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ABSTRACT 

 

Glioblastoma multiforme (GBM) is the most common malignant primary brain 

tumor in adults for which overall prognosis remains poor despite recent treatment 

advances, thus emphasizing the need for developing effective therapeutic agents. Styryl 

sulfones belong to a class of non-ATP competitive antineoplastic agents in early stage 

clinical trials. Detailed investigation of the pharmacokinetics (PKs) and 

pharmacodynamics (PDs) of novel agents in the preclinical stage plays a pivotal role in 

drug development that could be applied to guide clinical trials. The main goal of the 

project was to undertake comprehensive PK and PD evaluation of new agents for brain 

tumor therapy and in the process establish a PK/PD strategy for the development of such 

novel agents. 

 

The current project was aimed to evaluate the potential of a styryl benzyl sulfone 

compound, ON01910.Na, as a chemotherapeutic agent for the treatment of GBMs using 

PK/PD approaches. First, the systemic pharmacokinetics of ON01910 was characterized 

following single-dose intravascular administration of ON01910.Na in healthy mice over a 

50-fold dose range of 5 mg/kg - 250 mg/kg. Secondly, an evaluation of the brain and 

brain tumor disposition of ON01910 was conducted in an orthotopic U87 glioma model 

in mice using a steady-state dosing regimen, and, in addition, using the same brain tumor 

model its pharmacodynamic and antiangiogenic activity were determined following 

multiple dosing. ON01910 exhibited nonlinear pharmacokinetics in the dose range of 50 
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mg/kg - 250 mg/kg. It showed inadequate brain and brain tumor penetration and 

insignificant antiangiogenic and antiproliferative activity.  

 

The limited brain tumor penetration and activity of ON01910 in the intracerebral 

glioma model led to the evaluation of ON013105, a prodrug of its more lipophilic 

anticancer congener, ON013100. A similar PK/PD approach as for ON01910.Na was 

applied wherein systemic pharmacokinetic properties of ON013105 and its active form, 

ON013100 in healthy mice, as well as an analysis of their brain and brain tumor 

distribution following steady-state dosing regimen were determined following 

administration of prodrug. The active form, ON013100 showed appreciable brain and 

brain tumor penetration while the prodrug did not. Subsequent pharmacodynamic 

investigations conducted in vitro identified phosphorylated-ERK (pERK) as a PD marker. 

To assess time-dependent PK/PD characteristics, mice bearing intracerebral U87 glioma 

were administered ON013105 at 100 mg/kg intravenously and plasma, brain and brain 

tumor concentrations of ON013105 and its active form, ON013100 were quantitated as 

well as tumoral pERK levels. Further, a PK-PD model was developed that characterized 

plasma, brain and brain tumor concentration-time profiles of ON013105 and ON013100 

and tumoral pERK levels.  

 

In summary, a PK/PD-driven approach was applied to evaluate and select novel 

compounds that may have potential in the treatment of brain tumors. The progression of 

studies yielded one compound, ON013100 that possessed favorable brain tumor 

distribution and showed PD activity that warrant continued evaluation.  
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CHAPTER 1 

 INTRODUCTION 

 

1.1 Glioblastoma Multiforme and Current Therapeutic Solutions 

Malignant gliomas are the most lethal cancers that originate in the central nervous 

system (CNS). They are heterogeneous tumors arising from glial progenitor cells (Louis, 

2006; Nikiforova & Hamilton, 2011). World Health Organization (WHO) has classified 

gliomas into four grades based on tumor histology (Louis et al., 2007). Grade I and II are 

less aggressive and slow-growing astrocytomas while grades III and IV are more 

malignant. Grade III astrocytomas are characterized by high infiltrative and proliferative 

tumor cell potential while greater tumor and endothelial cell proliferation, diffuse 

infiltration and necrosis are the hallmarks of grade IV gliomas (Jones & Holland, 2011).  

Malignant gliomas are relatively uncommon but are associated with high morbidity and 

mortality (P. Y. Wen & Kesari, 2008). The survival time for each of the four glioma 

grades is summarized in Table 1 with grade IV having the least life expectancy (Louis et 

al., 2007). The total number of deaths caused by primary malignant brain tumors in U.S 

in 2011 is estimated to be 13,110 (Cancer Facts & Figures 2011, American Cancer 

Society).  

 

Gliomas represent 31% of all primary brain and CNS tumors and 80% of 

malignant brain and CNS tumors (CBTRUS statistical report: Primary brain and central 

nervous system tumors diagnosed in the united states in 2004-2007.www.cbtrus.org). The 

most aggressive, most deadly and the most common subtype of glioma is Glioblastoma 

http://www.cbtrus.org/
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Multiforme (GBM, WHO grade IV) that accounts for 53% of gliomas overall (Figure 1) 

(Louis et al., 2007; Wrensch, Minn, Chew, Bondy, & Berger, 2002; CBTRUS statistical 

report: Primary brain and central nervous system tumors diagnosed in the united states 

in 2004-2007. www.cbtrus.org).  

 

Table 1. Survival times for various glioma grades (Louis et al., 2007) 

 

Glioma grade Survival time 

WHO grade I Tens of years 

WHO grade II > 5 yrs 

WHO grade III 2-3 yrs 

WHO grade IV ~1 yr 

 

 

 

 

http://www.cbtrus.org/


 3 

Figure 1. Frequency of primary brain and CNS gliomas. Pie chart showing the 

distribution of primary glial tumors by histology subtype diagnosed in the United States 

from 2004 to 2007 (Reprinted from CBTRUS 2011, CBTRUS Statistical Report: Primary 

Brain and Central Nervous System Tumors Diagnosed in the United States in 2004-2007. 

Source: Central Brain Tumor Registry of the United States, Hinsdale, IL. website: 

www.cbtrus.org. No permission needed). 

 

Current standard treatment options for GBM include a combination of surgical 

resection, radiotherapy and chemotherapy (Sathornsumetee et al., 2007; P. Y. Wen & 

Kesari, 2008). Due to the highly infiltrative nature of malignant gliomas that makes it 

difficult to delineate the tumor border from normal brain tissue, surgical resection cannot 

completely eliminate the tumors (Stummer et al., 2006). Radiation has been the standard-

of-care treatment for newly diagnosed malignant gliomas and radiation following surgical 

resection has increased survival (Stupp et al., 2005; P. Y. Wen & Kesari, 2008).  

Conventional radiotherapy involves a total dose of 60 Gy of partial-field external-beam 

irradiation given in fractions of 1.8 - 2.0 Gy delivered within 5 days per week (Iacob & 

Dinca, 2009; Nieder et al., 2004).  However, disease recurrence occurs in 90% of the 

cases following standard radiotherapy (Hochberg & Pruitt, 1980). Further, dose 

escalation in the radiotherapy did not alter overall survival (Nieder et al., 2004). In 

addition to a significant lack of oxygenation within tumors (Kayama, Yoshimoto, 

Fujimoto, & Sakurai, 1991) that contributes to radioresistance (Gray, Conger, Ebert, 

Hornsey, & Scott, 1953), radiation–induced necrosis and neuronal damage, coupled to 

the infiltrative nature of GBM constitute key limitations of radiation therapy, thus 

proving the need for adjuvant chemotherapy (Iacob & Dinca, 2009).  
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Systemic chemotherapy provides modest clinical benefit with ~15% of GBM 

patients attaining 6-month progression-free survival (E. T. Wong et al., 1999). Most 

commonly used chemotherapeutic agents in the treatment of malignant gliomas have 

been alkylating agents such as nitrosoureas and temozolomide with the latter favored as it 

possessed an improved toxicity profile and was better tolerated (Lonardi, Tosoni, & 

Brandes, 2005). While single agents had modest activity (Prados & Russo, 1998; M. D. 

Walker et al., 1980), drug resistance is common (Friedman et al., 1998) and attributed to 

increased activity of the DNA repair enzyme O6-alkylguanine-DNA alkyl transferase 

(AGT) that counteracts the lethal effects on DNA (Belanich et al., 1996; Friedman et al., 

1998). Methods to overcome drug resistance, such as combination with an AGT substrate 

(O6-benzylguanine), are largely ineffective (Quinn et al., 2002; Quinn et al., 2009). 

Various combinations with alkylating agents that provide alternate mechanisms of 

cytotoxicity, such as with topoisomerase I inhibitors (irinotecan), may show synergistic 

activity in preclinical studies (Coggins et al., 1998), yet achieving durable clinical 

responses are not uniform (Reardon et al., 2004). Combination of irinotecan and 

temozolomide in a small phase II study in patients with GBM showed a median 

progression-free survival of 22 weeks (Gruber & Buster, 2004). Chemotherapy in 

combination with radiotherapy and surgical resection has resulted in a small but 

significant improvement in the 2-year overall survival from 15 to 20% with the increase 

in the median progression-free survival from 6 to 7.5 months (L. A. Stewart, 2002).  
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In summary, despite multimodality treatment strategies such as surgical removal 

of tumor, intensive use of radiation and chemotherapy, disease recurrence occurs 

eventually in nearly all malignant gliomas (Sathornsumetee et al., 2007) and the median 

survival is 12-15 months for patients with glioblastomas (Stupp et al., 2005; P. Y. Wen & 

Kesari, 2008). Therefore, in an effort to significantly improve these poor outcomes, new 

treatment approaches are required and should include novel anticancer drugs. 

 

1.2 Targeted Therapy 

Development of glioblastomas is a multi-step process involving many genetic 

alterations. Two key features responsible for gliomagenesis are loss of tumor suppressor 

genes such as phosphatase and tensin homolog deleted from chromosome 10 (PTEN), 

P53, retinoblastoma (RB), P16 genes and abnormalities in tyrosine kinase pathways 

(Rich & Bigner, 2004).  Although primary and secondary GBM are histologically 

indistinguishable, they harbor distinct genetic abnormalities that affect two fundamental 

cellular processes - signal transduction pathways and cell cycle control (Penas-Prado & 

Gilbert, 2007). Primary or de-novo glioblastoma arises due to over expression or 

amplification of epidermal growth factor (EGF) gene, over expression or amplification of 

murine double minute 2 (MDM2), loss of chromosome 10 and mutation or deletion of 

PTEN gene (Penas-Prado & Gilbert, 2007). Secondary glioblastoma arises due to over 

expression or amplification of platelet derived growth factor (PDGF) ligands and 

receptors and inactivation of tumor protein 53 (TP53) (Penas-Prado & Gilbert, 2007).  

Table 2 shows the incidence of various genetic alterations in malignant gliomas. 
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Table 2. Incidence of genetic alterations in malignant gliomas 

 

Genetic alterations 

Incidence in 

GBM (percent 

occurrence) 

References 

P53 mutations 25-30 

(Frankel, Bayona, Koslow, 

& Newcomb, 1992; 

Ohgaki, Schauble, zur 

Hausen, von Ammon, & 

Kleihues, 1995; Schiebe et 

al., 2000) 

Amplification of murine double 

minute 2 (MDM2) 

10-15 (Schiebe et al., 2000) 

Loss of chromosome 10 60-95 

(James et al., 1988; von  

Deimling et al., 1992) 

Phosphatase and tensin homolog 

(PTEN) mutations 

44 (S. I. Wang et al., 1997) 

Loss of p16 59 (D. G. Walker et al., 1995) 

Overexpression of epidermal growth 

factor receptor (EGFR) 

~ 40 (A. J. Wong et al., 1992) 
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Table 2. (continued)  

 

Genetic alterations 

Incidence in 

GBM (percent 

occurrence) 

References 

Cyclin dependent kinase 4 (CDK 4) 

amplification 

76 

(Reifenberger, 

Reifenberger, Ichimura, 

Meltzer, & Collins, 1994; 

Schmidt, Ichimura, 

Reifenberger, & Collins, 

1994) 

Overexpression of phospho - platelet 

derived growth factor receptor α 

(PDGFRα) and platelet derived 

growth factor receptor β  (PDGFRβ) 

86 and 80, 

respectively 

(Thorarinsdottir et al., 

2008) 

 

 

In addition to the above cell cycle proteins and growth factor receptors, other 

growth factor pathways implicated in gliomagenesis are insulin-like growth factor-1 

(IGF-1), vascular endothelial growth factor (VEGF), transforming growth factor – β 

(TGF- β) and hepatocyte growth factor/scatter factor (Rich & Bigner, 2004).  
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The multitude of genetic abnormalities offer potential points of therapeutic 

intervention and much of the chemotherapeutic strategies in cancer, as well as brain 

tumors, is devoted to so-called molecular targeted or targeted therapy that is used to 

describe drugs rationally designed to target oncogenic proteins (Collins & Workman, 

2006).  Part of the appeal of targeted agents is the ability to construct treatment regimens 

for tumors of particular genetic signatures (Kilic et al., 2000; Rich et al., 2004) and often 

without causing undue damage to normal cells. Several targets have been identified 

including cell cycle proteins (S. Ali et al., 2009), tyrosine kinase receptors and their 

downstream intracellular proteins (Ekstrand et al., 1991; Hermanson et al., 1992; Plate, 

Breier, Weich, & Risau, 1992). 

 

Even though targeted agents possess potential advantages, they show only modest 

activity as single agents in many cancers (Brandes, Franceschi, Tosoni, Hegi, & Stupp, 

2008; Chang et al., 2005; P. Y. Wen et al., 2006), and moreover drug resistance is a 

common development that has spawned a large effort to unravel the complex 

mechanisms. These mechanisms include invariable activation of alternative pro-survival 

pathways possibly due to redundant inputs driving and maintaining downstream signaling 

(Chakravarti, Loeffler, & Dyson, 2002; Stommel et al., 2007), blockage of feedback 

inhibition (Rao et al., 2005) or  loss of tumor suppressor protein,  phosphatase and tensin 

homolog deleted from chromosome 10 (PTEN) (Mellinghoff, Cloughesy, & Mischel, 

2007) thus compromising the activity of targeted agent. Although there is real promise 

for targeted therapy, there is much that is needed to optimize their use, both in 
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combination regimens and to avoid drug resistance. Further, given the complexity of 

GBM in terms of numerous genetic aberrations development of new agents is attractive.  

 

For the present project, new candidate anticancer drugs of the ON01 series 

belonging to the chemical class of benzyl styryl sulfones were analyzed for their potential 

in brain tumor chemotherapy.  

 

1.3 Novel Anticancer Agent - ON01910.Na 

ON01910.Na (also referred to as Rigosertib, Estybon 
TM

) is a synthetic low 

molecular-weight drug (473.47 Da) belonging to the class of benzyl styryl sulfones 

(Figure 2) whose pharmacological activity is attributed to the free acid, ON01910. It is a 

non-ATP competitive compound (Gumireddy et al., 2005) and is under evaluation as an 

anticancer agent.  Having completed a Phase I trial (Jimeno et al., 2008), ON01910.Na is 

currently in Phase II clinical trials as a single agent and in combination with conventional 

chemotherapy in advanced and metastatic tumors. It is also being investigated for the 

treatment of myelodysplasia (MDS) due to its inhibitory effect on cyclin D1 

accumulation and selective toxicity towards trisomy 8 cells and is currently in Phase 

I/II/III trials in MDS patients with refractory anemia (ESTYBON® (Rigosertib, ON 

01910.Na) http://www.onconova.com/Estybon.shtml).  

 

http://www.onconova.com/Estybon.shtml
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Figure 2. Chemical structure of ON01910.Na 

 

ON01910 inhibits mitotic progression by arresting cells at the G2/M phase of the 

cell cycle leading to cell death (Gumireddy et al., 2005). ON01910.Na was initially 

thought to inhibit mitosis through its inhibition of polo like kinase 1 (plk1, a serine 

threonine kinase) activity (Gumireddy et al., 2005), but its direct action on plk1 activity 

was not supported by later studies (Lenart et al., 2007). A recent study correlated 

ON01910.Na induced accumulation of cells in mitotic phase leading to prolonged M-

phase arrest to its hyperphosphorylation of an upstream mitosis coordinator, Ran 

GTPase-activating protein 1 conjugated to small ubiquitin-related modifier 1 (RanGAP1-

SUMO1) eventually causing apoptosis (Oussenko, Holland, Reddy, & Ohnuma, 2011). 

ON01910.Na does not induce DNA damage directly nor is it a tubulin toxin (Oussenko et 

al., 2011).  It induces abnormalities in mitotic spindle formation eventually leading to 

selective apoptosis in tumor cells, but not normal cells, as demonstrated by upregulation 

of caspase-3 activity and cleavage of poly (ADP-ribose) polymerase-1 (PARP) 
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(Gumireddy et al., 2005; Reddy et al., 2011). In mantle cell lymphoma (MCL) cell lines, 

ON01910 was reported to interfere with cell signaling, wherein it was shown to 

downregulate cyclin D1 by suppressing cyclin D1 mRNA translation and induce 

apoptosis via the mitochondrial pathway by inhibition of the PI3K/AKT/mTOR pathway 

(Prasad et al., 2009). ON01910 was shown to inhibit the kinase activity of PI3K (α and β 

forms) and the levels of phosphorylated forms of AKT, mTOR, eIF4E-BP1 and eIF4E 

thus negatively regulating PI3K/AKT/mTOR/eIF4E-BP/eIF4E pathway (Prasad et al., 

2009). In conjunction with inhibition of the PI3K/AKT pathway, ON01910.Na induced 

oxidative stress response which lead to apoptosis in chronic lymphocytic leukemia (CLL) 

cells (Chapman et al., 2012). It also blocked pro-survival effects mediated by stroma and 

reduced chemokine (SDF-1) induced cell migration in CLL cells (Chapman et al., 2012). 

Cyclin B1 has been reported to be a marker of ON01910 induced G2/M arrest in a 

pancreatic cancer tumor model wherein a correlation between decreased cyclin B1 levels 

and tumor growth inhibition was observed indicating the ability of cyclin B1 to identify 

tumors likely to achieve therapeutic benefit from ON01910.Na (Jimeno et al., 2009). 

 

ON01910 exhibited potent antitumor activity with a low toxicity profile in various 

preclinical tumor xenograft models as a single agent (Gumireddy et al., 2005; Reddy et 

al., 2011) while showing complete tumor regression in combination with 

chemotherapeutic agents such as oxaliplatin and doxorubicin in human liver and breast 

cancer xenografts, respectively (Gumireddy et al., 2005).  It inhibited angiogenesis, 

migration and invasion in an in vitro glioma (SNB19 glioma cell line) model (Gondi et 

al., 2006).  Complete regression of tumor growth and angiogenesis was also observed in 
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mice bearing intracranial SNB19 human glioma xenografts; however in this case 

ON01910 was administered by direct intratumoral injection bypassing the blood-brain 

barrier (BBB) (Gondi et al., 2006). Even though direct injection into the brain tumor 

suggested a problem with BBB penetration following systemic administration, it also 

provided the initial motivation to further evaluate ON01910.Na in brain tumor models.  

 

1.4 Structural Analogs of ON01910.Na, ON013105 and ON013100 

ON013100 and ON013105 (Figure 3) are structural analogs of ON01910.Na 

belonging to the class of styryl benzyl sulfones constituting non-ATP competitive novel 

antineoplastic agents (Reddy et al., 2008).  
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Figure 3. Chemical structures of ON013105 (A) and ON013100 (B) 

 

ON013105 being a water soluble phosphate prodrug is converted to an active 

dephosphorylated form, ON013100, which exhibited potent cytotoxicity against various 

human tumor cell lines including drug resistant cell lines at nanomolar concentrations, 

typically with IC50 values of less than 10 nM (Reddy et al., 2008) that surpass the 

activity of ON01910.Na whose IC50 values range from 50 to 170 nM in various cancer 

cell lines (Gumireddy et al., 2005). ON013100 caused G2/M arrest in mantle cell 

lymphoma (MCL) and prostate cancer cells (Park, Reddy, Reddy, & Groopman, 2007; 

Reddy et al., 2008), inhibited the expression of various proteins involved in the cell cycle 

such as cyclin D1, cyclin dependent kinase 4 (CDK4), p53, murine double minute 2 

(MDM2), and cdc2 p34 (Park et al., 2007) and similar to ON01910.Na, induced apoptosis 

in various human tumor cell lines while exhibiting relatively low toxicity towards normal 

cells (Reddy et al., 2008). Cell death of ON013100 was attributed to the induction of 

apoptosis through the caspase-3 pathway as indicated by cleavage of PARP, a marker for 

caspase activation.  In combination with cytotoxic agents such as doxorubicin and 
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vincristine, the potency of cytotoxic effect of ON013100 was increased by one log scale 

in MCL cell lines (Park et al., 2007; Reddy et al., 2008). PARP cleavage and hence 

apoptosis was not observed in normal cells wherein only growth arrest was seen by 

blocking cell cycle progression at G1 phase without causing loss of viability (Reddy et 

al., 2008).  ON013105, a soluble form of ON013100, when administered to breast cancer 

xenografts, readily inhibited the tumor growth (Reddy et al., 2008).  ON013105 is 

currently in phase I clinical development in patients with relapsed/refractory lymphoma 

and acute lymphocytic leukemia.  

 

1.5 Rationale for Evaluation of ON01910.Na and ON013105 

 Lately, targeted therapy has gained tremendous attention due to its low toxicity 

and selective targeting of oncogenic signaling pathways, and it is quite likely that 

combination regimens of targeted drugs and cytotoxic agents will be at the forefront of 

novel chemotherapeutic strategies as a means to attain maximum therapeutic efficacy. 

 

ON01910.Na has yet to be evaluated in patients with primary brain tumors, and 

given its reported favorable activity when applied locally to intracerebral tumors in mice, 

an evaluation of its potential as a targeted drug for brain tumors following systemic 

administration is warranted. In addition, cyclin D1, a target of ON01910 (Prasad et al., 

2009), has been shown to play a role in promoting angiogenesis (Holnthoner et al., 2002; 

Pestell & Li, 2006; Yasui et al., 2006), and was reported to be upregulated in glioma with 

its expression level correlated with the degree of malignancy (Cavalla et al., 1998; Zhang 

et al., 2005). Thus, another motivation to pursue ON01910.Na for brain tumors is its 
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potential antiangiogenic activity.  

 

In summary, given the favorable antitumor activity of ON01910, its potential 

antiangiogenic activity, and the absence of data on its brain tumor penetration, a 

preclinical pharmacokinetic/pharmacodynamic evaluation of ON01910.Na as a new 

treatment for brain tumors was pursued. Subsequent to these analyses, a structural 

analogue, ON013100, with appreciable glioma cell toxicity was also evaluated for brain 

and brain tumor distribution.  

 

1.6 Preclinical Drug Development 

Pharmacokinetics (PKs) and pharmacodynamics (PDs) are essential components 

in drug discovery and development that provide essential information that entail the 

suitability of an agent in terms of availability to the target site and target inhibition 

(Workman, 2003). However, there are still variations on the theme, and the exact nature 

of the investigations (i.e. level of detail) is still open and has not been reduced to a 

universal drug development paradigm. Even today, anticancer drug development 

practices are highly weighted towards semi-empirical tumor size-based efficacy studies 

(Caldwell, Ritchie, Masucci, Hageman, & Yan, 2001), such as highlighted in Figure 4. 

Once the active compounds are identified in in vitro studies, in vivo efficacy studies 

conducted in various xenograft models with minimal PK studies and almost no drug 

distribution studies at the target site or tumor is the main commodity to assess 

compounds’ effectiveness and is used as the criteria to move compounds further down 

the development pipeline (Sirotnak, 2003). Other than tumor size data, these studies often 
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serve as the basis to design dosing regimens in Phase I clinical trials propagating the 

semi-empirical approach to drug development (Kummar, Gutierrez, Doroshow, & 

Murgo, 2006). Application of the traditional drug development approach to targeted 

agents has resulted in the failure in later phases of clinical trials such as for matrix 

metalloproteinase inhibitors, farnesyltransferase  inhibitors and EGFR inhibitor failed 

trials (Sarker & Workman, 2007).  

 

 

 

Figure 4. Conventional drug development approach. Active compounds once 

identified from in vitro studies proceed to preclinical in vivo efficacy studies with limited 

PK. 

 

Figure 5 shows a modified drug development approach with detailed PK and PD 

studies central to the preclinical effort. Detailed PK studies should involve measurement 

of both plasma and tumor drug concentration-time profiles, and try to link these to more 

specific PD endpoints that could provide proof of concept for drug activity and even a 

basis to extrapolate to the clinic.  
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Figure 5. Modified drug development approach. Comprehensive PK and PD studies 

included in the preclinical phase before embarking on clinical trials. 

 

Placement of PK/PD evaluations prominently in the preclinical hierarchy may 

offer advantages in terms of resources and time compared to traditional approaches 

heavily vested in tumor size-based efficacy trials. Early assessment of PK/PD failures 

that can often be accomplished by in vitro screens coupled to focused PK/PD studies in 

mouse models would limit extensive semi-empirical tumor size-based efficacy studies 

that garnish considerable resources.   

 

1.6.1 Model System Selection 

Preclinical investigation of potential drugs for brain tumors will utilize one or 

more human brain tumor xenograft models located intracerebrally, but also 

subcutaneously. Although subcutaneous xenograft models have the advantage of 

controlling experimental conditions such as monitoring tumor size, orthotopic brain 
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tumor models are more relevant representing the complex interactions between glioma 

cells, vasculature and extracellular matrix in the brain more accurately (Gagner, Law, 

Fischer, Newcomb, & Zagzag, 2005). Moreover, brain tumor cell lines grown 

intracerebrally exhibit different genetic expression profile as compared to those grown 

subcutaneously indicating selection of an appropriate model may influence the target 

identification especially for targeted therapy (Camphausen et al., 2005). 

  

1.6.2 Determinants of Brain Tumor Distribution 

A formidable barrier for the penetration of drugs into the brain is the blood-brain 

barrier (BBB) and in the presence of a brain tumor may be referred to as the blood-tumor 

barrier (BTB). Unlike endothelial cells in the rest of the body, endothelial cells of the 

BBB are characterized by tight intercellular junctions and absence of fenestrations that 

limit the movement of substances into the brain and may be the primary deterrent to 

further drug development (Ballabh, Braun, & Nedergaard, 2004). Permeability across 

BTB is rendered unpredictable and highly variable by heterogeneity in vascular integrity, 

blood flow and increased intercapillary distances (N. H. Greig, Genka, & Rapoport, 

1990) and thus can range from low drug permeability similar to normal BBB or relatively 

greater permeability due to barrier breakdown (N. H. Greig, Jones, & Cavanagh, 1983). 

Other factors that determine drug uptake into brain and brain tumors are drug’s 

lipophilicity, hydrogen bonding nature, plasma concentration–time profile of the drug, 

plasma protein and tissue binding of the drug and blood flow rate (N. H. Greig, 1987; N. 

H. Greig et al., 1990; Misra, Ganesh, Shahiwala, & Shah, 2003). Drug uptake into the 

brain is generally correlated with its lipophilicity with a parabolic relationship between 
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them and is negatively correlated with its ability to form hydrogen bonds (N. H. Greig et 

al., 1990; Misra et al., 2003).  While plasma concentration – time profile of the drug is 

determined by its route of administration, absorption, distribution and elimination, it is 

only the unbound drug that can penetrate the BBB while the bound drug is confined to 

plasma proteins (N. H. Greig et al., 1990).  

 

There are numerous assays to estimate the BBB permeability of drugs including 

in silico, in vitro and in vivo techniques (Mensch, Oyarzabal, Mackie, & Augustijns, 

2009; Nicolazzo, Charman, & Charman, 2006). Each method has its own unique 

advantages and disadvantages (Mensch et al., 2009). In silico models take into account 

the quality and quantity of the data used for training and test sets, descriptors and the 

modeling method used (Mensch et al., 2009). There are a number of in vitro models in 

use including isolated brain capillaries, immortalized rat brain endothelial cells, cells of 

noncerebral origin (Mardin–Darby canine kidney cell epithelia (MDCK), caco-2 cells), 

primary or low passage brain capillary endothelial cell cultures and brain endothelial cells 

(bovine/porcine/rat/human) of which brain capillary endothelial cells co-cultured with 

astrocytes have been shown to retain the characteristics of BBB in vivo with respect to 

complex tight junctions, enzymes, efflux mechanisms and transporters and showed good 

correlation with in vivo permeability data (Lundquist & Renftel, 2002; Mensch et al., 

2009). In vivo brain uptake studies can be mainly classified in to two types- equilibrium 

studies between brain and blood measuring the extent of brain penetration (brain/plasma 

ratio, Kp or log BB) and methods based on kinetic parameters measuring the rate of brain 

penetration (permeability (P) × surface area (S)) (Mensch et al., 2009). While in vitro and 
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in silico methods allow for high through-put screening, in vivo methods provide more 

accurate and reliable information that is useful in testing and validating in vitro methods 

(Mensch et al., 2009; Pardridge, 1999). In the present project, an in vivo equilibrium 

brain uptake study was undertaken in a mouse brain tumor model that facilitated 

evaluation of brain as well as brain tumor disposition. 

 

In summary, preclinical drug development stage should involve comprehensive 

PK and PD investigations that provide enough information not only to advance the drug 

candidates into clinical stage but also to better design a clinical study. It also helps in 

selecting novel agents that are promising and thus lower high attrition rates (Kola & 

Landis, 2004)  in the late stages of drug development which is an extremely expensive 

business (Sarker & Workman, 2007; Workman, 2003). 

 

 

 

 

 

 

 

 

 

 

 



 21 

CHAPTER 2 

 RESEARCH OBJECTIVES 

 

Gliomas are one of the most devastating of cancers. Of all the brain tumors, 

glioblastoma multiforme is the most aggressive type associated with a very low survival 

rate. Traditional therapeutic options for the treatment of malignant gliomas include 

surgery, chemotherapy and radiotherapy.  All these treatment modalities as sole treatment 

options are not completely successful being associated with disease recurrence. 

Chemotherapy in particular is associated with resistance to therapy and systemic toxicity. 

Gliomas are associated with various molecular abnormalities and increasing knowledge 

on the molecular basis of cancer development has led to the advent of molecular targeted 

therapies that are designed to target specific proteins commonly over expressed in 

tumors. Such therapies have the advantage of reduced systemic toxicity due to selective 

activity against tumor cells and the need for development of such drugs is of paramount 

importance in treating glioma. ON01910.Na and ON013105 are novel antineoplastic 

agents currently in the investigational phase. They were found to exhibit potent antitumor 

activity in various preclinical peripheral cancer models but were not evaluated in glioma.  

 

Preclinical studies are an essential part of the drug development phase and 

detailed PK-PD evaluation of new compounds in glioma models determine the 

characteristics of drug disposition and activity in brain tumors. This provides a basis for 

further evaluation of these compounds in patients for the treatment of malignant glioma. 

The goal of this project was to perform comprehensive PK-PD investigations of novel 
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anticancer agents, ON01910.Na and ON013105 in an intracerebral mouse glioma model 

with a view to investigate their potential to be used for the treatment of brain tumors and 

accordingly, drug distribution and dynamic properties of these two compounds were 

delineated. This project served as a part of development of new anticancer drugs for brain 

tumor chemotherapy and established a PK/PD strategy for the same.  

 

The specific objectives were: 

 

Objective 1:  Characterize the pharmacokinetics of ON01910.Na in healthy and 

brain tumor bearing mice 

To characterize the systemic pharmacokinetics of ON01910.Na, it was 

administered intravenously at different dose levels to healthy mice with subsequent 

plasma, urine and feces collections. The measured plasma concentrations as well as feces 

and urinary elimination provided systemic pharmacokinetic characteristics of ON01910.  

 

With the systemic PK parameters obtained above, a steady-state IV infusion 

regimen was designed to evaluate the brain and brain tumor disposition of ON01910 in 

mice bearing U87 intracerebral tumors. The measured steady-state brain to plasma and 

brain tumor to plasma concentration ratios provided the measure of blood-brain barrier 

(BBB) permeability and blood-tumor barrier (BTB) permeability of ON01910, 

respectively. 
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Objective 2:  Evaluate in vitro activity and in vivo pharmacodynamic effect of 

ON01910.Na in a glioma model 

ON01910.Na was tested for its cytotoxic activity in vitro against a human glioma 

cell line, U87MG. Evaluation of ON01910.Na in vivo pharmacodynamic activity 

involved assessment of its potential antiangiogenic activity following multiple dose 

schedule given intraperitoneally for 7 days in mice bearing U87 intracerebral tumors. 

Tumor samples, at the end of the treatment, were examined for various markers of 

angiogenesis including microvessel density, pericyte coverage and basement membrane 

coverage as well as tumor cell proliferation index. 

 

Objective 3:  Characterize the pharmacokinetics of a structural analog of 

ON01910.Na, ON013105 in healthy and brain tumor bearing mice 

This involved application of the established PK-PD strategy with slight 

modifications to evaluate an analog of ON01910.Na. Structural analogs of ON01910 

were screened in silico for the estimation of physical properties such as lipophilicity and 

in vitro for their cytotoxic activity towards U87 glioma cells. ON013100 showed 

sufficiently higher predicted lipophilicity and potent activity against U87 glioma cell line 

and ON013105, prodrug form of ON013100, with sufficient aqueous solubility was 

selected for further evaluation.  

 

Systemic PK of ON013105 and ON013100 was characterized following a single 

intravenous dose of ON013105. Subsequently, based on the systemic PK parameters, a 

steady-state IV infusion study was designed to evaluate the brain and brain tumor 
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disposition of ON013105 and ON013100 in mice bearing U87 intracerebral tumors 

following ON013105 administration. As for ON01910.Na study, the ratio of steady-state 

brain to plasma and brain tumor to plasma ratios provided the measure of brain and brain 

tumor disposition of ON013105 and its active form, ON013100.  

 

Objective 4:  Screen U87 glioma cell line for potential PD markers to ON013100 and 

characterize the pharmacokinetics and pharmacodynamics of ON013105 and its 

active form, ON013100 in vivo in an intracerebral glioma model.  

U87MG human glioma cell line was screened for potential PD markers of the 

active form of prodrug (ON013105), ON013100 in vitro using western blotting. Based on 

previous investigations on ON013100, pAKT, pERK and cyclin D1 were evaluated for 

their potential to act as PD markers. In vitro study results provided the basis for further 

evaluation of PK/PD properties in vivo in a glioma model. 

 

In the in vivo PK/PD study, ON013105 was administered as a single intravenous 

dose to mice bearing intracerebral brain tumors with subsequent analyses of plasma and 

tumor for ON013105 and ON013100 concentrations and tumor for PD response thus 

characterizing drug distribution and dynamics in brain tumor. Measured plasma and 

tumor concentrations of ON013105 and ON013100 and PD response data formed the 

basis for construction of a PK/PD model consisting of a forcing function (based on 

plasma concentration profile of ON013105 and ON013100), peripheral compartments 

representing brain and tumor compartments (describing brain and tumor disposition of 



 25 

ON013105 and ON013100) and a response compartment showing inhibition of the PD 

marker.  
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CHAPTER 3    

DEVELOPMENT AND VALIDATION OF ANALYTICAL METHODS FOR THE 

QUANTITATION OF ON01910 AND ON013105/ON013100 IN VARIOUS 

BIOLOGICAL MATRICES 

 

3.1 Introduction 

Systemic and tumor pharmacokinetic characterization of novel compounds such 

as ON01910.Na, ON013105 and ON013100 requires analysis of the concentration of 

these compounds in various biological matrices such as plasma, urine, feces, brain and 

brain tumors. For the quantitation of ON01910 levels in plasma, urine, feces, normal 

brain and brain tumor homogenate, analytical method development was undertaken using 

high performance liquid chromatography (HPLC) and liquid chromatography-mass 

spectrometry (LC/MS) initially. As a starting point, a simple single protein precipitation 

sample preparation method with methanol was evaluated on both HPLC and LC/MS and 

it resulted in low method sensitivity with the lowest limit of quantitation of 50 ng/ml and 

31.5 ng/ml, respectively in plasma. Next, liquid-liquid extraction sample preparation was 

tested as it has been shown to reduce the matrix effects when compared to protein 

precipitation method (Chambers, Wagrowski-Diehl, Lu, & Mazzeo, 2007) and yet the 

sensitivity of the method using LC/MS for plasma ON01910 determination did not 

improve. Finally, a triple quadrupole liquid chromatography/mass spectrometry/mass 

spectrometry (LC/MS/MS) having much greater sensitivity than single quadrupole 

LC/MS in conjunction with single step protein precipitation with methanol was used for 

the method development of ON01910. Simultaneous quantitation of both the prodrug, 
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ON013105 and its active form, ON013100 in plasma, brain and brain tumor matrices was 

carried out using LC/MS/MS and a single step protein precipitation sample preparation 

method with acetonitrile sufficed. 

 

Analysis of ON01910 in animal and human plasma using LC/MS/MS has been 

reported (Chun, Cosenza, Taft, & Maniar, 2009; Li et al., 2007) based on sample sizes of 

0.1 ml while simultaneous analysis of both ON013105 and ON013100 in biological 

matrices has not been reported. For our studies, a sample size of 10 μl was the limit and a 

key consideration in the development of the assay. In addition, the LC/MS/MS method 

had to be applicable to normal brain and brain tumor, the latter being the intended site of 

action, which had not been previously investigated. Characterization of drug disposition 

in brain tumors provides a measure of drug distribution and penetration across the blood-

brain barrier (BBB) that can often limit drug uptake, and further can provide a means to 

link pharmacokinetic (PK) and pharmacodynamic (PD) properties that could prove useful 

in a clinical setting.  

 

Method validation is an important component of method development. 

Bioanalytical method validation demonstrates that the method developed for the 

quantitation of analyte/analytes in a biomatrix is reliable and robust. Validation of the 

method in different matrices involved evaluating intra-day and inter-day variability in 

linearity of the standard curve, inter-day and intra-day assay accuracy and precision and it 

was carried out according to the guidelines presented for the validation of bioanalytical 

methods (Shah et al., 1991; Shah et al., 2000). An accuracy and precision of less than 
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15% was considered acceptable for all concentrations except for the lowest concentration 

(lower limit of quantitation, LLOQ) and the highest concentration (upper limit of 

quantitation, ULOQ) on the standard curve for which an accuracy and precision of less 

than 20% was considered acceptable. Extraction efficiency of the sample preparation and 

freeze-thaw stability in plasma were also evaluated as a part of bioanalytical method 

development of ON01910. 

 

3.2 Experimental Methods 

3.2.1 Chemicals and Solvents 

ON01910.Na, ON013105, ON013100 and ON012380, the internal standard (IS) 

(Figure 6), were synthesized in-house. Ammonium formate and ammonium acetate were 

purchased from Sigma–Aldrich, Inc. (St. Louis, MO, USA). HPLC-grade acetonitrile and 

methanol were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Deionized water 

(~18MΩ, Nanopure deionization system, Barnstead/Thermolyne, Dubuque, IA, USA) 

was used for all aqueous solutions. Blank plasma was purchased from Lampire 

Biological Laboratories (Pipersville, PA).  
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Figure 6. Structure of internal standard, ON012380 

 

3.2.2 Chromatographic and Mass-spectroscopic Conditions 

Development and validation of LC/MS/MS methods for both ON01910 and 

ON013105/ON013100 were performed with an Agilent 1100 series high-performance 

liquid chromatography equipped with a binary pump, degasser and autosampler coupled 

to an API 4000 triple-quadrupole tandem mass spectrometer from AB SCIEX LLC 

(Foster City, CA) using an ESI (electrospray ionization) interface. Instrument control, 

data acquisition and processing for both chromatography and mass spectrometry were 

performed using the Analyst Software v 1.4.2 (AB SCIEX). 

 

In both ON01910 and ON013105/ON013100 methods, separation of the analyte 

was achieved at 40
o
C using Luna 3 μm C18 column (50mm×2.0mm  i.d., Phenomenex, 

Inc., Torrance, CA, USA) protected by a C18 guard column. ESI instrumental settings 

were optimized for the analysis. The optimum settings for MRM transitions and the 
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MS/MS parameters were obtained by direct infusion of the individual compounds as well 

as the mixture into the mass spectrometer. Nitrogen was used as the nebulizer, curtain gas 

and collision gas for both ON01910 and ON013105/ON013100 methods.  

 

ON01910 Method 

 The mobile phase used for the chromatographic separation of ON01910 and the 

internal standard (ON012380) was composed of acetonitrile:ammonium formate (10 

mM) (30:70, v/v) that was delivered isocratically at a flow rate of 0.3 ml/min, and 

enabled a run time of 3 min. The mass spectrometer was operated in positive mode and 

the optimum settings for MRM (multiple reaction monitoring) transitions and the MS/MS 

parameters for ON01910 and the IS detection are summarized in Table 3. 

 

Table 3. Optimized MS/MS parameters for the detection of ON01910 and the 

internal standard, ON012380 

 

Operating parameters Value 

Collision gas (psi) 5 

Curtain gas (psi) 40 

Ion source gas 1 (psi) 55 

Ion source gas 2 (psi) 55 

Ion spray voltage (V) 3500 

Temperature (
o
C) 450 

Entrance potential (V) 5 

Run duration (min) 3 
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Table 3. (continued) 

 

Parameter 

Value 

ON01910 ON012380 (IS) 

Precursor ion (m/z) 469.0 466.0 

Product ion (m/z) 284.0 208.0 

Dwell time (msec) 200 200 

Declustering potential (DP) (V) 41.0 79.0 

Collision energy (CE) (V) 18.0 27.0 

Collision cell exit potential (CXP) (V) 9.0 6.0 

 

 

ON013105/ON013100 Method 

Gradient elution was used for the chromatographic separation of ON013105, 

ON013100 and the internal standard (ON01910.Na) with a flow rate of 0.3 ml/min. 

Mobile phase A consisted of 10 mM ammonium acetate with 0.1% of ammonium 

hydroxide (29%) while mobile phase B consisted of methanol containing 0.1% of 

ammonium hydroxide (29%). The following LC gradient condition was used (Table 4).  
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Table 4. Liquid chromatography gradient elution used for LC/MS/MS analysis of 

ON013105 and ON013100 

 

Time Mobile phase A Mobile phase B Flow rate (µl/min) 

0 90 10 300 

0.5 20 80 300 

1.5 20 80 300 

2.0 80 20 300 

3.0 80 20 300 

3.3 90 10 300 

6.0 90 10 300 

 

 

The mass spectrometer was operated in negative ion scan mode and the optimum 

settings for MRM transitions and the MS/MS parameters for ON013105, ON013100 and 

IS detection are summarized in Table 5.  

 

Table 5. Optimized MS/MS parameters for the detection of ON013105 and 

ON013100, and the internal standard, ON01910.Na 

 

Operating parameters Value 

Collision gas (psi) 6 

Curtain gas (psi) 20 

Ion source gas 1 (psi) 55 

Ion source gas 2 (psi) 55 
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Table 5. (continued) 

 

Operating parameters Value 

Ion spray voltage (V) -4500 

Temperature (
o
C) 450 

Entrance potential (V) 10 

Run duration (min) 6 

Parameter 

Value 

ON013100 ON013105 ON01910.Na (IS) 

Precursor ion (m/z) 392.9 472.9 450 

Product ion (m/z) 256.8 79.0 418 

Dwell time (msec) 300 300 200 

Declustering potential (DP) (V) -70.0 -75.0 -85.0 

Collision energy (CE) (V) -28.0 -54.0 -24.0 

Collision cell exit potential (CXP) (V) -1.0 -13.0 -13.0 

 

 

3.2.3 Preparation of Stock Solutions, Calibration Standards and Quality Control 

(QC) Samples 

Blank feces, urine and brain samples were obtained from untreated nude mice 

while tumor samples were obtained from untreated U87 tumor-bearing mice. A 10% 

homogenate for brain and brain tumor and 5% homogenate for feces were prepared in 
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deionized water using a Polvtron PT2100 homogenizer. Each matrix from all untreated 

animals was pooled and used for the preparation of calibration standards and QCs.  

 

ON01910 Method 

Stock solutions of ON01910.Na were prepared in deionized water at a 

concentration of 1 mg/ml while the stock solution for the internal standard (IS), 

ON012380, was prepared at a concentration of 1 mg/ml in methanol. A working stock 

solution of 500 ng/ml of IS was prepared in methanol from 1 mg/ml stock solution.  

 

Calibration standards of ON01910.Na in each biological matrix were prepared 

from the stock solution by serial dilution with the matrix to obtain seven calibration 

standards ranging from 5 ng/ml - 10 μg/ml  in plasma, five calibration standards in the 

range 10 ng/ml - 10 μg/ml in urine, six calibration standards in the range 5 ng/ml - 10 

μg/ml in feces, six calibration standards ranging from 5 ng/ml - 1 μg/ml in brain and 

seven calibration standards ranging from 5 ng/ml - 10 μg/ml in tumor. QC samples were 

prepared in parallel to calibration standards at high, medium, low and lowest 

concentrations representing the entire range of concentrations on the calibration curve. 

(10 μg/ml, 200 ng/ml, 10 ng/ml, 5 ng/ml for plasma and brain tumor; 10 μg/ml, 500 

ng/ml and 10 ng/ml for urine; 10 μg/ml, 500 ng/ml, 10 ng/ml and 5 ng/ml for feces; 1 

μg/ml, 200 ng/ml, 10 ng/ml and 5 ng/ml for brain). 
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ON013105/ON013100 Method 

 Stock solutions of ON013105 and ON013100 were prepared in 50% acetonitrile 

at concentrations of 0.36 mg/ml and 1.2 mg/ml, respectively. Stock solution for the 

internal standard (IS), ON01910.Na was prepared at a concentration of 1 mg/ml in 

methanol from which a working stock solution of 1.99 µg/ml was prepared in 50% 

acetonitrile. 

 

On the day of analysis, working calibration standards of a mixture of ON013105 

and ON013100 were prepared in 50% acetonitrile from working stock mixture containing 

ON013105 (9 μg/ml) and ON013100 (30 μg/ml) to obtain six calibration standards 

ranging from 2.2 ng/ml – 2.25 μg/ml of ON013105 and 7.32 ng/ml – 7.5 μg/ml of 

ON013100 in plasma and brain and seven calibration standards in the range 2.2 ng/ml – 

9.0 μg/ml of ON013105 and six calibration standards in the range 7.32 ng/ml – 7.5 μg/ml 

of ON013100 in tumor. Standard and QC samples were then prepared by mixing equal 

volumes [10 μl (plasma) or 30 μl (brain and tumor)] of working stock standard mixture 

and blank biological sample. QC samples were prepared at high, medium, low and lowest 

concentrations representing the entire range of concentrations on the calibration curve. 

(2.25 μg/ml, 141 ng/ml, 8.79 ng/ml, 2.2 ng/ml of ON013105 in plasma and brain; 9.0 

μg/ml, 2.25 μg/ml, 141 ng/ml, 8.79 ng/ml, 2.2 ng/ml of ON013105 in tumor;  7.5 μg/ml, 

469 ng/ml, 29.3 ng/ml, 7.32 ng/ml of ON013100 in plasma, brain and tumor matrices). 
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3.2.4 Sample Preparation 

 

ON01910 Method 

A protein precipitation sample preparation method was used for the analysis of 

ON01910 in mouse plasma, urine, feces, normal brain and brain tumor matrices.  To 

aliquots of plasma (10 µl), urine (50 µl), feces (30 µl of a 5% homogenate), normal brain 

(20 μl of a 10% homogenate) and brain tumor (50 μl of a 10% homogenate), three times 

the volume of IS working stock solution (500 ng/ml of IS in methanol) was added and 

vortexed for 1 min followed by centrifugation for 5 min (plasma) or 15 min (rest of the 

matrices) at 15,000 rpm with 5 μl of the resultant supernatant injected into the 

LC/MS/MS. 

 

ON013105/ON013100 Method 

Aliquots of plasma (10 µl), normal brain (30 µl of a 10% homogenate) and brain 

tumor (30 µl of a 10% homogenate) were processed using a single protein precipitation 

step that consisted of adding equal volumes of a working stock mixture of ON013100 and 

ON013105 dissolved in 50% acetonitrile (standards) or blank 50% acetonitrile (samples) 

and vortexing for 30 seconds, followed by addition of internal standard (ON01910.Na) 

dissolved in 50% acetonitrile (1.99 μg/ml) equivalent to sample volume and vortexing for 

30 seconds. Finally five times the sample volume of 100% acetonitrile was added and 

vortexed for 1 min followed by centrifugation for 10 min (plasma) or 15 min (brain and 

brain tumor) at 15,000 rpm. Aliquots of the resultant supernatant were injected into the 

LC/MS/MS with an injection volume of 5 μl.  



 37 

 

3.2.5 Method Validation 

Validation of the method in different matrices involved determining intra-day and 

inter-day variability as measured by linearity of the standard curve and accuracy and 

precision. Linearity of the method in each biological matrix was determined in five sets 

of calibration standards whereby a correlation coefficient (R
2
) of ≥ 0.99 was considered 

satisfactory.  

 

Intra-day variability in accuracy and precision was determined by analyzing six 

replicates of the QC samples at high, medium, low and lowest concentrations on the 

calibration curve on the same day where as inter-day validation was performed by 

analyzing three replicates of the above QC samples on five separate days. Precision was 

expressed as the relative standard deviation of the determined concentrations while 

accuracy was expressed as percent bias [% Bias = ((mean of the measured concentration-

added concentration)/added concentration) × 100]. 

 

Extraction efficiency or percentage recovery [(peak area sample / peak area recovery 

control) × 100] of the protein precipitation method for ON01910 quantitation in various 

biological matrices was determined at multiple concentrations in triplicates by comparing 

the peak area of extracted QC samples to that of control samples prepared from 

methanolic supernatants spiked with analyte and IS.     
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The stability of ON01910.Na in spiked mouse plasma after three freeze/thaw 

cycles from −80
o
C to ambient temperature was assessed at high, medium and low QCs in 

triplicates. Freshly prepared QC samples were compared with those that were frozen and 

thawed three times with each freeze cycle lasting at least 24 h. 

 

3.2.6 HPLC Method for ON01910 Plasma and Ultrafiltrate Samples of In Vitro 

Plasma Protein Binding Assay 

Plasma and ultrafiltrate samples of ON01910.Na for the in vitro plasma protein 

binding study were measured by HPLC with UV detection at 309 nm. The mobile phase, 

analogous to that used for the ON01910 LC/MS/MS procedure, was operated at a flow 

rate of 200 μl/min with a sample injection volume of 10 μl/min. The sample preparation 

method for plasma was the same as described for ON01910 plasma analysis by 

LC/MS/MS while ultrafiltrate samples were directly injected into HPLC without any 

prior sample preparation.  

 

3.3 Results  

3.3.1 HPLC Method for ON01910 Plasma and Ultrafiltrate Samples of In Vitro 

Plasma Protein Binding Study 

Plasma and ultrafiltrate samples from the in vitro plasma protein binding assay 

were analyzed for ON01910 using HPLC with UV detection at 309 nm since very high 

sensitivity was not required for this assay. The total run time of HPLC assay was 5 min 

and ON01910 produced a chromatographic peak at 2.8 min. The inter-day accuracy and 

precision determined for ultrafiltrate samples were within 8% while for plasma, intra- and 
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inter-day assay accuracy and precision were within 15% at all concentrations except 

LLOQ which was within 20% (data not shown). Further, LC/MS/MS method was 

developed for plasma, urine, feces, brain and tumor matrices.  

 

3.3.2  Chromatographic and Mass Spectrometric Conditions 

 

ON01910 Method 

The isocratic mobile phase condition produced peaks for ON01910 and the 

internal standard with a total run time well within 3 min. Representative chromatograms 

of extracted blanks and ON01910 pharmacokinetic study samples in mouse plasma, 

urine, feces, brain and brain tumor are shown in Figure A.1 of Appendix A. 

 

The MS was operated in positive ion scan mode with ESI-SRM ion transitions of 

the protonated molecular ions (M+) at m/z of 469.00 and 466.00 for ON01910 and the 

internal standard, respectively.   The major product ions selected for subsequent 

monitoring in the third quadrupole were 284.00 and 208.00 for ON01910 and the internal 

standard, respectively. Figure A.2 in Appendix A shows the MS/MS spectra of ON01910 

and the internal standard, ON012380. The daughter ions, 284 and 208 from the precursor 

ions 469 (ON01910) and 466 (IS), respectively had the highest intensity among the 

possible daughter ions (see Figure A.2 (a) and (b)).  
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ON013105/ON013100 Method 

Gradient elution produced ON013105 peak at 4.2 min, ON013100 peak at 5.3 min 

and an internal standard peak at 4.5 min with a total run time of 6 min. Figure A.3 in 

Appendix A shows the representative chromatograms of extracted blanks and 

ON013105/ON013100 pharmacokinetic study or QC samples in mouse plasma, brain and 

brain tumor. The MS instrument was operated in negative ion scan mode with ESI-SRM 

ion transitions of m/z 472.9  79.0 for ON013105, 392.9  256.8 for ON013100 and 

450.0  418.0 for the internal standard, ON01910.Na. The daughter ions, 79, 256.8 and 

4188 from the precursor ions 472.9 (ON013105), 392.9 (ON013100) and 418 (IS), 

respectively monitored in the third quadrupole had the highest intensity among the 

possible daughter ions. 

 

3.3.3  Sample Preparation 

For the plasma pharmacokinetics, a serial sampling study design was required due 

to which a limited volume of blood of only ~20 µl can be collected per time point. For 

the quantitation of ON01910 in all the five matrices - plasma, urine, feces, brain and 

brain tumor, a single protein precipitation method of sample preparation with methanol 

was deemed sufficient with the lowest limit of quantitation (LLOQ) as low as 5 ng/ml 

achieved in all of the above biological matrices except for urine. Likewise, for the 

simultaneous quantitation of ON013105 and ON013100 in mouse plasma, brain and 

tumor, single protein precipitation with 100% acetonitrile sufficed. 

 

 



 41 

3.3.4  Method Validation: Calibration Curve and Lower Limit of Quantitation 

(LLOQ) 

For all matrices, linear calibration curves were determined from the best-fit of the 

peak-area ratios (peak area analyte/peak area IS) vs. concentration using a weighing 

factor (1/X
2
).  

 

ON01910 Method 

ON01910 calibration curves in all biological matrices tested had reliable 

reproducibility over the standard concentrations across the calibration range. The 

correlation coefficients were greater than 0.995 in all the matrices and the LLOQ was 5 

ng/ml in all matrices except in urine in which the LLOQ was 10 ng/ml. Linearity was 

observed in the concentration ranges of 5 ng/ml to 10 µg/ml in plasma (see Table A.1), 

feces (see Table A.3) and tumor (see Table A.5), 10 ng/ml to 10 µg/ml in urine (see 

Table A.2) and 5 ng/ml to 1 µg/ml in normal brain (Table A.4).  

 

ON013105/ON013100 Method 

The correlation coefficient was greater than 0.99 in all three matrices (plasma, 

brain and tumor) for both ON013105 and ON013100. The lower limits of quantitation 

were 2.2 ng/ml for ON013105 and 7.32 ng/ml for ON013100 in mouse plasma, brain and 

tumor. The linearity was observed in the concentration range of 2.25 µg/ml to 2.2 ng/ml 

for ON013105 in plasma and brain (Tables A.6 and A.7, respectively) and 9 ug/ml to 2.2 

ng/ml in tumor (Table A.8) while for ON013100, the linearity was observed in the 



 42 

concentration range of 7.5 μg/ml to 7.32 ng/ml in all the three matrices (Tables A.9, A.10 

and A.11).  

 

In both the methods, carry-over effects were not observed and an injector wash 

step was included after each sample injection in the method. The absence of carry-over 

effects was further confirmed by the lack of any differences in responses in standards and 

QCs when the injection order was from low to high or from high to low concentrations.  

 

3.3.5 Method Validation: Accuracy and Precision 

 

ON01910 Method 

The results of inter-day and intra-day accuracy and precision in various biological 

matrices are summarized in Table 6. The intra-day and inter-day accuracy and precision 

for plasma, urine, feces, normal brain and tumor matrices were well within 15% at all QC 

concentrations (Table 6) except for intra-day accuracy of plasma LLOQ which was 

within 17%.   

 

ON013105/ON013100 Method 

The results of inter-day and intra-day accuracy and precision of ON013105 and 

ON013100 in various biological matrices are summarized in Tables 7 and 8, respectively. 

The intra-day and inter-day accuracy and precision for plasma, brain and tumor matrices 

were well within 15% at all QC concentrations for both ON013105 and ON013100 

except for LLOQ intra-day precision in ON013100 plasma which was within 17%.  
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Table 6. Inter-day (n = 5) and intra-day (n = 6) assay accuracy and precision in determination of ON01910 in mouse 

plasma, urine, feces, normal brain and tumor by LC/MS/MS 

 

Biological 

matrix 

Nominal 

concentration 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

 observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Plasma 

10000 10428.67 6.60 4.29 10333.33 2.00 3.33 

200 206.90 1.69 3.45 204.50 2.67 2.25 

10 10.15 4.79 1.47 9.86 8.24 -1.40 

5 4.71 9.44 -5.77 4.18 4.07 -16.50 

        

Urine 

10000 10660.00 1.54 6.60 10633.33 1.65 6.33 

500 470.93 2.87 -5.81 475.33 1.50 -4.93 

10 10.85 5.40 8.46 11.40 1.36 14.00 
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Table 6. (continued) 

 

Biological 

matrix 

Nominal 

concentration 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Feces 

10000 9743.00 4.35 -2.57 9578.33 3.22 -4.22 

500 496.23 3.73 -0.75 508.5 6.25 1.70 

10 9.65 4.54 -3.47 10.21 6.35 2.10 

5 4.93 7.17 -1.46 4.91 4.32 -1.77 

        

Normal 

brain 

1000 1007.00 4.86 0.70 1021.33 1.84 2.13 

200 197.23 3.04 -1.38 193.50 8.60 -3.25 

10 9.94 3.25 -0.65 10.17 14.35 1.70 

5 5.06 7.10 1.19 5.37 4.40 7.47 
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Table 6. (continued) 

 

Biological 

matrix 

Nominal 

concentration 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

observed 

concentration 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Tumor 

10000 10336.67 2.41 3.37 10600.00 4.74 6.00 

200 183.10 5.15 -8.45 179.50 4.33 -10.25 

10 9.51 4.74 -4.87 9.31 4.19 -6.93 

5 4.82 6.65 -3.57 4.54 5.91 -9.17 
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Table  7. Inter-day (n = 5) and intra-day (n = 6) assay accuracy and precision in determination of ON013105 in mouse 

plasma, normal brain and tumor by LC/MS/MS 

 

Biological 

matrix 

Nominal 

conc 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

 observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Plasma 

2250 2038.67 5.57 -9.39 1923.33 5.79 -14.52 

141 142.37 3.73 0.97 141.83 2.69 0.59 

8.79 9.11 4.45 3.66 9.82 3.00 11.68 

2.2 2.16 5.01 -1.79 2.22 10.39 0.91 

        

Normal 

brain 

2250 2090.67 0.77 -7.08 2103.33 1.30 -6.52 

141 143.00 1.62 1.42 144.00 2.15 2.13 

8.79 9.16 4.97 4.18 9.22 4.72 4.91 

2.2 2.21 7.92 0.27 2.15 9.76 -2.12 
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Table  7. (continued) 

 

 

Biological 

matrix 

Nominal 

conc 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

 observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Tumor 

9000 7915.33 2.30 -12.05 8086.67 2.96 -10.15 

2250 2230.00 1.97 -0.89 2266.67 2.02 0.74 

141 146.50 1.78 3.90 144.83 2.52 2.72 

8.79 8.63 3.42 -1.83 8.33 3.31 -5.27 

2.2 2.02 4.80 -8.12 1.99 8.69 -9.39 
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Table  8. Inter-day (n = 5) and intra-day (n = 6) assay accuracy and precision in determination of ON013100 in 

mouse plasma, normal brain and tumor by LC/MS/MS  

 

Biological 

matrix 

Nominal 

conc 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

 observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

 observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Plasma 

7500 6819.33 4.69 -9.08 6613.33 6.48 -11.82 

469 485.23 3.69 3.46 488.83 3.60 4.23 

29.3 29.98 3.51 2.32 30.80 8.34 5.12 

7.32 7.08 6.16 -3.32 7.05 16.13 -3.73 

        

Normal 

brain 

7500 6957.67 3.43 -7.23 6848.33 1.37 -8.69 

469 476.93 2.62 1.69 463.67 2.07 -1.14 

29.3 29.30 3.27 0.01 30.68 4.08 4.72 

7.32 7.52 3.81 2.79 7.84 7.37 7.10 
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Table  8. (continued) 

 

Biological 

matrix 

Nominal 

conc 

(ng/ml) 

Inter-day validation Intra-day validation 

Mean 

 observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Mean 

observed 

conc 

(ng/ml) 

Precision 

(RSD) 

Accuracy 

(% Bias) 

Tumor 

7500 6884.00 4.74 -8.21 7283.33 2.90 -2.89 

469 461.47 3.14 -1.61 464.00 1.47 -1.07 

29.3 27.55 4.97 -5.98 26.27 3.55 -10.35 

7.32 7.18 3.63 -1.94 6.86 10.21 -6.24 
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3.3.6 Extraction Efficiency 

The relative recovery of ON01910 from various biological matrices is 

summarized in Table 9. The extraction efficiency at different QC concentrations from 

plasma, urine, feces, normal brain and brain tumor ranged from 23-27%, 96-106%, 105-

115%, 85-90% and 90-95%, respectively. Low extraction recovery in plasma however 

did not compromise the reproducibility and sensitivity of the method.  

 

Table 9. Extraction efficiency for ON01910 in mouse plasma, urine, feces, normal 

brain and tumor at quality control concentrations 

 

Biological matrix 

Nominal concentration 

(ng/ml) 

Extraction efficiency 

 (%, mean ± SD) 

Plasma 10000 26.89 ± 4.15 

 200 23.22 ± 1.86 

 10 26.53 ± 1.57 

 5 27.05 ± 1.45 

Urine 10000 105.51 ± 1.55 

 500 99.14 ± 2.10 

 20 96.45 ± 3.55 

 10 104.88 ± 3.56 
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Table 9. (continued) 

 

Biological matrix 

Nominal concentration 

(ng/ml) 

Extraction efficiency 

 (%, mean ± SD) 

Feces 10000 115.24 ± 1.93 

 500 113.95 ± 4.09 

 10 113.41 ± 4.57 

 5 105.12 ± 5.94 

Normal brain 1000 85.96 ± 2.13 

 200 84.65 ± 0.80 

 10 89.61 ± 2.93 

 5 85.82 ± 5.36 

Tumor 10000 94.77 ± 0.48 

 200 93.92 ± 1.64 

 10 92.13 ± 1.32 

 5 89.66 ± 1.68 
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3.3.7 Freeze-thaw Cycle Stability 

A freeze-thaw stability study determined ON01910.Na stability in plasma during 

the standard sample handling protocol at high, medium and low concentrations on the 

standard curve (10 μg/ml, 200 ng/ml, 10 ng/ml and 5 ng/ml for plasma). It was found that 

the percentage decrease in the analyte peak area after first freeze-thaw cycle was 10% at 

the highest concentration of 10 μg/ml while almost 0% at the lower concentrations. The 

percent decrease in the analyte peak area was 20% in subsequent freeze thaw cycles at all 

the concentrations indicating that samples should only undergo 1 freeze-thaw cycle, 

which we adhered to in the processing of all samples.  

 

3.4 Discussion 

Two analytical methods were developed for the quantitation of novel 

antineoplastic agents, ON01910 and ON013105/ON013100 (prodrug/active form) using 

LC/MS/MS. Initially, high performance liquid chromatography (HPLC) and liquid 

chromatography/mass spectrometry (LC/MS) system were tested for the quantitation of 

ON01910 in plasma. A single step protein precipitation with methanol was used for the 

plasma sample preparation. The sensitivity of HPLC and LC/MS systems were found to 

be low with the lower limit of quantitation of 50 ng/ml and 31.5 ng/ml, respectively (data 

not shown). A switch from single protein precipitation sample preparation method to 

liquid-liquid extraction method of sample preparation did not improve the sensitivity of 

the analytical method using HPLC and LC/MS (data not shown). Therefore, a triple 

quadrupole liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS), 
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that exhibited much greater sensitivity, was developed for the quantitation of ON01910 in 

various biological matrices such as mouse plasma, urine, feces, brain and tumor.  

 

In LC/MS/MS method for ON01910 quantitation, mass spectrometer with ESI 

interface was operated in positive mode that gave the highest intensity of the molecular 

ion, 469 and it represents an ammonium adduct of the free base form of ON01910 and 

showed greater intensity compared to the molecular ion of the free base form (m/z = 

452). The ammonium adduct disappeared in the absence of the ammonium formate 

mobile phase thus confirming the source of the ammonium ion. The MS was operated in 

negative ion scan mode for the simultaneous quantitation of ON013105 and ON013100 

that gave the highest intensity of molecular ions. 

 

A single step protein precipitation sample preparation was sufficient in both the 

LC/MS/MS methods for the quantitation of ON01910 and ON013015/ON013100 that 

resulted in sensitive methods with LLOQ as low as 5 ng/ml and 2.2 ng/ml / 7.32 ng/ml 

(ON013105/ON013100), respectively. In both the methods, calibration curves exhibited 

reliable reproducibility across the calibration range while method validation results 

showed that the methods were robust with intra- and inter-day variability in accuracy and 

precision well within the limits as per the guidelines presented for the validation of 

bioanalytical methods (Shah et al., 1991; Shah et al., 2000). 

 

The extraction efficiency of ON01910 from mouse plasma was low (23-27%) that 

could be attributed to high plasma protein binding of 93-97% (data shown in Chapter 4) 
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and a pronounced matrix effect, yet, the method was very sensitive with a LLOQ of 5 

ng/ml and was sufficient for PK studies of ON01910.Na in mouse that facilitated serial 

blood samples of a minimal sample volume of 10 µl. In addition, the method validation 

results demonstrated the method was robust and consistent with good accuracy and 

reproducibility which indicated no compromise caused by the relatively low recovery. 

The higher recoveries of ON01910 from brain and brain tumor tissues may be due to the 

dilution of proteins in the 10% homogenate.  

 

In conclusion, sensitive, specific and robust methods were developed for the 

quantitation of ON01910 in mouse plasma, urine, feces, brain and brain tumor and 

simultaneous quantitation of ON013105 and ON013100 in mouse plasma, brain and brain 

tumor that allowed the use of small plasma volumes of 10 μl and a serial sampling design 

that minimizes the number of animals and inter-animal variability. In addition, the 

methods were successfully applied to brain and brain tumor samples that were used to 

assess the ability of ON01910.Na and ON013105/ON13100 to penetrate the BBB. 
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CHAPTER 4 

 PHARMACOKINETIC AND PHARMACODYNAMIC CHARACTERIZATION 

OF ON01910.Na AND ITS STRUCTURAL ANALOG, ON013105  

 

4.1 Introduction 

4.1.1 Pharmacokinetic and Pharmacodynamic Characterization of ON01910.Na  

 

Pharmacokinetic Characterization of ON01910.Na in Healthy Mice 

ON01910.Na is a novel anticancer agent and comprehensive investigation of its 

pharmacokinetics is required not only to understand the systemic disposition of 

ON01910.Na but also to use the PK parameters from single-dose intravascular 

administrations for further evaluation of its brain and brain tumor penetration using a 

steady-state infusion design.  

 

A detailed systemic pharmacokinetic investigation of ON01910.Na was 

performed in healthy nude mice, the same strain that was eventually used for further 

evaluation of the compound in an intracerebral U87 glioma model. A serial sampling 

study design was adopted as it is parsimonious with respect to resources and reduces 

inter-individual variability. A comprehensive investigation of systemic disposition of 

ON01910 was carried out at three dose levels – 5 mg/kg, 50 mg/kg and 250 mg/kg. Thus, 

a 50-fold dose range facilitated determination of the linearity and/or non-linearity of 

pharmacokinetics in this dose range. In parallel, fraction of the dose excreted unchanged 

in urine and feces was also determined at the above three dose levels. Renal clearance 
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based on the fraction excreted unchanged in urine and biliary clearance based on the 

fraction excreted unchanged in feces provided the contribution of these organ clearances 

to the overall systemic clearance of ON01910. 

 

The binding characteristics of the drug to plasma proteins and brain tissue were 

determined as part of the baseline PK information that is relevant to drug distribution as 

well as drug elimination, and can provide a mechanistic understanding of the associated 

PK processes. The extent of binding of ON01910 to plasma proteins and brain tissue was 

determined in vitro using ultrafiltration method. Ultrafiltration is a simple and rapid 

technique for the determination of plasma protein/brain tissue binding and was designed 

such that plasma protein binding was evaluated over the in vivo relevant concentrations. 

One major disadvantage of ultrafiltration method is the non-specific binding of the drug 

to the membrane of the ultrafilter. Hence, non-specific binding of ON01910 to the 

membrane filter was assessed by dissolving drug in PBS (pH 7.4) and carrying out 

ultrafiltration as for plasma/brain samples. Also, protein leakage through ultrafilter 

membranes was tested because a considerable protein leakage can result in 

overestimation of the unbound fraction of the drug. The percentage of plasma protein 

binding (PPB) was calculated as-  

 

 

 

                                                                                                                         --- Equation 1 
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For brain tissue binding, ultrafiltration was carried out using brain tissue homogenate and 

the percentage of brain tissue binding was calculated as- 

 

 

                                                                                                                         --- Equation 2 

 

where fu-hom represents the unbound ultrafiltrate drug concentration in the diluted brain 

homogenate and Df represents the dilution factor thus accounting for the dilution of brain 

tissue in preparing brain tissue homogenate (Wan, Rehngren, Giordanetto, Bergstrom, & 

Tunek, 2007) 

 

Pharmacokinetic Characterization of ON01910.Na in Brain Tumor Bearing Mice: 

Steady-State Brain and Brain Tumor Disposition of ON01910.Na 

Knowledge of whether potentially therapeutic drug concentrations can be 

achieved within brain tumor is pivotal in order for a drug to be considered for brain tumor 

therapy. Thus, it is of utmost importance to determine ON01910 penetration into brain 

and brain tumors that will be dependent upon the physical and functional constraints of 

the blood-brain barrier (BBB) (Ballabh et al., 2004). ON01910.Na has been shown to 

exhibit complete tumor regression in an intracranial glioma model upon local 

administration (Gondi et al., 2006). Based on these data and our own in vitro cytotoxicity 

results in U87MG glioma cells that showed potent activity, we were motivated to analyze 

ON01910.Na as an anticancer drug for brain tumors. However, one potential hurdle to the 
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use in this regard could be limited BBB penetration up on systemic administration, 

systemic drug administration being the most commonly used and preferred route of 

administration.  

 

A steady-state drug administration was implemented for the determination of 

brain and brain tumor disposition of ON01910 in an intracerebral U87 glioma mouse 

model. Normal brain/plasma and brain tumor/plasma steady-state concentration ratios 

(Cssbrain/Cssplasma and Cssbrain tumor/Cssplasma) were used as an indication of brain and brain 

tumor ON01910 disposition instead of AUCbrain or tumor/AUCplasma (area under the 

concentration-time curve following a single dose) as it precludes the use of multiple time 

points in order to obtain area under the concentration-time curve. Generation of multiple 

time point concentration-time profile in tumor/brain requires either a serial sacrifice study 

design or a serial sampling microdialysis technique. While serial sacrifice design has the 

disadvantage of utilizing more number of animals, microdialysis technique, although 

relatively easy to perform in subcutaneous tumors, is technically difficult in intracerebral 

tumors of mice due to small size of the brain and poor assurance of microdialysis probe 

in tumor versus normal brain. Thus, a steady-state study design, parsimonious in terms of 

animal usage, provides an accurate indication of specific tissue distribution, since 

systemic exposure is essentially constant. A steady-state plasma concentration of 10 

μg/ml was targeted. A simultaneous IV bolus and intra-arterial infusion for 3 hrs was 

designed to accelerate the attainment of steady-state concentration. The rate of infusion 

was calculated using the relationship: Ro = Css × CL where Ro is the rate of infusion 

(mg/hr/kg), Css is the steady-state plasma concentration (mg/L) and CL is the total 
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clearance (L/hr/Kg) while the loading dose (LD) was calculated using the relationship: 

LD = Vss × Css where Vss is the volume of distribution at steady state (L/kg) and Css 

retains the same meaning as above. Clearance value was retrieved from the single-dose 

pharmacokinetic data. A pilot study using a small cohort of healthy mice was carried out 

to confirm the attainment and maintenance of steady-state plasma concentration during 

infusion.  

 

In Vitro Cytotoxicity of ON01910.Na 

The fundamental goal of this project was to evaluate the potential of ON01910.Na 

as a therapy for malignant brain tumors. For this purpose, the sensitivity of glioma cell 

line to ON01910.Na must be demonstrated in order for it to be used as our in vivo model. 

Here, U87MG glioblastoma cell line was chosen and it has also been reported to be 

sensitive to ON01910.Na (Gumireddy et al., 2005). U87MG glioma cell line was derived 

from a human malignant glioma and is classified as Grade IV glioma. It lacks the 

expression of a tumor suppressor protein, phosphatase and tensin homolog deleted from 

chromosome 10 (PTEN), a negative regulator of PI3K/AKT signaling pathway that tends 

to confer resistance to therapy (Bianco et al., 2003). U87 glioma cell line has been widely 

used for the cytotoxic evaluation of various anticancer agents (Cahan, Walter, Colvin, & 

Brem, 1994; Kim et al., 2009). For this purpose, the in vitro cytotoxicity of ON01910 

against U87MG cell line was carried out that indicated the degree to which the drug is 

potent against U87 glioma cells. 
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In Vivo Pharmacodynamic Activity of ON01910.Na in Brain Tumor Bearing Mice 

Gliomas are highly angiogenic and invasive in nature which is a key component 

of their metastatic potential (Bigler & Clement, 1997), and thus, drugs able to target 

angiogenesis are considered valuable as a part of emerging combination regimens for 

brain tumors. ON01910.Na has been shown to exhibit potent antiangiogenic activity in 

both in vitro and in vivo glioma models (Gondi et al., 2006). Gondi et al (2006) reported 

that ON01910.Na significantly inhibited angiogenesis, migration and invasion of SNB19 

glioma cells in vitro while in an intracranial glioma model, complete inhibition of tumor 

growth and angiogenesis was reported following intracerebral administration of 

ON01910.Na. It has been shown to inhibit cyclin D1 levels by suppressing the translation 

of cyclin D1 mRNA by the inhibition of PI3K/AKT/mTOR signaling axis (Prasad et al., 

2009). Cyclin D1 is an important regulator of G1/S transition of the cell cycle, and was 

reported to be overexpressed in gliomas (Cavalla et al., 1998; Zhang et al., 2005) making 

it a potential drug target. Furthermore, cyclin D1 has been shown to play a role in 

promoting tumor angiogenesis by regulating the production of secreted angiogenic 

factors such as vascular endothelial growth factor (VEGF) from both tumor cells as well 

as endothelial cells (Yasui et al., 2006). Thus, the inhibitory action of ON01910.Na on 

cyclin D1 (Prasad et al., 2009) could yield deleterious effects on both tumor and 

endothelial cells. In addition, the activity of PI3K/AKT signaling pathway is upregulated 

in high grade gliomas partly due to the excessive stimulation of upstream growth factor 

receptors, Ras or due to mutation or loss of PTEN function (I. U. Ali, Schriml, & Dean, 

1999; Choe et al., 2003; Newton, 2004; Sakata, Kato, Fox, Shigemori, & Morimatsu, 

2002). Such elevated PI3K/AKT activity has been implicated in angiogenesis, in addition 
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to cell proliferation, cell survival and antiapoptosis, by regulation of VEGF expression 

and hypoxia inducible factor-1 (HIF-1) (Blancher, Moore, Robertson, & Harris, 2001; 

Jiang et al., 2001; S. Wen et al., 2001). This provided further rationale for investigating 

the potential antiangiogenic activity of ON01910.Na in highly vascularized U87 

orthotopic glioma model. Certainly for ON01910.Na to elicit anticancer action directly 

on glioma cells it required suitable penetration across the BBB; however its potential 

antiangiogenic effect on endothelial cells might be accomplished by entry into 

endothelial cells but not necessarily transport through the abluminal membrane into brain 

interstitial fluid. 

 

Similar to normal blood vessels, tumor blood vessels consist of endothelial cells 

and mural cells with their enveloping basement membrane. Pericytes, the mural cells that 

envelop the endothelial tube, are either loosely attached or absent in tumor blood vessels 

thus resulting in a destabilized vasculature that proliferates unchecked (Morikawa et al., 

2002). Basement membranes are also structurally abnormal in tumors being multilayered, 

lacking strong association with endothelial cells and pericytes and having projections 

extending away from the tumor blood vessel (Baluk, Morikawa, Haskell, Mancuso, & 

McDonald, 2003). Thus, due to abnormal proliferation of endothelial cells, defective 

basement membranes and altered pericyte association, tumor blood vessels are 

structurally and functionally abnormal (Hanahan & Folkman, 1996; Pasqualini, Arap, & 

McDonald, 2002). 
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The antiangiogenic potential of ON01910 was based on immunohistochemical 

analysis of microvessels, pericytes and the thickness of the basement membrane that 

permitted the calculation of the vascular normalization index (VNI), which serves as a 

measure of the quality of the vasculature, and has been previously used to assess the 

pharmacodynamic effects of sunitinib, an angiogenesis inhibitor, on the tumor 

vasculature (Zhou, Guo, & Gallo, 2008; Zhou & Gallo, 2009). The VNI is calculated as 

(Zhou et al., 2008) –  

 

 

                                                                                                                        --- Equation 3 

 

where MVD, density α-SMA, density CollagenIV represent the density of microvessels, 

pericytes and basement membrane of vasculature, respectively. CD31 is a glycoprotein 

belonging to adhesion molecule family and has been shown to be a reliable marker for 

vascular endothelial cells/microvessels (Kuzu et al., 1992).  α-smooth muscle actin (α-

SMA) was used as a marker for mature pericytes (Song, Ewald, Stallcup, Werb, & 

Bergers, 2005; Witmer, van Blijswijk, van Noorden, Vrensen, & Schlingemann, 2004) 

while collagen IV, a major constituent of vascular basal lamina was used as a marker for 

the basement membrane on blood vessels (Hewitt et al., 1997; Paulus, Roggendorf, & 

Schuppan, 1988). In addition to the angiogenesis markers, proliferation index of the 

VNI = MVD X 
Density 

α-SMA
 

Density 
Collagen IV
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tumor was also assessed using the proliferation marker, Ki-67(Hitchcock, 1991; Sahin et 

al., 1991). 

 

A physiologically-based PK model (PBPK), unlike classical compartmental 

models, contains tissue compartments representing specific organs with 

anatomic/physiologic identity and connected to each other through blood circulation. A 

set of mass balance differential equations define the drug disposition in PBPK model. An 

individual organ or a tissue can be classified as a blood-flow limited or membrane-

limited structure. A blood-flow limited tissue compartment consists of a single 

homogenous compartment with the blood flow to it as the rate limiting step rather than 

transport across the cell membrane for drug disposition into the tissue and includes low 

perfused organs. A membrane limited tissue compartment has membrane transport as the 

rate limiting step as opposed to blood flow and normally contains two homogenous sub-

compartments divided into vascular-extravascular or extracellular-intracellular sub-

compartments (Gallo, 1999). A perfect example for vascular-extravascular membrane 

limited transport would be drug transport across the blood-brain barrier in highly 

perfused brain which is a subject of interest in the current project. One of the most 

interesting features of PBPK modeling is its ability to be scaled up to humans from 

models based on animals and thus the tissue drug concentrations, that are difficult to 

obtain/measure in humans, can be predicted (Chow, 1997; Gallo, 1999; Kawai et al., 

1994). A ‘global’ PBPK model represents the whole body as individual organs 

interconnected through blood circulation and building a global PBPK model would 

require tissue concentration-time data collection from various organs thus requiring 
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estimation of greater number of parameters which can prove to be rigorous and time-

consuming. Alternatively, a ‘hybrid’ physiologically based pharmacokinetic model is 

much simpler and includes a single organ or a group of tissues which maintains the same 

physiological entity as in the whole body model, thus resulting in the estimation of fewer 

parameters. A ‘hybrid’ PBPK model combines the principles of both classical 

compartmental and PBPK models in that the plasma concentration-time profile is 

represented by an exponential equation (compartmental model) called a forcing function 

that describes the entry of drug into the tissue compartment (PBPK model). Hybrid PBPK 

model has predictive capabilities and due to its physiological representation of tissues, 

can be used as a tool for translating the tissue drug disposition in preclinical setting to the 

clinic thus facilitating optimization of dosage regimens (Gallo et al., 2004; Zhou et al., 

2007). A hybrid PBPK model has been employed in the current project to simulate 

ON01910 disposition into tissue compartments, normal brain and brain tumor in a mouse 

glioma model.  

 

In summary, comprehensive systemic pharmacokinetic characterization of 

ON01910.Na was carried out at different dose levels following intravenous 

administration in healthy mice that facilitated the design and evaluation of steady-state 

brain and brain tumor distribution of ON01910.Na in mice bearing intracerebral tumors. 

Antiangiogenic and antiproliferative potential of ON01910.Na was evaluated following 

multiple dose treatment of ON01910.Na in an orthotopic U87 glioma mouse model. 

Furthermore, a physiologically-based (PB) membrane-limited model was developed to 
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simulate plasma, normal brain and brain tumor concentrations during the multiple-dose 

treatment.  

 

4.1.2 Pharmacokinetic Characterization of ON013105, a Structural Analog of 

ON01910.Na 

Evaluation of ON01910.Na, for its potential as a chemotherapeutic agent for brain 

tumors using a series of pharmacokinetic and pharmacodynamic studies subsequently led 

to in silico and in vitro screening of a series of ON01910.Na structural analogs to select a 

compound for evaluation in brain tumor therapy based on their predicted lipophilicity and 

observed cytotoxicity.  The screening strategy resulted in the selection and evaluation of 

a ON01910.Na structural analog, ON013105, a prodrug of the more lipophilic product, 

ON013100. Systemic pharmacokinetic characterization of ON013105 and its active form, 

ON013100 was carried out following intravenous bolus administration of a single dose of 

ON013105 and it provided PK parameters for further design of the compound’s brain and 

brain tumor disposition study. As for ON01910.Na, systemic PK characterization of its 

structural analog was carried out in healthy nude mice.  

 

Extent of binding of the active form of ON013105, ON013100 to plasma proteins 

and brain tissue was also determined as a part of pharmacokinetic characterization using 

equilibrium dialysis method. Equilibrium dialysis is the most frequently used method to 

study drug-protein interactions. Drug partitioning across a semi-permeable membrane 

between plasma/brain tissue homogenate and buffer compartments was determined.  As 

the name suggests, a true equilibrium is maintained during the entire experiment and thus 
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it is regarded as the gold standard/reference method (Vuignier, Schappler, Veuthey, 

Carrupt, & Martel, 2010). Equilibrium is reached when the concentration of free drug is 

same on each side of the membrane and the equilibration times are long requiring the 

need to determine the time necessary for the system to reach equilibrium. Hence, a 

preliminary experiment was conducted to determine the equilibration time. Main 

limitations of equilibrium dialysis are non specific binding of drug to the semi-permeable 

membrane and volume shifts that may occur due to osmotic effect of proteins resulting in 

the net movement of water into plasma/brain homogenate compartment thus diluting the 

proteins and decreasing the volume in buffer compartment (Tozer, Gambertoglio, Furst, 

Avery, & Holford, 1983). Hence, non specific binding of the compound to the membrane 

filter and volume shift were determined and accounted for in the determination of 

plasma/brain binding. The percentage of bound drug in plasma/brain homogenate was 

calculated as follows- 

 

 

 

                                                                                                                         --- Equation 4  

               

where DTe and DF represent the total plasma/brain homogenate concentration at 

equilibrium (sample side) and the free concentration (dialysate side), respectively, and Vi 

and Ve represent the initial and equilibrium plasma/brain homogenate volumes, 

respectively (Boudinot & Jusko, 1984). Further, the dilution factor in the diluted brain 
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homogenate was accounted for by using equation 2 (section 4.1.1) to obtain percent 

bound in brain tissue (Wan et al., 2007).  

 

Similar to ON01910.Na, brain and brain tumor disposition of ON013105 and its 

active form, ON013100 were evaluated following a steady-state intravenous infusion 

regimen calculated as normal brain/plasma and brain tumor/plasma steady-state 

concentration ratios, respectively. A pilot study was conducted initially to confirm the 

attainment and maintenance of steady-state ON013105 and ON01300 plasma 

concentrations over the 3 hour infusion period.  

 

In summary, systemic pharmacokinetic characterization of ON013105 was carried 

out following intravenous administration in healthy mice that facilitated the design and 

evaluation of steady-state brain and brain tumor distribution of ON013105 and 

ON013100 in mice bearing intracerebral tumors.  

 

4.2 Experimental Methods 

4.2.1 Materials 

ON01910.Na, ON012380, ON013105, ON013100 and other structural analogues 

of ON01910.Na were provided by Dr. M.V. Ramana Reddy. Centrifree
®
 centrifugal filter 

devices were purchased from Millipore Corporation (Bedford, MA). Mouse plasma was 

purchased from Lampire Biological Laboratories (Pipersville, PA). Dulbecco’s modified 

Eagle’s medium (DMEM) was obtained from Cellgro (Manassas, VA), fetal bovine 

serum from Invitrogen (Carlsbad, CA) and sulforhodamine B from Sigma-Aldrich (St. 
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Louis, MO). Rat anti-CD-31 antibody was purchased from BD PharMingen (San Jose, 

CA), rabbit anti-collagen IV from Millipore Chemicon (Temecula, CA) and mouse anti-

α-smooth muscle actin (clone 1A4) from Sigma-Aldrich (St. Louis, MO). Antirat, 

antirabbit and antimouse biotinylated IgG, and Vectastain Elite ABC and Vectastain 

Alkaline Phosphatase kits were bought from Vector Laboratories (Burlingame, CA). All 

other chemicals and reagents were purchased from commercial suppliers.  

 

Male NIH Swiss nude mice were supplied by Taconic Co. and maintained in the 

American Association for the Accreditation of Laboratory Animal Care–accredited 

University Laboratory Animal Resources of Temple University. All animal studies were 

approved by the Institutional Animal Care and Use Committee. Male nude mice at the 

age of 6-9 weeks and weighing 23 to 29 gm were used for all studies.  

 

4.2.2 Tissue Culture 

Human glioblastoma cell line, U87MG, was purchased from American Type 

Culture Collection. U87MG cells were cultured in DMEM supplemented with 10% heat-

inactivated fetal bovine serum. Cells were grown under standard cell culture condition in 

a humidified atmosphere with 5% CO2 at 37
o

C.  

 

4.2.3 Cytotoxicity Assay 

The cytotoxicity of ON01910, ON013105, ON013100 and other structural 

analogs of ON01910.Na to U87MG human glioma cells was determined using a 

colorimetric sulforhodamine B-based assay (Skehan et al., 1990). U87 cells were allowed 
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to grow in standard culture medium. About 2000 cells/100 μl of culture medium/well 

were seeded in a 96 well plate and allowed to attach to the bottom of the wells by 

overnight incubation. A series of concentrations of ON01910.Na (0.1 nM to 50 µM), 

ON013105 (0.05 nM to 10 μM), ON013100 (0.05 nM to 10 μM) or other ON01910 

analogs (0.05 nM to 10 μM) were added to the wells and incubated for 72 hrs. At the end 

of the treatment, cells were fixed with 100 μl of 10% trichloroacetic acid (TCA) for at 

least 1 hr at 4
o
C, washed (thrice with 1% v/v acetic acid and once with deionised water) 

and then stained with 50 μl of sulforhodamine B (0.4% w/v solution in 1% v/v acetic 

acid) for 10 min. The plate was then allowed to air dry followed by addition of 150 μl of 

10mM Tris buffer. The absorbance of the dye was measured with a SpectraMax M2 

microplate reader (Molecular Devices, Sunnyvale, CA) at a wavelength of 570 nm. The 

50% inhibitory concentration or IC50 value was defined as the drug concentration that 

reduced the viable cell population by 50% compared with control treatment (vehicle 

alone). A sigmoidal dose-response model was used to determine IC50 values by 

nonlinear regression. Each mean IC50 value was based on 3 independent experiments.  

 

4.2.4 In Vitro Plasma and Brain Binding Assay 

Binding of ON01910 to plasma proteins and brain tissue was determined in vitro 

using an ultrafiltration method. Centrifree
®

 centrifugal filter devices consisting of low-

adsorptive hydrophilic membranes of 30 kDa molecular weight cut-off were used. The 

following concentrations of ON01910.Na were prepared– 0.2 μg/ml, 0.5 μg/ml, 1 μg/ml, 

2 μg/ml, 5 μg/ml, 10 μg/ml, 100 μg/ml and 500 μg/ml in blank mouse plasma and 0.1 

μg/ml, 0.5 μg/ml, 1 μg/ml, 2 μg/ml, 5 μg/ml, 10 μg/ml, 100 μg/ml and 200 μg/ml in blank 
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brain homogenate (25% homogenate in isotonic 10 mM PBS). Spiked plasma or brain 

homogenate samples and filter devices were preincubated at 37
o

C for 15 min before 

filtration. An aliquot of each sample was kept aside for the analysis of total drug, and 400 

μl of plasma or brain homogenate was transferred to the filter device and centrifuged at 

1200xg for 5 min at room temperature. Ultrafiltration was performed in triplicates at each 

concentration level. Protein leakage through the filters was tested by determining protein 

concentration in the ultrafiltrate using a Bio-Rad protein assay. Nonspecific binding of 

ON01910 to the filter apparatus was determined by adding the same concentrations of 

ON01910.Na to 10 mM PBS (pH = 7.4) and performing ultrafiltration using the same 

volume of sample as plasma/brain homogenate. ON01910 was analyzed in plasma before 

and after filtration using HPLC with UV detection while that in brain tissue homogenate 

was analyzed before and after filtration using LC/MS/MS. The percentages of plasma 

protein binding (PPB) and brain tissue binding were calculated using equations 1 and 2, 

respectively.  

 

Binding of ON013100 to plasma proteins and brain tissue was determined in vitro 

using an equilibrium dialysis method carried out using a 96-Well Equilibrium Dialysis 

Block system (Model HTB96b, HTDialysis LLC, Gales Ferry, CT). Various 

concentrations of ON013100 were prepared in plasma and brain tissue homogenate (25% 

homogenate in isotonic 0.067 M phosphate buffer) (0.1 μg/ml, 0.5 μg/ml, 1 μg/ml, 2 

μg/ml, 5 μg/ml, 10 μg/ml, 30 μg/ml, 100 μg/ml and 200 μg/ml). Aliquots (150 µl) of 

spiked plasma/brain homogenate samples were dialyzed against an equal volume of 

isotonic 0.067 M phosphate buffer (pH 7.4) with the plasma/brain homogenate and buffer 
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units separated by a dialysis membrane (MWCO 12-14K, HTDialysis LLC). The units 

were maintained at 37
o
C and rotated for 8 hr that was previously determined to represent 

an equilibration time. Non specific binding of the ON013100 to the membrane filter was 

assessed by dissolving it in 0.067 M phosphate buffer (pH 7.4) and performing the 

binding assay similar to plasma/brain samples. Volume shift was determined by 

measuring pre- and post-dialysis plasma/brain homogenate volumes and accounted for 

the fluid shift in the concentration of bound drug in plasma/brain samples. Post-dialysis 

plasma/brain homogenate and buffer volumes were measured and analyzed for drug 

concentrations by LC/MS/MS. The percentage of bound drug in plasma/brain 

homogenate was calculated using equation 4 (Boudinot & Jusko, 1984) and the percent 

bound in diluted brain homogenate so obtained was then converted to percent bound in 

brain tissue using the equation 2 (Wan et al., 2007). ON013105 binding to plasma 

proteins and brain tissue could not be determined as it was not stable under the conditions 

of the in vitro assay. 

 

4.2.5 Single-dose PK Studies of ON01910.Na 

The pharmacokinetics of ON01910.Na was determined in healthy athymic mice at 

three dose levels – 5 mg/kg, 50 mg/kg and 250 mg/kg (n = 7 - 10/dose level) following a 

short-term 10 min constant rate IV infusion via a tail vein of the sodium salt of ON01910 

dissolved in saline. One day before drug administration, a vascular cannula (vinyl tubing 

of I.D 0.28 mm X O.D 0.61 mm, Scientific Commodities Inc., Lake Havasu City, AZ) 

was surgically implanted in the right common carotid artery to allow for serial collection 

of blood (20 μl of blood per time point).  On the next day when mice were fully 
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recovered, they were placed in individual metabolic cages for the duration of the 

pharmacokinetic studies to allow for the collection of urine and feces. Blood samples 

were collected at a maximum of 11 different time points over a 24 hour interval at 5 

mg/kg (pre-dose, end of infusion (10 min), 15 min, 30 min, 45 min, 1 hr, 1.5 hr, 2 hr, 3 

hr, 4 hr and 24 hr) and 50 mg/kg (pre-dose, end of infusion (10 min), 15 min, 30 min, 1 

hr, 2 hr, 4 hr, 6 hr, 8 hr, 12 hr and 24 hr) dose levels, whereas sampling was extended to 

48 hours (pre-dose, end of infusion (10 min), 15 min, 30 min, 1 hr, 2 hr, 4 hr, 7 hr, 12 hr, 

24 hr, 36 hr and 48 hr) for the 250 mg/kg dose. Plasma immediately harvested from blood 

by centrifugation at 3500 rpm for 5 min, and urine and feces, collected over the same 

time intervals as blood, were stored at -80
o

C until analyzed by LC/MS/MS for ON01910. 

Total volume of the urine collected was recorded before storing at -80
o

C.  

 

4.2.6 Single-dose PK Studies of ON013105 and Its Active Form, ON013100 

The systemic pharmacokinetics of the phosphate prodrug, ON013105 and its 

active form, ON013100 in healthy mice was determined at a dose level of 37.5 mg/kg 

following an IV bolus dose of ON013105 dissolved in saline via a tail vein. Blood 

sampling was carried out at pre-dose, 2 min, 5 min, 15 min, 30 min, 1 hr, 2 hr, 4 hr, 6 hr, 

8 hr, and 12 hr post drug administration and plasma harvested from blood, was stored at  

-80
o
C until analyzed by LC/MS/MS for ON013105 and ON013100.  

 

4.2.7 Brain and Brain Tumor Disposition Study 

Mice were anesthetized with 0.1 ml/20 g body weight of a 3:2:1 (v/v/v) mixture 

of ketamine hydrochloride (20 mg/ml), acepromazine maleate (2 mg/ml), and xylazine 
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hydrochloride (4 mg/ml) given intraperitoneally, and then secured in a stereotactic 

apparatus. A suspension of U87 glioma cells (1×10
6

 cells in 8 μl of phosphate buffered 

saline), prepared fresh from culture, was then injected into the caudate putamen at a 

position 2.2 mm lateral, 0.7 mm anterior to bregma and at a depth of 2.5 mm using a 10 

μl Hamilton syringe (Hamilton Co., Reno, NV). Following recovery from anesthesia, 

animals were returned to the animal care facility and received regular mouse diet and 

water ad libitum. Mice were monitored at least once a day for body weight and CNS 

symptoms that included an arched back, unsteady gait or unkempt fur, and were entered 

into the PK study at the earliest signs of CNS symptoms or a 2-day total body weight loss 

of 10%.  

 

On the day of ON01910.Na administration, animals (n = 7) were anesthetized 

with 1% - 2% of inhaled isofluorane and a right carotid artery cannula was implanted for 

drug administration by a constant rate infusion. After recovery from anesthesia, 

ON01910.Na (dissolved in saline) was given intravascularly to achieve steady-state 

concentration of 10 μg/ml, using a bolus injection of 77.4 mg/kg followed by an 

intraarterial infusion  for 3 hrs at a constant rate of 31 mg/hr/kg using a syringe pump 

(Harvard Apparatus, Holliston, MA). At the end of infusion, mice were anesthetized 

using inhaled isofluorane and exsanguinated via the posterior vena-cava. Normal brain 

and brain tumor samples were rapidly excised and flash frozen on ice, and stored along 

with plasma samples at -80
o

C until processed for measurement of ON01910 by 

LC/MS/MS.  
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To determine the brain and brain tumor disposition of ON013105 and ON013100, 

the same glioma model and surgery procedures as for ON01910.Na study were used. 

Mice bearing intracerebral U87 tumors (n = 8) received a bolus of 3.95 mg/kg ON013105 

(dissolved in saline) followed by infusion through the right carotid artery for 3 hrs at a 

constant rate of 57.63 mg/hr/kg to attain a steady-state plasma concentration of 4.5 

µg/ml. Plasma, brain and brain tumor samples were collected at the end of infusion and 

analyzed for ON013105 and ON013100 using LC/MS/MS.  

 

Before performing brain and brain tumor disposition study in brain tumor bearing 

mice, a pilot study was carried out in a small cohort of mice [n = 3 (ON01910.Na) or 4 

(ON013105)] to confirm whether steady-state plasma concentrations were maintained 

during infusion.  Mice were anesthetized with 1% - 2% of inhaled isofluorane and right 

carotid artery and jugular vein were cannulated for blood sample collection and drug 

administration, respectively. Following recovery from anesthesia, ON01910.Na or 

ON013105 (dissolved in saline) was administered intravascularly using a loading dose of 

77.4 mg/kg (ON01910.Na) or 3.95 mg/kg (ON013105) followed by an infusion for 3 hrs 

at a constant rate of 31 mg/hr/kg (ON01910.Na) or 57.63 mg/hr/kg (ON013105) to 

achieve a steady-state plasma concentration of 10 µg/ml (ON01910.Na) or 4.5 µg/ml 

(ON013105). During the 3 hr infusion, blood samples were collected from carotid artery 

cannula at 1 hr, 2 hr and 3 hr, immediately centrifuged to obtain plasma and were stored 

at -80
o
C until analyzed by LC/MS/MS for ON01910 or ON013105 and ON013100. 
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4.2.8 Antiangiogenic Evaluation of ON01910 Following Multiple-dose 

Administration 

Three weeks post-intracerebral tumor implantation, mice were randomized into 

control and treatment groups (n = 6/group) and received IP administration of either saline 

or 250 mg/kg of ON01910.Na for 7 days. On day 7, animals were sacrificed by 

exsanguination under inhalation anesthesia at 2 hrs following the last dose of saline or 

ON01910.Na. Three mice (one from control group and two from treatment group) were 

sacrificed on day 6 following drug administration based on their neurological symptoms 

and were included in the analysis. Brain and brain tumors were collected as before and 

processed for immunohistochemical staining of angiogenesis markers and Ki67 (tumor 

cell proliferation).  

 

For immunohistochemistry, cryostat tumor sections of 10 µm thickness were 

prepared, allowed to dry in air for 30 min and then fixed in cold acetone, 1:1 mixture of 

acetone:chloroform and cold-acetone for 5 min each. Fixed sections were washed with 

PBS (pH 7.5) and incubated with 3% hydrogen peroxide in methanol at room temperature 

for 20 min to quench endogenous peroxidase. Sections were then incubated overnight at  

-4
o

C with appropriate dilutions of rat anti-CD31, rabbit anti-collagen IV and mouse anti-

α-smooth muscle actin (clone 1A4) primary antibodies. The sections were then rinsed 

with PBS and incubated with the appropriate biotinylated IgG (antirat for CD31, 

antirabbit for collagen IV and antimouse for α-SMA) for 1 hr at room temperature. The 

remaining steps were carried out using the Vectastain Elite ABC kit for CD31 and α-

SMA, or the Vectastain Alkaline Phosphatase kit for collagen IV and Ki-67, according to 
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the manufacturer’s protocols. All sections were then counterstained with 0.5% methyl 

green.   

 

Semiquantitation of digital images (Leica DC500 camera and DM4000B 

microscope) for each marker (CD31, collagen IV, and α-SMA) in each tumor sample was 

done by measuring the pixel area of the positive staining of individual markers in at least 

six random areas at 200x magnification using Image-Pro Plus 5.1 software (Media 

Cybernetics, Silver Spring, MD). The percentage of the positive area stained by the 

marker was calculated as (marker-positive area / area of optical field) x 100 (Zhou et al., 

2008). The Ki-67 proliferation index was calculated as the number of positive cells per 

total number of counted cells, expressed as a percentage. Extensive necrotic areas were 

avoided.  

 

The differences in means of density of microvessels, α-SMA and collagen IV and 

difference in the means of proliferation index between control and treatment groups were 

evaluated using the equal-variance t-test. A  P-value of less than 0.05 was considered 

statistically significant.  

 

4.2.9 Quantitative Analysis of ON01910 and ON013105/ON013100 

Analytical methods for the quantitation of ON01910 concentrations in mouse 

plasma, urine, feces, brain and brain tumor (Nuthalapati et al., 2011) and simultaneous 

quantitation of ON013105 and ON013100 using liquid chromatography with tandem 

spectrometry (LC/MS/MS) have been previously described in Chapter 3, section 3.2. 
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ON01910 levels in plasma and ultrafiltrate samples from the in vitro binding study were 

measured using HPLC with UV detection at 309 nm while its quantitation in brain 

ultrafiltrate was carried out using LC/MS/MS method (section 3.2, Chapter 3).  

 

4.2.10 Pharmacokinetic Analysis 

Analysis of ON01910, ON013105 and ON013100 plasma concentrations from 

individual mice following single-dose administration at three dose levels were performed 

using noncompartmental method with Phoenix® WinNonlin® version 6.2 (Pharsight, St. 

Louis, MO). PK parameters calculated included systemic clearance (CL), volume of 

distribution (Vd), terminal elimination rate constant (λn), terminal elimination half life 

(t1/2) and total area under the concentration-time curve (AUC0-∞). The peak plasma 

concentrations (Cmax) were obtained by visual inspection of the plasma concentration-

time curves. Renal and fecal excretion of ON01910 were expressed as the fraction of the 

dose excreted unchanged in urine and feces, respectively, and renal and biliary clearances 

were calculated as the fraction of dose excreted unchanged in urine or feces multiplied by 

total systemic clearance.  

 

PBPK Hybrid Simulation Model 

A physiologically-based (PB) membrane-limited model (Figure 10) was used to 

simulate ON01910 plasma, unbound normal brain and unbound brain tumor 

concentrations for the multiple-dose regimen of 250 mg/kg/day IP ON01910.Na for 7 

days. A two-compartment membrane-limited model consisting of vascular and 

extravascular (lumping interstitial and intracellular regions) compartments was employed 
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for brain and brain tumor tissues using SAAM II computer program (Version 1.2, 

University of Washington, Seattle, WA). The hybrid PB-PK model was developed from 

various sources of data. The forcing function describing ON01910 plasma concentrations 

was based on a 2-compartment model fit to all the observed plasma ON01910 

concentrations we obtained following single-dose of 250 mg/kg IV and the total plasma 

concentrations were then converted to unbound plasma concentrations based on fraction 

unbound in plasma obtained in vitro. The simulated total normal brain and brain tumor 

concentrations of ON01910 were converted to unbound drug concentrations by 

accounting for the fraction unbound in brain obtained from in vitro study assuming the 

bound fraction in normal and brain tumor to be equal due to difficulty (i.e. consistency 

and reproducibility) in performing in vitro binding assays with brain tumor. The rate 

equations for the forcing function and the unbound tissue (brain or brain tumor) vascular 

and extravascular compartments were provided as below: 
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where Cp represents total plasma drug concentration; Ctv, tissue vascular drug 

concentration Cf-p represents unbound plasma drug concentration; Cf-tv, unbound tissue 
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vascular drug concentration; C f-tev, unbound tissue extravascular drug concentration; Vtv, 

tissue vascular volume; Vtev, tissue extravascular volume; Qt, tissue blood flow rate; ht, 

tissue mass transfer coefficient. 

 

Both the rate (Ka) and the extent of absorption (F) following intraperitoneal 

administration were estimated from data collected in mice at 100 mg/kg (Figure B.1, 

Appendix B). Normal brain and brain tumor blood flow rates, total brain volume and 

fractional vascular volumes in brain and brain tumor were obtained from the literature 

(Davies & Morris, 1993; Kato, Holm, Okollie, & Artemov, 2010; Y. J. Lee, Kusuhara, 

Jonker, Schinkel, & Sugiyama, 2005; Sun et al., 2004) while the brain tumor volume was 

obtained from direct tumor weight measurements in our multiple dose study assuming 

tumor density to be 1 gm/ml. Tissue-to-plasma partition coefficients of ON01910 in both 

normal brain and brain tumor at steady-state were calculated by the area method using the 

formula reported for membrane-limited models (Gallo, Lam, & Perrier, 1987) and the 

steady-state concentrations achieved in our study. Estimation of mass transfer 

coefficients was obtained through a series of simulations in which for each value of the 

mass transfer coefficient, the simulated ON01910 concentration-time data were used to 

recalculate the tissue-to-plasma partition coefficients by the area method. When these 

resultant partition coefficient values agreed with the initial steady-state tissue-to-plasma 

partition coefficients, the substituted mass transfer coefficient values were taken as the 

final estimates and were further used in the multiple-dose simulation.  
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4.2.11 Statistical Analysis 

Differences in PK parameters between the three dose groups were evaluated using 

one-way ANOVA (Tukeys post hoc test) while differences in the PK parameters between 

two dose groups were evaluated using equal variance 2-sided t-test. A P-value of less 

than 0.05 was considered statistically significant.  

 

4.3 Results 

4.3.1 Pharmacokinetic and Pharmacodynamic Characterization of ON01910.Na 

 

Systemic Pharmacokinetics of ON01910.Na 

A comprehensive analysis of ON01910, the free acid of ON01910.Na, systemic 

disposition was completed based on data obtained over a 50-fold dose range; 5 mg/kg, 50 

mg/kg and 250 mg/kg of ON01910.Na given IV. Plasma concentration-time profiles (see 

Figure 7) of ON01910 exhibited a rapid distribution phase with a relatively slow terminal 

elimination phase. The plasma concentrations at 5 mg/kg were below the lowest limit of 

quantitation beyond 1.5 - 3 hrs, which prevented the terminal elimination phase from 

being captured completely, and thus, accurate estimation of PK parameters was not 

possible (Cmax = 5.72 ± 1.25 μg/ml). Application of noncompartmental analysis to plasma 

ON01910 concentrations obtained at the two higher dose levels indicated dose-dependent 

pharmacokinetics (see Table 10). The total clearance changed 3 - 4 fold over the dose 

range from 50 mg/kg to 250 mg/kg consistent with nonlinear elimination, as evidenced 

by a more than proportional increase in the area under the plasma concentration-time 

curve. The apparent volume of distribution decreased 2.8 fold at the 250 mg/kg dose 
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when compared to 50 mg/kg dose group.  

 

 

 

Figure 7. Time courses of mean plasma concentrations of ON01910 following short 

term IV infusions of 5 mg/kg, 50 mg/kg and 250 mg/kg ON01910.Na to healthy athymic 

mice (n = 7 - 10). Bars, SD. No error bars for concentrations with n < 3. 
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Table 10. PK parameters (mean ± SD) of ON01910 in plasma in athymic mice 

receiving short term IV infusion of ON01910.Na at dose levels – 50 

mg/kg and 250 mg/kg (parameters were obtained from noncompartmental 

analysis of plasma concentrations from individual mice) 

 

Variables Dose levels 

 50 mg/kg 250 mg/kg 

n 8 10 

Cmax (µg/ml) 93.24 ± 21.70 822.89 ± 96.64 

Area under the plasma concentration-time 

curve – AUC0→∞ (µg.hr/ml) 

14.60 ± 3.69 247.98 ± 55.45 

Clearance (L/hr/kg) 3.61 ± 0.85  1.06 ± 0.25
┼
 

Volume of distribution -Vd  (L/kg) 49.54 ± 18.61 17.56 ± 11.67
┼
 

Terminal elimination rate constant - λn (1/hr) 0.08 ± 0.03 0.079 ± 0.03 

Terminal elimination half life
*
 (hr) 8.66 ± 3.30 8.75 ± 3.67 

 

┼
p < 0.05 comparing with 50 mg/kg 

 
*
Harmonic mean ± pseudo SD 
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The percent of ON01910 excreted unchanged in urine was 10-16% at all dose 

levels indicating that renal clearance is not a primary route of drug elimination (Table 

11). The major route for ON01910 elimination was biliary as indicated by the percent of 

the drug excreted unchanged in feces, being greater than 50% at all the dose levels (Table 

11). Based on the amount of ON01910 eliminated in feces, biliary clearance was 

significantly reduced at the highest dose level (250 mg/kg) when compared to the 50 

mg/kg dose level. Thus, biliary excretion being the major elimination pathway, partly 

contributes to the saturable total clearance.  

 

Table 11. Fraction of ON01910 (mean ± SD) excreted unchanged in urine and feces 

in athymic mice receiving short term IV infusion of ON01910.Na at 3 

dose levels – 5 mg/kg, 50 mg/kg and 250 mg/kg  

 

Dose 

Fraction excreted 

unchanged in 

urine 

Renal CL 

L/hr/kg 

 

Fraction excreted 

unchanged in 

feces 

Biliary CL 

L/hr/kg 

 

5 mg/kg
*
 0.13 ± 0.04 - 0.60 ± 0.08 - 

50 mg/kg 0.10 ± 0.03 0.36 ± 0.14 0.70 ± 0.15 2.47 ± 0.59 

250 mg/kg 0.16 ± 0.05
┼
 0.17 ± 0.07

┼
 0.60 ± 0.15 0.64 ± 0.23

┼
 

 

┼
p < 0.05 comparing with 50 mg/kg 

*
Urine and feces were collected for 24 hr. 

 

A recent report by Chun et al (Chun et al., 2009) on the preclinical 

pharmacokinetics of ON01910.Na in mice, rat and dog found results not inconsistent to 
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ours with nonlinear clearance and plasma protein binding reported. 

 

In Vitro Plasma and Brain Binding of ON01910 

The plasma protein and brain tissue binding of ON01910 was studied over a wide 

range of concentrations (200 ng/ml to 500 μg/ml ON01910.Na in plasma and 100 ng/ml 

to 200 μg/ml ON01910.Na in brain homogenate). Selected plasma concentrations 

corresponded to measured values at the three dose levels. In fact, the maximum plasma 

concentration (Cmax= 822.89 µg/ml) at 250 mg/kg exceeded the highest concentration 

(500 μg/ml) used in the protein binding assay. Protein leakage through ultrafilters was 

determined to be less than 0.06% and hence can be considered negligible. Non-specific 

binding to ultrafilter membrane, accounted for by carrying out the ultrafiltration using 

drug dissolved in phosphate buffered saline (pH 7.4), was found to be negligible.  

ON01910 exhibited saturable plasma protein and brain tissue binding that was high (93-

95%) and was essentially constant in the concentration range from 500 ng/ml to 10 μg/ml 

in plasma and from 100 ng/ml to 5 μg/ml in brain (Table 12), yet above 10 μg/ml 

(plasma) and 5 μg/ml (brain), the percentage of bound drug decreased to about 77% and 

80% in plasma and brain, respectively.  

 

From the systemic pharmacokinetic study, ON01910 exhibited a decrease in the 

volume of distribution at the highest dose level that may indicate saturation of ON01910 

tissue binding. If saturable tissue binding also occurred in other tissues as in brain then 

the nonlinear volume of distribution as observed is possible. Typically, saturable binding 

to plasma proteins could lead to increase in the volume of distribution in the presence of 



 88 

constant tissue binding; however this appears not to be the case for ON01910. Nonlinear 

tissue binding in conjunction with nonlinear serum binding has been observed for certain 

drugs such as quinidine (Harashima, Sawada, Sugiyama, Iga, & Hanano, 1985), which 

could lead to a decrease in the volume of distribution as we observed here.  

 

Table 12. Extent of binding of ON01910 to mouse plasma proteins and brain tissue 

(mean ± SD, n = 3 for each ON01910.Na concentration) 

 

Concentration 

(µg/ml) 

% Bound drug  

in plasma 

% Bound drug  

in brain 

0.2 (plasma)/0.1 (brain) ND
*
 92.80 ± 1.11 

0.5 95.12 ± 0.37 95.11 ± 0.69 

1 94.30 ± 0.15 94.18 ± 0.49 

2 92.99 ± 0.44 93.38 ± 0.29 

5 92.59 ± 0.35 93.75 ± 0.27 

10 92.50 ± 0.03 89.76 ± 0.83 

100 88.45 ± 0.10 86.28 ± 2.44 

500 (plasma)/200 (brain) 76.86 ± 0.38 79.63 ± 2.47 

                                                                                                                      

 ND
*
 – not detected; ultrafiltrate (unbound) concentration at a total plasma 

concentration of 0.2 µg/ml fell below the LLOQ of the analytical method.  

 

Brain and Brain Tumor Disposition of ON01910 

A pilot study conducted in a small cohort of mice wherein blood samples were 

collected at different time points during the 3 hr infusion showed that the steady-state 
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plasma concentrations were maintained during the period of infusion (see Figure 8). This 

formed the basis for the design of steady-state regimen for the brain and brain tumor 

disposition study in brain tumor bearing mice. 

 

Brain and brain tumor penetration of ON01910 was evaluated in an orthotopic 

U87 glioma xenograft under steady-state conditions (Table 13). Both the quasi-steady-

state normal brain to plasma concentration (Cssbrain/Cssplasma) and brain tumor to plasma 

concentration (Cssbrain tumor/Cssplasma) ratios were low being less than 5% and 15%, 

respectively. The higher ratio in brain tumor, representing a 5-fold greater exposure than 

normal brain, is consistent with a compromised BBB in brain tumors (S. W. Lee et al., 

2006; D. J. Stewart, 1994).  

 

 

 

Figure 8. Mean (n = 3) plasma concentration-time profile of ON01910 in mice 

receiving IV loading dose followed by steady-state infusion of ON01910.Na for 3 hr. 

Bars, SD. 
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Table 13. Brain and brain tumor disposition of ON01910 in an orthotopic brain 

tumor model (n = 7) following steady-state infusion of ON01910.Na for 3 

hr (mean ± SD) 

 

Steady-state concentration μg/ml (mean ± SD) 

Plasma (plasma Css) 16.97 ± 6.50 

Normal brain (brain Css) 0.42 ± 0.21 

Brain tumor (tumor Css) 2.17 ± 1.07 

  

Steady-state concentration ratios Mean ± SD 

Brain/Plasma 

(Cssbrain/Cssplasma) 

0.03 ± 0.02 

Brain tumor / Plasma 

(Cssbrain tumor/Cssplasma) 

0.14 ± 0.08 

Brain tumor/Brain 

(Cssbrain tumor/Cssbrain) 

5.37 ± 2.36 

 

 

The unbound fraction in brain tissue can also be used to assess the potential to 

achieve active drug concentrations in target tissues since it is assumed that the unbound 

drug is pharmacologically active. Based on the fraction of ON01910 unbound in brain 

tissue (see Table 12), unbound brain tumor concentration can be estimated (Friden, 

Gupta, Antonsson, Bredberg, & Hammarlund-Udenaes, 2007) . In the steady-state study, 

the mean unbound brain tumor concentration was 0.13 µg/ml [calculated as total brain 

tumor concentration (2.17 µg/ml) × fraction unbound in brain (0.062)] compared to the 
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estimated unbound IC50 value of 4.7 ng/ml [calculated as total IC50 concentration (72 

ng/ml) × fraction unbound in plasma (0.065)], which assumes the fractional binding of 

ON01910 to be equivalent in mouse plasma and fetal bovine serum. This simple analysis 

suggests that ON01910 can achieve efficacious concentrations in mice bearing 

intracerebral tumors at dose levels that are acceptable.  

 

In Vitro Cytotoxicity of ON01910 in U87 Glioblastoma Cell Line 

ON01910 showed potent activity against U87 glioma cells, with an IC50 value of 

136 ± 16.1 nM (mean ± SD). The nanomolar IC50 value against U87 cell line that tends 

to confer resistance due to the presence of null PTEN, a partial regulator of PI3K/AKT 

pathway, supported further analysis of ON01910.Na as an anticancer agent against brain 

tumors. 

 

In Vivo Pharmacodynamic Activity of ON01910 in Brain Tumor Bearing Mice 

The potential effect of ON01910 on tumor angiogenesis was evaluated in an 

intracerebral U87 glioma xenograft after a 7-day treatment period with 250 mg/kg/day 

ON01910.Na administered by the IP route. The dose of 250 mg/kg IP was chosen based 

on earlier efficacy studies published on ON01910.Na where the animals were dosed on 

alternate days (Gumireddy et al., 2005). A 7-day treatment regimen should be sufficient 

to see a pharmacological response as studies with the antiangiogenic agent, sunitinib in 

our lab produced beneficial effects on the tumor vasculature within 7 days (Zhou & 

Gallo, 2009). There was no significant difference in the microvessel density, pericyte and 

basement membrane coverage, as measured by the density of CD31, α-SMA and collagen 
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IV positive areas, respectively between the control and treated groups (2-sided student’s 

t-test, p > 0.05; Figure 9). These endpoints are makers for angiogenesis and have been 

used to calculate the vascular normalization index (Zhou et al., 2008; Zhou & Gallo, 

2009). The proliferation potential of tumor cells, as measured by Ki-67 positive staining 

nuclei, also did not differ significantly between the control and treatment groups (2-sided 

student’s t-test, p > 0.05; Figure 9C).  
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Figure 9. Pharmacodynamic evaluation of ON01910.Na in intracranial U87 

xenograft. A) Immunohistochemical evaluation of the effect of ON01910 (250 mg/kg/day 

IP ON01910.Na) on the intratumoral microvessel density (MVD), pericyte coverage and 

basement membrane thickness within intracranial U87 xenograft. Tumor bearing mice 

were sacrificed post drug or vehicle administration on day 7 (n = 6 per group). B, C) 



 94 

Quantitative comparison of CD-31, α-SMA and collagen IV positive areas (6-9 regions 

per section) and Ki-67 positive cells of tumor sections using Image Pro-Plus software. 

Quantitative analysis results showed no significant change in MVD (CD31), pericyte 

coverage (α-SMA) and basement membrane thickness (collagen IV), and also in the 

intratumoral tumor cell proliferation index (Ki-67) within intracranial U87 xenografts in 

treatment group compared to those in the control group; columns, mean; bars, SD. 

 

PB-PK Hybrid Simulation Model of ON01910 

To gain insight into ON01910 brain and brain tumor disposition and its lack of 

antiangiogenic activity, a membrane-limited model (Figure 10) was used to simulate 

plasma, unbound normal brain and unbound brain tumor concentrations for the multiple-

dose regimen used in the antiangiogenic efficacy study. The predicted time course of 

unbound ON01910 concentrations in normal brain indicated that concentrations fell 

rapidly and were less than 4 ng/ml (~ unbound IC50 value of 4.7 ng/ml) within 4 hr post 

drug administration (Figure 11). Unbound brain tumor concentrations were  maintained 

above the unbound IC50 value of 4.7 ng/ml for less than 3 hr during every 24 hour dosing 

interval (Figure 11) indicating that effective tumor concentrations were not maintained 

for adequate amount of time  to show antiangiogenic and antiproliferative activity.  
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Figure 10. Schematic representation of physiologically based hybrid PK simulation 

model. It comprised of a two-compartment systemic disposition, two-compartment 

normal brain and two-compartment brain tumor model. This model was used to simulate 

ON01910 plasma (Cp), unbound normal brain extravascular (Cf-nbev) and unbound brain 

tumor extravascular (Cf-btev) concentrations following multiple dose treatment with 250 

mg/kg/day ON01910.Na given IP for 7 days. The following model variables were fixed 

during simulation; absorption rate constant (Ka = 2.92 1/hr), normal brain blood flow rate 

(Qnb = 63.33 ml/hr), brain tumor blood flow rate (Qbt = 6.15 ml/hr), inter-compartmental 

rate constants (K1, 2 = 0.172 1/hr; K2, 1 = 0.096 1/hr), elimination rate constant from 

central compartment (K1, 0 = 5.786 1/hr), volume of distribution in the central 

compartment (V = 231.99 ml/kg), volume of normal brain (Vnb = 0.507 ml), volume of 
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brain tumor (Vbt = 0.205 ml), fractional vascular volume in brain (0.012), fractional 

vascular volume in brain tumor (0.05), normal brain mass transfer coefficient (hnb =1 

ml/hr), brain tumor mass transfer coefficient (hbt = 5.37 ml/hr), fraction unbound in 

plasma (fup = 0.065  or 0.12 based on the concentration-dependent binding) and fraction 

unbound in brain (fut = 0.062).  

 

 

 

Figure 11. Predicted concentrations of plasma (     ), normal brain (---) and brain 

tumor (…) following multiple dose treatment with 250 mg/kg/day of ON01910.Na given 

intraperitoneally for 7 days to intracranial U87 xenograft. 
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4.3.2 Pharmacokinetic Characterization of ON013105, a Structural Analog of 

ON01910.Na 

 

In Silico and In Vitro Screening, Selection and In Vitro Cytotoxicity Evaluation of 

ON013105 and ON013100 

Based on the low brain penetration of ON01910 that could be partly attributed to 

its low lipophilicity (predicted log D = -1.07), 55 analogs of ON01910 were screened in 

silico using ADMET predictor
TM

 3.0 for the prediction of various physicochemical 

properties of the compounds. Compounds that were considered viable candidates for 

further evaluation in the preclinical brain tumor model satisfied each of the following 

criteria; modified Lipinski’s rules for CNS penetration (Pajouhesh & Lenz, 2005), user 

defined rules of a molecular weight < 400 and a log D between 1 – 4, and in vitro 

cytotoxic IC50 value of << 1 μM in U87 glioma cells. Log D refers to the logarithm of 

distribution coefficient defined as the octanol-water partition coefficient of all species, 

neutral and ionized at a particular pH as opposed to Log P which is octanol-water 

partition coefficient of neutral species thus giving a better prediction of lipophilicity for 

ionizable drugs and it was predicted at the physiological pH of 7.4. Low molecular 

weight compounds with appreciable lipophilicity values show better BBB permeability 

owing to their transport across the cell membrane by simple transmembrane diffusion 

(Levin, 1980; Pajouhesh & Lenz, 2005) while a log D value of 1 - 4 was shown to be 

associated with brain uptake of CNS drugs (Hansch, Bjorkroth, & Leo, 1987; van de 

Waterbeemd, Camenisch, Folkers, Chretien, & Raevsky, 1998). These 55 compounds 

were shortlisted to about 10 based on the available in vitro cytotoxicity EC50 values  
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(< 1μM) in various non-glioma cell lines (unpublished data from Dr. E. Premkumar 

Reddy) and predicted physical properties by ADMET predictor
TM

 according to the above 

mentioned selection criteria. These 10 compounds were then screened for their cytotoxic 

activity in U87 glioma cell line in vitro (Table B.1, Appendix B). Out of the ten, three 

compounds (ON013100, ON01500, and ON015640) met these criteria, and due to 

ongoing pharmacological studies of ON013100 in Dr. E.P. Reddy’s lab, ON013100 was 

selected for further evaluation.  Specifically, it showed potent cytotoxic activity in U87 

cells with an IC50 value 5.4 ± 0.7 nM,  a predicted log D value of 2.53, molecular weight 

= 394.44, and did not violate the other criteria. Given the lipophilic nature of ON013100, 

an aqueous soluble form, ON013105, was synthesized by the addition of a phosphate 

group at 3-hydroxyl position on the benzene ring to facilitate intravascular 

administration. ON013105 also showed very potent cytotoxic activity against U87 cells 

with IC50 value of 6.9 ± 0.2 nM that can be attributed to its conversion to ON013100 in 

the cell culture medium (unpublished data from Dr. Stephen Cosenza, Mount Sinai 

school of Medicine, NY). Hence ON013105 was chosen for further evaluation of brain 

and brain tumor disposition in a mouse glioma model.  

 

Detailed information on ON013105/ON013100 activity in vitro and in vivo has 

already been presented in section 1.4. ON013105 is currently in phase I clinical trial and 

its potential as an anticancer agent in brain tumors and its brain and brain tumor 

disposition has not been studied yet. 
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Systemic Pharmacokinetics of ON013105 and ON013100 

Systemic pharmacokinetic characterization of ON013105 and its active form, 

ON013100 was carried out following 37.5 mg/kg ON013105 administered intravenously. 

This dose was in the range of previous doses used in efficacy studies (Reddy et al., 2008). 

ON013105 and its active form, ON013100 yielded plasma concentration-time profiles 

that showed rapid conversion to ON013100 (see Figure 12 and Table 14) with a Cmax of 

25.83 µg/ml as early as 2 min after ON013105 administration. ON013100 showed a rapid 

distribution phase with a prolonged elimination phase where low levels of the drug 

persisted in the body for up to 8-12 hrs. The decline in plasma concentrations of 

ON013100 was relatively slower than that of the ON013105 suggesting that the 

formation of ON013100 was not a rate-limiting step. The apparent volume of distribution 

of ON013105 indicated its distribution into a much larger space than plasma volume 

(Table 14).  

 

 

 

Figure 12. Time courses of mean plasma concentrations of ON013105 and 
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ON013100 following single IV bolus administration of 37.5 mg/Kg ON013105 to healthy 

athymic mice (n = 4). Bars, SD. 

 

Table 14. PK parameters (n = 4, mean ± SD) of prodrug, ON013105 and its active 

form, ON013100 in plasma in athymic mice receiving an IV bolus dose of 

37.5 mg/kg ON013105 (parameters were obtained from 

noncompartmental analysis of plasma concentrations from individual 

mice) 

 

Variables 

 

37.5 mg/kg IV ON013105 

 

  
ON013105 

(prodrug) 

ON013100 

(active form) 

Cmax (µg/ml) 39.54 ± 12.19 25.83 ± 3.32 

Area under the plasma concentration-time 

curve – AUC0→∞ (µg.hr/ml) 

4.83 ± 1.65  3.18 ± 0.30 

Clearance – CL (L/hr/kg) 8.47 ± 2.84  - 

Volume of distribution - Vd (L/kg) 3.21 ± 1.71  - 

Terminal elimination rate constant - λn (1/hr) 3.06 ± 1.45 0.13 ± 0.08 

Terminal elimination half life
*
 – t1/2 (hr) 0.23 ± 0.13 5.24 ± 3.35 

   

*
Harmonic mean ± pseudo SD 
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In Vitro Plasma and Brain Binding of ON013100 

The plasma protein and brain tissue binding of ON013100 was studied over a 

wide range of concentrations (100 ng/ml to 200 μg/ml in both plasma and brain 

homogenate). Volume shift due to osmotic effect of protein was determined to be 10% in 

plasma and was accounted for in the calculation of concentration of bound drug in plasma 

while that in brain homogenate was negligible. ON013100 was not found to exhibit non-

specific binding to semi-permeable membrane used in equilibrium dialysis. ON013100 

exhibited high plasma protein (97-98%) and brain tissue (98-99%) binding and unlike 

ON01910, binding of ON013100 to plasma proteins and brain tissue was essentially 

constant in the concentration range from 100 ng/ml to 200 μg/ml (Table 15).  

 

Table 15. Extent of binding of ON013100 to mouse plasma proteins and brain tissue 

(mean ± SD, n = 3 for each ON013100 concentration) 

 

Concentration 

(µg/ml) 

% Bound drug 

in plasma 

% Bound drug 

in brain 

0.1 ND
*
 ND

*
 

0.5 98.28 ± 0.17 99.15 ± 0.10 

1 98.18 ± 0.11 98.87 ± 0.04 

2 98.25 ± 0.13 98.60 ± 0.10 

5 97.84 ± 0.14 98.38 ± 0.09 

10 98.09 ± 0.27 97.99 ± 0.18 

30 97.58 ± 0.07 98.00 ± 0.14 
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Table 15. (continued) 

 

Concentration 

(µg/ml) 

% Bound drug 

in plasma 

% Bound drug 

in brain 

100 97.19 ± 0.39 97.58 ± 0.16 

200 97.21 ± 0.07 97.83 ± 0.14 

 

ND
*
 – not detected; dialysate (unbound) concentration at a total concentration of   

0.1 µg/ml fell below the LLOQ of the analytical method.  

 

Brain and Brain Tumor Disposition of ON013105 and ON013100 

A pilot study conducted in a small cohort of mice wherein blood samples were 

collected at different time points during the 3 hr infusion showed that the steady-state 

plasma concentrations were maintained during the period of infusion (see Figure 13). 

This formed the basis for the design of steady-state regimen for the brain and brain tumor 

disposition study in brain tumor bearing mice. 
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Figure 13. Mean (n = 4) plasma concentration-time profiles of ON013105 (---) and 

ON013100 (     ) in mice receiving IV loading dose followed by steady-state infusion of 

ON013105 for 3 hr. Bars, SD. 

 

The quasi-steady-state normal brain and brain tumor distribution of ON013100 

was appreciable with Cssbrain/Cssplasma and Cssbrain tumor/Cssplasma ratios of 0.92 and 1.35, 

respectively (Table 16). The prodrug, ON013105 was not detectable in normal brain 

while its tumor penetration was very low being less than 1% that is attributed to its 

hydrophilic nature and rapid conversion to ON013100. As observed with ON01910.Na, 

the exposure in brain tumor was greater than normal brain thus consistent with a 

compromised BBB in brain tumors (S. W. Lee et al., 2006; D. J. Stewart, 1994).  
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Table 16. Brain and brain tumor disposition of prodrug, ON013105 and its active 

form, ON013100 in an orthotopic brain tumor model following steady-

state infusion of ON013105 for 3 hr (n = 8, mean ± SD) 

 

Steady-state concentration 

ON013105 

μg/ml (mean ± SD) 

ON013100 

μg/ml (mean ± SD) 

Plasma (plasma Css) 25.62 ± 8.83 7.22 ± 2.25 

Normal brain (brain Css) ND
*
 6.26 ± 1.43 

Brain tumor (tumor Css) 0.04 ± 0.02 9.01 ± 1.25 

Steady-state concentration 

ratios 

ON013105 

(mean ± SD) 

ON013100 

(mean ± SD) 

Brain/Plasma ratio 

(Cssbrain/Cssplasma) 

ND
*
 0.92 ± 0.26 

Brain tumor / Plasma ratio 

(Cssbrain tumor/Cssplasma) 

0.0015 ± 0.0007 1.35 ± 0.40 

Brain tumor/Brain ratio 

(Cssbrain tumor/Cssbrain) 

- 1.48 ± 0.24 

 

   ND
*
, not detected 

 

Utilizing the brain tissue binding data of ON013100 (Table 15) and as for 

ON01910.Na, converting total to unbound drug concentrations for ON013100, the 

unbound  IC50 would be about 0.05 ng/ml [calculated as total IC50 concentration (2.14 

ng/ml) × fraction unbound in plasma (0.022)] and the mean unbound steady-state brain 

tumor concentration was 0.15 µg/ml [calculated as total brain tumor concentration (9.01 
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µg/ml) × fraction unbound in brain (0.017)], and  suggests that cytotoxic brain tumor 

concentrations can be achieved in mice, yet further studies are needed to establish 

ON013100 dose-efficacy relationships.  

 

4.4 Discussion 

ON01910.Na is an anticancer agent under clinical evaluation for various solid tumors and 

hematologic malignancies. It exhibited potent antitumor activity in various preclinical 

models such as human liver, breast cancer and pancreatic cancer xenografts (Gumireddy 

et al., 2005) . It has also been reported to cause complete tumor regression in an 

intracranial glioma model when administered locally (Gondi et al., 2006). These data and 

in vitro cytotoxicity results that showed potent activity provided motivation to analyze 

ON01910.Na as an anticancer drug for brain tumors. Single-dose intravascular 

administrations of ON01910.Na were completed over a 50-fold dose range with serial 

plasma, urine and fecal samples collected. Noncompartmental analysis was used to 

analyze the systemic PK data which is based on statistical moment theory and considers 

the time course of plasma drug concentration as a statistical distribution curve. It provides 

primary pharmacokinetic parameters of the drug from plasma concentration-time data 

using algebraic and geometric relationships and is an excellent tool for initial 

pharmacokinetic characterization of the drug owing to its ease of use yet with the 

limitations of lack of predictive capabilities and inadequate treatment of time dependent 

events (Gibaldi & Perrier, 1982). ON01910.Na exhibited a significant dose-dependent 

reduction in total clearance at 250 mg/kg that can be partly attributed to saturable biliary 

elimination. A nonlinear compartmental model using the SAAM II program (Version 1.2, 
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University of Washington, Seattle, WA) was tried based on the decrease in the clearance 

and volume of distribution at the highest dose level of 250 mg/kg. Specifically, the 

compartmental models considered Michaelis–Menten type functions of saturable 

elimination, saturable distribution and saturation of both elimination and distribution. 

These alternate models did not reach convergence and may possibly be due to the paucity 

of data. 

 

One potential road block to the use of ON01910.Na for the treatment of glioma 

could be limited BBB penetration. To address this issue, a steady-state tissue distribution 

study was chosen based on the PK properties acquired in the single-dose investigations of 

ON01910.Na. A steady-state drug administration was implemented as it is prudential in 

terms of animal usage and provides an accurate indication of specific tissue distribution 

with systemic exposure being constant. This latter condition is readily met for drugs 

undergoing linear or first-order kinetics; however, for drugs obeying saturable 

elimination like ON01910.Na, the condition may be violated depending on the targeted 

steady-state plasma concentrations. A steady-state plasma concentration of 10 µg/ml was 

targeted, which was close to the Cmax of about 6 µg/ml achieved at the low 5 mg/kg 

single-dose study, and thus, the linear assumption was likely valid. Furthermore, we 

conducted a pilot study in a small group of mice that confirmed that steady-state 

ON01910 plasma concentrations were maintained over the 3 hour infusion period. 

Although direct confirmation of steady-state concentrations in brain was not pursued, 

steady-state brain and brain tumor concentrations may be assumed based on the likely 

linear relationship between plasma and brain concentrations at the targeted concentration 
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of ON01910. Using the steady-state design and the intracerebral U87 tumor model, the 

distribution of ON01910 in normal brain was found to be less than 5% of plasma 

concentration and about 14% in brain tumors. The approximate 5-fold greater distribution 

of ON01910 in brain tumor relative to normal brain is consistent with a compromised 

BBB that can contain gaps between the normally tight configurations of adjacent 

endothelial cells (Deane & Lantos, 1981; Vick & Bigner, 1972) that results in enhanced 

vascular permeability (Groothuis et al., 1991). In this case, the low diffusional transport 

across the BBB can be offset somewhat by transport between cells (Gallo et al., 2004; Ma 

et al., 2001). The limited access of ON01910 to the brain can be attributed to its low 

lipophilicity, with a predicted log D value of -1.07 (in silico prediction using ADMET 

predictor
TM

 3.0, Simulations Plus Co., Lancaster, CA), and high plasma protein binding 

(93-95%) at the measured steady-state plasma concentrations. Both variables contribute 

to low transport across the BBB by diffusion due to limited partitioning into the BBB and 

a minimal unbound drug concentration gradient across the BBB. The contribution of drug 

efflux pumps at the BBB such as P-glycoprotein (P-gp) or multidrug resistance proteins 

(MRPs), to the limited brain distribution of ON01910 is unknown and cannot be ruled out 

at this time. ON01910.Na was found to be active against drug resistant cell lines, such as 

MOLT ALL (methotrexate resistant acute lymphoid leukemia cell line) and MCF-7/DOX 

(doxorubicin resistant breast cancer cell line), as well as cell lines overexpressing 

transporters such as P-gp and multidrug resistance protein 1 (MRP1), which suggested 

that ON01910.Na is not a P-gp or MRP1 substrate (Preda, Ohnuma, Jiang, Holland, & 

Reddy, 2006). Even though the specific roles of transporters in the active efflux of 

ON01910 at the BBB remain to be defined, its distribution into brain is limited.  
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Cyclin D1, a cell cycle protein, is overexpressed in gliomas (Cavalla et al., 1998; 

Zhang et al., 2005) and was implicated in tumor angiogenesis through regulation of the 

production of angiogenic factors by tumor and endothelial cells (Yasui et al., 2006). 

ON01910.Na exhibited potent antiangiogenic activity in both in vitro and in vivo glioma 

models (Gondi et al., 2006) and at molecular level, was reported to downregulate cyclin 

D1 by suppressing cyclin D1 mRNA translation by inhibition of the PI3K/AKT/mTOR 

pathway (Prasad et al., 2009). Hence, ON01910.Na could be detrimental to both tumor 

and endothelial cells through its inhibition of cyclin D1. Specifically, to address its 

antiangiogenic action, we chose to monitor microvessel density, as measured by CD31, 

pericyte maturity, as measured by α-SMA, and basement membrane thickness, as 

measured by collagen IV, all implicated in angiogenesis and vascular normalization 

(Tong et al., 2004; Zhou et al., 2008; Zhou & Gallo, 2009). The ON01910.Na treated 

group showed no significant difference in any of these parameters as well as in the tumor 

cell proliferation index as compared to the control group, and thus it is concluded that 

ON01910 lacked antiangiogenic and antiproliferative activity.  

 

Since actual brain tumor concentrations were not assessed during the multiple-

dose study and based on the analysis presented above on the in vitro unbound 

concentrations of ON01910 in brain tissue that suggested cytotoxic concentrations could 

be achieved, we conducted a simulation using a PB-PK membrane-limited model to 

predict unbound ON01910 brain tumor concentrations following the multiple-dose 

regimen and thus infer whether the lack of activity could be attributed to pharmacokinetic 
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factors. The PB-PK model predicted that effective drug levels were not maintained for 

more than 3 hr and 4 hr in a 24 hr dosing interval in brain tumor and normal brain, 

respectively indicating inadequate ON01910 exposure that could explain limited 

ON01910 activity. A scenario that could not be deciphered by the two-compartment 

vascular-extravascular membrane-limited PB-PK model was low intracellular 

concentrations even in the presence of moderate to high interstitial fluid drug 

concentrations that could also possibly explain the lack of ON01910 activity. The low 

intracellular concentrations could be due to heightened activity of drug efflux pumps on 

glioma cells and high interstitial fluid pressure (Ihnat et al., 1997; Navalitloha et al., 

2006). In summary, the PB-PK membrane-limited model supports that the lack of 

ON01910 anticancer activity can be attributed to its pharmacokinetic properties. 

 

To circumvent the limited brain distribution of ON01910, a screening strategy 

was applied to a series of ON01910.Na structural analogs.  We identified ON013100 to 

be a suitable candidate for evaluation in brain tumors based on its physical properties of 

low molecular weight, predicted log D value of 2.53 and meeting the criteria of the 

modified Lipinski’s rules for CNS penetration (Pajouhesh & Lenz, 2005), all of which 

were shown to be associated with greater CNS penetration (Levin, 1980; Pajouhesh & 

Lenz, 2005; van de Waterbeemd et al, 1998). In addition, its potent cytotoxic activity 

(IC50 = 5.4 nM) against U87 glioma cells supported our investigation of ON013100 

disposition into brain and brain tumor.  Similar to ON01910.Na study, we undertook a 

steady-state infusion study design for the determination of brain and brain tumor 

penetration in an intracerebral U87 glioma model. A steady-state ON013105 plasma 
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concentration of 4.5 µg/ml was targeted which was much greater than the in vitro IC50 

value of ON013100 and at the same time being less than Cmax of ON013105 at 37.5 

mg/kg IV. It was also a concentration that could be achieved within the constraints of 

drug solubility and administration volumes. As for ON01910.Na, a pilot study was 

conducted to confirm that steady-state ON013105/ ON013100 concentrations were 

maintained during the 3 hr infusion. Although observed steady-state plasma 

concentrations of ON013105 were greater than the targeted concentration (possibly 

related to a cachexic condition in the brain tumor bearing mice that may have decreased 

clearance, and correspondingly elevated plasma), steady-state plasma concentrations of 

both ON013105 and ON013100 were maintained over the 3 hour infusion period (Figure 

17) indicating that the assumption of linear kinetics was valid and support the attainment 

of steady-state brain and brain tumor concentrations at 3 hr. The distribution of 

ON013100 was quite high, being 92% in brain and 135% in brain tumor relative to 

plasma concentration while ON013105 had absent or negligible penetration into normal 

brain and brain tumor, consistent with its very low lipophilicity (predicted log D = -2.45).  

 

In summary, pharmacokinetic and pharmacodynamic studies of ON01910.Na in 

an intracerebral U87 brain tumor mouse model indicated limited utility of this compound 

with once a day dosing. A more lipophilic derivative of ON01910.Na, ON013100 

showed appreciable brain tumor penetration and potent in vitro cytotoxicity suggesting its 

potential in brain tumor chemotherapy and thus encouraged further studies on the 

pharmacodynamic activity of ON013105 and its active form ON01300 in an intracerebral 

brain tumor model. 
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CHAPTER 5 

IN VITRO PHARMACODYNAMIC SCREENING OF ON013100 AND IN VIVO 

SINGLE-DOSE PK/PD EVALUATION OF ON013105 

 

5.1 Introduction 

5.1.1 In Vitro Pharmacodynamic Screening of ON013100 

Appreciable brain tumor penetration of ON013100, an active form of prodrug 

ON013105 further encouraged pharmacodynamic investigation of ON013100 in vitro. A 

slightly modified PD strategy was adopted for ON013105 in that, a pharmacodynamic 

marker that shows dose- and time-dependent change in its expression level following 

treatment of glioma cells with the active drug form, ON013100 was investigated. U87 

glioma cell line was used to screen for pharmacodynamic markers that could eventually 

serve as putative PD markers in intracerebral U87 brain tumor bearing mice.   

 

ON013100 was reported to inhibit cyclin D1, a cell cycle protein (Park et al., 

2007). Unpublished data from Onconova Therapeutics showed the ability of 

ON013105/ON013100 to inhibit phosphorylated forms of AKT and ERK (extracellular 

signal-regulated kinase) proteins in PI3K/AKT and MAPK pathways, respectively. Based 

on the above information, the effect of ON013100, the active form of ON013105, 

showing considerable penetration into the brain tumor (chapter 4), on likely PD markers 

including phospho-AKT (pAKT), phospho-ERK (pERK) and cyclin D1 was examined in 

U87MG glioma cells as a function of time and dose.   

 



 112 

In vitro evaluation involved treating U87MG glioma cells with ON013100 at in 

vivo relevant concentration for different periods of time to determine time-dependent 

change in the protein expression following treatment. A dose-dependent change in the 

protein expression was also conducted by treating U87MG cells at various concentrations 

of ON013100 for the time period deemed sufficient for its activity as determined from the 

time-dependent study.  

 

5.1.2 Single-dose In Vivo PK and PD Evaluation of ON013105 in Orthotopic Glioma 

Mouse Xenograft 

Once the candidate protein showing acute dose-dependent response to the drug 

was identified in vitro, an in vivo study was designed to monitor time-dependent changes 

in the same protein levels in tumor samples following single-dose treatment of U87 

intracerebral mouse xenograft with ON013105. A serial sacrifice study design was 

chosen as it permits the collection of tumor samples at different time points for PK and 

PD measurement in parallel to blood samples while use of serial sampling design would 

preclude tumor sampling for PD measurement. Single-dose administration of ON013105 

at 100 mg/kg IV to mice bearing orthotopic U87 brain tumors permitted the evaluation of 

ON013105 and ON013100 systemic, normal brain and brain tumor pharmacokinetics. PD 

measurement of tumor samples were evaluated using enzyme linked immune sorbant 

assay (ELISA). ELISA was chosen as it not only provides accurate quantitation of the 

candidate protein levels in tumors but also provides continuous datasets that could be 

used directly in a PD model. Thus, in vivo time-dependent evaluation of the candidate 
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protein in brain tumors following drug treatment would guide its utility as a 

pharmacodynamic marker of activity.  

  

A combined PK/PD model integrates pharmacokinetics, a measure of change in 

concentration over time and pharmacodynamics, a measure of response/effect over time 

thus describing the continuous time course of response in relation to the concentration. 

Based on how PK and PD are related to each other, there are different types of models of 

which direct and indirect response models provide mechanistic and physiologic 

description of the PK/PD relationship. Current drug development strategy fails to 

undertake comprehensive PK evaluation at the site of action, tumor and thus most of the 

PK/PD models developed link plasma concentrations to the drug response, indirectly. In 

contrast, a PK/PD model linking the drug concentration at the target site (for example, 

tumor) directly to the target site PD response provides a better and direct understanding 

of drug PK/PD relationship (S. Wang, Guo, Wang, Zhou, & Gallo, 2008). Based on the in 

vivo data, a PK/PD model was developed that consisted of compartmental PK model 

represented by a forcing function describing the plasma concentration-time profile of 

prodrug and its active form linked to peripheral normal brain and tumor compartments 

depicting brain and brain tumor disposition of ON013100 and ON013105 and with active 

ON013100 tumor compartment linked to PD response in a sequential manner. 

 

Thus, in vitro pharmacodynamic screening of ON013100 resulted in the 

identification of a putative PD marker that was further evaluated in in vivo PK/PD study.  

In vivo PK and PD characterization of ON013105 and its active metabolite provided 
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information about drug disposition characteristics in plasma, brain and tumor as well as 

PD response.  

 

5.2 Experimental Methods 

5.2.1 Materials 

Dulbecco’s modified Eagle’s medium (DMEM) was obtained from Cellgro 

(Manassas, VA) and fetal bovine serum from Invitrogen (Carlsbad, CA). Rabbit anti-

cyclin D1, rabbit anti-phospho-Erk (pERK), mouse anti-total-Erk (tERK) antibodies were 

purchased from Cell Signaling Technologies (Danvers, MA) and rabbit anti-phospho-Akt 

(pAKT), mouse anti-total-Akt (tAKT) and mouse anti-β-actin antibodies from Santa Cruz 

Biotechnology (Santa Cruz, CA).  Infrared labeled goat anti-mouse (IRDye 800 CW), 

goat anti-rabbit (IRDye 800 CW) and donkey anti-mouse (IRDye 680) secondary 

antibodies were purchased from LI-COR Biosciences (Lincoln, NE). Blocking buffer for 

near infrared fluorescent western blotting was obtained from Rockland Immunochemicals 

(Gilbertsville, PA), protein assay reagent from Bio-Rad (Hercules, CA) and PathScan
®
 

Phospho-p44/42 MAPK (Thr202/Tyr204) Sandwich ELISA Kit from Cell Signaling 

Technologies (Danvers, MA). All other chemicals and reagents were purchased from 

commercial suppliers.  

 

5.2.2 Western Blot Assay 

U87MG cells were cultured in standard culture medium as described in section 

4.2.2 (chapter 4). Subconfluent cells were treated with ON013100 at 1 µM or 2 µM 

concentration as a function of time (30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr and 24 hr) or 
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treated with ON013100 for 1 hr as a function of concentration (10 nM, 100 nM, 1 µM, 2 

µM, 10 µM and 50 µM). Post treatment, cells were rinsed with ice-cold phosphate 

buffered saline (PBS) and cell lysates were prepared in a cell lysis buffer containing 50 

mM Tris-HCl (pH 7.5), 137 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA, 25 mM 

β-glycerophosphate, 50 mM NaF, 10 mM NaPPi, 1 mM Na3VO4 and a protease inhibitor 

cocktail. Protein concentration of the cell lysates was determined using Bio-Rad Protein 

Assay (Bio-Rad). Equal amounts of protein (30µg) were electrophoresed on pre-cast 

SDS-polyacrylamide gels (Expedeon, San Diego, CA) and transferred to nitrocellulose 

membranes. After transfer, the membranes were blocked with the blocking buffer (for 

fluorescent western blotting, Rockland Immunochemicals) for 1 hr at room temperature 

followed by immunoblotting with various primary antibodies overnight at 4
o
C [at 1:100 

(tAKT), 1:200 (pAKT), 1:400 (cyclin D1, pERK and tERK), 1:500 (β-actin) dilutions]. 

The blots were then washed and incubated with fluorophore-conjugated secondary 

antibodies (at 1:15000 dilution) for 1 hr at room temperature. Proteins were visualized by 

scanning the membranes on an Odyssey Infrared Imaging System (LI-COR Biosciences) 

with both 700- and 800-nm channels.  

 

5.2.3 In Vivo Single-dose PK/PD Study 

For the single-dose ON013105 PK/PD study, the same glioma model and surgery 

procedures as for ON01910.Na and ON013105 steady-state brain and brain tumor 

disposition studies (section 4.2.7, chapter 4) were used. Mice were monitored at least 

once a day for body weight and CNS symptoms that included an arched back, unsteady 

gait or unkempt fur, and were entered into the PK study at the earliest signs of CNS 
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symptoms or a 2-day total body weight loss of 10%. Mice bearing intracerebral U87 

tumors received an IV bolus of 100 mg/kg ON013105 (dissolved in saline) via tail vein. 

A serial sacrifice study design was used with blood, brain and tumor samples collected at 

pre-dose, 5 min, 15 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 12 hr and 24 hr post intravascular 

administration (n=3 - 4). At scheduled times post IV dose, animals were briefly 

anesthetized with isoflurane and terminal blood samples were collected from posterior 

vena-cava. Blood sampling was followed by rapid normal brain and brain tumor excision 

which were flash frozen on ice. Plasma, immediately harvested from blood, and brain and 

brain tumor samples were stored at -80
o
C until processed for measurement of ON013105 

and ON013100 by LC/MS/MS. Tumor samples were also processed for PD measurement 

(pERK levels) using ELISA. 

 

5.2.4 Quantitative Analysis of ON013105 and ON013100 Using LC/MS/MS 

For the quantitation of ON013105 and ON013100 levels in the plasma, normal 

brain and brain tumor, an API 5500 electrospray ionization LC/MS/MS system (HPLC, 

Shimadzu, Kyoto, Japan; QTrap 5500, Applied Biosystems, Foster City, CA, USA) was 

used. 20 µl of plasma, normal brain homogenate (10% homogenate) and brain tumor 

homogenate (10% homogenate) were processed using a single protein precipitation step 

that consisted of adding 80 µl of internal standard (ON01910.Na) dissolved in acetonitrile 

containing 0.05% ammonium hydroxide (100 ng/ml) and vortexing for 30 seconds 

followed by centrifugation for 10 min at 15,000 rpm. For standards, 2 µl of a stock 

mixture of ON013105 and ON013100 dissolved in 50% acetonitrile was added to 18 µl 

of plasma, brain or tumor homogenate before proceeding to protein precipitation step.  
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Similar LC system, LC gradient condition and ESI-SRM ion transitions as the 

LC/MS/MS method for ON13105 and ON013100 (described in chapter 3, section 3.2.2) 

pharmacokinetic samples were used with a gradient elution of mobile phase A (0.01% of 

ammonium hydroxide (29%)) and mobile phase B (acetonitrile). The lowest limit of 

quantitation (LLOQ) of ON013100 was 1 ng/ml in plasma and tumor and 2 ng/ml in 

normal brain while that for ON013105 was 2 ng/ml in all three biological matrices. 

Linearity was observed in the concentration ranges of 1 ng/ml to 1 µg/ml and 5 ng/ml to 

5 µg/ml for ON013100 and 2 ng/ml to 2 µg/ml and 5 ng/ml to 5 µg/ml for ON013105 in 

all the three matrices. The intra-day and inter-day accuracy and precision were well 

within 15% in all three matrices for both ON013105 and ON013100. 

 

5.2.5 pERK Analysis 

The phosphorylated Erk (pERK) levels in the brain tumor samples from serial 

sacrifice single-dose PK/PD study were measured using an ELISA kit (Cell Signaling 

Technologies, Danvers, MA). 1X cell lysis buffer (Cell Signaling Technologies, Danvers, 

MA) to which 1mM phenyl methyl sulfonyl fluoride (PMSF) was added was used to 

homogenize tumor samples and tumor lysates so obtained were kept on ice for 30 min. 

Tumor lysates were then centrifuged at 12000 rpm for 20 min at 4
o
C and supernatants 

were collected and protein concentrations determined using Bio-Rad protein assay (Bio-

Rad). Tumor lysates normalized to 1 mg/ml of total protein concentration were diluted in 

a 1:1 ratio with sample diluent (ELISA kit, Cell Signaling Technology, Danvers, MA) 

and added to microwells pre-coated with phospho-p44/42 MAPK rabbit monoclonal 

antibody followed by overnight incubation at 4
o
C. Rest of the steps involving addition of 
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detection antibody, HRP-linked secondary antibody, TMB Substrate and STOP Solution 

with wash steps in between were carried out as per manufacturer’s protocol. The optical 

density was measured at 450 nm by using a SpectraMax M2 microplate reader 

(Molecular Devices, Sunnyvale, CA). The tumoral pERK levels were based on the 

absorbance values and were expressed as a fraction relative to the tumor pERK 

absorbance in the pre-dose sample. Tumor pERK levels were obtained by averaging the 

quadruplicate measurements in two independent experiments.  

 

5.2.6 PK/PD Data Analysis 

 

Pharmacokinetic Analysis 

 Noncompartmental analysis was carried out to obtain preliminary PK parameters 

using Phoenix® WinNonlin® version 6.2 (Pharsight, St. Louis, MO).  

 

PK/PD Model 

PK and PD data analyses were conducted using SAAM II software (Version 1.2, 

University of Washington, Seattle, WA).  A sequential modeling approach was used 

wherein PK model was first designed followed by the PD model. First, a linear 

compartmental model (Figure 18) was fit to the plasma, brain and brain tumor 

concentrations of ON013105 and ON013100.  Plasma concentration vs. time profiles of 

ON013105 and ON013100 were each described by a two-compartmental model where in 

the central compartment of the prodrug, ON013105 is directly linked to the central 

compartment of the active form, ON013100 by a transfer rate constant assuming 
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complete conversion of systemic ON013105 to ON013100. Plasma concentration – time 

profile of each of the compounds then acted as forcing function into their respective 

peripheral tissue compartments, brain and tumor.  A one-compartment model was 

employed for ON013105 tumor tissue while a two-compartmental model was used to 

describe ON013100 brain and brain tumor distribution.  

 

  PD response was represented as measured pERK level in the tumor sample 

divided by the predose pERK level in tumors that indicated fractional inhibition of pERK 

in brain tumor.  The PD model consisted of a two-compartment target-response model 

comprised of a target compartment and a response compartment representing pERK. An 

inhibitory Emax model was used to link the ON013100 tumor concentration to PD and 

the rate equations are provided below: 

 

 

 

 

 

where pT represents phosphorylated Target protein of ON013100, Kin is the zero-order 

rate constant for the formation of pT, pERK represents fraction of baseline pERK, Ktr is 

the first-order rate constant depicting the signal transduction pathway from the drug 

target compartment (pT) to the response compartment (pERK) and Kout is the first-order 

rate constant representing degradation and dephosphorylation of pERK.  pT
0
 and pERK

0
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are the baseline target protein and pERK levels in tumor and Imaxm is the maximum 

inhibitory response of pT, which were set equal to 1 while Cbt is the ON013100 brain 

tumor concentration and IC50m,  ON013100 brain tumor concentration corresponding to 

50% of Imaxm. Because stationarity is assumed, the zero-order production rate of the pT 

(Kin) was defined as: pERK
0
 × Kout thus reducing the number of parameters to be 

estimated. 

 

Fractional standard deviation error model was used in fitting both PK and PD 

models. The best fit PK/PD model was evaluated using statistical criteria from SAAM II 

program that included minimization of the objective function, the Akaike information 

criteria and the precision of parameter estimation as measured by the coefficient of 

variation.  

  

5.3 Results 

5.3.1 In Vitro Pharmacodynamic Screening of ON013100 

In vitro screening of U87 cells for potential pharmacodynamic markers was 

carried out that could eventually serve as potential PD markers in the in vivo PK/PD 

investigation in intracerebral tumor bearing mice. ON013100 has been shown to 

downregulate cyclin D1, a cell cycle protein in mantle cell lymphoma (MCL) cells (Park 

et al., 2007)  but not in prostate cancer cells (unpublished data from Dr. Stephen 

Cosenza).  In MCL cells, ON013105 has been shown to inhibit pAKT and pERK levels 

post incubation with 1 µM concentration (unpublished data from Onconova 

Therapeutics).  Thus, dose- and time-dependent changes in the likely PD markers such as 
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pAKT, pERK and cyclin D1 following ON013100 treatment was evaluated in U87MG 

glioma cells using western blot analysis. In the time-dependent study, cells were exposed 

to 1 µM and 2 µM (see Figure 14) concentrations of ON013100 for various incubation 

times and at both the concentrations, western blot analysis showed greater inhibition of 

pAKT and pERK at 30 min and 1 hr while the levels restored back to the control level 

between 2-8 hr. At 12 and 24 hr, both pAKT and pERK were inhibited which could be 

partially explained by partial cell death seen at later time points due to potent cytotoxic 

effect of ON013100 on U87 cells. Based on the time-dependent study results, 1 hr was 

chosen as the incubation period for evaluation of PD markers as a function of 

concentration. pERK and pAKT exhibited dose-dependent inhibition up on treatment 

with ON013100 for 1 hr, however, pERK was more sensitive to ON013100 compared to 

pAKT (Figure 15). Cyclin D1 exhibited very faint bands which could be detected only in 

time dependent study and showed no apparent change following ON013100 incubation. 

Based on the above results, pERK was chosen as a putative PD marker that was further 

evaluated in vivo in intracerebral tumors. 
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Figure 14. Effect of ON013100 on the phosphorylation of AKT and ERK as a 

function of incubation time in U87MG glioma cells. U87MG cells cultured in DMEM 

with 10% heat-inactivated FBS were treated with 2 μM ON013100 at the indicated times. 

30 μg of total protein extracts were subjected to SDS/PAGE and Western blotting was 

performed to measure the protein expression levels including pAKT, total AKT (tAKT), 

pERK, total ERK (tERK) and β-actin. 

 

 

 

Figure 15. Effect of ON013100 on the phosphorylation of AKT and ERK as a 

function of drug concentration in U87MG glioma cells. U87MG cells cultured in DMEM 

with 10% heat-inactivated FBS were treated with indicated concentrations of ON013100 

for 1 hr. 30 μg of total protein extracts were subjected to SDS/PAGE and Western 

blotting was performed to measure the protein expression levels including pAKT, tAKT, 

pERK, tERK and β-actin. 
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5.3.2 In Vivo Single-dose PK/PD Study 

 

Pharmacokinetic Evaluation 

Plasma, normal brain and brain tumor concentration vs. time profiles of 

ON013105 and its active form, ON013100 following single-dose 100 mg/kg IV 

ON013105 administration to intracerebral tumor bearing animals are shown in Figures 16 

and 17, respectively. ON013105 was rapidly converted to its active form, ON013100 as 

early as 5 min after its administration in both plasma and brain tumor. ON013105 fell 

below the detection limit beyond 2 hrs in plasma and brain tumor and was not detected in 

normal brain which was similar to results from baseline PK study in healthy mice and 

steady-state IV infusion study in brain tumor bearing mice (Chapter 4). ON013100 

showed prolonged elimination phase in plasma and brain tumor where low levels 

persisted for 12 and 24 hr, respectively while it showed very short half life of about an 

hour in normal brain. Table 17 shows the noncompartmental pharmacokinetic parameters 

of ON013105 and ON013100 in plasma, normal brain and brain tumor. ON013100 

showed greater penetration into the brain tumor with AUCbrain tumor/AUCplasma ratio of 

3.89 and appreciable normal brain penetration with AUCbrain/AUCplasma ratio of 0.27. 

Greater exposure in brain tumor compared to normal brain was consistent with a 

compromised BBB in brain tumors (S. W. Lee et al., 2006; D. J. Stewart, 1994). 

ON013105 showed poor brain tumor penetration with AUCbrain tumor/AUCplasma ratio of 

0.05 and absolutely no penetration into the normal brain that could be attributed to its 

hydrophilic nature and rapid conversion to ON013100 (Table 17).   



 124 

 

 
 

 

Figure 16. Time course of mean plasma and brain tumor concentrations of prodrug, 

ON013105 following IV administration of 100 mg/kg ON013105 to orthotopic U87 

glioma mouse xenograft (n = 3-4). Bars, SD.  
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Figure 17. Time course of mean plasma, normal brain and brain tumor concentrations 

of ON013100 following IV administration of 100 mg/kg ON013105 to orthotopic U87 

glioma mouse xenograft (n = 3-4). Bars, SD.  
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Table 17. PK parameters of prodrug, ON013105 and its active form, ON013100 in 

plasma, normal brain and brain tumor from intracerebral U87 tumor 

bearing mice receiving an IV bolus dose of 100 mg/kg ON013105 

(parameters were obtained from noncompartmental analysis)  

 

Parameters 

ON013105  

(prodrug) 

ON013100  

(active form) 

Plasma 

Brain 

tumor 

Plasma 

Normal 

brain 

Brain 

tumor 

Cmax (µg/ml) 54.07 0.71 117.00 12.50 118.33 

Tmax (hr) 0.083 0.083 0.083 0.083 0.083 

AUC0→∞ (µg.hr/ml) 15.87 0.83 27.56 7.54 107.27 

CL (L/hr/kg) 6.30 - - - - 

Vd (L/kg) 2.85 - - - - 

λn (1/hr) 2.21 0.97 0.044 1.20 0.18 

t1/2
 
(hr) 0.31 0.71 15.58 0.58 3.76 

 

 

PK/PD model 

An integrated PK/PD model (Figure 18) was used to describe 

ON013105/ON013010 disposition in relation to PD response. Compartmental analysis 

resulted in the best-fit PK model for ON013105 and ON013100 consisting of a 2-

compartment systemic model for both the prodrug and active form, two-compartment 

peripheral brain and tumor model for ON013100 while one-compartment tumor model 

for ON013105. It was assumed that ON013105 was completely converted to ON013100 
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in blood. There was good agreement between predicted plasma, brain and tumor 

concentration profiles of both ON013105 and ON013100 and observed values although 

there were slight underestimations or overestimations that occurred randomly at a few 

time points for brain tumor drug concentrations of ON013100 (see Figures 19 and 20). 

The model-estimated PK parameters are listed in Table 18. 

 

 

 

Figure 18. Schematic representation of an integrated PK/PD model of 

ON013105/ON013100. It consisted of a two-compartment systemic disposition for each 

of ON013105 and ON013100, two-compartment normal brain and two-compartment 

brain tumor model for ON013100 and one-compartment tumor model for ON013105 and 

a two-compartment target-response model. PK model was initially defined and then 
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linked sequentially to the PD model. The PK model parameters included the elimination 

rate constant of ON013105 (K1,3) and ON013100 (K3,0), volume of distribution in the 

plasma compartment of ON013105 (V) and apparent volume of distribution in the plasma 

compartment of ON013100 (Vm), inter-compartment transfer rate constants between 

systemic compartments of ON013105 and ON013100 (K1,2, K2,1, K3,4, K4,3), inter-

compartmental clearances between systemic and tumor compartment of ON013105 

(CL1,5, CL5,1), , between systemic and tumor compartment (CL3,8, CL8,3) and the two 

tumor compartments (CL8, 9, CL9,8) of ON013100, and between systemic and normal 

brain compartment (CL3,6, CL6,3 (fixed, 23.11)) and the two brain compartments (CL6,7, 

CL7,6) of ON013100. The PD model parameters included tumor drug concentration for 

50% inhibition of phosphorylated Target (pT) (IC50m) which was set to 51.5 µg/ml, a 

zero-order rate constant for the formation of pT (Kin), a first-order rate constant from the 

drug target compartment (pT) to the response compartment (pERK) (Ktr), and a first-

order rate constant for degradation and dephosphorylation of pERK (Kout). The pT
0
 and 

Imaxm were fixed at 1. This PK/PD model was identified as the best-fit model to depict 

ON013105/ON13100 PK/PD characteristics in intracerebral U87 glioma mouse model.  
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Figure 19. PK modeling of ON013105 in orthotopic U87 glioma mouse xenograft 

following IV administration of 100 mg/kg ON013105. A linear combined compartmental 

model of prodrug, ON013105 and its active form, ON013100 consisting of central 

plasma and peripheral brain tumor compartments was fit to the PK data. The model 

predicted (   , plasma; ---, brain tumor) and mean (n = 3 - 4) observed (●, plasma; ■, brain 

tumor) ON013105 concentrations are presented. 
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Figure 20. PK modeling of ON013100 in orthotopic U87 glioma mouse xenograft 

following IV administration of 100 mg/kg ON013105. A linear combined compartmental 

model of prodrug, ON013105 and its active form, ON013100 consisting of central 

plasma and peripheral normal brain and brain tumor compartments was fit to the PK data. 

The model predicted (    , plasma; _ _, normal brain; ---, brain tumor) and mean (n = 3 - 

4) observed (●, plasma; ▲, normal brain; ■, brain tumor) ON013100 concentrations are 

presented. 
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Table 18. PK model parameters of prodrug, ON013105 and its active form, 

ON013100 in plasma, normal brain and brain tumor from intracerebral 

U87 tumor bearing mice receiving an IV bolus dose of 100 mg/kg 

ON013105 (parameters were obtained from linear compartmental 

analysis)  

 

Parameters 

ON013105/ON013100 

ON013105 

(prodrug) 

ON013100 

(active) 

K1,3 /K3,0 (hr
-1

) 14.90 (11.1)
*
 6.88 (12.8) 

K1,2/K3,4  (hr
-1

) 1.21 (21.8) 0.07 (22.5) 

K2,1/K4,3  (hr
-1

) 2.67 (8.64) 0.10 (40.9) 

Vc (L/kg) 0.57 (26.7) 0.49 (20.3)
**

 

CL1,5/CL3,8 (ml.hr
-1

) 0.08 (9.8) 23.11 (24.0) 

CL5,1/CL8,3 (ml.hr
-1

) 1.14 (9.61) 7.23 (25.2) 

CL8,9 (ml.hr
-1

) - 0.17 (37.5) 

CL9,8 (ml.hr
-1

) - 0.50 (10.8) 

CL3,6 (ml.hr
-1

) - 3.15 (17.1) 

CL6,3 (ml.hr
-1

) - 23.11
#
 

CL6,7 (ml.hr
-1

) - 1.11 (32.9) 

CL7,6 (ml.hr
-1

) - 1.23 (9.9) 

CLe (K1,3 × V/ K1,0 × Vm) (L/hr/kg) 8.44 3.41
**

 

 

       *
values represent mean (% coefficient of variation) of model fitted parameters

      
 

       **
apparent values 

       #
fixed      



 132 

K1,3 and  K3,0,  elimination rate constants from the central plasma compartments; K1,2, 

K2,1 and  K3,4, K4,3, inter-compartmental rate constants in the systemic model;  CL1,5, 

CL5,1 and CL3,8, CL8,3, inter-compartmental clearance values between the plasma 

forcing function and brain tumor compartment of ON013105 and ON013100, 

respectively. CL3,6, CL6,3, inter-compartmental clearance values between ON013100 

plasma forcing function and normal brain; CL6,7, CL7,6 and CL8,9, CL9,8, inter-

compartmental clearance values between ON013100 brain and tumor, respectively; 

CLe, systemic clearance.  

 

Upon defining the PK model, its associated parameters were linked to the PD 

model representing fractional pERK inhibition in brain tumor in a sequential manner. 

This sequential method of linking PK and PD models had the advantage of reducing the 

model identification problems associated with simultaneous fitting of PK and PD models. 

Although ON013100 showed pERK inhibition indicating its effect on mitogen-activated 

protein kinase (MAPK) pathway, its exact target protein is not known. The best-fit PD 

model was a 2-compartment target-response model, in which the target compartment 

represented a phosphorylated target protein of ON013100, and the response compartment 

represented pERK. The assumptions behind setting baseline phosphorylated target (pT
0
) 

protein and Imaxm equal to 1 were that pT was not inhibited in the absence of drug and it 

could be fully inactivated by sufficiently higher ON013100 concentrations in brain 

tumor, respectively. The IC50m value was fixed to 51.5 µg/ml based on the in vivo pERK 

inhibition data. The pERK inhibition-time profile showed that compared to untreated 

control tumor samples, pERK levels declined rapidly showing a mean maximum 
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inhibition of 56% at 15 min post ON013105 administration after which a transient 

recovery of pERK levels almost equivalent to baseline was observed by 2 hr followed by 

35% pERK inhibition at 4 hr and finally returning to baseline by 24 hr (Figure 21). The 

model estimated PD parameters are listed in Table 19. Percent of coefficient of variation 

that determines the precision of the model estimated parameters ranged from 25% - 48%. 

The model reasonably predicted the initial rapid decline in the fractional pERK levels yet 

it did not capture the transient increase and decrease observed at 2 hr and 4 hr, 

respectively before returning to baseline (Figure 21).  

 

 

Figure 21. PD modeling of ON013105/ON013100 orthotopic U87 glioma mouse 

xenograft following 100 mg/kg IV ON013105 administration. The tumor pERK value 

was expressed as a fraction relative to the tumor pERK concentration in the predose 

sample. Points, mean (n = 3-4) fraction of baseline pERK in tumors; bars, SD. No error 
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bars for measurements with n < 3. Up on establishing a PK model, its parameters were 

linked to a PD model characterizing the inhibition of pERK. A 2-compartment target-

response model, consisting of a drug target compartment representing the inhibition of a 

phosphorylated unknown target protein and a drug response compartment depicting the 

inhibition of pERK as PD marker, was fit to the PD data. The model predicted (  ) and 

observed (♦) fractional inhibition of pERK are presented.  

 

Table 19. PD model parameters corresponding to pERK inhibition in an orthotopic 

U87 glioma mouse xenograft following 100 mg/kg IV ON013105 

administration 

 

Parameter mean (CV%) 

IC50m (μg/ml) 51.5
*
  

Kout (hr
-1

) 11.52 (25.6) 

Kin (hr
-1

) 11.52 (25.6)
#
 

Ktr (hr
-1

) 5.16 (48.02) 

 

*
fixed value  

   #
derived parameter  

 

5.4 Discussion 

Considerable brain and brain tumor penetration of ON013100 provided the basis 

to perform pharmacodynamic investigations of ON013100. Prior to in vivo 

pharmacodynamic evaluation of ON013105/ON013100, in vitro pharmacodynamic 

screening in U87 glioma cells was undertaken for identification of relevant PD markers. 
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Based on the limited information available on the mechanism of ON013100 (Park et al., 

2007), various proteins were investigated for their dynamic time- and concentration-

dependence in response to ON013100 that identified pERK as a putative PD marker that 

might show a similar response in vivo.  The maximum in vitro inhibition of pERK was 

seen between 30 min and 1 hr after which pERK levels gradually increased from 2 hr – 8 

hr suggesting a complex mechanism of ON013100 activity and possible existence of 

feedback mechanisms of ERK signaling.  

 

Having chosen pERK as the PD endpoint, in vivo PK/PD evaluation of 

ON013105/ON013100 was completed at 100 mg/kg dose of ON013105 given 

intravenously in a serial sacrifice study. As observed in the basic systemic 

characterization of ON013105 and ON013100 in healthy mice, rapid conversion of 

ON013105 to ON013100 was observed. The hydrophilic phosphate prodrug, ON013105 

showed negligible brain and brain tumor penetration while the lipophilic active form, 

ON013100 showed considerable distribution into brain and brain tumor of about 30 and 

300%, respectively. A preliminary integrated PK/PD model was developed to describe 

the drug disposition in plasma, brain and tumor of ON013105 and ON013100 as well as 

the PD response. The PK model used to describe the disposition of ON013105 and 

ON013100 in plasma, brain and tumor consisted of a two compartment systemic model 

for both ON013105 and ON013100 interconnected by a transfer rate constant from 

prodrug to the active form assuming complete conversion, a one-compartment tumor 

model for ON013105 and two-compartment models for ON013100 brain and tumor.  The 
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PK model was linked to PD response in a sequential manner through ON01300 brain 

tumor concentrations which is indicative of active drug concentrations at the target site.  

 

Unless the oscillating profile of pERK is attributed to inter-animal and 

measurement variability, the target-response PD model was unable to capture the 

transient increase and decrease in pERK levels at 2 hr and 4 hr, respectively which 

suggests more complex biochemical events are taking place. This transitory up and down 

profile of pERK inhibition could be explained by disruption of endogenous negative and 

positive feedback regulation of the MAPK pathway (Nakayama, Satoh, Igari, Kageyama, 

& Nishida, 2008; Shin et al., 2009) caused by ON013100. It has been reported that Ras-

Raf-MEK-ERK pathway is dynamically regulated by negative and positive feedback 

mechanisms (Shin et al., 2009), yet specifically how ON013100 could influence these 

pathways and their interactions will require more detailed studies.  ERK activity has been 

reported to exhibit oscillatory behavior owing to the negative feedback regulation from 

ERK to an upstream protein in the pathway and it has been both predicted by theoretical 

analysis with the period of oscillation ranging from 20 - 100 min (Kholodenko, 2000) as 

well as experimentally demonstrated with a  timeline of about 60 - 80 min (Nakayama et 

al., 2008; Shin et al., 2009). Various mechanisms by which pERK exhibits negative 

feedback are phosphorylation of SOS thus dissociating it from SOS-Grb2 complex which 

in turn fails to activate Ras (Dong, Waters, Holt, & Pessin, 1996), inhibition of Raf by 

phosphorylation at specific sites (Fritsche-Guenther et al., 2011) and also by exerting 

transcriptional control over negative regulators of  MAPK pathway (Pratilas & Solit, 

2010). The feedback inhibition was shown to be persistent in oncogenic proteins and has 
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serious implications for targeted therapy as inhibition of oncoprotein signaling not only 

inhibits the pathway but also relieves the feedback inhibition of either the same or other 

pathways in the signaling network (Chandarlapaty, 2012; Pratilas & Solit, 2010). Based 

on the above literature reports, it can be hypothesized that inhibition of pERK by 

ON013100 (active form of ON013105 that has considerable tumor disposition) may have 

disrupted the negative feedback loop and activated the pathway that can explain increased 

pERK levels at 2 hr and the increased pERK levels in turn may have resumed the 

feedback inhibition loop eventually decreasing pERK levels at 4 hr. Beyond 4 hr, tumoral 

ON013100 concentrations were low and ON013100 inhibitory action on pERK is 

minimal resulting in the return of pERK levels to baseline. Relief of such upstream 

feedback in the MAPK pathway may contribute to drug resistance to selective Raf and 

MEK inhibitors (Pratilas & Solit, 2010). PD 098059, a specific inhibitor of MAPK kinase 

inhibited the MAPK activation, but enhanced c-Raf activation that could be explained by 

inhibition of hyperphosphorylation of SOS thus leading to sustained activation of c-Raf 

(Alessi, Cuenda, Cohen, Dudley, & Saltiel, 1995). A similar disruption of negative 

feedback regulation was also observed in PI3K/AKT pathway wherein inhibition of AKT 

resulted in induction of expression and phosphorylation of multiple upstream receptor 

tyrosine kinases (Chandarlapaty, Sawai, Scaltriti, Rodrik-Outmezguine, & Grbovic-

Huezo, 2011).  

 

Development of negative feedback inhibition PD models to describe the pERK 

profile have yet to prove adequate and indicate further studies will be needed that 
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measure additional proteins in the implicated pathways, possibly at a greater temporal 

resolution as well as the use of a broader dose range.  

 

In summary, in vitro pharmacodynamic screening in U87 cells identified pERK as 

a putative PD marker. In vivo PK/PD study in an orthotopic U87 glioma mouse model 

following single-dose administration of ON013105 demonstrated pERK modulation and 

revealed more complex PK/PD characteristics that needed to be further explored. 
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CHAPTER 6 

CONCLUSIONS 

 

The advances in the treatment strategies in brain tumor chemotherapy has not 

improved the poor overall prognosis in glioblastoma multiforme, the most malignant 

form of all the gliomas and underlines the significance of development of more effective 

therapeutic intervention. The advent of new anticancer agents on the block, benzyl styryl 

sulfones, provided an opportunity to evaluate them for the treatment of glioma. To this 

end, comprehensive pharmacokinetic and pharmacodynamic investigations were carried 

out in mice bearing intracerebral brain tumors that could aid in planning future clinical 

trials and at the same time establish a PK/PD strategy for the preclinical development of 

such novel agents in brain tumor chemotherapy. 

 

ON01910, belonging to benzyl styryl sulfone chemical class, is a non-ATP 

competitive antineoplastic agent in early stage clinical trials and its potential in the 

treatment of brain tumors was evaluated in a detailed PK/PD study. Firstly, the systemic 

pharmacokinetics of ON01910 was characterized in healthy mice at 3 dose levels of 5 

mg/kg, 50 mg/kg and 250 mg/kg which showed a dose-dependent kinetics in the 50-fold 

dose range and significant reduction in total clearance at 250 mg/kg that could be partly 

attributed to saturable biliary elimination. It was followed by an elegant brain and brain 

tumor distribution study of ON01910 using a steady-state dosing regimen in an 

orthotropic U87 glioma model in mice and using the same xenograft model, 

pharmacodynamic investigation of ON01910.Na was carried out evaluating its 

antiangiogenic and antiproliferative potential. Steady-state infusion study showed poor 



 140 

brain and brain tumor distribution of ON01910 while PD evaluation revealed no 

anticancer activity of ON01910.Na and indicated limited utility of this compound with 

once a day dosing in this tumor model. 

  

 Due to inadequate brain and brain tumor penetration of ON01910, a more potent 

and lipophilic structural analog of ON01910.Na, ON013100, was chosen for further 

evaluation. Using a similar PK/PD approach as for ON01910.Na, pharmacokinetic 

characterization of ON013105, a prodrug of the active form ON01300, was carried out in 

healthy as well as brain tumor bearing mice. Steady-state brain and brain tumor 

distribution study in U87 orthotopic glioma model revealed high brain and brain tumor 

penetration of the active form, ON013100 while the prodrug, ON013105 itself showed 

negligible brain and brain tumor disposition and encouraged further studies on the 

pharmacodynamic characterization of ON013105/ON013100. Prior to the PK/PD 

investigation in brain tumor-bearing mice, in vitro studies in U87 glioblastoma cell line  

identified phosphorylated-ERK (pERK) as a PD marker that could subsequently serve as 

a putative PD endpoint in the in vivo study. Subsequent in vivo PK/PD investigation of 

ON013105 in mice bearing intracerebral U87 glioma at 100 mg/kg ON013105 

administered intravenously enabled quantitation of plasma and tumor concentrations of 

ON013105 and its active form, ON013100 as well as tumoral pERK levels. ON013100, 

the active form with appreciable penetration into brain tumor, exhibited pERK 

modulation with maximum inhibition of pERK levels at 0.25 hr.  
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Future investigations will be focused on determining systemic as well as brain 

tumor pharmacokinetic and pharmacodynamic properties at additional dose levels thus 

providing a dose range to study the drug effect on pERK in relation to target site (tumor) 

concentrations. Secondly, the mechanistic target of ON013100 as well as the mechanism 

responsible for the transient increase and decrease in tumoral pERK inhibition will be 

further explored at different dose levels. Different proteins in the MAPK signaling 

pathway as well as PI3K/AKT pathway will be analyzed in the tumor samples in order to 

identify the presence or disruption of feedback inhibition using Western blot. Altered 

signaling network could be revealed and confirmed by additional investigations such as 

employing siRNA interference.  Additional dose level data will facilitate development of 

a comprehensive mechanistic model. Lastly, multiple dose studies will also be planned to 

determine efficacy and PD response following continuous exposure that might better 

reveal any possible drug resistance. Comprehensive evaluation of ON013105 interplay on 

the putative targets in combination with its disposition will provide valuable information 

on the use of ON013105 as a single agent versus in combination with other agents in 

order to overcome possible drug resistance due to relief of feedback inhibition. The final 

goal of the project is to determine the potential of ON013105 in the brain tumor 

chemotherapy in the preclinical scenario that could provide guidance to the design of 

PK/PD guided clinical studies as well as assist in the selection of dose and dosage 

regimen.  

 

Overall, comprehensive pharmacokinetic and pharmacodynamic investigations 

were undertaken to evaluate and select novel compounds with a potential to be used in 
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the treatment of gliomas. The progression of studies led to the selection of a prodrug, 

ON013105 whose active form ON13100 showed appreciable brain tumor penetration and 

pharmacodynamic activity and also facilitated development of a PK/PD evaluation 

strategy in the investigation of such novel agents in a preclinical scenario. Future studies 

will emphasize on the mechanistic evaluation of ON013100 and understanding of PK/PD 

properties at additional dose levels.  
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APPENDIX A 

CHROMATOGRAMS AND METHOD VALIDATION DATA 
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Figure A.1. Representative chromatograms of blank matrix containing internal 

standard (1) and ON01910.Na PK study samples (2) in mouse plasma (a), urine (b), feces 

(c), normal brain (d) and brain tumor (e). 
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Figure A.2. MS/MS spectra of ON01910 (a) and the internal standard, ON012380 (b). 
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Figure A.3. Representative chromatograms of blank matrix containing internal 

standard (a), ON013105 and ON013100 PK study sample (b) and QC sample (c) in 

mouse plasma (1), normal brain (2) and brain tumor (3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 183 

Table A.1. Calibration curve and linearity of ON01910 analyzed by LC/MS/MS in mouse plasma 

 

Day 

Maximum 

concentration 

(ng/ml)  

Minimum 

concentration 

(ng/ml) 

y=mx + c 

  

Intercept 

  

R
2
 

R
2
 

range 

Weight 

  

Slope 

  

Slope 

CV  

1 10000 5 0.000227 

8.04 

0.00052 0.9993 0.9961-

0.9993 

1/x
2
 

2 10000 5 0.000209 0.00055 0.9991 1/x
2
 

3 10000 5 0.000225  0.0004 0.9991  1/x
2
 

4 10000 5 0.000274  0.00035 0.9961  1/x
2
 

5 10000 5 0.000188  0.000036 0.9985  1/x
2
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Table A.2. Calibration curve and linearity of ON01910 analyzed by LC/MS/MS in mouse urine 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 

R
2
 

range 

Weight 

Slope 

Slope 

CV 

1 10000 10 0.000293 1.76 -0.000052 0.9951 

0.9951-

0.9996 

1/x
2
 

2 10000 10 0.000297  -0.00037 0.9958  1/x
2
 

3 10000 10 0.000297  -0.000338 0.9962  1/x
2
 

4 10000 10 0.000286  -0.0001 0.9987  1/x
2
 

5 10000 10 0.000303  0.000207 0.9996  1/x
2
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Table A.3. Calibration curve and linearity of ON01910 analyzed by LC/MS/MS in mouse feces 

 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 R

2
 range Weight 

Slope 

Slope 

CV 

1 10000 5 0.000193 16.06 0.000222 0.9991 

0.9971-

0.9993 

1/x
2
 

2 10000 5 0.000177  0.000189 0.9987  1/x
2
 

3 10000 5 0.000144  0.000195 0.9988  1/x
2
 

4 10000 5 0.000132  0.000253 0.9993  1/x
2
 

5 10000 5 0.000185  0.000447 0.9971  1/x
2
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Table A.4. Calibration curve and linearity of ON01910 analyzed by LC/MS/MS in 10% mouse normal brain homogenate 

 

 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c  

 

Intercept 

 

 

R
2
 R

2
 range Weight 

 

Slope 

 

Slope 

CV 

1 1000 5 0.000204 3.83 0.000357 0.9996 0.9992-

0.9998 

1/x
2
 

2 1000 5 0.000204 0.000269 0.9992 1/x
2
 

3 1000 5 0.000188 0.000270 0.9998 1/x
2
 

4 1000 5 0.000197 0.000119 0.9998 1/x
2
 

5 1000 5 0.000190 0.000166 0.9998 1/x
2
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Table A.5. Calibration curve and linearity of ON01910 analyzed by LC/MS/MS in 10% mouse tumor homogenate 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 
 

 

Intercept 

 

 

R
2
 R

2
 range Weight 

 

Slope 

 

Slope 

CV 

1 10000 5 0.000201 11.05 0.000432 0.9994 

0.9974-

0.9994 

1/x
2
 

2 10000 5 0.000182  0.000121 0.9992  1/x
2
 

3 10000 5 0.000147  0.000186 0.9982  1/x
2
 

4 10000 5 0.000173  0.000126 0.9974  1/x
2
 

5 10000 5 0.000177  0.000180 0.998  1/x
2
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Table A.6. Calibration curve and linearity of ON013105 analyzed by LC/MS/MS in mouse plasma 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 R

2
 range Weight 

Slope 

Slope 

CV 

1 2250 2.2 0.000926 10.11 0.000571 0.9922 0.9922 - 

0.9958 

1/x
2
 

2 2250 2.2 0.00104 

 

0.00166 0.9956 1/x
2
 

3 2250 2.2 0.000996 

 

0.00116 0.9940 1/x
2
 

4 2250 2.2 0.00112 

 

0.00102 0.9958 1/x
2
 

5 2250 2.2 0.00120 

 

0.00076 0.9938 1/x
2
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Table A.7. Calibration curve and linearity of ON013105 analyzed by LC/MS/MS in 10% mouse brain homogenate 

 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

 

Intercept 

 

R
2
 

 

R
2
 range 

 

Weight Slope 

Slope 

CV 

1 2250 2.2 0.00106 24.73 -0.000759 0.9983 0.9973 - 

0.9989 

 

 

 

 

1/x
2
 

2 2250 2.2 0.0011 

 

0.000119 0.9988 1/x
2
 

3 2250 2.2 0.00105 

 

0.000372 0.9977 1/x
2
 

4 2250 2.2 0.00152 

 

0.000233 0.9973 1/x
2
 

5 2250 2.2 0.00175 

 

0.000836 0.9989 1/x
2
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Table A.8. Calibration curve and linearity of ON013105 analyzed by LC/MS/MS in 10% mouse tumor homogenate 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 R

2
 range Weight 

Slope 

Slope 

CV 

1 9000 2.2 0.00144 

6.9 

 

0.00165 0.9966 0.9966 - 

0.9980 

 

1/x
2
 

2 9000 2.2 0.00163 0.0005 0.9972 1/x
2
 

3 9000 2.2 0.00148 0.000194 0.9980 1/x
2
 

4 9000 2.2 0.00167 

 

0.00038 0.9975 

 

1/x
2
 

5 9000 2.2 0.00146 

 

0.000585 0.9974 

 

1/x
2
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Table A.9. Calibration curve and linearity of ON013100 analyzed by LC/MS/MS in mouse plasma 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 R

2
 range Weight 

Slope 

Slope 

CV 

1 7500 7.32 0.000434 18.61 -0.000256 0.9949 0.9931-

0.9986 

1/x
2
 

2 7500 7.32 0.000609 0.000879 0.9931 1/x
2
 

3 7500 7.32 0.000475 0.00068 0.9985 1/x
2
 

4 7500 7.32 0.000518 0.000421 0.9986 1/x
2
 

5 7500 7.32 0.000371 0.000016 0.9953 1/x
2
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Table A.10. Calibration curve and linearity of ON013100 analyzed by LC/MS/MS in 10% mouse brain homogenate 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 R

2
 range 

Weight 

Slope 

Slope 

CV  

1 7500 7.32 0.000344 28.40 0.000009 0.9955 0.9944-

0.9992 

1/x
2
 

2 7500 7.32 0.000399 -0.000099 0.9982 1/x
2
 

3 7500 7.32 0.000444 -0.000277 0.999 1/x
2
 

4 7500 7.32 0.000586 -0.000119 0.9992 1/x
2
 

5 7500 7.32 0.000682 0.000354 0.9944 1/x
2
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Table A.11. Calibration curve and linearity of ON013100 analyzed by LC/MS/MS in 10% mouse tumor homogenate 

 

Day 

Maximum 

concentration 

(ng/ml) 

Minimum 

concentration 

(ng/ml) 

y=mx + c 

Intercept R
2
 R

2
 range 

Weight 

Slope 

Slope 

CV  

1 7500 7.32 0.000672 11.32 0.000884 0.9959 0.9935 - 

0.9993 

1/x
2
 

2 7500 7.32 0.00084 0.000151 0.9985 1/x
2
 

3 7500 7.32 0.000623 -0.000406 0.9993 1/x
2
 

4 7500 7.32 0.000719 0.000027 0.9982 1/x
2
 

5 7500 7.32 0.000706 -0.000065 0.9935 1/x
2
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APPENDIX B 

IP DATA OF ON01910.Na AND IN VITRO CYTOTOXICITY DATA OF 

ON01910.Na ANALOGS 

 

 

 

Figure B.1. Time courses of mean plasma concentrations of ON01910 following IP 

and IV bolus administration of 100 mg/kg ON01910.Na to healthy mice (n = 3/time 

point). Bars, SD. 
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Table B.1. In vitro cytotoxicity of ON01910.Na analogs against U87MG glioma cells 

(IC50 values expressed in μM as mean ± SD) 

 

Compound IC50 (μM, mean ± SD) 

ON013100 0.005 ± 0.001 

ON013105 0.007 ± 0.0002 

ON01500 0.006 ± 0.001 

ON015420 0.358 ± 0.040 

ON015640 0.098 ± 0.018 

ON015690 0.151 ± 0.011 

ON015780 0.031 ± 0.003 

ON015890 0.006 ± 0.0003 

ON015930 0.004 ± 0.001 

ON01690 0.260 ± 0.021 
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APPENDIX C 

ABBREVIATIONS 

 

AUC  area under the curve 

BBB  blood-brain barrier 

BTB  blood-tumor barrier 

CDK4  cyclin dependent kinase 4 

CE  collision energy 

CLL  chronic lymphocytic leukemia  

CNS  central nervous system 

Cssbrain tumor     quasi-steady-state brain tumor concentration 

Cssbrain  quasi-steady-state normal brain concentration 

Cssplasma steady-state plasma concentration 

CXP  collision exit potential 

DP  declustering potential 

EGF  epidermal growth factor 

EGFR  epidermal growth factor receptor 

ERK  extracellular signal-regulated kinase 

ESI  electrospray ionization 

GBM  glioblastoma multiforme 

HIF-1  hypoxia inducible factor-1 

HPLC  high performance liquid chromatography 

IGF-1  insulin-like growth factor-1 
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IP  intraperitoneal 

IS  internal standard 

IV  intravenous 

LC/MS liquid chromatography/mass spectrometry 

LC/MS/MS liquid chromatography/mass spectrometry/mass spectrometry  

LLOQ  lower limit of quantitation  

MAPK  mitogen-activated protein kinase 

MCF-7/DOX doxorubicin resistant breast cancer cell line 

MCL  mantle cell lymphoma 

MDCK Mardin–Darby canine kidney cell epithelia 

MDM2 murine double minute 2  

MDS  myelodysplasia 

MOLT ALL methotrexate resistant acute lymphoid leukemia 

MRM  multiple reaction monitoring 

MRP1  multidrug resistance protein 1 

MRPs  multidrug resistance proteins 

mTOR  mammalian target of Rapamycin 

MVD  microvessel density 

PARP  Poly (ADP-ribose) polymerase-1 

PB  physiologically based 

PB-PK  physiologically based-pharmacokinetic 

PD  pharmacodynamic 

PDGF  platelet derived growth factor 
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PDGFRα/β platelet derived growth factor receptorα/β  

pERK  phosphorylated extracellular signal-regulated kinase 

P-gp  P-glycoprotein 

PI3K  phosphatidylinositol-3-kinase 

PK  Pharmacokinetic 

PMSF  phenyl methyl sulfonyl fluoride 

PPB  plasma protein binding 

PTEN  phosphatase and tensin homolog 

QC  quality control 

TCA  trichloroacetic acid 

tERK  total extracellular signal-regulated kinase 

TGF-β  transforming growth factor-β 

ULOQ  upper limit of quantitation 

VEGF  vascular endothelial growth factor 

VNI  vascular normalization index 

WHO  World Health Organization 

α-SMA α-smooth muscle actin 

 


