drug-matrix-organic solvent mixture was then vortexed for 10 sec and later 

centrifuged at 12000 rpm at 4⁰ C for 10 min. The supernatant was collected and dried 

under N2 for 30 min. Dried residue was reconstituted with 50 µL of mobile phase (plasma 
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sample) or 20 µL of mobile phase (brain or urine samples). This solution (10 µL) was 

injected in the LC/MS systems for analysis.  

 

3.4.3. Method validation 

Calibration curve 

Seven non-zero concentrations over a range of 15.6 ng/mL - 1µg/mL for mouse 

plasma and brain and 78.1 ng/mL - 5µg/mL in mouse urine were used to establish a 

calibration curve. The standard curve was constructed by plotting the peak area ratios of 

drug and IS against theoretical concentrations of calibration standards and fitted to the 

linear equation; y = mx + c using weighing factor (1/x). For 5 replicates, the average R2 

was  ≥ 0.99. Accuracy and precision of back-calculated concentrations for all QCs were 

≤15%.    LOQ  was  represented  by  the  lowest  concentration  on  the  standard  curve,  

demonstrating  appropriate  accuracy  and  precision  of  ≤ 20% (Tables 2 and 3). 

 

Accuracy and precision 

Method validation was performed according to the guidelines provided by the 

USA FDA (Shah et al., 1991). LOQ was defined as the lowest concentration on the 

standard  curve  for  which  the  accuracy  and  precision  was  ≤  20%  on  five  separate  

occasions. The LOQ for 5-FU and MTX in plasma and brain was 15.6 ng/mL and LOQ 
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for 5-FU and MTX was 78 ng/mL in urine. The interday and intraday accuracy and 

precision  for  each  QC  was  ≤15%.
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Table 4. Method validation for 5-FU in mouse plasma, brain and urine; concentrations measured are reported as mean. 

Matrix 

 

Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean 

observed 

(ng/mL) 

CV%a 

 

RE%b 

 

Plasma 15.6 17.2 19.1 9.3 14.8 11.5 -5.5 

31.3 33.9 13.3 8.3 31.8 5.9 1.8 

125.0 141.9 14.8 13.5 139.7 9.9 11.8 

 500.0 501.2 14.8 0.23 493.3 6.4 -1.3 
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Table 4. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean 

observed 

(ng/mL) 

CV%a 

 

RE%b 

 

 500.0 501.2 14.8 0.23 493.3 6.4 -1.3 

Brain 15.6 15.4 15.6 -1.2 14.5 10.1 -6.8 

31.3 29.5 8.5 -6.0 29.9 7.7 -4.2 

 125.0 125.8 11.5 0.65 128.8 13.9 2.9 
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Table 4. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

 Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean 

observed 

(ng/mL) 

CV%a 

 

RE%b 

 

Brain 500.0 514.7 5.1 2.9 510.9 5.1 2.1 

       

Urine 78.1 71.4 15.6 -9.4 72.6 19.1 -4.7 

 156.3 143.7 11.5 -8.7 157.2 14.6 0.7 
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a Precision (CV %) = (standard deviation / mean) *100 

                 b Bias (RE %) = [(mean observed- theoretical value)/ theoretical value]*100. 

Table 4. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

 Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean 

observed 

(ng/mL) 

CV%a 

 

RE%b 

 

Urine 625.0 585.9 10.5 -6.7 568.9 5.8 -9.9 

 2500 2637.5 11.7 5.5 2535.3 4.8 1.4 
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Table 5. Method validation for MTX in mouse plasma, brain and urine; concentrations measured are reported as mean. 

Matrix Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean observed 

(ng/mL) 

CV%a RE%b Mean observed 

(ng/mL) 

CV%a RE%b 

Plasma 15.6 13.9 11.0 -12.6 14.0 11.6 -11.9 

31.3 36.7 15.1 11.5 33.8 13.8 7.6 

125 124.1 11.7 -0.8 119.2 11.9 -4.9 

500 505.2 10.2 1.0 474.4 8.2 -5.4 
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Table 5. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean observed 

(ng/mL) 

CV%a RE%b Mean observed 

(ng/mL) 

CV%a RE%b 

Brain 15.6 15.4 6.7 1.9 16.9 14.6 7.6 

31.3 29.5 9.4 -10.6 30.1 4.6 -3.9 

125 123.1 6.5 -1.5 130.0 5.8 3.8 

500 512.2 1.2 2.4 503.3 8.0 0.65 
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Table 5. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

 Theoretical 

(ng/mL) 

Mean observed 

(ng/mL) 

CV%a RE%b Mean observed 

(ng/mL) 

CV%

a 

RE%b 

Urine 78.1 71.6 14.9 -9.0 78.7 18.1 0.8 

156.3 167.8 13.5 6.9 142.7 14.0 -9.4 

625 565.3 9.8 -10.1 629.6 15.6 0.7 

2500 2513.3 3.3 0.51 2446.4 8.3 -2.1 
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Table 5. (Continued) 

a Precision (CV %) = (standard deviation / mean) *100 

b Bias (RE %) = [(mean observed- theoretical value)/ theoretical value]*100.
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Extraction efficiency and matrix effect 
 

Extraction efficiencies and matrix effect for 5-FU and MTX in plasma, brain and 

urine are reported in Table 6. In all matrices, 5-FU exhibited high extraction efficiency (~ 

90%), while MTX had moderate extraction efficiency (~40%). Matrix effects observed 

for MTX were moderate in all three matrices (~30%), while for 5-FU matrix effects were 

high (~70%).  

 

Freeze-thaw stability 

         Both 5-FU and MTX were tested for stability in plasma and brain over two 

freeze-thaw cycles as described under Methods. Relative errors for 5-FU and MTX for 

freeze thaw cycles were each ~20% indicating acceptable stability for subsequent study 

conditions. Results are shown in Table 7. 
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Table 6. Table depicting extraction efficiency and matrix effects for MTX and 5-FU in plasma brain and urine. All values are 

mean ± SD.  

Biological 

matrix 

Added 

(ng/mL) 

Extraction efficiency a 

(% Mean, n=3) 

Matrix effect b 

(% Mean, n=3) 

 MTX 5-FU MTX 5-FU 

Plasma 31.3 53.5 ± 15.8 65.4 ± 20.2 42.3 ± 8.1 8.9 ± 10.4 

125 58.1 ± 20.9 53.3 ± 29.0 31.3 ± 7.7 18.6 ± 23.5 

500 36.8 ± 4.9 97.9 ± 20.2 16.5 ± 8.0 78.6 ± 0.9 

Brain 31.3 24.1 ±4 .7 114.8 ± 16.9 17.0 ± 6.9 77.2 ± 5.3 
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Table 6. (Continued) 

Biological 

matrix 

Added 

(ng/mL) 

Extraction efficiency a 

(% Mean, n=3) 

Matrix effect b 

(% Mean, n=3) 

 MTX 5-FU MTX 5-FU 

Brain 125 43.5 ± 9.2 108.4 ± 13.9 21.0 ± 11.1 45.6 ± 9.1 

500 44.3 ± 4.6 107.4 ± 13.1 20.6 ± 15.0 69.8 ± 1.2 

      

Urine 31.3 31.7 ± 4.6 114.2 ± 1.5 37.0 ± 7.3 75.2 ± 20.2 
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a Extraction efficiency= (set1/set2)*100 

b Matrix effect = 100-[(set2/set3)*100]. Set 1, set 2 and set 3 as defined in the experimental section 3.3.4

Table 6. (Continued) 

Biological 

matrix 

Added 

(ng/mL) 

Extraction efficiency a 

(% Mean, n=3) 

Matrix effect b 

(% Mean, n=3) 

 MTX 5-FU MTX 5-FU 

 125 43.5 ± 11.2 76.1 ± 19.2 21.0 ± 17.0 35.2 ± 5.0 

 500 44.2 ± 5.1 83.5 ± 48.2 20.6 ± 10.0 49.5 ± 16.7 
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Table 7. Freeze-thaw stability for 5-FU and MTX in mouse plasma and brain samples. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

a Relative Error % (RE %) = [(mean observed- theoretical value)/ theoretical value]*100.   

Biological 

matrix 

Theoretical 

(ng/mL) 

RE% a 

(4h) 

RE% 

(22h) 

MTX 5-FU MTX 5-FU 

Plasma 31.3 -4.0 -11.2 -2.0 -26.6 

125 -16.2 -25.1 3.0 -5.6 

500 -0.7 -10.5 -6.4 -3.0 

      

Brain 31.3 15.9 -13.1 7.2 21.3 

125 21.2 -8.4 1.5 -7.1 

500 -15.0 -0.3 -3.9 -1.3 
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Part B:  Development of a validated bio-analytical LC-MS  method  for  α-fluoro,  β-

alanine in mouse plasma and brain 

 

3.5. Introduction 

5-FU undergoes extensive metabolism with ~ 90% of the free drug being 

metabolized in the liver, and the remaining 10% of the drug excreted unchanged in the 

urine. Nearly 80% of the drug entering the liver is catabolized via dihydropyrimidine 

dehydrogenase to dihydro-5-fluororacil, ultimately  being  eliminated  in  the  urine  as  α-

fluoro-β- alanine (FBAL) (Robert B. Diasio 1998, Breda and Barattè 2010). FBAL 

accounts for > 90% of the metabolites excreted in the urine (Zhang et al. 1992, Diasio 

and Harris 1989).   

In a recent report, dogs administered chronic doses of FBAL exhibited vacuolar 

changes in the cerebrum leading to neurotoxicity (Yamashita, Yada, & Ariyoshi, 2004) 

suggesting this metabolite may contribute to neurotoxicity in mice. In addition to 

studying the DDI between 5-FU and MTX, we also examined the possibility of altered 

disposition of toxic metabolites such as FBAL in the presence and absence of MTX. 

However, we first developed and validated a bio-analytical method for FBAL in mouse 

plasma and urine. 

 

3.6. Experimental 



 

 58 

3.6.1. Chemicals and reagents 

The structure of FBAL is shown in Figure 6. FBAL (98% pure) was purchased 

from Matrix Scientific (Columbia, SC, USA). Beta-Alanine and ammonium formate of 

FBAL were purchased from Fischer Scientific (Fairlawn, NJ, USA). HPLC grade 

methanol and acetonitrile were purchased from EMD chemicals Inc. (Gibbstown, NJ, 

USA).  Oasis MAX 1 cc Vac Cartridges were purchased from Waters Corporation 

(Huntingdon Vly, PA, USA). Dansyl chloride and ammonium bicarbonate were 

purchased from Sigma-Aldrich Inc. (St Louis, MO). Deionized water obtained from the 

nanopure de-ionization system (Barnstead / Thermolyne, Dubuque, IA, USA) located in 

the facility was used in all the experiments. Blank (drug free) plasma was purchased from 

Lampire Biological laboratories (Pipersville, PA, USA). On receiving the blank plasma, 

aliquots of 10 ml were made and stored in -20⁰ C freezer. Batch number and date of 

receipt was noted. 

                                  

Figure 6: Chemical structure for α-fluoro-β- alanine, molecular weight 107 g/mol. 
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3.6.2. Liquid chromatography (LC) and mass spectrometry (MS) parameters 

The LC system used was an Agilent 1100 series HPLC system (Agilent® 

Technologies, Santa Clara, CA). For chromatographic separation, an Agilent® Zorbax® 

SB-C18 (3.5 µm, 150 mm x 3 mm) analytical column coupled with a C-18 guard 

cartridge (4 mm × 2.0 mm; Phenomenex, Torrance, CA) was used. Columns were 

maintained at room temperature throughout the analysis. Sample volume injected in to 

the  system  was  10  uL.  Internal  standard  for  FBAL  was  β-alanine (BAL). The mobile 

phase consisted of ammonium formate (10 mM, pH 34) and 100% acetonitrile (65:35 

%v/v) with an isocratic elution at a flow rate of 300 µL/min. Total run time was 13.5 

min. Representative chromatograms for FBAL and BAL are shown in Figure A.3; 

Appendix. 

The MS system used was an Agilent MSD SL-G1946D (Agilent® Technologies, 

Santa Clara, CA). For determining appropriate MS parameters, flow injection analysis 

was performed with the drug solution at a concentration of 1 µg/mL in de-ionized 

nanopure water. The same mass spectrometer parameters were used for FBAL in both 

plasma and brain samples which were:  fragmentor voltage 100 V; drying gas flow rate 

10 L/min; gas temperature 350°C; nebulizer pressure 20 psig; capillary voltage 1500 V 

(+/-). Analyses for FBAL and BAL were done in a positive ion mode with single ion 

monitoring (SIM) values of 341.0 and 323.4 respectively. The ionization source used for 

the method was electrospray ionization. All responses obtained were analyzed using the 

Agilent® ChemStation® software.  
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3.6.3. Preparation of stock solutions, calibration standards and quality controls 

FBAL was available in powder form and a stock solution (1 mg/mL) was made in 

de-ionized water. For beta alanine, stock solutions (500 ng/mL) were prepared fresh in 

1M ammonium bicarbonate. On the day of the experiment, fresh stock solutions of 40 

µg/mL concentrations were prepared in de-ionized water for FBAL. For the standard 

curve, calibration standards were prepared by adding appropriate aliquots from the stock 

solutions of FBAL to the blank murine matrix (plasma or brain), after which serial 

dilution was performed with the appropriate matrix to obtain a standard curve. The 

standard curve comprised of seven non-zero concentrations ranging from 156.25 ng/mL -

20 µg/mL (plasma and brain). Separate stock solutions were prepared for quality control 

(QC) samples, and were used to validate the assay. For plasma and brain samples, QC 

samples chosen for each drug to cover the entire standard curve range were:  0.31 µg/mL 

(low), 0.63 µg/ml, 2.5 µg/mL (medium), and 10 µg/mL (high).  

 

3.6.4. Sample preparation 

For the metabolite FBAL, a solid phase extraction (SPE) method for sample 

preparation was performed with slight modifications to methods described previously 

(Licea-Perez et al., 2009). Briefly, 2X volumes of derivitizing agent dansyl chloride (10 

mg/mL) and 2X volumes of sodium bicarbonate (100 mM; pH 11) were added to 50 µL 

plasma or 20 µL brain homogenate. The derivitization process was carried out at 60°C for 

5 min. After this step, 0.5 mL of de-ionized water was added to the mixture, vortex mixed 
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for 5 min, and then followed by brief centrifugation for 5 min (12000 rpm, 4°C). 

Supernatants were used for the SPE process.  

For  the  SPE,  we  used  a  10  mg  Oasis  MAX,  30  μm  cartridges.  The  supernatant  

containing the derivitized FBAL was loaded on to the pre-conditioned cartridges (1mL 

100% methanol wash followed with 1mL de-ionized water wash). The loaded cartridges 

were washed with 1mL de-ionized water followed by 1mL 100% methanol. Elution of 

dansyl-FBAL was attained with 1mL of 2% formic acid- methanol solution. This eluent 

was then transferred to a 1.5 mL capacity Eppendorf ® tube and dried under N2 for 45 

min. Reconstitution was performed with 50 µL mobile phase for plasma and 20 µL 

mobile phase for brain. 

 

3.7. Method validation 

3.7.1 Calibration curve 

Seven non-zero concentrations plus one blank sample comprised the calibration 

curve with concentrations: 0.31, 0.63, 1.3, 2.5, 5, 10 and 20 µg/mL in the plasma and 

brain samples. The standard curve was constructed by plotting the peak area ratios of 

drug and IS against the theoretical concentrations of calibration standards. Linear 

regression analysis of the standard curve was performed using Graph Pad software 

(version 4.0), with a weighting factor of 1/x (where x = concentration). Back calculation 

of standards and QCs were performed using the formula y = mx + c for evaluation of 

accuracy and precision on five separate occasions. 
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3.7.2 Accuracy and precision 

Accuracy and precision of the current assay were determined for the three 

matrices containing known concentration of the drugs. Intraday accuracy and precision 

were determined by analyzing 6 replicates of QC samples on the same day. Interday 

accuracy and precision were determined by analyzing 5 replicates of QC samples with 

the procedure performed on five separate occasions. At each concentration of the QC 

samples, precision was determined by calculating the % coefficient of variation, which 

was defined as: CV% = (standard deviation / mean) *100. Accuracy was determined by 

calculating the % relative error (RE), which was defined as: RE % = [(mean observed- 

theoretical)/ theoretical] *100. The samples passed validation if the accuracy and 

precision  at  each  QC  concentration  was  ≤  15%  for  all  the  conditions  tested.   

 

3.8. Results 

3.8.1. Calibration curve 

Seven non-zero concentrations over a range of 0.3 µg/mL- 20 µg/mL in mouse 

plasma and brain were used to establish a calibration curve. The standard curve was 

constructed by plotting the peak area ratios of drug and IS against theoretical 

concentrations of calibration standards and fitted to the linear equation; y = mx + c using 

a weighing factor (1/x). For 5 replicates, average r2 was  ≥  0.99.  Accuracy  and  precision  of  

back  calculated  concentrations  for  all  QCs  were  ≤15%.    LOQ  represented  by  the  lowest  
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concentration on the standard curve, demonstrated appropriate accuracy and precision of 

≤20%  (Tables). 

 

3.8.2. Accuracy and precision 

Method validation was performed according to the guidelines provided by the 

USA FDA (Shah, et al., 1991). LOQ was defined as the lowest concentration on the 

standard curve for which the  accuracy  and  precision  were  ≤  20%  on  five  separate  

occasions. The LOQ for FBAL in plasma and brain was 0.3 µg/mL. The interday and 

intraday  accuracy  and  precision  for  each  QC  were  ≤15%.    Assay  validation  for  FBAL  is  

reported in Table 8. 
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Table 8: Method validation for FBAL in mouse plasma and brain. Concentrations measured are reported as mean ± SD. 

Matrix Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean observed 

(ng/mL) 

CV%a RE%b 

Plasma 312.5 339.6 11.1 8.6 296.8 12.7 -5.1 

625 576.2 11.8 -7.8 651.5 13.1 4.3 

2500 2239.3 10.6 -10.4 2663.9 10.7 6.6 
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Table 8. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean observed 

(ng/mL) 

CV%a RE%b 

Plasma 10000 10593.5 10.0 5.9 10821.6 15.7 8.3 

        

Brain 312.5 304.9 3.0 -2.4 315.5 15.6 1.0 

625 648.4 4.8 3.8 619.6 15.5 -0.9 
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aPrecision (CV %) = (standard deviation / mean) *100; 

 bBias (RE %) = [(mean observed- theoretical value)/ theoretical value] 

Table 8. (Continued) 

Matrix Interday (n=5) Intraday (n=6) 

Theoretical 

(ng/mL) 

Mean 

observed 

(ng/mL) 

CV%a RE%b Mean observed 

(ng/mL) 

CV%a RE%b 

Brain 2500 2361.0 11.1 -5.6 2235.0 11.7 -10.6 

10000 10533.9 3.3 5.3 10163.7 12.7 1.6 



 

 67 

3.9. Discussion 

In the past, 5-FU analytical methods have commonly used HPLC methods with 

UV detectors. Recently, MS detectors have been used with reported LOQ values of 130 

ng/mL (van Kuilenburg, et al., 2006), 10 ng/mL (Kosovec, et al., 2008), and 5 

ng/mL(Licea-Perez, Wang, & Bowen, 2009), which are comparable to our reported value 

(15.6 ng/mL). However these methods have some drawbacks such as complex 

derivitization procedures for sample preparation (Licea-Perez, et al., 2009; K. Liu, 

Zhong, Zou, & Chen, 2010b), absence of a validated method in matrices other than 

plasma (Kosovec, et al., 2008), and longer run times (van Kuilenburg, et al., 2006). 

Similarly for MTX, HPLC methods with UV (Aboleneen, Simpson, & Backes, 1996; 

Sartori, Seigi Murakami, Pinheiro Cruz, & Machado de Campos, 2008; Sparreboom, 

Loos, Nooter, Stoter, & Verweij, 1999) or fluorescence detectors (Lobo & Balthasar, 

2003)  have been reported. Recent studies have reported LOQ values of 3.9 ng/mL 

(Blakeley, et al., 2009), which are comparable to our LOQ of 15.6 ng/mL.  An additional 

advantage of our method is that there are very few analytical methods, which deal with 

the simultaneous determination of 5-FU, and MTX in complex, multiple biological 

matrices such as the plasma, brain and urine. 

Methods which reported truly simultaneous determination of 5-FU and MTX have 

been  done  so  in  “neat  samples”  and  not  complex  matrices  such  as  plasma,  brain  or  urine  

(Sabatini, et al., 2005). Although we report two separate sample preparation methods for 

5-FU and MTX, machine parameters for LC and MS were the same for both 5-FU and 

MTX in all matrices. Having common LC and MS machine parameters makes the 
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analytical method consistent across samples and also more efficient and user friendly. 

Combination studies for 5-FU and MTX performed in the past reported distinctly 

separate analytical methods for each drug (Batey et al., 2002; de Bruijn et al., 1987b; 

Moore et al., 1994) unlike the current method where only the sample preparation is 

different for the two drugs. In addition, our analytical method is sensitive (LOQ- 15.6 

ng/mL), has simple sample extraction methods (protein precipitation / liquid-liquid 

extraction), requires a short run time (6 min), uses uncomplicated liquid chromatography 

conditions (isocratic elution) and exhibits robustness (Tables 4 and 5).  

Assay validation for both 5-FU and MTX is reported in Tables 4 and 5. For 5-FU, 

very few studies have reported an analytical method for determining concentrations in 

brain, however when a single dose of 50 mg/kg of 5-FU was administered in vivo the 

analytical method was not sensitive enough to quantify 5-FU concentrations over time in 

brain tissue (Jin et al., 2005; Pisano, et al., 2005). In contrast, our analytical method was 

able to describe the PK profile of a single bolus dose of 75 mg/kg 5-FU for 24 h in brain.  

Ion suppression because of matrix effect is a common drawback of MS and MSn 

detection methods although the mechanisms for such matrix effects are not fully 

understood. Most commonly, ion suppression is attributed to the presence of endogenous 

compounds, surface tension, pH, polymers from plastic tubes used for sample 

preparation, ionization source, basicity, high concentration of analyte, or the elution of 

analyte of interest in the solvent front (Jessome & Volmer, 2006; King, Bonfiglio, 

Fernandez-Metzler, Miller-Stein, & Olah, 2000). Presence of ion suppression as a result 

of matrix effect may be detrimental to the final analytical method in terms of accuracy, 
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precision and even detection of analyte (Bakhtiar & Majumdar, 2007; Cullum, Meng, & 

Zavitsanos, 2004; Jessome & Volmer, 2006). Although the analytical method described 

for 5-FU exhibited a significant matrix effect (Table 6), this did not affect the analytical 

capability of this method as shown in the method validation report (Table 4 and 5). Also, 

this method did not hinder the detection of analytes, as we could detect drug levels >LOQ 

in brain for 24 h. For FBAL we determined a validated bio-analytical method in the 

plasma and brain with a LOQ of 312.5 ng/mL.  

 

3.10. Conclusions 

In conclusion, a rapid and sensitive bio-analytical method for the simultaneous 

determination of 5-FU, MTX and FBAL was developed and validated in mouse matrices. 

This validated bio-analytical method was used for quantitating 5-FU, MTX and FBAL in 

plasma and brain over time, for up to 24 h.  
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CHAPTER 4 

PHARMACOKINETIC DRUG-DRUG INTERACTION STUDY BETWEEN 5-

FLUOROURACIL AND METHOTREXATE IN MALE SWISS-WEBSTER MICE 

 

4.1. Introduction 

 

Cancer chemotherapy related neurotoxicities have been reported clinically and 

pre-clinically, ranging from less severe toxicities such as nausea and confusion to severe 

neurotoxicities such as coma (Schagen, Muller, Boogerd, & Van Dam, 2002). A list of 

possible mechanisms have been attributed for these toxicities, such as DNA damage, 

oxidative stress, and blood brain barrier damage (Ahles & Saykin, 2007). However a 

unique cause for chemotherapy-related neurotoxicity has not been established yet. 

Methotrexate (MTX; Figure 1) and 5-Fluorouracil (5-FU; Figure 3) are commonly 

used anti-cancer drugs especially in the past. These drugs are administered either 

individually or in combination for cancer treatment. In addition to commonly reported 

adverse effects for these drugs, recent studies have reported additional neurotoxic effects 

(Elbeltagy, et al., 2012; Y. Li, et al., 2010b; Winocur, et al., 2006b).  

In a study performed in our laboratory, we observed cognitive deficiencies in 

male Swiss-Webster mice when administered a combination of 75 mg/kg 5-FU + 3.2 
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mg/kg MTX (Foley, et al., 2008; Walker, et al., 2011). This reported cognitive deficit 

was significantly greater than the cognitive deficits observed in groups receiving either 

drug alone or other higher dose combination (75 mg/kg 5-FU + 10 mg/kg MTX, 75 

mg/kg 5-FU + 32 mg/kg MTX). These results indicate a potential drug-drug interaction 

(DDI) between 5-FU and the lower dose of MTX (75 mg/kg 5-FU + 3.2 mg/kg MTX).  

 

4.1.1 Mechanism of action 

5-Fluorouracil 

5-FU is a fluorinated analogue of naturally occurring pyrimidine-uracil and is 

commonly co-administered with other cytotoxic agents like MTX, cyclophosphamide and 

oxaloplatin. As shown in Figure 4, inside the cells approximately  20% of 5-FU is 

converted to fluorodeoxyuridine monophosphate (FdUMP), which forms a stable 

complex with thymidylate synthase (TS), inhibiting the synthesis of deoxythymidine 

mono- phosphate (dTMP). This inhibition of dTMP leads to DNA damage resulting in 

the desired cytotoxicity (Longley, et al., 2003). In the past, a few reports have suggested 

5-FU metabolites also are incorporated into the cellular DNA and RNA resulting in an 

alternative mode for cytotoxicity (Fareed et al. 2009, Longley et al. 2003). 

  

Methotrexate 
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MTX is an antifolate and is commonly used in the treatment regimens for cancer, 

psoriasis, and rheumatoid arthritis. The mechanism of action for MTX involves inhibition 

of the enzyme dihydrofolate reductase (DHFR). DHFR is involved in the reduction of 

dihydrofolates (FH2) to tetrahydrofolates (FH4; Figure 2). Reduced folates are involved 

in numerous physiological processes like de novo purine synthesis, protein synthesis, to 

name a few. These processes require the transfer of 1-carbon units. Also requiring 1-

carbon transfer reactions is thymidylate synthetase, crucial in the DNA synthesis. 

Inhibition of this process leads to DNA disruption (Jolivet et al. 1983). Adverse toxicities 

as a result of MTX chemotherapy are commonly reported (Olsen 1991) 

 

4.1.2. Past studies 

5-Fluorouracil pharmacokinetics 

5-FU with a molecular weight of 130.1 g/mol has a pKa of 8.1 and exists as an 

anion at physiological pH (Jang et al. 2001). Free fraction of 5-FU (fu =0.9;  Celio, 1983) 

undergoes extensive metabolism, with approximately 90% of the free drug being 

metabolized in the liver, and the remaining 10% of the drug excreted unchanged in the 

urine. Most of the studies have reported a plasma/serum half-life of the parent drug in the 

range of 6-18 min, in both clinical and preclinical studies (Fraile et al. 1980, Jin et al. 

2005, Heggie et al. 1987). Clearance of 5-FU mainly occurs in the liver by the catabolism 

process, via the enzyme dihydropyrimidine dehydrogenase (DPD)- this reaction being the 

rate-limiting step (Longley et al. 2003, Zhang et al. 1992). Eighty percent of the drug 
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entering the liver is catabolized to form dihydro-5-fluororacil, ultimately being 

eliminated  in  the  urine  as  α-fluoro-β- alanine (FBAL) (Robert B. Diasio 1998, Breda and 

Barattè 2010). FBAL accounts for > 90% of the 5-FU metabolites excreted in the urine 

(Zhang et al. 1992, Diasio and Harris 1989). DPD is reported to exhibit circadian rhythm, 

and also displays variable expression levels in different sets of populations, resulting in 

differences in bioavailability and toxicity. Pulmonary elimination for 5-FU has been 

reported as well (Harris et al. 1989, Harris, Carpenter and Diasio 1991). 

 

Methotrexate pharmacokinetics 

MTX has a molecular weight of 454.5 g/mol, is a weak dicarboxylic acid 

(pKa1=4.8 and pKa2= 5.5), negatively charged at physiological pH (Liegler et al. 1969) 

and has low lipid solubility (log P = -2) therefore limiting its CNS entry (Jolivet et al. 

1983). Nearly 40-70% of MTX is protein bound, and almost 40-90% of the free drug is 

excreted unchanged in the urine over a period of 24-48 h. Biliary elimination is the other 

major route of elimination. Fecal elimination accounts for 1-2% of the parent drug 

following i.v. route of drug administration. The remaining 5-10 % is metabolized to form 

7-hydroxy methotrexate, a major metabolite (Olsen 1991, Bleyer 1978).  

Urinary excretion of the unchanged drug has been attributed to a combination of 

renal filtration, tubular secretion and tubular reabsorption processes (Hendel and Nyfors 

1984, Lawrence et al. 1980). MTX has been reported to exhibit a bi-exponential 

disappearance for the drug in plasma for both clinical and preclinical studies, while others 
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have reported a tri-exponential profile for plasma at higher doses, due to enterohepatic 

recycling of the drug (Bischoff et al. 1971, Bertino 1982).  

Also, uptake transporters such as organic anion transporters (Oat1/2/3) play an 

important role in the secretion of MTX in the urine. Past reports suggest these uptake 

transporters are common sites for interactions between MTX and other drugs resulting in 

altered exposure levels for MTX (Masuda, et al., 1997; Takeuchi, et al., 2001; Uwai, et 

al., 2004). 

In addition, MTX undergoes polyglutamation to form MTX- polyglutamates 

(MTX-Gln). MTX-Gln is reported to be as toxic as MTX itself with respect to the 

inhibition of the enzyme dihydro folate reductase (Bertino, 1982; Jolivet, Cowan, Curt, 

Clendeninn, & Chabner, 1983). Both MTX and MTX-Gln disrupt folate homeostasis, 

which is crucial for normal cognitive functions (Ramos et al., 2005; Wright et al., 1998).  

 

Methotrexate – 5-fluorouracil synergism 

Past reports have suggested synergistic interactions between 5-FU and MTX. 

Examples include increased phosphoribosyl-1-pyrophosphate pool (Cadman, Heimer, & 

Benz, 1981), and increased DNA damage (Bertino, Mini, & Fernandes, 1983). 5- FU’s  

metabolite FdUMP inhibits de novo synthesis of pyrimidines by inhibiting the enzyme 

thymidylate synthase (TS), by forming a stable ternary complex comprising of 5-FdUMP, 

TS and 5, 10-methylene tetrahydrofolate (MTHFR). This complex is further strengthened 
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with the co-administration of antifolates (e.g. MTX). In this regard, 5-FU and MTX 

exhibit synergism with respect to cytotoxicity (Fernandes & Bertino, 1980). 

 

4.1.3. Rationale for a pharmacokinetic investigation to study reported increase in 

cognitive impairment 

 

There could be several reasons for the reported increase in cognitive impairments 

with 5-FU and MTX combination chemotherapy. First, there could be an increase in 

brain exposure of a toxic drug in the presence of an interacting drug. Secondly, there 

could be changes occurring peripheral to the brain that may also contribute significantly 

to the observed cognitive deficits. For example in a clinical study, increased oxidative 

stress and cytokine levels were monitored in plasma as an explanation for increased 

cognitive deficits, when anticancer agent doxorubicin was administered (Aluise, et al., 

2011; Aluise, et al., 2010). 

Additionally, cognitive impairments might result from increased neurotoxicity as 

a result of formation of toxic metabolites. Approximately 80% 5-FU is metabolized in the 

liver to ultimately form the neurotoxic metabolite FBAL. FBAL is almost completely 

(70-90%) excreted unchanged in the urine (Zhang, Soong, Liu, Barnes, & Diasio, 1992). 

In the past, dogs administered chronic doses of FBAL exhibited vacuolar changes in the 

cerebrum, leading to neurotoxicity (Yamashita, et al., 2004). Thus, a possible role of 
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FBAL in 5-FU mediated neurotoxicity cannot be ignored. Also, if hepatic metabolism of 

5-FU to FBAL is altered by the presence of MTX is unknown.  

Alternatively, renal elimination of MTX may be affected by the presence of 

FBAL, since FBAL is also mostly excreted unchanged in the urine. The renal elimination 

route could be another possible site of interaction between the metabolite FBAL and the 

renally excreted drug –MTX. In this study, we assessed the possibility of a 

pharmacokinetic DDI between 5-FU and MTX. This PK-based DDI study was performed 

keeping the following considerations in mind: 

1. Monitor changes in either drug concentrations in the brain tissue when 

administered together. 

2. Monitor disposition of toxic metabolite FBAL in the presence of MTX in plasma 

or brain. 

3. Altered disposition of either 5-FU or MTX in plasma when administered in 

combination.  

We conducted experiments in mice receiving drugs both by intravenous (i.v.; via 

the lateral tail vein) and intraperitoneal (i.p.) dose routes. For 5-FU and MTX dosed 

together numerous studies have evaluated effects on pharmacologic endpoints (Bertino, 

et al., 1983; Cadman, Benz, Heimer, & O'Shaughnessy, 1981; Cadman, Heimer, et al., 

1981; Fernandes & Bertino, 1980). However, to our knowledge this study was a first 

evaluation of the pharmacokinetics of each drug when dosed in said combinations, 

simultaneously in the plasma and the brain tissue. Any DDI detected at the level of the 
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brain would be especially interesting, given that previous studies in our laboratory have 

reported neurocognitive deficits with specific combinations of these drugs (Foley, et al., 

2008; Walker, et al., 2011).   

 

4.2. Experimental 

4.2.1. Drugs and reagents 

5-FU was purchased from GeneraMedix, Inc. (Ahmedabad, India); MTX was 

purchased from Hospira Inc. (Lake forest, IL, USA).  

 

4.2.2. Animal experiments: 

Male, Swiss-Webster mice (5-6 weeks old; 25-30g) were used for all 

pharmacokinetic studies. All study protocols were in strict accordance with the guidelines 

of the Institutional Animal Care and Use Committee (Temple University, Philadelphia, 

PA). Mice were housed in well-ventilated cages maintained at 70 ± 5°F temperatures, and 

were exposed to regular light-dark cycle of 12 hours each. Food and water was available 

ad-libitum.  

For evaluation of PK, 5-FU and MTX were administered alone and in 

combination. Mice were divided into the following groups: a) 75 mg/kg 5-FU alone; b) 

3.2 mg/kg MTX alone; c) 32 mg/kg MTX alone; d) 10 mg/kg MTX alone; e) 75 mg/kg 5-
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FU + 32 mg/kg MTX; f) 75 mg/kg 5-FU + 10 mg/kg MTX; and, g) 75 mg/kg 5-FU + 3.2 

mg/kg MTX. Doses were selected and scaled to the mouse based on clinically used 

human doses. All studies were conducted with i.v. and i.p. dosing (except for the 10 

mg/kg MTX dose, which was studied only using the  i.v. route). Suitable dilutions of 5-

FU and MTX were made in sterile saline on the day of the study. For the i.v. bolus 

injection via the lateral tail vein, we used a 0.5 mL insulin syringe (EXELINT® 

International Co., Los Angeles, CA, USA) with a 291/2 gauge needle. Intraperitoneal (i.p) 

injections were administered using a 1mL syringe with a 263/8 gauge  needle  (BD™  

Tuberculin syringe, Franklin Lakes, NJ, USA).  

In order to establish linearity, preliminary studies were conducted at varying 

doses of each drug. Thus, 75 mg/kg and 150 mg/kg 5-FU doses were administered via i.v. 

route. Similarly, 3.2, 10, and 32 mg/kg MTX were administered via the i.v. route, and 

dose-normalized plasma concentration-time profiles were plotted (Figures 7 and 8). In 

addition, we performed the non-compartmental analysis for 5-FU and MTX at all doses 

with respect to AUC0-∞  (Table 1). These analyses were done to establish the presence or 

absence of linear kinetics for either drug at ascending doses. 

For sample collection, serial sacrifice sampling method was followed. Under 

anesthesia, blood samples were collected in heparinized tubes from the inferior vena cava 

of mice at 5, 10, 15, 30, 45, 60, 120, 240, 480, 960, and 1440 min post dose.  Plasma 

samples were obtained by centrifugation of blood samples and stored in -80°C until 

further analysis. After exsanguination and then cervical dislocation, brain tissue samples 

were collected, cleaned, weighed and stored in -80°C until further analysis. For urine 
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collection, mice were placed in individual metabolic cages (Nalgene; Braintree Scientific 

Inc., Braintree, MA) that had discrete collection counters for feces and urine. Metabolic 

cages were inspected frequently. Any urine sample present in the collection counter was 

removed and placed in a vial assigned specifically for the cumulative collection of urine 

samples. These samples were obtained over a period of 24 h, and each sample collection 

was placed immediately in -20°C until analysis. 

 

4.2.3. Analytical method 

Samples were analyzed by HPLC-MSD as described previously in chapter 2 

(Ganti, Walker, & Nagar, 2013).  

 

4.2.4. Pharmacokinetic analysis 

Non-compartmental analysis (NCA) for 5-FU and MTX was performed to obtain 

primary PK parameters (Volume and Clearance) with Phoenix® WinNonlin (version 6.0, 

Pharsight, Mountain View, CA) assuming non-linear kinetics. Maximum concentration 

(Cmax) in plasma and brain and time to achieve Cmax, i.e. Tmax, were determined by 

observation of the C-t data. Area under the concentration-time curve (AUC0-∞) and area 

under the first moment time curve (AUMC0-∞) were obtained by integrating C-t data. 

Systemic clearance (CLs) was calculated as Dose / AUC. Mean residence time (MRT) 

was defined as AUMC0-∞ /AUC0-∞  (Kong & Jusko, 1988). Volume of distribution at 
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steady state (Vss) was defined as CL * MRT (Benet & Galeazzi, 1979). Average plasma 

and tissue concentration data was used for all NCA. Fraction of drug eliminated 

unchanged in urine (fe) was calculated as amount excreted unchanged in urine (0-24 h) / 

dose administered.  

 Differences in PK parameters for the drugs were established by comparing the 

PK parameters of the drug in a combination dose group vs. group receiving the drug 

individually. An unpaired two-tailed t-test was performed for log transformed PK 

parameters to establish significant differences among groups with GraphPad® (GraphPad 

Software Inc., La Jolla, CA). Differences in PK parameters between two groups were 

considered significant if p-value  was  ≤  0.05. 

 

4.3. Results 

4.3.1. PK linearity depiction 

Figures 7 and 8 depict dose-normalized plasma concentration-time profiles for 

MTX and 5-FU respectively.  Table 9 depicts AUC0-∞  for both 5-FU and MTX at 

ascending doses. For 5-FU, we observed overlapping dose-normalized plots as well as a 

linear increase in AUC with respect to administered dose. The kinetics of 5-FU at 75 

mg/kg was hence assumed to be linear. For MTX, we observed the dose-normalized plots 

did not overlap and the increase in plasma exposure at increasing doses was not linear 

either.  Therefore, MTX exhibited nonlinear kinetics at 10 and 32 mg/kg doses. 

Subsequent MTX analysis assumed linear kinetics for the lowest 3.2 mg/kg dose.  
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Figure 7: Plasma C-t profile of MTX depicting dose-normalized graphs to determine 

dose linearity. Since the C-t profiles do not overlap, we cannot assume linear kinetics.  

 

Figure 8: Plasma C-t profile of 5-FU depicting dose-normalized graphs to determine 

dose linearity. Since the C-t profiles overlap, we assume linear kinetics. 
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Table 9: Table depicting AUC0-∞;;plasma for drugs 5-FU and MTX at varying doses 

administered via i.v. dose route in Swiss-Webster mice. Linearity in 5-FU kinetics and 

non-linearity in MTX kinetics are observed.  

 

 

 

 

 

 

 

 

a  % extrapolation of AUC0-t  to AUC0-∞   was < 10%.   

 

 

 

5-FU AUC0-∞;;plasma  
a (min*mg/L) 

75 mg/kg 631.0 ± 78.9 

150 mg/kg 1144.11 ± 173.8 

MTX AUC0-∞;;plasma  
a (min*mg/L) 

3.2 mg/kg 58.2 ± 31.4 

10 mg/kg 283.8 ± 10.4 

32 mg/kg 279.8 ± 66.1 
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4.3.2. 5-FU pharmacokinetics in the absence and presence of MTX 

 

i.v. dose route 

Figure 9 depicts plasma and brain concentration time profiles of 5-FU, for the 

following groups: 75 mg/kg 5-FU alone; 75 mg/kg 5-FU + 32 mg/kg MTX; 75 mg/kg 5-

FU + 10 mg/kg MTX; and, 75 mg/kg 5-FU + 3.2 mg/kg MTX. In plasma, 5-FU was 

detectable for up to 45 min when dosed alone, 8 h when dosed with 32 mg/kg MTX and 

24 h when dosed with 10 mg/kg and 3.2 mg/kg MTX. There was no change in CLs and 

AUCplasma, 0-∞  among these groups.  

For 5-FU dosed with 3.2 mg/kg MTX, Vss increased from 0.9 ± 0.3 L/kg (5-FU 

alone), to 12 ± 3 L (dosed with 3.2 mg/kg MTX; p = 0.002; Table 10). This increase in 

Vss resulted in a significant lengthening of MRT for 5-FU from 7.5 ± 3 min to 88.3 ± 9.3 

min in mice co-dosed with 3.2 mg/kg MTX (p = 0.0001). In the brain, 5-FU levels were 

well above LOQ for up to 24 h. Differences in AUC brain, 0-24 were not statistically 

significant among the four groups (Table 10).  

For 5-FU dosed with 10 mg/kg MTX, Vss increased from 0.9 ± 0.3 L/kg (5-FU 

alone), to 17.8 ± 7.8 L/kg  (with 10 mg/kg MTX). Brain exposure for 5-FU did not alter 

significantly between the two groups.  
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For 5-FU dosed with 32 mg/kg MTX Vss increased to 1.7 ± 0.6 (with 32 mg/kg 

MTX), however this increase in Vss was not statistically significant. AUCbrain did not alter 

significantly between the groups either. 
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Figure 9: Concentration-time profiles for 75 mg/kg 5-FU in plasma and brain when 

dosed i.v; n = 3-4. All concentrations are expressed as mean + SD.    
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i.p. dose route 

For a single i.p bolus dose of 75 mg/kg, 5-FU was detected for up to 2 h in plasma 

compared to 24 h when dosed in combination with either 3.2 mg/kg MTX or 32 mg/kg 

MTX (Figure 10). There were no changes in AUCplasma, 0-∞  and CLs among the three 

groups. Vss increased from 1.8 ± 0.9 L/kg (5-FU alone) to 30.7 ± 9.3 L/kg (dosed with 3.2 

mg/kg MTX; p = 0.0001), and to 35.1 ± 7 L/kg (dosed with 32 mg/kg MTX; p = 0.0001). 

This increase in Vss was accompanied by a significant increase in MRT for both 

combination groups (p = 0.0001). Brain AUC0-24 did not differ significantly among the 

three groups (Table 10). 
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Figure 10: Concentration-time profiles for 75 mg/kg 5-FU in plasma and brain when 

dosed i.p; n = 5. All concentrations are expressed as mean + SD.
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Table 10: Non-compartmental analysis for 75 mg/kg 5-FU in different groups. All values are mean ± SD; n= 3-4 (i.v.) and 5 

(i.p.). 

Parameters i.v. i.p. 

5-FU 5-FU + 

32 MTX 

5-FU +  

10 MTX 

5-FU + 

3.2 MTX 

5-FU 5-FU +  

32 MTX 

5-FU +      

3.2 MTX 

AUC0-∞,plasma  

(min*mg/L) 

631.0 ± 

78.9 

626.7 ± 

69.2 

770.8 ± 

123.4 

563.2 ±  

86 

474.6 

± 190 

534.9 ± 

68.4 

636.7 ±   

43.9 

MRT (min) 7.5 ± 1.3 14.2 ±    

5 

155.5 ± 

39.6 

88.3 ± 

9.3*** 

11.7 ± 

1.3 

245.9 ± 

64.1*** 

257.4 ± 

61.8*** 

Tmax (min) 5 5 5 5 5 5 5 
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Table 10. (Continued) 

Parameters i.v. i.p. 

5-FU 5-FU + 

32 MTX 

5-FU +   

10 MTX 

5-FU + 

3.2 MTX 

5-FU 5-FU + 

32 MTX 

5-FU + 3.2 

MTX 

Cmax (mg/L) 34.8 ± 4.1 35.6 ± 

4.0 

33.3 ±3.8 31.0 ±   

5.1 

36.3 ± 

11.8 

25.5 ± 

0.81 

31.0 ±       

3.1 

AUC0-24,brain 

(min*mg/L) 

748.8 

± 122 

775.8 ± 

81.6 

785.8 ± 

112.3 

933.1 ± 

119 

430.1 ± 

139.1 

239.4 ± 

25.8 

363.0 ± 

144.4 

Vss 
a( L/kg ) 

 

0.9 ± 

0.3 

1.7 ± 

0.6 

17.8 ± 

7.8 

12 ± 

3** 

1.8 ± 

0.9 

35.1 ± 

7*** 

30.7 ± 9.3** 

* 
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*p<0.05, ** p<0.01, *** p<0.001, for unpaired t-test performed by log transforming PK parameters. Comparisons were 

performed for 5-FU when dosed in combination with MTX vs. with the group receiving 5-FU individually. 

a  % extrapolation of AUC0-t  to AUC0-∞   was < 10%.  

b  For drug dosed i.p. , Vss is denoted as Vss/ F, where F= bioavailability.  

Table 10. (Continued) 

Parameters i.v. i.p. 

 5-FU 5-FU + 

32 MTX 

5-FU +   

10 MTX 

5-FU + 

3.2 MTX 

5-FU 5-FU + 

32 MTX 

5-FU + 3.2 

MTX 

CLs a (L/min/kg) 0.12 ± 

0.03 

0.12 ± 

0.02 

0.12 ±  

0.02 

0.13 ± 

0.02 

0.16 ± 

0.04 

0.14 ± 

0.02 

0.1 ± 0.008 
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Table 10. (Continued) 

c  For drug dosed i.p. , CLs is denoted as Vss/ F, where F= bioavailability. 
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4.3.3. FBAL (formed metabolite) pharmacokinetics in the presence and absence of 

MTX 

i.v. dose route 

FBAL is one of the major metabolites of 5-FU formed via the catabolic pathway 

in the liver. In groups dosed with the parent drug 5-FU by i.v. dose route , we analyzed 

the plasma and brain tissue samples further to characterize the formation and disposition 

of FBAL (Figure 11).  

 

Figure 11: Plasma C-t profile of formed FBAL when dosed 5-FU by i.v. route. All 

concentrations are depicted as mean + SD; n=3. 
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Plasma levels of FBAL were measured from 5 min to 24 h in all three groups. 

There was no lag time for the appearance of the metabolite in the present experimental 

design which suggested rapid conversion of 5-FU to the ultimate metabolite FBAL.   

Table 11 lists PK parameters for FBAL in the following groups: 75 mg/kg 5-FU 

alone; 75 mg/kg 5-FU + 32 mg/kg MTX; and, 75 mg/kg 5-FU + 3.2 mg/kg MTX. AUC 

plasma, 0-∞ and Cmax for FBAL in groups receiving 5-FU with or without MTX were not 

statistically different. For brain tissue, we were unable to characterize the C-t profile of 

FBAL for time points 0-24 h in the given three groups using the current bio-analytical 

method.  
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Table 11: Non-compartmental analysis for FBAL in different groups when parent 5-FU 

was dosed i.v. All values are represented as mean ± SD; n = 3. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Parameters i.v. 

5-FU 5-FU + 

32 MTX 

5-FU + 

3.2 MTX 

AUC0-∞;;plasma 

(min*mg/L) 

1710.8 ± 

150.4 

2322.7 ± 237.6 2236.7 ± 

163.5 

Tmax (min) 30 45 30 

Cmax (mg/L) 13.9 ± 5.3 15.3 ± 2.9 16.2 ± 3.9 

AUC0-24;brain 

(min*mg/L) 

ND ND ND 
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4.3.4. MTX pharmacokinetics in the absence and presence of 5-FU 

 

i.v. dose route 

For 3.2 mg/kg MTX, C-t profiles were detected for up to 8 h and brain C-t 

profiles were detected for up to 24 h (Figure 12). When 3.2 mg/kg MTX was co-dosed 

with 75 mg/kg 5-FU, CLs for MTX increased 400% resulting for AUCplasma, 0-∞ to 

decrease by 74% (Table 12; p = 0.02). For the same group, brain concentrations for MTX 

were undetectable for the entire study period (0-24  h,  p≤0.001).  Vss did not alter 

significantly between groups receiving 3.2 mg/kg MTX either alone or in combination 

with 5-FU.   

For 10 mg/kg MTX, plasma concentrations were detected for up to 4 h and brain 

C-t profiles were detected for up to 1 h (Figure 13). When 10 mg/kg MTX was co-dosed 

with 75 mg/kg 5-FU, AUCplasma, 0-∞ and Vss did not differ significantly. For the same 

group, brain concentrations for MTX were detected for up to 2 h. Brain exposures (AUC 

0-24) did not differ significantly between the two groups either (Table 13). 

For 32 mg/kg MTX, plasma and brain, C-t profiles were detected for up to 24 h 

(Figure 14). When 32 mg/kg MTX was co-dosed with 75 mg/kg 5-FU, AUCplasma, 0-∞ did 

not differ significantly between the groups dosed with 32 mg/kg MTX alone vs. when 

given in combination with 75 mg/kg 5-FU. Regarding brain exposures, AUC0-24 for MTX 

decreased from 66.3 ± 12 to 16.9 ± 1.09 min*mg/L (Table 14). Brain concentrations for 

MTX were undetectable after 1 h.  
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Figure 12: Concentration-time profiles for 3.2 mg/kg MTX in plasma and brain when 

dosed i.v; n = 3. All concentrations are expressed as mean + SD. 
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Figure 13: Concentration-time profiles for 10 mg/kg MTX in plasma and brain when 

dosed i.v; n = 4. All concentrations are expressed as mean + SD.
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Figure 14: Concentration-time profiles for 32 mg/kg MTX in plasma and brain when 

dosed i.v; n = 3. All concentrations are expressed as mean + SD. 
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i.p. dose route 

For 3.2 mg/kg MTX (Figure 15), plasma and brain levels were detected for up to 

4 h and 1 h respectively. For 3.2 mg/kg MTX dosed with 75 mg/kg 5-FU, AUC0-∞  

decreased 79% (p<0.05) while CL decreased 400% (p<0.05) when compared to 3.2 

mg/kg MTX dosed alone (Table 12). When dosed with 5-FU, for MTX brain 

concentrations could not be detected for the entire study period (5 min-24 h) 

For 32 mg/kg MTX (Figure 16), plasma and brain levels were detected for up to 8 

h (Figure 2). Vss did not change significantly between groups. No significant changes in 

PK parameters were observed for MTX dosed at 32 mg/kg with or without 5-FU (Table 

14).  With respect to the brain concentrations for MTX, AUCbrain did not alter 

significantly with or without 5-FU. 
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Figure 15: Concentration-time profiles for 3.2 mg/kg MTX in plasma and brain when 

dosed i.p; n = 5. All concentrations are expressed as mean + SD. 
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Figure 16: Concentration-time profiles for 32 mg/kg MTX in plasma and brain when 

dosed i.p; n = 5. All concentrations are expressed as mean + SD 
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Table 12: Non-compartmental analysis for 3.2 mg/kg MTX in different groups. All 

values are represented as mean ± SD; n = 3 (i.v.) and n = 5 (i.p.). 

 
Parameters i.v. i.p. 

3.2 MTX 3.2 MTX + 

5-FU 

3.2 MTX 3.2 MTX +   

5-FU 

AUC0-∞;;plasma  

(min*mg/L) 

58.2 ± 31.4 15.3 ± 7.3* 579 ± 146.7 79.9 ± 38.4*** 

MRT (min) 60.9 ± 7.6 55.5 ± 23 40.4 ± 13.3 119.1 ± 30.4** 

Tmax (min) 5 5 10 5 

Cmax (mg/L) 1.3 ± 0.3 0.8 ± 0.2 10.9 ± 2.3 1.1 ± 0.4** 

AUC0-24;brain 

(min*mg/L) 

45.9 ± 17.9 ND*** 1.3 ± 0.1 ND** 

Vss (L/kg) 3.5 ± 0.3 6.5 ± 2.1 0.4±0.2 5.8±0.8*** 
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*p<0.05, ** p<0.01, *** p<0.001, for unpaired t-test performed by log transforming PK 

parameters. Comparisons were performed for 5-FU when dosed in combination with 

MTX vs. with the group receiving 5-FU individually. 

a  % extrapolation of AUC0-t  to AUC0-∞   was < 10%.  

b  For drug dosed i.p. , Vss is denoted as Vss/ F, where F= bioavailability.  

c  For drug dosed i.p. , CLs is denoted as Vss/ F, where F= bioavailability. 

 

 

 

Table 12. (Continued) 

Parameters i.v. i.p. 

3.2 MTX 3.2 MTX + 

5-FU 

3.2 MTX 3.2 MTX +   

5-FU 

CLs 

(L/min/kg) 

0.05 ± 0.02 0.21 ± 0.02** 0.006 ± 

0.002 

0.04 ± 0.01*** 
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Table 13: Non-compartmental analysis for 10 mg/kg MTX in different groups. All values 

are represented as mean ± SD; n = 4. 

Parameters i.v. 

10 MTX 10 MTX + 5-FU 

AUC0-∞;;plasma  

(min*mg/L) 

283.5 ± 10.4 259.4 ± 44.5 

Tmax (min) 5 5 

Cmax (mg/L) 8.5 ± 1.8 8.6 ± 2 

AUC0-24;brain 

(min*mg/L) 

18.6 ± 10.5 11.0 ± 3.8 
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Table 14: Non-compartmental analysis for 32 mg/kg MTX in different groups. All values 

are represented as mean ± SD; n = 3 (i.v.) and n = 5 (i.p.). 

 

 

 

 

 

 

 

 

 

 

*p<0.05, ** p<0.01, *** p<0.001, for unpaired t-test performed by log transforming PK 

parameters. Comparisons were performed between groups dosed MTX individually vs. in 

combination with 5-FU. 

 

Parameters i.v. i.p. 

32 MTX 32 MTX + 

5-FU 

32 MTX 32 MTX + 

5-FU 

AUC0-∞;;plasma  

(min*mg/L) 

300.1 ± 65.1 345.4 ± 43.5 357.1 ± 121.1 364.1 ± 33.8 

Tmax (min) 5 5 5 5 

Cmax (mg/L) 4.3 ± 0.05 5.2 ± 0.2 8.2 ± 3.4 4.5 ± 0.3 

AUC0-24;brain 

(min*mg/L) 

66.3 ±12.9 16.9 ± 1.0 18.8 ± 9.3 18.4 ± 4.1 
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4.3.5. Fraction of drug excreted unchanged in urine: 

The fraction of 5-FU and MTX excreted unchanged in the urine (fe) upon i.v. 

dosing was measured in all groups (Table 15). In the presence of 5-FU, fe for 3.2 mg/kg 

MTX increased by nearly 80% (p = 0.047; n = 6) while fe for groups receiving 32 mg/kg 

MTX with and without 75 mg/kg 5-FU were similar. For 5-FU, fe did not change 

significantly among the different groups when dosed either alone or with MTX. 
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Table 15: Fraction excreted unchanged in urine for 5-FU and MTX in groups dosed with 

either drug individually or in combination. All values are represented as mean ± SD; n=5-

6. 

 

 

 

 

 

 

*p<0.05, for unpaired t-test performed by log transforming PK parameters. Comparisons 

for MTX and 5-FU were performed between groups dosed MTX/5-FU individually vs. in 

combination with MTX/5-FU. 

†ND- not detected.  

  

 

 

Drug Groups; dosed i.v. 

5-FU 32 MTX 3.2 MTX 5-FU + 32 

MTX 

5-FU + 3.2 

MTX 

5-FU 0.08 ± 0.01 ND† ND† 0.09 ± 0.01 0.08 ± 0.007 

MTX ND† 0.2 ± 0.06 0.2 ± 0.06 0.2 ± 0.01 0.4 ± 0.2* 
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4.4. Discussion 

We have previously reported increased cognitive deficits in mice upon 

combination dosing of 5-FU and MTX compared to either drug dosed alone. Whether 

drug combinations increased cognitive deficits due to altered drug disposition remained 

to be established.  In the present study, we have established that a PK based DDI exists 

between 5-FU and MTX. For 5-FU, when dosed with 3.2 mg/kg MTX, there was a 

statistically significant increase in its Vss estimate.  For 3.2 mg/kg MTX dosed with 5-FU, 

there was a statistically significant increase in its CLs. We did not observe any increase in 

brain exposure levels of either drug when administered in combination. Brain exposure of 

MTX was decreased (i.e. not detectable) when MTX was dosed in combination with 5-

FU. 

As shown in Table 10, we observed a significant increase in Vss for 5-FU when 

co-dosed with 3.2 mg/kg MTX. Altered drug distribution as a result of an increase in the 

free fraction of drug in plasma (fp) is one possible explanation for an observed increase in 

Vss (Gibaldi & McNamara, 1978). However for 5-FU altered protein binding would be an 

unlikely possibility. For 5-FU fp is ~ 0.9 and any further displacement of the protein 

bound drug would not significantly change Vss for 5-FU (Diasio & Harris, 1989; Heggie, 

et al., 1987).  Also, for a drug to show sufficient protein displacement of other drugs, it 

should itself be at least 90% bound to plasma proteins (Rolan, 1994).  The displacing 

drug, MTX in this case, is only 40-70% protein bound (Bertino, 1982), which makes 

MTX a weak displacer of drugs bound to plasma proteins.   
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Another factor that could contribute to an increase in Vss would be increased 

binding of drug to tissues.   For high clearance drugs like 5-FU, uptake transporters across 

tissues such as the liver can prove to be a rate-limiting step. Recently membrane 

transporters have been suggested to play  a crucial role in altering Vss (Grover & Benet, 

2009). Altered Vss due to uptake transporters is especially pronounced for hydrophilic 

acidic drugs such as 5-FU when compared to basic, neutral and lipophilic drugs. Other 

studies have also reported similar findings where transporters affect drug clearance and 

tissue distribution (Shitara, et al., 2006). Transporters commonly implicated in drug 

uptake include Oatps and Oats/Octs (Lam, et al., 2006).  Recent reports suggest Oat2 

(Kobayashi et al., 2005), Mrp4/8  (Klaassen & Aleksunes, 2010), Mrp5 (Pratt et al., 

2005; Yuan et al., 2009), and Bcrp (Yuan, et al., 2009) as possible transporters for 5-FU. 

Increased distribution of 5-FU in the presence of MTX possibly due to drug interaction 

via uptake transporters is currently being evaluated. 

For MTX, we observed distinct non-linearity in kinetics as shown in Figure 5 and 

Table 9. For the groups receiving 10 mg/kg MTX and 32 mg/kg MTX with 75 mg/kg 5-

FU, in addition to the non-linear kinetics of MTX, there is also the presence of a second 

drug, 5-FU.   Hence, we were unable to compare the disposition of 10 mg/kg and 32 

mg/kg MTX with respect to clearance and volume, when dosed alone versus in 

combination with 5-FU.  The non-linearity of MTX pharmacokinetics at high doses may 

be explained by saturated transport across the kidneys (Hendel & Nyfors, 1984; Jolivet, 

et al., 1983).  
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For the low dose of 3.2 mg/kg MTX (Table 12), we observed increase in systemic 

clearance for in the presence of 5-FU, which resulted in decreased exposure for MTX in 

plasma. MTX exposure in the brain tissue also decreased, however the decrease in 

exposure for MTX in the brain with and without 5-FU on board was much greater than 

the decrease in plasma exposure of MTX. For MTX dosed via the i.p. route we observed 

a similar increase in the systemic clearance of MTX leading to a decreased exposure of 

MTX in plasma .  

A noteworthy observation for 3.2 mg/kg MTX was the greater AUCi.p. when 

compared to AUCi.v. (Table 12). One possible explanation for this observation would be 

enterohepatic recycling for MTX, leading to the observed greater AUCi.p. vs. AUCi.v. 

Such observations have been reported for MTX in the past (Steinberg, Campbell, Bleyer, 

& Hillman, 1982). However, additional studies would need to be performed to confirm 

this hypothesis. Other possible explanation could be disruption of the drug solution in 

plasma affecting the drug exposure. However, disruption of the drug solution in plasma 

would be an unlikely possibility since:  

a) We had conducted stability assays (drug in plasma, at 37◦C and 5% CO2, over 24 

hours) for analytical assay development. Plasma samples were collected at 2, 8 

and 24 h.  No loss of drug was detected.  

b) We used pre-formulated hospital grade sterile drug solutions and did not observe 

any drug precipitation during the experiments.  
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Clearance for MTX is accounted for by: a) unchanged drug excreted in the urine; 

b) metabolism by aldehyde oxidase; c) polyglutamation; and d) excretion in bile (Bertino, 

1982). For MTX, renal excretion followed by biliary excretion are the most important 

clearance mechanisms (Steinberg, et al., 1982). Also, uptake and efflux transporters 

contribute significantly towards renal and biliary excretion processes.  

MTX is an extremely promiscuous transporter substrate. Studies have shown 

MTX to be a substrate for Pgp (Assaraf, 2006), MRPs 1 – 6 (Belinsky, Chen, 

Shchaveleva, Zeng, & Kruh, 2002; Chen et al., 2002; El-Sheikh, van den Heuvel, 

Koenderink, & Russel, 2007; Zeng, Chen, Belinsky, Rea, & Kruh, 2001), OATs 1-3 

(Takeuchi, et al., 2001) , BCRP (Breedveld et al., 2004) and Oatp (Badagnani et al., 

2006). Rfc-1 is an ubiquitously present major uptake transporter for antifolates such as 

MTX and reduced folates into cells (Hinken, Halwachs, Kneuer, & Honscha, 2011). Rfc-

1 plays a crucial role in maintaining folic acid homeostasis and MTX anticancer 

properties (Matherly, Hou, & Deng, 2007). For reduced folates and MTX, Rfc-1 has a 

low capacity but high affinity transport system (Honscha & Petzinger, 1999; Matherly & 

Goldman, 2003; Sierra & Goldman, 1999).  

As MTX is mostly excreted unchanged in the urine, we hypothesized a possible 

increase in renal clearance of MTX to be the reason for the increased CLs observed in 

groups administered MTX with 5-FU. In support of this hypothesis, we collected fe for 

MTX in groups dosed with 3.2 mg/kg MTX with and with out 75 mg/kg 5-FU. We 

observed fe for 3.2 mg/kg MTX dosed with 75 mg/kg 5-FU increased nearly 80% when 

compared to the fe for 3.2 mg/kg MTX dosed alone (Table 15, p < 0.05; n = 6).  
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Since major uptake and efflux transporters are involved in the renal transport of 

MTX, increase in the fe as well as CLs would involve interactions at the site of these 

transporters. As explained in the introduction, for high clearance drugs such as MTX, 

uptake processes would be the rate limiting factors for the clearance processes. Thus, the 

transporters of interest for interaction observed for MTX when administered with 5-FU 

would include major uptake transporters responsible for renal excretion of MTX- Oat1/3 

and Rfc-1.  

Also, for 3.2 mg/kg MTX, CLs increased from 0.05 ± 0.02 L/min/kg (3.2 mg/kg 

MTX alone) to 0.21 ± 0.02 L/min/kg (3.2 mg/kg MTX + 75 mg/kg 5-FU). In addition, fe 

increased from 0.2 ± 0.06 to 0.4 ± 0.2 for the same groups.  Assuming CLs for MTX 

consists primarily of renal and biliary clearance, for 3.2 mg/kg MTX renal clearance 

increased from ~ 0.01 L/min/kg to 0.08 L/min/kg (CLrenal = fe * CLs) when dosed with 5-

FU. Although this increase in renal clearance is significant, however, it does not account 

for the total increase in the CLs.  Increased biliary clearance for MTX could be a rational 

assumption for the observed increase in CLs, since biliary clearance is another major 

clearance mechanism for MTX (Steinberg, et al., 1982; Brcakova et al., 2009). 

 

4.5. Conclusions 

In conclusion, the primary purpose of performing this PK study was to study a 

potential DDI between 5-FU and MTX that might shed light on 5-FU + MTX induced 

cognitive deficits in mouse models (Foley, et al., 2008; Walker, et al., 2011). Systemic 
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disposition of either drug was altered significantly when administered in combination. 

Our results indicate that increased exposure of either drug in brain is not a likely reason 

for the reported cognitive deficits. Future studies are planned to explain the observed 

changes in drug disposition. These studies include interactions between 5-FU and MTX 

at the level of uptake transporters, as well as metabolic clearance evaluation in 

hepatocytes. The observations reported in the present study provide a strong basis for 

further investigation of renal and hepatic uptake transporters and their role in 5-FU and 

MTX disposition. 
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CHAPTER 5 

MECHANISTIC RATIONALE FOR THE OBSERVED PHARMACOKINETIC 

DRUG-DRUG INTERACTION BETWEEN 5-FLUOROURACIL AND 

METHOTREXATE IN MALE SWISS-WEBSTER MICE. 

 

5.1. Introduction 

5.1.1 Factors affecting pharmacokinetic parameters 

Both 5-fluorouracil (5-FU) and methotrexate (MTX) are very close analogues of 

naturally occurring endogenous compounds. 5-FU is a fluorinated pyrimidine uracil and 

MTX is an antifolate. Both uracil and folic acid are crucial for normal protein synthesis. 

Folic acid is crucial to maintain normal cognitive processes (Wright, et al., 1998). 

Endogenous uracil and folic acid are critical for the maintenance of most cells in the 

human body. The cells are therefore engineered for uptake of these compounds - both 

actively and passively. Reduced folate transporter- reduced folate carrier-1 (Rfc-1), is 

found on the surfaces of most cells and is also one of the most commonly used 

transporter by MTX for entry into the cells (Hinken, et al., 2011). However, for 5-FU not 

many transporters are reported.  

In chapter 4, we established the basis of the DDI to be pharmacokinetic (PK) in 

nature. As shown in Table 10, we observed a significant increase in Vss for 5-FU when 

co-dosed with MTX. For the same groups there was no change in the systemic clearance 
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(CLs).  For 3.2 mg/kg MTX we observed increase in CLs when dosed with 5-FU, while 

there was no significant change in Vss (Table 14).  

Often for 5-FU reported DDIs are due to altered activity of the enzyme 

dihydropyrimidine dehydrogenase (DPD) (Diasio, 1998a, 1998b; Diasio & Harris, 1989). 

Reduction of 5-FU by DPD is the rate-limiting step in the metabolism of 5-FU, and this 

enzyme is abundantly present in the liver. DDIs affecting DPD activity have resulted in 

severe toxicities which have sometimes proved fatal (Diasio, 1998a). For MTX, a folic 

acid analogue, reported DDIs have diverse mechanisms. Few such mechanisms are 

transporter-based DDIs (Assaraf, 2006; Evans & Christensen, 1985; Uwai, et al., 2004), 

potential enzyme-based DDIs (Barr & Jones, 2011) and protein-displacement- based 

DDIs (Gewirtz & Holt, 1985). Although transporter based DDIs for MTX are most 

commonly reported.  

Increase in the free fraction of drug in plasma (fp) is one possible explanation for 

an observed increase in Vss (Gibaldi & McNamara, 1978), however for 5-FU this is a 

minor possibility. Increase in Vss could also be as a result of increased binding of drug to 

tissues.   Since 5-FU is highly cleared by the liver and exists as an anion at the 

physiological pH, uptake transporters across tissues such as the liver may prove to be a 

rate-limiting step (Shitara, et al., 2006). Also changes in Vss due to uptake transporters are 

especially pronounced for hydrophilic acidic drugs such as 5-FU when compared to 

basic, neutral or lipophilic drugs (Grover & Benet, 2009).  

Clearance for free MTX is accounted for by: a) unchanged drug excreted in the 

urine; b) metabolism by aldehyde oxidase; and c) polyglutamation and excretion in bile 
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(Bertino, 1982). For MTX, renal excretion process involving uptake and efflux 

transporters is a major route of elimination. Thus renal processes are most common sites 

for most DDIs involving MTX. For MTX renal clearance comprises of passive filtration, 

active tubular secretion, and reabsorption. A possible explanation for the increased MTX 

CLs would be an interaction between 5-FU and MTX at the level of renal cell 

transporters.   

For tubular secretion, transporters are present at the basolateral side (toward 

blood) of the renal cell and for tubular reabsorption; transporters are located at the apical 

side  (toward  urine).  With  regards  to  MTX’s  altered  disposition  in  the  presence of 5-FU, 

for 3.2 mg/kg MTX (i.v. or i.p.) we observed an increase in the CLs for MTX in the 

presence of 5-FU. There was not a significant difference in the Vss for MTX in the 

presence and the absence of 5-FU.  

Since renal excretion is one of the major routes of eliminations, as a follow up to 

explain the increase in CLs, we measured the unchanged drug excreted in the urine (fe). 

As explained in Table 15, we established there was an increase in the renal clearance for 

3.2 mg/kg MTX.  

Increase in the fe for MTX in animals dosed with a combination of 5-FU and 

MTX indicates an activation of tubular secretion processes or inhibition of tubular 

reabsorption processes (Table 15). Activation of transporters following single doses of 

drugs is not commonly reported, although such interactions are possible.  One such 

example is the recently reported increased transport of MTX in presence of folinic acid 

attributed  to  “trans-stimulation”  of  the  rat  kidney  transporters  (Takeuchi, Masuda, Saito, 
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Hashimoto, & Inui, 2000). Inhibition of tubular re-absorption has also been reported in 

the past as possible explanation for the observed non-linearity in the MTX PK.  

Pharmacokineticaly, overall intrinsic organ clearance (CLint, organ) is defined as:  

CLint, organ = PSi * CLint  / (PSe + CLint). Where PS is the permeability surface area product. 

PSi represents influx and PSe represents efflux processes (Shitara, Horie and Sugiyama 

2006, Pang and Gillette 1978). CLint of a drug is defined as the inherent ability of the 

organ to clear the drug in the absence of any blood flow restrictions. Thus for drugs with 

a high CLint, PSi is the rate limiting factor determining CLorgan. 

Both 5-FU and MTX exhibit rapid and extensive clearance from the systemic 

circulation, hence the intrinsic clearance of the liver and the kidneys is high for these 

drugs. Therefore, uptake processes across the eliminating organs are major limiting 

factors for CLorgan. For MTX the limiting factors for its renal clearance would be the 

presentation of MTX to the basolateral membrane of the renal cell.  For 5-FU, the 

limiting factors for hepatic clearance would be the uptake across the basolateral 

membrane of the liver. Also, as mentioned in the beginning, both 5-FU and MTX are 

close analogues for the naturally occurring endogenous compounds. Therefore, the 

presence of these drugs in the systemic circulation may also affect the disposition of these 

endogenous compounds. For example the presence of MTX inhibited the uptake of folic 

acid in transfected human choriocarcinoma cell lines (Takahashi, et al., 2001).  



 

 121 

 

Figure 17: Depiction of most of the crucial uptake and efflux transporters across basal 

and apical membranes of representative cells for major organs eliminating organs such as 

the liver and the kidneys (International Transporter Consortium, 2010). 

 

5.1.2. Transporters 

 

5-fluorouracil 

5-FU has not been reported extensively as a substrate for either uptake or efflux 

transporters. Though 5-FU related neurotoxicities have been reported (Formica, Leary, 

Cunningham, & Chua, 2006; Kwon et al., 2010); 5-FU transport across the BBB has not 

been quantified. In our PK study we quantified 5-FU concentrations in the brain for a 

period of 24 h. The appearance in the brain of the hydrophilic, ionized 5-FU did not 
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reveal any lag in our study, indicating possible active uptake across the BBB. Recently, 

organic anion transporter (Oat) (Kobayashi, et al., 2005; Kobayashi et al., 2004), multi-

drug resistance associated protein (Mrp) 4/5/8 (Klaassen & Aleksunes, 2010), (Pratt, et 

al., 2005; Yuan, et al., 2009), and breast cancer resistance protein (Bcrp) (Yuan, et al., 

2009) have been suggested to be possible transporters for 5-FU.  

 

Methotrexate 

For MTX numerous uptake and the efflux transporters have been reported. 

Studies have shown MTX to be a substrate for Rfc-1 (Matherly & Goldman, 2003)  P-

glycoprotein (Assaraf, 2006), Mrps 1 – 6 (Belinsky, et al., 2002; Chen, et al., 2002; El-

Sheikh, et al., 2007; Hinken, et al., 2011; Zeng, et al., 2001), Oats 1-3 (Takeuchi, et al., 

2001) , Bcrp (Breedveld, et al., 2004) and Organic anion transporter polypeptide (Oatp) 

(Badagnani, et al., 2006). 

 

Reduced folate carrier-1 (Rfc-1) 

Rfc-1 is an ubiquitously present major uptake transporter for antifolates such as 

MTX and reduced folates (Hinken, et al., 2011). Rfc-1 plays a crucial role in maintaining 

folic acid homeostasis and MTX anticancer properties (Matherly, et al., 2007). Although 

Rfc-1 is known to be ubiquitously present, the highest abundance was reported at the 

basolateral membrane of renal tubular epithelial cells, the sinusoidal membrane of 
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periportal hepatocytes, the BBB, the apical membrane of jejunum and colon, and the 

lymphatic organs- spleen and thymus (Hinken, et al., 2011; Spector, 2009). For reduced 

folates and MTX, Rfc-1 has a low capacity but high affinity transport system (Honscha & 

Petzinger, 1999; Matherly & Goldman, 2003; Sierra & Goldman, 1999). Also PBD, is a 

known to inhibit the transporter Rfc-1 (Sikka & McMartin, 1998).  

 

Organic anion transporters (Oat) 

Oat 1/3 is located on the basolateral membrane of the renal cells. Oat1/3 have 

shown to transport  substrates  against  a  negative  membrane  potential,  with  α-ketoglutarate 

as a counter ion. Alpha-ketoglutarate gradient is maintained by a secondary active 

sodium-dicarboxylate co-transporter, which further utilizes the sodium gradient 

maintained by the Na+/K+ ATPase exchange. Hence these transporters have been termed 

tertiary active transporters (Roth, Obaidat, & Hagenbuch, 2011) . Oat1/3 have similar 

homology and thus exhibit significant substrate overlap.  

Oat1/3 are important for the tubular secretion of MTX into the urine (Levêque, 

Santucci, Gourieux, & Herbrecht, 2011; VanWert & Sweet, 2008). Based on our PK 

results we believe active tubular secretion is most probably the site of interaction between 

MTX and 5-FU. This would account for the increase in the CLrenal, in turn accounting for 

the increased CLs. Thus for the in-vivo PK studies we selected inhibitors for the uptake 

transporters Oat1/3. Since no specific inhibitor is present for these transporters, we 

selected a common inhibitor, probenecid (PBD) for our in-vivo PK studies.  
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In conclusion, a transporter based study explaining the DDI between 5-FU and 

MTX has not been previously reported. In this study we proceeded with our experiments 

based on prior knowledge available for MTX. Oat1/3 are the major transporters 

responsible for MTX transport across the renal cell membranes. For 5-FU not many 

studies have been reported quantifying transport across the BBB. For MTX, uptake 

across the BBB is mostly attributed to Rfc-1, which is the transporter used by reduced 

folates. Therefore we decided to perform in-vivo and in-vitro studies using Oat1/3 and 

Rfc-1 as the primary target to better understand the observed DDI between 5-FU and 

MTX.  

In this chapter, we aimed to provide a mechanistic rationale for the results 

observed in our PK study. For this we systematically explored the various in-vitro and in-

vivo studies as follows: 

a) We performed in-vivo studies in male Swiss-Webster mice in the presence and 

absence of the transporter inhibitor probenecid (PBD; 25 mg/kg dosed via i.p. 

route). PBD is a generic inhibitor for Oat1/3 and Rfc-1, since no specific 

inhibitors are known yet for each of these transporters. 

b) We performed in-vitro studies in cell-based systems - cryopreserved hepatocytes 

(transporters + enzyme), and rat liver cytosol (enzymes alone) when MTX and 5- 

FU were administered alone or in combination. 

 

5.2. Experimental 
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5.2.1. Drugs and reagents 

 

5-FU was purchased from GeneraMedix, Inc. (Ahmedabad, India); MTX was 

purchased from Hospira Inc. (Lake forest, IL, USA).  Aminopterin (AMP), 5-

Bromouracil (5-BU), sodium bicarbonate, zaleplon, meta-phosphoric acid and uracil were 

purchased from Sigma-Aldrich Inc. (St Louis, MO, USA). Probenecid water-soluble salt 

was purchased from Biotium Inc (Hayward, CA). Rat liver cytosol was purchased from 

Life technologies (Great Island, NY). Cryopreserved rat hepatocytes, Williams media E 

(without phenol red) and hepatocyte maintenance supplements were purchased from 

Invitrogen™,  Life  Technologies  (Great  Island,  NY).  24-well cell culture plates were 

purchased form Corning Incorporated (Corning, NY).  

 

5.2.2. In-vivo pharmacokinetic studies 

Male Swiss-Webster mice (5-6 weeks old; 25-30g) were used for all PK studies. 

All study protocols were in strict accordance to the guidelines of the Institutional Animal 

Care and Use Committee (Temple University, Philadelphia, PA). Mice were housed in 

well-ventilated cages maintained at 70 ± 5°F temperatures, and were exposed to regular 

light-dark cycle of 12 hours each. Food and water was available ad-libitum.  

For evaluation of PK-based DDI, 5-FU and MTX were administered in the 

following groups: a) 75 mg/kg 5-FU alone; b) 3.2 mg/kg MTX alone; c) 75 mg/kg 5-FU 
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+ 25 mg/kg PBD; d) 3.2 mg/kg MTX + 25 mg/kg PBD; and, e) 75 mg/kg 5-FU + 3.2 

mg/kg MTX + 25 mg/kg PBD. A dose of 25 mg/kg PBD was administered i.p. for all PK 

studies. Doses were selected and scaled to the mouse based on clinically used human 

doses. PK studies were conducted with i.v. and i.p. dosing. Suitable dilutions of 5-FU, 

MTX and PBD were made in sterile saline on the day of the study. For the i.v. bolus 

injection via the lateral tail vein, we used a 0.5 mL insulin syringe (EXELINT® 

International Co., Los Angeles, CA, USA) with a 291/2 gauge needle. Intraperitoneal (i.p) 

injections were administered using a 1mL syringe with a 263/8 gauge  needle  (BD™  

Tuberculin syringe, Franklin Lakes, NJ, USA).  

For sample collection, serial sacrifice sampling method was followed. Under 

anesthesia, blood samples were collected in heparinized tubes from the inferior vena cava 

of mice at 5, 10, 15, 30, 45, 60, 120, 240, 480, 960, and 1440 min post dose.  Plasma 

samples were obtained by centrifugation of blood samples and stored in -80°C until 

further analysis. After sacrificing mice by cervical dislocation, brain tissue samples were 

collected, cleaned, weighed and stored in -80°C until further analysis.  

 

5.2.3. Analytical method 

Samples were analyzed by HPLC-MSD as described previously in chapter 3 

(Ganti, et al., 2013).  
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5.2.4. Pharmacokinetic analysis 

Non-compartmental analysis (NCA) for 5-FU and MTX was performed to obtain 

primary PK parameters (Volume and Clearance) with Phoenix® WinNonlin (version 6.0, 

Pharsight, Mountain View, CA). Maximum concentration (Cmax) in plasma and brain and 

time to achieve Cmax, i.e. Tmax, were determined by observation of the C-t data. Area 

under the concentration-time curve (AUC0-∞) and area under the first moment time curve 

(AUMC0-∞) were obtained by integrating C-t data. Systemic clearance (CLs) was 

calculated as Dose /AUC0-∞.  Mean residence time (MRT) was defined as AUMC0-∞ 

/AUC0-∞  (Kong & Jusko, 1988). Volume of distribution at steady state (Vss) was defined 

as CL * MRT (Benet & Galeazzi, 1979). Average plasma and tissue concentration data 

was used for all NCA. Differences in PK parameters for the drugs were established by 

comparing the PK parameters of the drug in a combination dose group vs. group 

receiving the drug individually. An unpaired two-tailed t-test was performed for log 

transformed PK parameters to establish significant differences among groups with 

GraphPad®(GraphPad Software Inc., La Jolla, CA). Differences in PK parameters 

between two groups were considered significant if p-value  was  ≤  0.05. 

 

5.2.5. In-vitro experiments 

 

Passive permeability assay using MDCK- cell lines 
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Briefly a dilution of 120,000 cells/mL was made and 0.5 mL of this suspension 

(cells in cell culture media) was plated on the porous membrane of each insert. 

Simultaneously 1.5 mL of cell culture media was added to bottom of the well in which 

these inserts are placed. This plate was then incubated for 7-11 days at 5 % CO2 and 37 

°C temperature. On days 2 and 6 the cell culture media was replaced at both the donor 

and receiver side with fresh media. On the day of the experiment, cell culture media was 

removed from top of the insert and the bottom of the well. The side receiving the drug 

solution  was  the  “donor  compartment”  and  the  side  from  which  samples  were  collected  at  

different  time  points  was  named  the  “receiver  compartment”.  After  the  cell  culture  media  

was removed from the donor and the receiver compartments 0.5 mL of drug solution was 

added at the donor side and 1.5 mL of the transport buffer at the receiver side (Korzekwa 

et al., 2012).  Samples  (100  μL)  were  collected at 0 minutes from both the donor and the 

receiver  sides.  Again  at  120  min,  100  μL  samples  were  collected  from  both  the  donor  and  

the receiver compartments. Figure 18 below explains the experimental set up. 

 

Figure 18: Passive permeability of drugs measured across cell monolayers grown in semi 

permeable membrane supports. Apparent permeability (Papp) for the drugs was calculated 
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using the following formula: Papp = dQ / dt * [1/ A* C0] where dQ/dt is the rate of 

permeation of the drug across the cells, C0 is the dosing solution concentration at time 

zero, and A is the area of the cell monolayer. 

 

DPD enzyme activity assay 

This assay was performed in the rat liver cytosol. The assay has been modified 

from a previously reported method (McMurrough & McLeod, 1996).  In brief, on the day 

of the experiment, a  reaction  mixture  consisting  of  125  μM  NADPH,  5-FU, buffer and rat 

liver  cytosol  in  a  final  volume  of  125  μL  was  incubated  for  45  min  at  37  ° C in a shaking 

water  bath.  The  reaction  was  terminated  by  the  addition  of  an  equal  volume  (125  μL)  of  

ice-cold methanol. The mixture was stored at –20°C for at least 30 min and subsequently 

centrifuged at 1,100 g for 10 min. Supernatant was analyzed for 5-FU. Concentrations 

used for 5-FU were in the range of 5- 300  μM.  This  range  included the Cmax obtained for 

5-FU in the PK study (Chapter 4). The buffer used in the enzyme assay consisted of 35 

mM potassium phosphate (pH 7.4), 2.5 mM magnesium chloride, and 10 mM 2-

mercaptoethanol. Controls for these experiments were: a) positive control - 50 μM  uracil,  

b) negative control- no rat liver cytosol. In addition, these experiments were performed 

with  and  without  10  μM  MTX.  Reaction rate for 5-FU was calculated as follows: (C45 – 

C0)/Δt,  where  C45 was the concentration at 45 min, and C0 was the concentration at 

beginning of the incubation, and Δt  was  the  incubation  time,  which  was  45  min  in  this  

assay. 
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Aldehyde oxidase enzyme activity assay 

This assay was performed in the rat liver cytosol for determining MTX clearance.  

The assay has been modified from previously reported methods (Moriyasu, Sugihara, 

Nakatani, Ohta, & Kitamura, 2006; Zientek, Jiang, Youdim, & Obach, 2010). The 

reaction mixture consisted of 0.5 mg/mL rat liver cytosol and MTX (1-21  μM)  made  up  

to a final volume of 200 µL in 0.1M K-phosphate buffer (pH = 7.4). The reaction mixture 

was incubated for 30 min and then quenched with ice-cold methanol (with internal 

standard) in 1:3 ratios.  Samples  were  then  centrifuged  at  3000  rpm  for  10  min.  Fifty  μL  

aliquot of supernatant was removed and was analyzed for MTX by a previously described 

LCMS method (Ganti, et al., 2013). All incubations were performed in triplicate. 

Controls for these experiments were: a) positive control - 50  μM  zaleplon,  and b) 

negative control - no rat liver cytosol. Also these experiments were performed in the 

absence and presence of  300  μM  5-FU. Reaction rate for MTX was calculated as follows: 

(C30 – C0)/Δt,  where  C30 was the concentration at 30 min and C0 was the concentration at 

beginning  of  the  incubation.  Δt  was  the  incubation  time,  which  was  30  min  in  this  assay.   

 

Hepatocyte assay 

As advanced preparation, incubation medium (hepatocyte maintenance 

supplement pack (Serum-free) with Williams Medium E) was warmed to 37°C in a water 

bath. Stock solutions were prepared for test articles (5-FU and MTX) and positive 

controls (uracil and zaleplon). For the negative control, experiments were conducted 
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without the hepatocytes. Hepatocytes were prepared immediately prior to assay, and 

diluted to approximately to 1 * 106 viable cells/mL. Two  hundred  fifty  μL of incubation 

medium with the test article or positive controls was pipetted into individual wells of a 24 

well non-coated plate. The 24 well plates were placed in the incubator on an orbital 

shaker to allow the substrates to warm for approximately 5-10 min prior to initiation of 

the reactions. After removing the 24 well plates with the test articles/ positive controls 

from  the  incubator  reactions  250  μL  of  1.0  *  106  of hepatocytes were added to yield a 

final cell density of 0.5 *106 viable cells/mL viable cells/mL. The 24-well plate was 

returned to the orbital shaker in the incubator and the shaker speed was adjusted to 90-

120 rpms. Twenty μL  aliquots  of  the  reaction  mixture  were  removed  at  time  points  0,  5,  

10,  15,  30  and  60  min.  The  incubations  were  quenched  by  addition  20  μL  of  reaction 

mixture to tubes containing quenching solution (methanol with internal standard). These 

samples were analyzed for the presence of 5-FU and MTX by an analytical method 

described previously (Ganti, et al., 2013). Positive control for 5-FU was uracil and for 

MTX was zaleplon. The negative control was absence of hepatocytes in the assay. Form 

the C-t profile, k (elimination rate constant ) was determined. AUC0-∞ was calculated as 

C0/k, and CLint was calculated as Dose/ AUC0-∞  (Soars, Grime, Sproston, Webborn, & 

Riley, 2007). 

 

5.3. Results 

5.3.1 in-vivo pharmacokinetic studies 
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In the previous chapter, for 3.2 mg/kg MTX, we observed a decrease in the 

plasma and brain exposure when dosed in combination with 5-FU via either the i.v. or the 

i.p. route. In this study we co-administered 25 mg/kg PBD (dosed i.p.) with 3.2 mg/kg 

MTX and 75 mg/kg 5-FU. It is important to note that PBD is not a specific inhibitor as it 

inhibits Oat 1, 3 and Rfc-1.  Therefore  the  effect  of  PBD  on  MTX’s  clearance  would  not  

be a determinant of a single transporter mediated transport. However it would provide us 

with a sense of transporter inhibition in general. 

 

i.v. route 

As shown in Figure 19, for 3.2 mg/kg MTX dosed alone, plasma levels were 

detectable for up to 8 h, and when dosed with 25 mg/kg PBD, plasma levels were 

detected for up to 4 h. When MTX was dosed in combination with 25 mg/kg PBD + 75 

mg/kg 5-FU, plasma levels for MTX were detectable for up to 2 h. As shown in Table 16 

for 3.2 mg/kg MTX, CLs decreased from 0.06 ± 0.02 (MTX alone) to 0.03 ± 0.005 

L/min/kg (MTX + PBD). This decrease in CLs led to an increase in AUCplasma from 58.2 

± 31.4 min*mg/L (MTX alone) to 127.5  ± 26 min*mg/L (MTX + PBD). When 3.2 

mg/kg was dosed in combination with 25 mg/kg PBD and 75 mg/kg 5-FU, there was no 

detectable change in CLs. In the brain tissue, exposure for MTX decreased from 45.9 ± 

17.9 min*mg/L (MTX alone) to 2.7  ± 1.2 9 min*mg/L (MTX + PBD). When 3.2 mg/kg 

was dosed in combination with 25 mg/kg PBD and 75 mg/kg 5-FU, no detectable levels 

of MTX were observed in the brain.  
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For 75 mg/kg 5-FU (Figure 20; Table 17), when dosed alone Vss was 0.9 ± 0.3 

L/kg that increased to 2.9 ± 1.1 L/kg (5-FU + PBD), 6.8 ± 5.6 (5-FU + MTX + PBD), and 

12 ± 3 L/kg (5-FU + MTX).  Systemic clearance for 5-FU increased from 0.12 ± 0.03 

L/min/kg to 0.23 + 0.04 L/min/kg when dosed with 25 mg/kg PBD. The CLs was similar 

for groups dosed a combination of 5-FU + MTX and 5- FU + MTX + PBD when 

compared to the CLs for 5-FU when dosed alone. Exposure for 5-FU in the brain was not 

statistically different among the different groups.  
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Figure 19: Plasma and brain C-t profiles for 3.2 mg/kg MTX dosed i.v. . Groups depicted 

are: i) 3.2 mg/kg MTX alone; ii) 3.2 mg/kg MTX + 25 mg/kg PBD; iii) 3.2 mg/kg MTX 

+ 25 mg/kg PBD +75 mg/kg 5-FU; and iv) 3.2 mg/kg MTX + 75 mg/kg 5-FU. All values 

are depicted as mean + SD; n= 4. 
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Figure 20: Plasma and brain C-t profiles for 75 mg/kg 5-FU dosed i.v. Groups depicted 

are: i) 75 mg/kg 5-FU alone; ii) 75 mg/kg 5-FU + 25 mg/kg PBD; iii) 75 mg/kg 5-FU + 

25 mg/kg PBD; and iv) 75 mg/kg 5-FU + 25 mg/kg PBD + 3.2 mg/kg MTX. All values 

are depicted as mean + SD; n= 4.
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Table16: Non-compartmental analysis for MTX (i.v. route) in different groups. All 

values are represented as mean ± SD; n = 4. 

 

 

Parameters MTX MTX + 5-FU MTX  + PBD MTX + 5-FU + PBD 

AUC0-∞,plasma  

(min*mg/L) 

58.2 ± 31.4 15.3 ± 7.3* 127.5  ± 26 103.5  ± 14.5 

MRT (min) 60.9 ± 7.6 55.5 ± 23 43.2 ± 2.3 31 ± 4.1 

Tmax (min) 5 5 5 5 

Cmax (mg/L) 1.3 ± 0.3 0.8 ± 0.2 3.3 ± 0.5*** 3.4  ± 0.7*** 

AUC0-24,brain 

(min*mg/L) 

45.9 ± 17.9 ND*** 2.7  ± 1.2 ND 

Vss 
a(L/kg ) 3.5 ± 0.3 6.5 ± 2.1 1.2 ± 0.2 1.1 ± 0.08 

CLs  

(L/min/kg) 

0.06 ± 0.02 0.21 ± 0.02** 0.03 ± 0.005 0.03 ± 0.004 



 

 137 

Table 16. (Continued) 

*p<0.05, **p<0.01, ***p<0.001,  for unpaired t-test performed by log transforming PK 

parameters. Comparisons were performed for MTX when dosed in combination with 5-

FU/ PBD vs. with the group receiving MTX individually.
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Table 17: Non-compartmental analysis for 5-FU (i.v. route) in different groups. All 

values are represented as mean ± SD; n =4  

 

 

 

Parameters 5-FU 5-FU + MTX 5-FU + PBD 5-FU + MTX + PBD 

AUC0-∞,plasma  

(min*mg/L) 

631.0 ± 78.9 563.2 ± 86 321.3  ± 48.4* 531.9 ± 150 

MRT (min) 7.5 ± 1.3 88.3 ± 9.3*** 11.7 ± 2.4 48.5 ± 47* 

Tmax (min) 5 5 5 5 

Cmax (mg/L) 34.8 ± 4.1 31.0 ± 5.1 20.7 ± 2.2 33.4 ± 12.5 

AUC0-24,brain 

(min*mg/L) 

748.8 ± 122 933.1 ± 119 620.2 ± 239.7 734.7 ± 320.1 

Vss (L/kg ) 0.9 ± 0.3 12 ± 3** 2.9 ± 1.1* 10.9 ± 5.1* 

CLs (L/min/kg) 0.12 ± 0.03 0.13 +± 0.02 0.23 ± 0.04* 0.15 ± 0.04 
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Table 17. (Continued) 

*p<0.05, **p<0.01, ***p<0.001,  for unpaired t-test performed by log transforming PK 

parameters. Comparisons were performed for 5-FU when dosed in combination with 

MTX vs. with the group receiving 5-FU individually. 
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i.p. route 

As shown in Figure 21 for MTX dosed alone plasma levels were detectable for up 

to 4 h. In plasma MTX levels were detectable for a period of 4 h (MTX + PBD), 2 h 

(MTX + PBD + 5-FU) and 8 h (MTX + 5-FU) respectively. As shown in Table 18 for 3.2 

mg/kg MTX, CLs increased from 0.006 ± 0.002 L/min/kg to 0.04 ± 0.01 L/min/kg when 

dosed with 75 mg/kg 5-FU, to 0.13 ± 0.03 L/min/kg when dosed with 25 mg/kg PBD, 

respectively. There was no significant change in the CLs between groups receiving MTX 

+ PBD vs. MTX + PBD + 5-FU, as shown in Table 18. This increase in CLs led to a 

subsequent decrease in the AUCplasma as shown in Table 18. In the brain, for MTX dosed 

alone drug levels were detected for up to 1 h. For all other groups receiving MTX in 

combination with other agents no drug level was detected for the entire study period (0-

24 h). 

For 75 mg/kg 5-FU (Figure 22), as shown in Table 19 when dosed alone, Vss was 

1.8 ± 0.9 L/kg that increased to 30.7 ± 9.3 L/kg (5-FU + MTX) and to 29.8 ± 7.1 L/kg (5-

FU + MTX + PBD) respectively.  Systemic clearance for 5-FU decreased from 0.16 ± 

0.04 L/min/kg (5-FU alone) to 0.05 ± 0.001 L/min/kg when dosed with 25 mg/kg PBD + 

3.2 mg/kg MTX. The CLs was similar for groups receiving combination of 5-FU + 3.2 

mg/kg MTX vs. groups receiving 5- FU alone. Exposure for 5-FU in the brain was not 

statistically different among the different groups as also seen in Figure 22.  
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Figure 21: Plasma and brain c-t profiles for 3.2 mg/kg MTX dosed i.p. . Groups depicted 

are: i) 3.2 mg/kg MTX alone; ii) 3.2 mg/kg MTX + 25 mg/kg PBD; iii) 3.2 mg/kg MTX 

+ 25 mg/kg PBD +75 mg/kg 5-FU; and iv) 3.2 mg/kg MTX + 75 mg/kg 5-FU. All values 

are depicted as mean + SD; n= 3-4. 

0.01

0.1

1

10

100

0 100 200 300 400 500

Lo
g 

C
 (m

g/
L)

 

minutes  

3.2 MTX
3.2 MTX + 25 PBD
3.2 MTX + 25 PBD + 5-FU
3.2 MTX + 75 5-FU

PLASMA 

0.01

0.1

0 10 20 30 40 50 60 70

Lo
g 

C
 (m

g/
L)

 

minutes 

BRAIN 



 

 142 

 

Figure 22: Plasma and brain c-t profiles for 75 mg/kg 5-FU dosed i.p.. Groups depicted 

are: i) 75 mg/kg 5-FU alone; ii) 75 mg/kg 5-FU + 25 mg/kg PBD; and iii) 75 mg/kg 5-FU 

+ 25 mg/kg PBD + 3.2 mg/kg MTX. All values are depicted as mean + SD; n= 3-4
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Table 18: Non-compartmental analysis for MTX (i.p. route) in different groups. All 

values are represented as mean ± SD; n = 3. 

 

Parameters MTX MTX + 5-FU MTX + PBD 5-FU + MTX 

+ PBD 

AUC0-∞,plasma  

(min*mg/L) 

579 ± 146.7 79.9 ± 38.4*** 22.1 ± 18.9*** 23.3  ± 10.1*** 

MRT (min) 40.4 ± 13.3 119.1 ± 30.4** 59.7 ± 32.4 29.0 ± 9.5 

Tmax (min) 10 5 10 10 

Cmax (mg/L) 10.9 ± 2.3 1.1 ± 0.4** 1.8  ± 0.9 1.2  ± 0.7 

AUC0-24,brain 

(min*mg/L) 

1.3 ± 0.1 ND** ND ND 

Vss (L/kg )a 0.4±0.2 5.8±0.8*** 8.3 ± 5.5 4.8 ± 3.9 

CLs 

(L/min/kg)b 

0.006 ± 0.002 0.04 ± 0.01*** 0.13 ± 0.03*** 0.17 ± 0.1*** 
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Table 18. (Continued) 

*p<0.05, **p<0.01, ***p<0.001,  for unpaired t-test performed by log transforming PK 

parameters. Comparisons were performed for MTX when dosed in combination with 5-

FU/ PBD vs. with the group receiving MTX individually. 

a For drug dosed i.p. , Vss is denoted as Vss/ F, where F= bioavailability.  

b  For drug dosed i.p. , CLs is denoted as Vss/ F, where F= bioavailability. 
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Table 19: Non-compartmental analysis for 5-FU (i.p. route) in different groups. All 

values are represented as mean ± SD; n = 3-5. 

 

*p<0.05, **p<0.01, ***p<0.001,  for unpaired t-test performed by log transforming PK 

parameters. Comparisons were performed for 5-FU when dosed in combination with 

MTX vs. with the group receiving 5-FU individually. 

a For drug dosed i.p. , Vss is denoted as Vss/ F, where F= bioavailability.  

Parameters 5-FU 5-FU + MTX 5-FU + MTX + PBD 

AUC0-∞,plasma  

(min*mg/L) 

474.6 ± 190 636.7 ± 43.9 1660.1 ± 38.9** 

MRT (min) 11.7 ± 1.3 257.4 ± 61.8*** 660.6 ± 163.4 

Tmax (min) 5 5 5 

Cmax (mg/L) 36.3 ± 11.8 31.0 ± 3.1 23.1 ± 6.3 

Vss (L/kg )a 1.8 ± 0.9 30.7 ± 9.3*** 29.8 ± 7.1*** 

CLs (L/min/kg)b 0.16 ± 0.04 0.1 ± 0.008 0.05 ± 0.001** 
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Table 19. (Continued) 

b  For drug dosed i.p. , CLs is denoted as Vss/ F, where F= bioavailability. 
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5.3.2. in-vitro experiments 

 

Passive permeability assay  

To observe changes in the passive permeability for 5-FU and MTX across cell 

monolayers, we performed permeability studies for 5-FU and MTX in MDCK cell lines 

dosed individually and in combination. As shown in Figure 23, concentrations depicted 

for either MTX or 5-FU is the donor compartment concentrations. No detectable 

concentrations for either drug could be measured from the receiver compartment. Since 

the flux or dQ/dt is a measure of the gradient of drug concentrations donor to receiver, we 

were unable calculate the Papp for either 5-FU and MTX. However, for 5-FU when dosed 

in combination with MTX, the donor compartment concentrations decreased significantly 

at the end of 120 min as shown in Figure 23 from  40.2  ±  5.1  μM  (5-FU)  to  24.4  ±  0.7  μM  

(5-FU +MTX; p=0.002). However, there was no detectable 5-FU in the receiver 

compartment even at the end of 120 min. For MTX, no significant changes in donor cell 

compartments were observed.  
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Figure 23: Passive permeability studies for 5-FU and MTX in Mardine Darby Canine 

Kidney cells. The figure depicts the concentrations for the drugs-5-FU and MTX in the 

donor cell compartment at t=0 min and 120 min. No drug was detected in the receiver 

cell compartments at the given time points 0 and 120 min for all experiments. All 

concentrations are depicted as mean ± SD, n=3. 

 

Dipyrimidine dehydrogensase (DPD) enzyme assay  

For 5-FU, the major metabolizing enzyme is cytosolic DPD. As seen in Figure 24 

the reaction rate did not reach saturation in the concentration range of 5 - 300  μM  for  5-

FU, either dosed alone or in combination with MTX.  Assuming Michales-Menten (MM) 

kinetics for DPD enzyme, the slope of the linear portion of the curve is representative of 

the intrinsic clearance of the enzyme for the substrate. According to the MM kinetics, 
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reaction rate (V) = (Vmax * [S]) / (Km + [S]); where Vmax is the maximal reaction rate, Km 

is the MM constant and [S] is the substrate concentration. Assuming [S] to be << Km ; 

then V/ [S] = Vmax/Km or the CLint for the drug. For 5-FU CLint was 0.008 min-1 and for 

group receiving 5-FU  +  10  μM  CLint was increased by 25 % to 0.01 min-1. This was not 

statistically significant.  

 

 

Figure 24: Figure depicting reaction rate for 5-FU when incubated for 45 min in rat liver 

cytosol. Groups depicted are: a) 5-FU alone and b) 5-FU  +  10  μM.   

 

Aldehyde oxidase (AO) enzyme assay  

The reaction rate for MTX in rat liver cytosol was linear over the range of 1 - 21 
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reaction rate did not alter significantly. Assuming MM kinetics, as explained above for 5-

FU, CLint for MTX dosed alone was 0.0309 min-1 and the CLint for MTX dosed in 

combination  with  300  μM  5-FU was 0.0319 min-1. The difference in the CLint was not 

statistically different between the two groups, as shown in the Figure 25. 

 

 

Figure 25: Figure depicting reaction rate for MTX when incubated for 30 min in rat liver 

cytosol over a concentration range of 1 - 21  μM.  Groups  depicted  are:  a)  MTX  alone  and  

b)  MTX  +  300  μM  5-FU. 
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For MTX elimination rate constant (k), calculated from the C-t profile depicted in 

Figure 26 was 0.003 min-1 (MTX alone) and 0.004 min-1  (MTX+ 5-FU). CLint , however, 

increased from 4.02 * 10-4 L/min/ 0.5 * 106 cell (MTX alone) to 1.4 * 10-3 L/min/ 0.5 * 

106 cell when dosed with 5-FU. For 5-FU, k was 0.006 min-1 and CLint was 1.7 * 10-4 

L/min/ 0.5 * 106 respectively when dosed alone. These values did not change 

significantly when dosed combination with MTX.  

 

 

Figure 26: C-t data depicted for the drugs MTX measured by the media loss assay, in 

cryopreserved hepatocytes suspension. The C-t data were used for the determination of 

the CLint as described in the Materials and Methods.  All data depicted are a mean + SD; 

n=3.  
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Figure 27: C-t data depicted for the drugs 5-FU measured by the media loss assay, in 

cryopreserved hepatocytes suspension. The C-t data was used for the determination of the 

CLint as described in the Materials and Methods.  All data depicted are a mean + SD; n=3.  

 

5.4. Discussion 

In chapter 4, we established the presence of a PK based DDI between 5-FU and 

MTX. Based on the past reports and the physicochemical properties of 5-FU and MTX 

we focused on the role of transporters as a probable mechanistic explanation for the DDI 

observed. Thus, in the current chapter we analyzed if such a transporter-based interaction 

exists between 5-FU and MTX. At present, commercially viable resources for 

transporter-based studies are minimal. With this in mind, we performed various in-vitro 
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groups receiving 5-FU and MTX alone and in combination with and without an uptake 

transporter inhibitor - probenecid. In-vitro we performed various experiments in isolated 

systems such as cryopreserved hepatocyte suspensions, liver cytosols, and cell 

monolayers.  

For MTX, in the presence of PBD as seen in the Table 16, CLs for MTX 

decreased by 50% from 0.06 ± 0.02 L/min/kg to 0.03 ± 0.005 L/min/kg leading to an 

increase in the AUCplasma from 58.2 ± 31.4 min*mg/L to 127.5 ± 26 min*mg/L. Exposure 

of MTX in brain (AUCbrain) decreased significantly (p = 0.001) by ~100% from 45.9 ± 

17.9 min*mg/L (MTX alone) to 2.7  ± 1.2 min*mg/L (MTX + PBD). In the past, studies 

have reported expression of Rfc-1 to be extremely high at the BBB (Hinken, et al., 2011). 

The decreased MTX exposure in brain despite increased plasma exposure indicates 

inhibition of  MTX’s  uptake  by  PBD  across  the  BBB  most  probably  mediated  via  the  Rfc-

1. In the past PBD has been reported to conclusively inhibit Rfc-1 (Sikka & McMartin, 

1998; Spinella, Brigle, Sierra, & Goldman, 1995). Since there are no other known uptake 

transporters at the BBB for MTX, we believe decreased exposure of MTX across the 

BBB is probably as a result of inhibition of Rfc-1.  

For MTX dosed with 5-FU, there was an increase in CLs of MTX to 0.21 ± 0.02 

L/min/kg. Also, in the brain tissue no MTX levels could be detected for the entire study 

period. When a combination of 5-FU + MTX + PBD were dosed, the CLs was decreased 

to 0.03 ± 0.004 L/min/kg; however, exposure for MTX was not detected for the entire 

study period of 0-24 h. From these results we observed, 5-FU increases CLs of MTX, 

however, addition of PBD negates this increase in CLs to some extent. Also, PBD 
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inhibited the transport of MTX across the BBB, which was further exacerbated with the 

presence of 5-FU. 

When MTX was dosed via the i.p. route, as shown in Table 18, CLs increased 

from 0.006 ± 0.002 L/min/kg MTX dosed alone to 0.13 ± 0.03 L/min/kg when dosed 

MTX + PBD and  to 0.17 ± 0.09 L/min/kg when dosed MTX + PBD + 5-FU. MTX could 

not be detected in the brain when given either as a combination of MTX + PBD or MTX 

+ PBD + 5-FU. The CLs for MTX increased in the combination with PBD or with PBD + 

5-FU. Probable reasons for this increased systemic clearance and decreased exposure of 

MTX could be due to either: a) interactions between PBD and MTX at the site of 

administration (peritoneal cavity); or b) increased biliary excretion of MTX, since MTX 

has been reported to exhibit enterohepatic recycling. Biliary excretion of MTX is a major 

route of drug elimination, next to renal elimination (Griffin & Said, 1987; Steinberg, et 

al., 1982). In future experiments it would be necessary to evaluate contribution of biliary 

excretion of MTX towards the observed DDI when dosed by the i.p. route. For decreased 

MTX exposure in the brain, when dosed via the i.p. route, as explained above PBD would 

inhibit the most common uptake transporter Rfc-1, present abundantly on the BBB. This 

would be a possible explanation for the lack of MTX detection when the drug was dosed 

with PBD. 

For 5-FU when dosed via the i.v. route, Vss increased from 0.9 ± 0.3 L/kg (5-FU 

alone) to 2.9 ± 1.1 L/kg (5-FU + PBD) to 10.9 ± 5.1 L/kg (5-FU+ MTX + PBD). This 

increase in Vss for the group 5-FU+ MTX + PBD was statistically significant (p= 0.02). 

Also, the increase in Vss for 5-FU was always greater when MTX was on board as 
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observed in Tables 17 and 19. As discussed previously (chapter 4) increase in Vss as a 

result of the increased free fraction of 5-FU was established to be a non-contributor. 

Increase in tissue distribution of 5-FU in the presence of MTX is a probable explanation 

for this increase in Vss. For 5-FU when dosed with 25 mg/kg PBD, CLs increased ~92% 

from 0.12 ± 0.03 L/min/kg (5-FU dosed alone) to 0.23 ±0.04 L/min/kg (5-FU + PBD), 

which was statistically significant (p<0.05). For all the other groups, changes in the CLs 

did not reach a statistical significance.  

We analyzed the passive permeability of 5-FU and MTX alone and in 

combination in MDCK monolayer system. We monitored the passive permeability of 

either drug for a period of 120 min. For both 5-FU and MTX, we could not measure any 

detectable levels in the receiver compartment at the end of 120 min. This led us to believe 

the drugs exhibit very low permeability. However for 5-FU when dosed in combination 

with MTX, we observed a approximately 50% decrease in the donor compartment 

concentrations of 5-FU, even though no drug was detected in the receiver compartment. 

This decrease in donor compartment concentrations were significant and leads us to 

believe that in presence of MTX, 5-FU is trapped inside the cells. Also, based on the 

results observed from in-vitro studies in rat liver cytosols and cryopreserved hepatocytes 

increased distribution of 5-FU into liver is probably not a significant factor for the 

increased Vss of 5-FU.  

For MTX, we performed aldehyde oxidase enzyme studies in the rat liver cytosol. 

As observed in Figure 25 we did not observe any change in the CLint. However the 

uptake clearance of MTX increased in the presence of 5-FU as seen in the Figure 26. 
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However additional studies would be needed to determine the percent contribution of 

specific uptake transporters present at the basolateral side of the hepatocytes. 

In chapter 4, we observed a PK based DDI between 5-FU and MTX. Based on 

previous reports and the physicochemical properties we suspected the transporters to be a 

probable site of interaction. In the current study we performed various in-vitro and in-

vivo experiments to analyze the presence of such an interaction. From the in-vivo PK 

studies we have established MTX’s PK was affected by the presence of an inhibitor PBD. 

The inhibitory effect of PBD with  regards  to  MTX’s  brain uptake most probably via Rfc-

1 was exacerbated by the co-administration of 5-FU. It is known that PBD inhibits the 

uptake transporter Rfc-1, a common uptake carrier for reduced folates and MTX. 

Reduced folates are crucial for maintaining cognitive functions and their deficiency has 

reported to cause neurological problems.  

For 5-FU, Vss increased nearly 200% when PBD was co-administered, which 

further increased by approximately 1100% with the addition of MTX to a combination of 

5-FU + PBD. Thus the addition of MTX exacerbated the increase in Vss observed for the 

groups receiving 5-FU + PBD. From the results explained above for 5-FU, we did not 

observe a significant change in the uptake clearance or enzymatic clearance for 5-FU in 

the liver cells in the presence of MTX. Therefore we would have to explore other systems 

apart from hepatic systems to explain the increased Vss.  However, from the permeability 

studies we observed approximately 50 % decrease in the donor compartment 

concentrations for 5-FU at the end of 120 min when dosed in the combination with MTX. 
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No drug concentrations were detected in the receiver compartment either for 5-FU at the 

end of 120 min. This indicated the drug 5-FU is most probably trapped within the cell. 

 

5.5 Conclusion 

In conclusion we observed an interaction for MTX at the transporter level 

involving most probably the common transporters of MTX- Oat1/3 and Rfc-1 were 

involved. 5-FU further exacerbated the effects of transporter based interactions for MTX 

with regards to MTX exposure in the brain and across the basolateral membrane of the 

hepatocytes. For 5-FU, though increased accumulation of 5–FU within MDCK cells was 

observed, interaction at the site of the liver is most probably not responsible for the 

increased Vss of 5-FU as observed in this study and the PK study.  
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CHAPTER 6 

PHARMACOKINETIC MODELING OF PLASMA AND BRAIN 

CONCENTRATIONS FOR MTX 

6.1. Introduction 

 

MTX is an antifolate and is a very close analogue of the endogenously present 

reduced folate (Olsen, 1991). Endogenous folates are crucial for normal cognitive 

processes (Ramos, et al., 2005; Wright, et al., 1998). In addition, in rodents cognitive 

impairments have been reported in the presence of folate deficiency (Troen et al., 2008). 

Being a close analogue of reduced folates, MTX utilizes the same uptake transporters 

used by endogenous reduced folates for uptake across the cells. The most efficient uptake 

transporter for reduced folates is the transporter - reduced folate carrier 1 (Rfc-1).  

Previously our lab reported greater cognitive deficits in male Swiss-Webster mice 

administered a combination of 75 mg/kg 5-FU and 3.2 mg/kg MTX. In chapter 4, we 

established the nature of this DDI to be of a pharmacokinetic nature. For the groups 

receiving a combination of 5-FU and MTX we observed increased systemic clearance of 

MTX leading to a decreased exposure of drug in plasma from 58.2+ 31.4 min*mg/L to 

15.3 + 7.3 min*mg/L. In addition, in the brain tissue MTX exposure decreased from 45.9 

+ 17.9 min*mg/L to being undetectable for a period of 24 h. Based on these results we 

hypothesized  decrease  in  MTX’s  exposure  in  the  brain  is  due  to  a  combination  of  
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decreased systemic exposure and a probable inhibition of uptake transporters, especially 

Rfc-1.  

Based on the physicochemical properties of 5-FU and MTX and their clearance 

patterns, we hypothesized the site of active uptake transporters to be a probable 

mechanism of interaction between 5-FU and MTX. On conducting transporter based in-

vivo and in-vitro PK studies in chapter 5, we observed active uptake transporters to be a 

site of interaction between 5-FU and MTX both at the systemic level and across the blood 

brain barrier (BBB). 

For reduced folates and their analogues the uptake across the BBB has not been 

extensively characterized. However,  Rfc-1 its is known to exhibit highest abundance at 

the basolateral membrane of renal tubular epithelial cells, sinusoidal membrane of 

periportal hepatocytes, the BBB, apical membrane of jejunum and colon, and the 

lymphatic organs- spleen and thymus (Hinken, et al., 2011; Spector, 2009). Also across 

the BBB, to date Rfc-1 has been reported to be a major uptake carrier for MTX and 

reduced folates (Araújo, et al., 2010). Rfc-1 has a low capacity but high affinity transport 

system (Honscha & Petzinger, 1999; Matherly & Goldman, 2003; Sierra & Goldman, 

1999).  

Oat 1 and 3 are located at the basolateral membrane of the renal cells. Oat1/3 have 

shown  to  transport  substrates  against  a  negative  membrane  potential,  with  α-ketoglutarate 

as a counter ion. Oat1/3 are important for the tubular secretion of MTX into the urine 

(Levêque, et al., 2011; VanWert & Sweet, 2008). Based on our PK results we 

hypothesized that active tubular secretion to be an important site of interaction between 



 

 160 

MTX and 5-FU (chapters 4 and 5). This would account for the increase in the CLrenal, in 

turn accounting for the increased CLs of MTX. Since no specific inhibitor is present for 

these transporters, we selected a common inhibitor, probenecid (PBD), reported to inhibit 

Oat 1, 3 and Rfc-1, for our in-vivo PK studies. In addition, we aimed to incorporate 

mechanistic parameters characterizing the uptake and the efflux of MTX in the in vivo 

models we have used. Mechanistic parameters were obtained from past studies involving 

MTX and PBD (Nozaki, Kusuhara, Endou, & Sugiyama, 2004). Figure 28 depicts the 

major uptake and efflux transporters involved in the renal elimination of MTX. Our 

transporter-based PK study results indicated probable inhibition of MTX transport across 

the BBB in the presence of 5-FU.  

 

 

Figure 28: Major uptake and efflux transporters responsible for the active tubular 

secretion and tubular reabsorption of MTX across the renal proximal convoluted tubule 

cell. The side of the cell facing the blood is known as the basal side and the side of the 

Figure 5 : Uptake and efflux transporters involved in the active tubular secretion of MTX across the renal proximal 
tubule. Organic anion transporters (OAT’s), Organic anion transporter polypeptides (OATP’s), Multidrug 
resistance associated proteins (MRPs), P-glycoprotein (PgP) are the most commonly involved transporters affecting 
MTX renal clearance. 
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cell facing the luminal/ urine side is called as the apical side. Major uptake transporters at 

the basal side are organic anion transporters (Oat) 1 and 3; organic anion transporter 

polypeptides (Oatp 4C1) and reduced folate carrier- 1(Rfc-1). Major efflux transporters at 

the apical side are p-glycoprotein (Pgp), multi drug resistance protein (MRP) 2, 4.  

Figure 29 depicts major uptake and efflux transporters at the BBB involved in the 

MTX transport. Numerous transporters are responsible for the efflux of MTX from the 

BBB (Löscher & Potschka, 2005) however Rfc-1 is known to be a major contributor for 

uptake (Araújo, et al., 2010).  

 

Figure 29: Uptake and efflux transporters involved in the transport of MTX across the 

blood-brain barrier. Multidrug resistance associated proteins (MRPs), P-glycoprotein 

(PgP), Breast cancer resistance proteins (BCRP) and Organic anion transporter 3 (OAT 

3) are mostly involved in the efflux of MTX into the lumen (blood). Reduced folate 

carrier is involved in the uptake of the drug across the blood-brain barrier into the brain.  

Figure 6 : Uptake and efflux transporters involved transport of MTX across the blood-brain barrier. Multidrug 
resistance associated proteins (MRPs), P-glycoprotein (PgP), Breast cancer resistance proteins (BCRP) and Organic 
anion transporter 3 (OAT 3) are mostly involved in the efflux of MTX into the lumen (blood) . Reduced folate carrier 
is involved in the uptake of the drug across the blood-brain barrier into the brain. 
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In this chapter, we aimed to model and simulate the plasma and brain 

concentrations of MTX in the presence and absence of 5-FU, based on the results 

obtained from chapters 4 and 5. To bridge the gap between the reported cognitive deficits 

and the PK interactions reported in this dissertation, we would need to perform more 

future studies. One such future study would be to develop a robust PK-pharmacodynamic 

(PD) model. The current PK model is a step towards achieving this final goal. For this we 

developed a PK model for MTX depicting the plasma and brain concentrations in the 

presence and absence of the interacting drug 5-FU.  We  chose  to  model  MTX’s  

disposition  because  of  the  following  two  reasons:  a)  MTX’s  close  association  with  

endogenous folates crucial for the normal cognitive processes; b) transporter based 

studies conducted in chapter 5 indicated a probable interaction between 5-FU and MTX 

at the site of the BBB. A major uptake carrier for MTX transport across BBB reported to 

date is the Rfc-1. This transporter is also reported to be a major uptake transporter for 

reduced folates, therefore warranting a closer look at this probable interaction. 

 

6.2. Materials and methods 

For the PK model we have used Simulation Analysis and modeling (SAAM II) 

software. We used a compartmental PK modeling approach for modeling the plasma and 

brain concentrations of MTX. Compartmental PK modeling involves assigning 

compartments describing the disposition of the drugs. All organs, which are kinetically 
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similar, are lumped together in similar compartments. Also, compartments with organs 

that  are  highly  perfused  form  a  “central  compartment”.  The  central  compartment  also  

includes blood/plasma. Compartments consisting of kinetically similar organs with lower 

perfusion  rates  are  pooled  together  to  form  the  “peripheral  compartment”.  Typically  in  

compartmental modeling all peripheral compartment are reversibly linked to the central 

compartment  to  form  what  is  known  as  a  “mammillary  PK  model”.  This is a close 

representation of the natural order of arrangement of organs in-vivo.  

 

6.2.1. Compartmental PK modeling for plasma C-t profile for 3.2 mg/kg MTX dosed 

alone via i.v. route. 

A two-compartment model with elimination occurring from the central 

compartment was used to describe the plasma concentrations as shown in Figure 30. 

Since MTX is mainly eliminated as unchanged drug in the urine, elimination rate 

constant from the systemic circulation (kel) was a sum of passive and active process. 

Major contributors for the active processes were those mediated by uptake transporters 

Oat 3 and Rfc-1. These were the transporters reported to contribute significantly for the 

renal elimination of MTX (Nozaki, et al., 2004). Also the plasma C-t profile depicted a 

spike in the MTX concentration at time point 480 min. We therefore included  a  “delay”  

in the PK model for predicting plasma C-t profile.  
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Figure 30: Schematic representation of compartmental PK model for disposition of MTX 

in plasma. This PK model is comprised of a two-compartment model describing plasma 

concentrations with elimination occurring from the central compartments and a delay 

component from the peripheral compartment. Vc = Volume of distribution of drug in 

central compartment, X1, X2 = Amounts in central and peripheral compartment, kel = 

elimination from the central compartment, kx,y= micro-rate constants. 

Equations describing disposition of MTX in plasma were as follows:  

dX1 / dt       =  k2,1 * X2 - (k1,2 + kel) * X1…………………………..(1) 

dX2 / dt       =  k1,2 * X1 – k2,1 * X2…………………………………(2) 

kel              =  kpassive + Vmax,oat3 / ((Km,oat3+[MTXplasma])*Vc) + 

                      Vmax,Rfc-1 / ((Km,Rfc-1+[MTXplasma])*Vc)  ………….…(3) 
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The Vmax and Km parameters for transporters Oat 3 and Rfc-1 were obtained form the 

literature (Nozaki, et al., 2004) and included in the model as Bayesian estimates. 

 

6.2.2. Compartmental PK modeling for plasma and brain C-t profile for 3.2 mg/kg 

MTX dosed alone via i.v. route. 

The plasma two-compartment model described above was then used as an input 

(aka forcing function) for defining the brain C-t profile as shown in Figure 31 

 

Figure 31: Schematic representation of compartmental PK model for disposition of MTX 

in plasma and brain. This PK model is comprised of a two-compartment model 

describing plasma concentrations and a two-compartment membrane limited model 
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describing MTX concentrations in the brain. Vc = Apparent volume of distribution of 

drug in central compartment, Vb = Apparent volume of distribution of drug in brain 

tissue,  X1, X2, X3 = Amounts in central, peripheral compartment and brain vascular 

compartment, kel = elimination from the central compartment, kx,y= micro-rate constants. 

For the brain tissue a two-compartment membrane limited model was used. With 

regards to MTX uptake across the BBB, Rfc-1 uptake transporter is to date reported to be 

a major uptake transporter. Hence this was included in the model, as a parameter, 

influencing  uptake  of  MTX  across  the  BBB.  MTX’s  efflux  from  the  brain  into  the  

systemic circulation is attributed to various efflux transporters as shown in Figure 29. All 

the known transporters reported to play a role in MTX efflux across the BBB were 

included in the base model as shown in equation 6.  

The rate equations derived from the model described above are as follows: 

dX4 / dt        =  k3,4 * X1 + k4,5 * X5– (k4,3+ k4,5) * X4 ……………….(4) 

k3,4                   =  Vmax, Rfc1 / ((Km,Rfc1+ [MTXplasma])*Vc)………….......(5) 

k4,3                   =  Vmax,Mrp4/((Km,Mrp4  + [MTXbrain])*Vb) +   

                       Vmax,Bcrp/((Km,Bcrp +  [MTXbrain])*Vb)   +  

                       Vmax,Mrp2/((Km,Mrp2 + [MTXbrain])*Vb)  + 

                       Vmax,Oat3/((Km,Oat3 + [MTXbrain])*Vb………………...(6) 
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On obtaining minimization of base model, we then tried reducing the base models 

complexity by eliminating the BBB-efflux transporters one by one in the descending 

order of their relative expression levels (Nishimura & Naito, 2005). On reducing the 

model, we observed for the low MTX concentrations observed in the brain from our PK 

study, the efflux from the brain did not need the specification of efflux BBB-transporters.  

This exclusion does not imply decreased importance of efflux transporters, however for 

the current models simplicity we have not included these complex parameters. Therefore 

in the final model for predicting the brain and the plasma concentrations of 3.2 mg/kg 

MTX dosed alone equation 6 was reduced and did not include the mechanistic parameters 

of efflux transporters. The parameter k4,3 as shown in Figure 31 was estimated from the 

model. 

 

6.2.3. Compartmental PK modeling for plasma and brain C-t profile for 3.2 mg/kg 

MTX dosed with 75 mg/kg 5-FU dosed via the i.v. route 

 

On obtaining a final model for MTX dosed alone at 3.2 mg/kg MTX, we 

proceeded with the PK model explaining the DDI between 75 mg/kg 5-FU and 3.2 mg/kg 

MTX. The base model used for the dose group receiving 75 mg/kg 5-FU and 3.2 mg/kg 

was the final model used for 3.2 mg/kg MTX dosed alone. 

A two-compartment model with elimination occurring from the central 

compartment was used to describe the plasma concentrations as shown in Figure 32. The 
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equations 1 and 2 were similar for two conditions, i.e. when MTX was dosed alone vs. 

when dosed in combination with 5-FU. However, when MTX was dosed alone, the Vmax 

and Km parameters for transporters Oat3 and Rfc-1 contributing towards kel were obtained 

form the literature (Nozaki, et al., 2004) and included in the model as Bayesian estimates. 

For the groups dosed 3.2 mg/kg MTX with 75 mg/kg 5-FU, these parameters were 

estimated. Also no spike in plasma C-t profile was detected, hence no delay term was 

included. 

k†el              =  kpassive + V†
max,oat3 / ((K†

m,oat3+[MTXplasma])*Vc) + 

                      V††
max,Rfc-1 / ((K††

m,Rfc-1+[MTXplasma])*Vc)  ……………(7) 

Where V†
max,oat3, K†

m,oat3, V††
max,Rfc-1 , K††

m,Rfc-1 were estimated by the final model 

developed. 
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Figure 32: Schematic representation of compartmental PK model for disposition of MTX 

in plasma when dosed with 5-FU. This PK model is comprised of a two-compartment 

model describing plasma concentrations with elimination occurring from the central 

compartments. No delay component from the peripheral compartment was included. Vmax 

and Km parameters for transporters Oat3 and Rfc-1 contributing towards kel were 

estimated.  Vc = Volume of distribution of drug in central compartment, X1, X2 = 

Amounts in central and peripheral compartment, kel = elimination from the central 

compartment, kx,y= micro-rate constants. 

 

6.2.4. Compartmental PK modeling for plasma and PK simulation for brain C-t profile 

for 3.2 mg/kg MTX dosed with 5-FU dosed via the i.v. route 
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In chapter 5, Table 16, we observed brain exposure for MTX decreased from 45.9 

± 17.9 min*mg/L for 3.2 mg/kg MTX dosed alone to 2.7 ± 1.2 min*mg/L for 3.2 mg/kg 

MTX + 25 mg/kg PBD. As explained above PBD, is a generic inhibitor and in addition to 

inhibiting Oat 1/ 3, PBD is known to also inhibit the uptake transporter Rfc-1. Rfc-1 is 

reported to be one of the major uptake transporters for MTX transport across the BBB. 

This could be a probable explanation of decreased exposure of MTX in the brain when 

MTX was dosed with PBD. We also observed an exacerbation of this decreased brain 

exposure for MTX in the brain tissue when a combination of 75 mg/kg 5-FU + 3.2 mg/kg 

MTX + 25 mg/kg PBD was administered, indicating a probable inhibition of Rfc-1 by 5-

FU as well.  

Also, in chapter 4, we reported reversal of 5-FU’s  effects  on  MTX’s  CLs and 

brain exposure when higher doses of MTX were administered. Thus, we believe the 

hypothesized inhibition of Rfc-1 as explained above by 5-FU across the BBB would most 

likely be reversible inhibition. There are not many studies reporting inhibition of Rfc-1 

by 5-FU. Thus we investigated all forms of reversible inhibition towards building the 

most appropriate model for MTX when dosed in combination with 5-FU. 

The plasma two-compartment model obtained was used as an input (aka forcing 

function) for defining the brain profile. Since we could not detect MTX in the brain 

tissues for groups dosed a combination of 75 mg/kg 5-FU and 3.2 mg/kg MTX, we 

proceeded with simulating the concentrations of MTX in the brain. For the brain tissue a 

two-compartment model membrane limited model was used (Figure 34), for which the 

simulations gave us the desired brain C-t profile, i.e. the entire C-t profile of MTX in the 
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brain tissue should have predicted concentrations below the detectable limits of our 

analytical method.  
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Figure 33: Schematic representation of compartmental PK model for disposition of 

MTX, in plasma and brain tissue, when dosed with 5-FU. This PK model was comprised 

of a two-compartment model describing plasma concentrations with elimination 

occurring from the central compartments and a two-compartment membrane limited 

model describing MTX concentrations in the brain. No delay component from the 

peripheral compartment was included. Vmax and Km parameters for transporters Oat3 and 

Rfc-1 contributing towards kel were estimated. Variable Vmax and Km parameters for Rfc-

1 contributing towards uptake across BBB were used for simulating brain C-t profile for 

different conditions. Vc = Volume of distribution of drug in central compartment, X1, X2 

= Amounts in central and peripheral compartment, kel = elimination from the central 

compartment, kx,y= micro-rate constants. 

The equations explaining the disposition of MTX in the final model is as shown 

below: 
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k3,4                    = V†††
max, Rfc1 / ((K†††

m,Rfc1+ [MTXplasma])*V).................(8) 

Where V†††
max, Rfc1, K†††

m,Rfc1 were adjustable parameters used for simulating brain C-t 

profile. Systematically we analyzed the effect of co-administration of 5-FU on the 

disposition of MTX. Beginning with the simplest reversible inhibition model, of 

competitive inhibition (Km = adjustable; Vmax = fixed), we progressed to the more 

complex forms of reversible inhibition- noncompetitive (Km = fixed; Vmax = adjustable), 

and uncompetitive (Km = adjustable; Vmax = adjustable).  

When simulating C-t  profile  we  had  to  first  “create”  a  sample  set  in  the  desired  

tissue. The simulated data were generated by using the FORTRAN function RAND(), 

which is a random number generator.  

Error          = 2 * (RAND()-0.5)........................................................(9) 

2 * (RAND()-0.5) function as used in equation 9 would generate random numbers 

-1 to 1 and this was used as our error for the brain C-t  “data”.   For simulating brain C-t 

profiles we created a sample set for brain concentrations using equation 10.  

C 3                  = (X3 + fsd1 *error *X3)/Vb.............................................(10) 

Where X3 = amount of the drug in the brain, fsd1=weight assigned (fsd1=0.2), 

Vb= apparent volume of distribution of MTX in brain. 
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Table 20: Initial parameter estimates used for modeling exercise.  

 

 

 

 

 

 

 

 

 

 

 

∂(Nozaki, et al., 2004); ∂∂(VanWert & Sweet, 2008) †  Derived from NCA. 

 

 

PARAMETER MTX† MTX + 5-FU 

Km,rfc1 (uM)∂ 17.8 17.8 

Km,oat3 (uM)∂∂ 60.6 60.6 

Vmax,oat3 

(pmol/mg protein/min)∂∂ 

100.1 

 

100.1 

Vmax,Rfc1 

(pmol/mg protein/min)∂ 

385.4 385.4 

Vc (L/kg)† 3.5 6.2 
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6.3. Results 

6.3.1. Compartmental PK modeling for plasma C-t profile for 3.2 mg/kg MTX dosed 

alone via the i.v. route 

 

 

Figure 34: The model predicted and mean observed concentrations for MTX in plasma 

are presented. 
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6.3.2. Compartmental PK modeling for plasma and brain C-t profile for 3.2 mg/kg 

MTX dosed alone via the i.v. route 

 

 

 

Figure 35: The model predicted and mean observed concentrations for MTX in plasma 

and brain tissue are presented.  
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Figure 36: Depiction of weighted residuals against time (minutes) for the predicted 

concentrations in plasma (s1-wres) and brain (s2-wres) describing MTX plasma 

concentrations in animal groups treated with i.v. administration of 3.2 mg/kg MTX alone. 

 

6.3.3. Compartmental PK modeling of plasma C-t profile for 3.2 mg/kg MTX when 

dosed with 75 mg/kg 5-FU via the i.v. route 
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Figure 37: The model predicted and average observed concentrations for MTX in plasma 

when dosed with 75 mg/kg 5-FU. 
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Figure 38: Depiction of weighted residuals against time (minutes) for the predicted 

concentrations for plasma (s1-wres) in PK models used for the description of MTX 

plasma concentrations in animal groups treated with i.v. administration of 3.2 mg/kg 

MTX + 75 mg/kg 5-FU. 

       As seen in the Figure 39, we observe a good correlation between the observed and 

the predicted concentration of MTX in the plasma. As explained in the section 6.2.3 we 

estimated values for mechanistic parameters. The model predicted an increase in Vmax 

from 100.1 pmol/g protein/min to 10.3 nmol/g protein/min.  
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6.3.4. Compartmental PK modeling of plasma and PK simulation for brain C-t profile 

for 3.2 mg/kg MTX dosed with 5-FU via the i.v. route 

  

Figure 39: The model-simulated concentrations, under different conditions of 

reversible inhibition of the uptake transporter Rfc-1, for MTX in brain tissue when 

with 75 mg/kg 5-FU.  
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           As seen in the Figure 40, we observed for the different conditions of transporter 

inhibition as hypothesized in the section 6.2.4. We simulated the brain C-t profiles and 

for the following parameters we observed the brain C-t profiles to fall below the LOQ of 

the analytical method. For Competitive inhibition apparent Km > 6.1 mM, 

Noncompetitive inhibition apparent Vmax > 38.5 nmol/g protein/min and for 

Uncompetitive apparent Km = 6.1 mM and apparent Vmax = 38.5 nmol/g protein/min.
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Table 21:  Model predicted PK parameters for MTX when dosed alone or in combination with 5-FU administered via the i.v. 

route. 

PARAMETER MTX 

Estimate (CV%) 

MTX + 5-FU 

Estimate (CV%) 

Renal- Km,rfc1 (uM) 17.8 (fixed) 17.8 (fixed) 

Renal - Km,oat3 (uM) 60.6 (fixed) 60.6 (fixed) 

BBB- Km,rfc1 (uM) 17.8 (fixed) See section 6.3.4 

Vc (L/kg) 4.7 (16.4) 2.1 (50.9) 

Vb  (L/kg) 0.3 (56.1) 0.3 (fixed) 

k1,2 (min-1) 0.004 (38.6) 0.09 (43.7) 
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Table 21. Continued 

PARAMETER MTX 

Estimate (CV%) 

MTX + 5-FU 

Estimate (CV%) 

k2,1 (min-1) 0.03 0.03 (51.7) 

kpassive (min-1) 0.009 (18.7) 0.009 (fixed) 

Renal -Vmax,oat3 

(pmol/mg protein/min) 

100.1 (fixed) 10320.6 (24.6) 

Renal -Vmax,Rfc1 

(pmol/mg protein/min) 

385.4 (fixed) 385.4 (fixed) 
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Table 21. Continued 

PARAMETER MTX 

Estimate (CV%) 

MTX + 5-FU 

Estimate (CV%) 

BBB- Vmax,Rfc1 

(pmol/mg protein/min) 

385.4 (fixed) See section 6.3.4 

k4,5 (min-1) 0.6 (68.4) 0.6 (fixed) 

k5,4 (min-1) 0.007 (9.8) 0.007 (fixed) 

k4,3 (min-1) 0.04 (59.5) 0.04 (fixed) 
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6.4. Discussion 

In the chapters 4 and 5, we established a PK based DDI between 75 mg/kg 5-FU 

and 3.2 mg/kg MTX. The transporter based PK studies indicated a probable inhibition 

uptake of MTX across the BBB in the presence of 5-FU. We hypothesized base don the 

literature available the probable mechanism of inhibition of MTX uptake across the BBB 

is most probably as a result of the Rfc-1 mediated uptake.  

To bridge the gap between the reported cognitive deficits and the PK interactions 

reported in this dissertation, we would need to perform more studies in the future. One 

such future study would be to develop a robust PK-pharmacodynamic (PD) model. The 

current PK model is a step towards achieving this final goal. We developed a PK model 

for MTX depicting the plasma and brain concentrations in the presence and absence of 

the interacting drug 5-FU.  We  chose  to  model  MTX’s  disposition  because  of  the  

following  two  reasons:  a)  MTX’s  close  association  with  endogenous  folates  crucial  for  

the normal cognitive processes; b) transporter based studies conducted in chapter 5 

indicated a probable interaction between 5-FU and MTX at the site of the BBB. A major 

uptake carrier for MTX transport across BBB reported is the Rfc-1. This transporter is 

also reported to be a major uptake transporter for reduced folates, therefore warranting a 

closer look at this probable interaction. In this chapter, we aimed to model and simulate 

the plasma and brain concentrations of MTX in the presence and absence of 5-FU, based 

on the results obtained from chapters 4 and 5. 
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For modeling purposes we assumed elimination to be occurring from the central 

compartment, and the plasma concentration time profile to be the input for the observed 

brain concentrations over time. For MTX’s  systemic  clearance  we  assumed  renal  

elimination to be the major route of elimination. The elimination consisted of two 

saturable processes and one passive elimination process. Oat 3 and Rfc-1accounted for 

the saturable elimination processes as previously reported (Nozaki, et al., 2004). The final 

model developed for 3.2 mg/kg MTX dosed alone via i.v. route was used as the base 

model for explaining the drug-MTX’s  behavior  in  presence  of  5-FU, dosed via the i.v. 

route.  

For the model depicting 3.2 mg/kg MTX + 75 mg/kg 5-FU we fixed the passive 

process parameters, since passive processes should not be affected by DDIs. The model 

predicts increased Vmax for the transporter Oat 3, while simulations for brain 

concentrations were performed for different scenarios of reversible inhibitions. Inhibition 

of Rfc-1 by 5-FU has not been reported previously; therefore we did not proceed with 

any preset assumptions, and tested all forms of reversible inhibition (Section 6.2.4). We 

tested only the reversible  inhibition  hypothesis  since  the  inhibitory  effect  on  MTX’s  

transport across the BBB is reversed after administration of higher doses of MTX 

(chapter 4). The model predictions for brain C-t profile were as follows: for Competitive 

inhibition apparent Km > 6.1 mM, noncompetitive inhibition apparent Vmax > 38.5 nmol/g 

protein/min and for apparent uncompetitive Km = 6.1 mM and Vmax = 38.5 nmol/g 

protein/min. Increase in Km indicative of decreased affinity and decreased Vmax is 

indicative of the decreased activity of the enzyme. Usually competitive inhibition is seen 

between compounds with very similar chemical structures. 5-FU and MTX are not 
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structurally similar, therefore a competitive inhibition of Rfc-1 by 5-FU is most probably 

not a strong possibility. Also there are no known studies reporting a 5-FU mediated 

inhibition of MTX uptake via the Rfc-1 transporter.  Therefore to assess the real impact 

of 5-FU on the mechanistic parameters of Rfc-1, future in-vivo and in-vitro studies are 

required. 

 

6.5. Conclusions 

For building a robust PK-PD model, we do require to perform studies 

characterizing the appropriate PD marker. The particular PD marker should conclusively 

affect normal cognitive processes. One such endogenous compound responsible for 

normal cognitive process is reduced folate. Therefore, we believe a viable PD marker 

would be the measurement of reduced folates such as 5-methylene tetrahydrofolates (5-

MTHF) over time. Also, based on our results and the similarity between MTX and folates 

structurally, we hypothesize that MTX’s  disposition  reflects  the  disposition  of  reduced  

folates.  In this chapter we have provided possible mechanisms for explaining the 

observed DDI between 5-FU and MTX in plasma and brain. These probable mechanisms 

could be used in the design of future studies and to build the proposed PK-PD model.  
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CHAPTER 7 

CONCLUSIONS 

7.1. Summary 

Chemo brain or chemo fog is a colloquial term coined for chemotherapy related 

neurotoxicity resulting in altered cognitive capacities. In the past we reported increased 

cognitive deficits in mice upon combination dosing of 5-FU and MTX compared to either 

drug dosed alone. 5-FU and MTX are common chemotherapeutic regimens for breast 

cancer, especially so in the past. Most of these studies (preclinical and clinical) involved 

a combination of two or more chemotherapeutic drugs. However not many studies 

followed up the reported chemotherapy related neurotoxicities with PK studies. 

Pharmacokinetics deals with quantifying the drug concentrations over time. For a 

combinations drug therapy it is imperative to quantify the concentrations for the 

individual drugs to assess the nature of the reported drug-drug interaction (DDI). The 

basis for this dissertation was to identify the nature of the DDI reported for 75 mg/kg 5-

FU and 3.2 mg/kg MTX, i.e., whether the DDI was PK driven or PD driven.  

First, we developed and validated a rapid and sensitive bio-analytical method for 

the simultaneous determination of 5-FU, MTX and FBAL was in mouse matrices, as 

explained in chapter 3. This validated bio-analytical method was used for quantitating 5-

FU, MTX and FBAL in plasma and brain over time, for up to 24 h. Also, quantification 

of 5-FU in the brain has not been reported successfully in the past. 
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On performing the PK study in chapter 4, we established a PK basis for the 

observed DDI between 5-FU and MTX. For 5-FU, when dosed with 3.2 mg/kg MTX, 

there was a statistically significant increase in its Vss estimate.  For 3.2 mg/kg MTX dosed 

with 5-FU, there was a statistically significant increase in its CLs. We did not observe any 

increase in brain exposure levels of either drug when administered in combination. Brain 

exposure of MTX was decreased (not detectable) when MTX was dosed in combination 

with 5-FU. Since MTX is mostly excreted unchanged in the urine, we suspected uptake 

transporters Oat1, 3 and Rfc-1 present on the basolateral surface of the renal proximal 

tubules might play an important role in its increased CLs. Also, we observed increased fe, 

which reinforced our hypothesis with respect to the interactions at the level of uptake 

transporters present on the basolateral surfaces of the renal cells. The observations 

reported in the present study provided a strong basis for further investigation of renal 

uptake transporters and their role in 5-FU and MTX disposition. 

Based on the past reports and the physicochemical properties of 5-FU and MTX, 

in chapter 5, we focused on the role of transporters as a probable mechanistic explanation 

for the DDI observed. Also based on the results for decreased exposure of MTX in the 

brain tissue when dosed with 5-FU, we hypothesized the decreased exposure in the brain 

was due to a combination of decreased systemic exposure and a probable inhibition of 

uptake transporters. 

 For this we investigated transporter-based interaction between 5-FU and MTX. 

We performed in-vivo PK studies and in-vitro experiments in isolated systems such as 

cryopreserved hepatocyte suspensions, liver cytosols, and cell monolayers. The results 
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from this study suggested a probable inhibition of MTX uptake across the BBB in the 

presence of 5-FU. 

Finally, in chapter 6 we built a PK model for MTX with and with out 5-FU on 

board. The utility of the model was to provide a testable hypothesis for the future studies 

required to bridge the gap between results reported in the past and the observations made 

in this dissertation.  

In conclusion, we established a PK based DDI between 75 mg/kg 5-FU and 3.2 

mg/kg MTX. From the transporter based PK studies we hypothesize inhibition of Rfc-1 

mediated uptake of MTX across the BBB in the presence of 5-FU. The PK model 

incorporating these observations was a step toward building a robust PK-PD model for 

better understanding the cognitive deficits.  

 

7.2. Future directions 

Results and the model prediction explained in the previous chapters are indicative 

of investigating the probable disturbance of the folate homeostasis in-vivo for groups 

administered a combination of 5-FU and MTX. Reduced folates such as 5-methylene 

tetrahydrofolates (5-MTHF) are crucial for normal cognitive processes. Deficiency of 

such reduced folates was reported to cause neural tube defects. Reduced folates and MTX 

have similar affinities for Rfc-1, therefore a proposed inhibition of MTX transport across 

the BBB via the Rfc-1 could be indicative of decreased transport of reduced folates 

across the BBB in the presence of 5-FU.  
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We have established the presence of a PK based DDI. However we still need to 

perform additional studies to bridge the gap between the current understanding of the 

DDI and the reported pharmacological effects. For this I propose the following future 

experiments:  

a) Time – dependent characterization of endogenous folates and folic acid in 

the presence of MTX with and without 5- FU in plasma and brain. This C-t 

profile for reduced folates and folic acid could be a potential PD marker 

required to link our PK results and the reported cognitive deficits.  

b) Though an increase in renal clearance for MTX was significant (chapter 4), 

it did not account for the total increase in CLs for MTX. Hence, we believe 

there might be an increase in non-renal clearance for MTX as well, which 

would most probably account for the increased CLs. Characterization of 

alternate routes of MTX elimination would therefore be crucial. Biliary 

excretion for MTX is second major route of elimination next to renal 

elimination. Direct measurement of biliary concentrations of MTX would 

be extremely difficult in mice. However, we could make attempts in 

extrapolating in-vitro data. These in-vitro data would be conducted in 

double transfected cell lines- characterizing the vectorial transport of MTX 

across the hepatocytes. 

c) Characterizing the Rfc-1 mediated transport of reduced folates and MTX 

in-vitro using single transfected cell lines. Since the transport of the reduced 
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folates and MTX across the BBB is not extensively characterized, this study 

would add to the current understanding of this crucial transporter.  
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APPENDIX A 

CHROMATOGRAMS FOR 5-FU, MTX AND FBAL 

 

 

Figure A.1: Representative chromatograms for MTX and internal standard AMP in: a) 

blank plasma; b) plasma spiked with LOQ concentration; c) in-vivo collected sample for 

MTX.  



 

 219 

 

 

Figure A.2: Representative chromatograms for 5-FU and internal standard 5-BU in: a) 

blank plasma; b) plasma spiked with LOQ concentration; c) in-vivo collected sample for 

5-FU. 
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Figure A.3: Representative chromatograms for FBAL and internal standard BAL in: a) 

blank plasma; b) plasma spiked with LOQ concentration; c) in-vivo collected sample for 

FBAL.  
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APPENDIX B 

REDUCED GLUTATHIONE ASSAY 

Reduced glutathione assay (GSH) is mostly transported in the kidney cells via 

Oat1/3 and the sodium –dicarboxylate transporters. Eighty percent of GSH is produced in 

the liver and subsequently cleared by the kidneys. Renal clearance of GSH involves both 

passive clearance (glomerular flitration~30%) and active processes (~50%). 5-FU has 

been reported to result in a dose dependent increase in GSH levels (Chen, Chen and 

Boyce 1995a, Chen, Chen and Boyce 1995b). The same group reported an increased 

sensitivity of cell lines to administered MTX in presence of 5-FU induced increased GSH 

levels. Increased GSH levels in the presence of 5-FU could be a possible hypothesis for 

the increased transport of MTX across the renal cells for animals dosed with a 

combination of 5-FU and MTX as explained in the Figure B.1. Thus, we performed dose 

dependent and concentration dependent GSH measurement studies. 

The assay was a time dependent and concentration dependent assay. Freshly 

collected blood samples at specified time, were used for the preparation of plasma 

samples. Plasma samples were obtained by centrifugation of blood samples and stored in 

-80°C until further analysis. For the deproteination, we dissolved 5 g of metaphosphoric 

acid  (MPA)  in  50  mL  water  (100  mg/mL).  Then  we  added  50  μL  of  the  100  mg/mL  of  

MPA to equal volumes of plasma. After allowing this mixture to stand for 5 min we 

centrifuged  the  mixture  at  2000  g  for  2  min.  The  supernatant  was  collected  and  to  50  μL  

of  this  supernatant  2.5  μL  of  53.1%  triethanol  amine  was  added.  For  the  assay  we  added  

50  μL  of  samples per well and covered the plate. To complete the assay condition we 
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prepared  the  assay  cocktail  according  to  the  kit  instructions.  Then150  μL  of  assay  

cocktail was added to each well. The plate was then placed in the dark on an orbital 

shaker for 25 min. At the end of 25 min absorbance was measured in wells at 414 nm. 

There was no statistically significant difference for GSH concentration in the 

groups receiving different doses of 5-FU (75 mg/kg and 150 mg/kg 5-FU). Also, a time 

dependent assay was performed for 75 mg/kg 5-FU when dosed alone vs. when dosed 

with 3.2 mg/kg MTX. We observed an increase in the GSH concentrations from 14.7 ± 3 

mg/L (dosed alone) to 28.9 ± 11.01 mg/L (5-FU + MTX) at the end of 24 h. However this 

increase in GSH for the group receiving 5-FU and MTX together reached significance 

statistically (p=0.047)  

Thus according to our results increase in GSH production was not 5-FU dose 

dependent. For animals treated with 75 mg/kg 5-FU in combination 3.2 mg/kg MTX we 

observed an increased plasma GSH concentration from 14.7 ± 3 mg/L (5-FU) to 28.9 ± 

11.01 mg/L (5-FU + MTX) at the end of 24, which was statistically significant (p=0.047). 

Based on these results we believe it is viable to pursue this further as a mechanistic 

explanation for altered disposition of MTX. 
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Figure B.1: Reduced glutathione (GSH) concentrations depicted vs. time for animals 

dosed: a) 5-FU alone and b) 5-FU + MTX.  All data depicted are a mean + SD; n=3. 
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APPENDIX C 

METHOD DEVELOPMENT 

Table C: Depicting various methods tested for the simultaneous detection of 5-FU and 

MTX in plasma; however, due to low sensitivity and/or loss of detection these methods 

were not selected.  

Brief description of method tested Results 

50 µL plasma +100 µL (0.05 M HCl) + 5 

ml of 9:1 (ethyl acetate (EA):isopropanol) 

vortex mix for 10 minutes Æ centrifuged at 

3000 rpm ,5ºC , 4 min. 

400 µl of upper layer dried under N2. 

Reconstituted with 50:50 mobile phase 

(MP).  

5-FU intensity low 

MTX not detected (n/d) 

 

50 µL Plasma + 150 µL methanol Æ 

centrifuge at 3000 rpm for10 min. Upper 

layer Æ dried under N2, reconstituted with 

50:50 mobile MP. 

Limit of detection (LOD 

> 100 ng/mL 

50 µL plasma+ 150 µL methanol Æ 10 sec 

vortex to mix. Added 9:1 EA: isopropanol.  

MTX n/d 
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Table C (Continued)  

Brief description of method tested Results 

Vortex mix for 10 mins. Collect the 

supernatant. Dried under N2, reconstituted 

with 50:50 mobile MP. 

 

50 µL plasma +150 µL methanol +100 µL 

0.05 M HCl Æ centrifuge at 15000 rpm.   

Collected the supernatant.  Dried under N2 

, reconstituted with 50:50 mobile MP. 

5-FU n/d 

50 µL plasma+150 µL methanol 

centrifuged at 15000 rpm. Supernatant (100 

µL) + 100 µL 0.05 M HCl + 500 µL 

EA:iso-propanaol Æ vortex mix 10 

minutes. Repeat this step two more times. 

1500 µL EA fraction, dry under N2 for ~1 

hour and reconstituted with 50:50 MP.  

5-FU LOD > 500 ng/mL 

50 µL plasma +100 µL 1 N HCLO4 

centrifuged at 15000 rpm for10 min.  

5-FU n/d 
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Table C (Continued)  

Brief description of method tested Results 

Organic layer transferred, dried under N2 

and reconstituted with 50:50 MP. 

 

50 µL plasma + 5 µL glacial acetic acid 

+500 µL EA. Vortex mix 5 minutes and 

centrifuged at10000 rpm centrifugation for 

3 min. Supernatant evaporated in glass 

culture tubes and reconstituted with 50:50 

MP. 

MTX n/d 

 

50µL plasma + 5 µL 1 NHCLO4 + 500 µL 

EA Æ vortexed for 10 min. Collected 

upper layers Æ evaporated under N2 and 

reconstituted with 50:50 MP. 

LOD > 100 ng/mL for 

5-FU. 

50 µL plasma  + 150 µL methanol +300 µL 

EA Æ vortex mix for 2 min. Centrifuge at 

3000 rpm for 10 min at 4 ºC. Supernatant 

removed, evaporated under N2  

5-FU n/d 
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Table C (Continued)  

Brief description of method tested Results 

and reconstituted with 50:50 MP. 

400 µL plasma + 1200 µL methanol. 

Centrifuged at 3000 rpm for 10 min at 4 ºC. 

Supernatant evaporated followed by: a) 

Reconstituted with 50 µL mobile phase; b) 

direct injection in the column. 

5-FU n/d 

50 µL plasma + 30 µL trichloro acetic acid 

+ 50 µL glacial acetic acid + 500 µL ethyl 

acetate (EA) Æ vortex mix for 2 min. 

Removed EA layer. Repeat step with EA 

layer. Evaporate at 60 degrees under N2 

and reconstituted with 50:50 MP. 

MTX n/d 

 

50 µL plasma +100 µL 1N HClO4. 15000 

rpm - 10 min. Supernatant + 400µL EA. 

Vortex mix for 20 min. Upper layer 

removed, evaporated under N2 and  

5-FU n/d 

MTX n/d 
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Table C (Continued)  

Brief description of method tested Results 

reconstituted with 50:50 MP.  

100 µL plasma + 200 µL saturated 

ammonium sulfate + 10 µL phosphate 

buffer (pH 6.6) + 800 µL EA Æ vortex mix 

15 min. Centrifuge 3000 rpm. Transfer EA 

phase. Evaporate at 35 ºC. When volume 

reduced to nearly100 µL Æ added 40 µL 

KOH to back extract the drug. Shake for 15 

min. Centrifuge at 2500 rpm. Remove EA 

layer and inject in the column. 

MTX n/d 

50 µL plasma + 500 µL EA. Mix 10 min. 

Centrifuge for 10 min at 4000 rpm at 23 ºC. 

Supernatant was collected, dried under N2 

at 35 degrees. Reconstituted with 25 µL 70 

:30  20 mM ammonium formate 

:Acetonitrile. 

5-FU n/d 

MTX n/d 
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Table C (Continued)  

Brief description of method tested Results 

50 µL plasma + 500 µL EA . Vortex mix  

for 10 min. Centrifuged for 10 min at 23 

degrees. Collected upper layer, and dried 

under the N2. Plasma (left behind after 

extraction with EA) +150 µL Acetonitrile. 

Centrifuged for 10 min at 4000 rpm at 23 

ºC. 

5FU n/d 

MTX n/d 

 

50 µL plasma + 500 µL EA Æ Vortex mix, 

centrifuged for 10 min at 4000 rpm. Upper 

layer collected and dried under N2. 

Reconstituted with 100 µL of EA, 50 µL of 

which was used for analysis.  

Plasma (left behind after extraction with 

EA) +KOH Æ vortex mixed for 15min. 

Centrifuged, upper layer discarded. Lower 

layer injected in the LCMS. 

MTX n/d 

5- FU n/d 
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APPENDIX D 

ABBREVIATIONS 

5-BU 5- bromouracil  

5-FU 5- fluorouracil 

AMP Amenopterin 

AO Aldehyde oxidase 

AO Aldehyde oxidase 

AUC Area under the concentration curve 

BAL Beta- alanine 

BBB Blood brain barrier 

CLS Systemic clearance 

DDI Drug-drug interaction 

DPD Dihydropyrimidine dehydrogenase 
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FBAL Alpha- fluoro, beta- alanine 

fe Fraction excreted unchanged in the urine 

GSH Reduced glutathione 

i.p. Intra peritoneal 

i.v. Intravenous 

Km Michaelis-Menten constant 

LCMS Liquid chromatography and mass spectrometry 

LOQ Limit of quantitation 

MDCK Madin Darby canine kidney 

MM Michaelis-Menten 

MRT Mean residence time 

MTX Methotrexate 

NCA Non-compartmental analysis 
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Oat 1/3 Organic anion transporter 1/3 

PBD Probenecid 

PD Pharmacodynamic 

PK Pharmacokinetics 

Rfc-1 Reduced folate carrier-1 

Vmax Maximum reaction rate 

Vss Volume of distribution at steady state 

 

 

  

 

 

 


