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Abstract 

6-Thiopurine (6TP), or 6-mercaptopurine, is an actively prescribed drug in the treatment

of acute lymphocytic leukemia since 1952. Although 6TP has beneficial and promising therapeutic 

uses, severe toxicities are associated with its use such as jaundice and hepatotoxicity. These 

toxicities are due to the higher level of accumulation of bilirubin within the body. The bilirubin 

pathway involves the conjugation of water-insoluble bilirubin to two equivalents of UDP-

glucuronic acid (UDPGA) forming the water-soluble and excretable bilirubin diglucuronide 

species. The glucuronidation of bilirubin is catalyzed by the UDP-glucuronosyl transferase (UGT) 

enzyme, and the formation of substrate UDPGA is catalyzed by the UDP-glucose dehydrogenase 

enzyme (UDPGDH).  

      The therapeutic activity of 6TP comes from two main routes: methylation of the thiol of 6TP 

and formation of a deoxy-6-thioguanosine triphosphate mimic that is incorporated into DNA 

resulting in apoptosis. In conjugation to its therapeutic metabolism, there are also detoxification 

pathways operating simultaneously that significantly reduce its therapeutic activity. In this 

pathway, oxidative metabolites of 6TP such as 8-hydroxyl-6-thiopurine (6TP-8OH), 6-

thioxanthine (6TX) and 6-thiouric acid (6TU) can be formed by xanthine oxidase. It has been 

observed that the body retains 6TU well beyond 24-hour post 6TP treatment. Therefore, we 

proposed that the observed toxicity from 6TP administration comes from either 6TP or its 

oxidative excretion metabolites’ ability to inhibit one or both enzymes (UDPGDH, UGT) in the 

bilirubin excretion pathway. To investigate the toxicity resulting from the 6TP administration 

about these two enzymatic steps, inhibition analysis of these oxidative metabolites on UDPGDH 

was assessed using a robust UV-Vis method. The inhibition profile made with regards to varying 

UDP-glucose showed weak to no inhibition of 6TP towards UDPGDH with a Ki of 288 µΜ.  



However, 6TU, (the primary oxidative metabolite which is oxidized at C2 and C8) has increased 

inhibition towards UDPGDH with Ki of 7 µΜ. Inhibition was also observed with 6TX (oxidized 

at C2) and 8-OH-6TP (oxidized at C8) with Ki values 54 and 14 µΜ, respectively. To further 

confirm the results of the UV-Vis assessment, inhibition studies were carried out using an HPLC 

method that was developed and validated to separate all the analytes in the UDPGDH catalyzed 

reaction. Inhibition studies were performed via the HPLC method showed Ki values of 105 µΜ and 

5 µΜ  for 6TP and 6TU, respectively, towards UDPGDH.   

      To assess the inhibition studies towards the UGT enzyme, an HPLC method was developed 

for the simultaneous determination of bilirubin and its mono/diglucuronides. The inhibition studies 

were carried to assess the formation of glucuronides and consumption of UDPGA in the presence 

of the inhibitors using the HPLC method developed. Neither 6TP nor 6TU were shown to inhibit 

UGT. Also, inhibition studies were carried out in vivo animal model, which further confirmed that 

6TP and 6TU do inhibit UDPGDH, but no effect on UGT activity. With these results, we 

discovered that both 6TP and its oxidative metabolites inhibit UDPGDH. Furthermore, it was 

observed that C2 and C8 positions of 6TP are important for the toxicity towards UDPGDH.  

With the goal of developing a single multi-enzymatic assay, another HPLC method was 

developed to assess the UDPGDH and UGT catalyze reactions together. This method can be used 

as a standard method to assess interference of any molecule on bilirubin excretion. Given the 

findings in this study, efforts are being directed towards the synthesis of 8-substituted 6TP analogs 

that are proposed to retain its therapeutic efficacy but have limited to no toxicity. 
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Abstract 

6-Thiopurine (6TP), or 6-mercaptopurine, is an actively prescribed drug in the treatment

of acute lymphocytic leukemia since 1952. Although 6TP has beneficial and promising therapeutic 

uses, severe toxicities are associated with its use such as jaundice and hepatotoxicity. These 

toxicities are due to the higher level of accumulation of bilirubin within the body. The bilirubin 

pathway involves the conjugation of water-insoluble bilirubin to two equivalents of UDP-

glucuronic acid (UDPGA) forming the water-soluble and excretable bilirubin diglucuronide 

species. The glucuronidation of bilirubin is catalyzed by the UDP-glucuronosyl transferase (UGT) 

enzyme, and the formation of substrate UDPGA is catalyzed by the UDP-glucose dehydrogenase 

enzyme (UDPGDH).  

      The therapeutic activity of 6TP comes from two main routes: methylation of the thiol of 6TP 

and formation of a deoxy-6-thioguanosine triphosphate mimic that is incorporated into DNA 

resulting in apoptosis. In conjugation to its therapeutic metabolism, there are also detoxification 

pathways operating simultaneously that significantly reduce its therapeutic activity. In this 

pathway, oxidative metabolites of 6TP such as 8-hydroxyl-6-thiopurine (6TP-8OH), 6-

thioxanthine (6TX) and 6-thiouric acid (6TU) can be formed by xanthine oxidase. It has been 

observed that the body retains 6TU well beyond 24-hour post 6TP treatment. Therefore, we 

proposed that the observed toxicity from 6TP administration comes from either 6TP or its 

oxidative excretion metabolites ability to inhibit one or both enzymes (UDPGDH, UGT) in the 

bilirubin excretion pathway. To investigate the toxicity resulting from the 6TP administration 

about these two enzymatic steps, inhibition analysis of these oxidative metabolites on UDPGDH 

was assessed using a robust UV-Vis method. The inhibition profile made with regards to varying 

UDP-glucose showed weak to no inhibition of 6TP towards UDPGDH with a Ki of 288 µΜ.  



However, 6TU, (the primary oxidative metabolite which is oxidized at C2 and C8) has increased 

inhibition towards UDPGDH with Ki of 7 µΜ. Inhibition was also observed with 6TX (oxidized 

at C2) and 8-OH-6TP (oxidized at C8) with Ki values 54 and 14 µΜ, respectively. To further 

confirm the results of the UV-Vis assessment, inhibition studies were carried out using an HPLC 

method that was developed and validated to separate all the analytes in the UDPGDH catalyzed 

reaction. Inhibition studies were performed via the HPLC method showed Ki values of 105 µΜ and 

5 µΜ  for 6TP and 6TU, respectively, towards UDPGDH.   

      To assess the inhibition studies towards the UGT enzyme, an HPLC method was developed 

for the simultaneous determination of bilirubin and its mono/diglucuronides. The inhibition studies 

were carried to assess the formation of glucuronides and consumption of UDPGA in the presence 

of the inhibitors using the HPLC method developed. Neither 6TP nor 6TU were shown to inhibit 

UGT. Also, inhibition studies were carried out in vivo animal model, which further confirmed that 

6TP and 6TU do inhibit UDPGDH, but no effect on UGT activity. With these results, we 

discovered that both 6TP and its oxidative metabolites inhibit UDPGDH. Furthermore, it was 

observed that C2 and C8 positions of 6TP are important for the toxicity towards UDPGDH.  

With the goal of developing a single multi-enzymatic assay, another HPLC method was 

developed to assess the UDPGDH and UGT catalyze reactions together. This method can be used 

as a standard method to assess interference of any molecule on bilirubin excretion. Given the 

findings in this study, efforts are being directed towards the synthesis of 8-substituted 6TP analogs 

that are proposed to retain its therapeutic efficacy but have limited to no toxicity. 
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1 

Introduction 

Blood stem cells are made within bone marrow and these stem cells can be divided into 

myeloid stem cells and lymphoid stem cells.1 Myeloid stem cells mature to red blood cells, 

platelets, and granulocytes; while lymphoid stem cells develop into lymphoblast cells, which can 

eventually can be turned in to three types of lymphocytes such as B, T and natural killer cells. The 

uncontrolled proliferation of these lymphocytes, especially the B or T origins in the body result in 

the acute lymphoblastic leukemia (ALL). The high level of leukemic cells in the body is toxic to 

healthy white blood cells, red blood cells and platelets that cause infection, bone pain, anemia, and 

bleeding in patients. It is also discovered that in less than 10% of patients with ALL that this cancer 

can also spread into the central nervous system.2 The pathogenesis of ALL is normally higher in 

children younger than 5 and adults over 50. The estimated new cases of ALL in the United States 

in year 2017 was 5970, including 3350 in male and 2620 in females. The overall death cases 

estimated at 1440 from ALL including 800 in men and 640 in women.1  

Treatment regimens for ALL include chemotherapy, radiation therapy, stem cell transplant 

and targeted therapy. When looking at the treatment options for an individual, the patient first 

needs to be screened for their chromosomal abnormalities that frequently come with ALL. Over 

the years, it has been observed that chromosomal abnormalities are associated with ALL and the 

most common is the Philadelphia chromosome (Ph).3-4 This is also known as BCR/ABL 

rearrangement where chromosome 9 and chromosome 22 fuses the breakpoint cluster region 

(BCR) and the Abelson (ABL) respectively. The important fact about this fused gene is that it 

encodes for chimerical oncoprotein activity, which is similar to tyrosine kinase activity. Tyrosine 

kinase is known to up-regulate many oncoproteins downstream of many cells signaling pathways 

that lead to uncontrolled cell growth and division. The Ph+ ALL patients are identified with two 



2 

essential biomarkers, which are CD25 and the chain of interleukin 2 (IL-2) receptor complex. Ph+ 

patients can be treated with tyrosine kinase inhibitors (TKIs) based chemotherapy.5-6 

The treatment of ALL is done in phases, which includes: induction, consolidation, and 

remission. During the induction phase, it is expected that all the leukemic cells in the body will be 

destroyed.7 The consolidation phase, the patient undergoes treatment that will support to destroy 

any remaining leukemic cells that can regrow. In the maintenance therapy, patients are treated with 

therapies in longer period to avoid the relapse.7 In each of these treatment regiments, therapies are 

conducted with the combination of drugs. For example, in the induction therapy patients are given 

vincristine, prednisone, cyclophosphamide, doxorubicin, and L-asparaginase over a 4-6-week 

period. In the consolidation phase, cytarabine and methotrexate are used, and in maintenance 

therapy, 6TP, methotrexate, steroids, and vincristine; intrathecal methotrexate are used for the 

treatments.8-9 

For patients in whom ALL has spread to the central nervous system (CNS), while the 

standard of care therapies are employed in each of the three cases above, sanctuary therapy is also 

performed. This therapy is also known as CNS prophylaxis would be carried out and involves 

treatments that targets the CNS where any leukemic cells can be hidden, and treatments are given 

in high doses to the brain as standard doses of chemotherapy are not sufficient to kill leukemic 

cells in the brain and spinal cord.8, 10 Up to 10% of all patients with advanced cancer has a high 

risk of brain metastasis and will develop the cancer in CNS.10 

As discussed above, multiple drugs are currently being employed in the well-designed 

treatment phases (induction, consolidation, maintenance) against ALL (Figure 1-1). However, 

studies have shown that multi-drug chemotherapy regiments, plus the TKIs for Ph+ ALL have  
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Figure 1-1. Chemical structures of drugs that use for acute lymphoblastic leukemia in different 
treatment regiments. 

 
only resulted in three-year survival of 50% or more in patients.1 Each of these treatments have 

failed to decrease the projected thousands of deaths, mostly due to the fatal toxicity associated 

with the treatments or discontinuation of therapy and frequent drug resistance. For example, 

vincristine is a one of the drug use in the chemotherapy for ALL, whose mode of action is by 

microtubule depolymerization resulting in M-phase arrest and apoptosis.11 However, the primary 

drawback associated with its use is neurotoxicity as its administration causes autonomic and 

peripheral sensory-motor neuropathy.1, 11 This is caused by the damage of the peripheral nerves 

which cause the pain and numbness in hands and feet. 

Prednisone is another essential drug in the treatment of ALL. It can bind to the 

glucocorticoid receptors in the cytoplasm, which will lead to the receptors to homodimerize and 

transfer into the nucleus. In the nucleus, these receptors interact with the glucocorticoid elements 

and eventually repress the activity of the transcription factors that up-regulate protein-1 (AP-1) or 

nuclear factor-κB (NF-κB). This process would inhibit cytokine production, induce cell cycle 
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arrest and apoptosis.1,12 Furthermore, as it has a higher half-life and CNS penetration, prednisone 

is a better candidate for CNS leukemia. However, it can also cause many adverse effects such as 

bone fracture, hypercalcemia, osteonecrosis, mood and behavior problems.12 

Toxicological studies have shown that cyclophosphamide elucidates its cytotoxicity by 

binding to DNA and inhibiting protein synthesis. Myelosuppression and cardiac dysfunction are 

reported as its adverse side effects.13 On the other hand, doxorubicin, a potent chemotherapeutic 

agent, imparts its therapeutic activity by inhibiting topoisomerase II enzyme-mediated DNA repair 

and damaging cellular membrane with free radicals. But the primary limitation associated with its 

efficacy is cardiac toxicity.14 

Asparaginase is another promising therapeutic agent used in the induction treatment 

regimens that is known to break down asparagine into aspartic acid and ammonia in leukemic 

cells. Asparagine is essential for protein synthesis and cell survival. The lack of cellular asparagine 

results in cancer cell death. One of the significant disadvantages of asparaginase is its 

hypersensitivity that leads to the inactivation of the drug by antibodies in the patient's body. Also, 

the byproducts, aspartic acid, and ammonia coming from the deamination process causes 

neurological side effects leading to coma onset.15 

Imatinib, dasatinib, and ponatinib are tyrosine kinase inhibitors that have been used to treat 

Ph+ ALL and these drugs have been resulted in the complete remission in 90% of the Ph+ patients. 

But, the drawbacks associated with these drugs are the induction of resistance in patients mostly 

due to the ABL gene mutations present in Philadelphia chromosome.16 

6-Thiopurine (6TP) has a proven record in the remission of ALL by acting as a nucleotide 

mimic for DNA incorporation resulting in a base-pair mismatch and cell death upon cell cycle 

checkpoint assessment.17 However, there are also well-documented toxicities associated with its 
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use. While some 6TP administration related toxicities have been answered, several causes of 

significant side effects have not been identified such as jaundice and severe hepatotoxicity. 

As mentioned previously, there are many drugs in the treatment of ALL, but the efficacy 

of these treatments is significantly reduced due to major side effects. With each of these treatments 

different degrees of structure-activity relationship (SAR) studies have been undertaken in the 

efforts of reducing said toxicities. However, many of these studies have included the commonly 

assumed major metabolic pathways of interest, or of need in the drugs mode of action. Given the 

urgent need for new anticancer therapies, at times, these SAR studies can be rushed and are 

conducted with limited biological scope. As such, many of the reported toxicities are not correctly 

identified to the drug of interest and the pathway responsible. Of the reported drugs employed in 

the treatment of ALL, we have chosen to focus on our efforts on the toxicology elucidation of the 

toxicities associated with 6TP and to use these studies as the guiding principles for analog 

construction that enhance its therapeutic activity (see Figure 2-6).18  

The metabolism of 6TP can be break down to two pathways: therapeutically active and 

inactive oxidative metabolites inside the body.19 These inactive oxidative metabolites may have 

contributed to the severe side effects come with the 6TP administration. Here in, the 6TP 

mechanism of action, bilirubin excretion pathway and our postulated hypothesis is discussed.   
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 1.1. 6TP Metabolism and its Mode of Toxicity 

 

Figure 1-2. Therapeutic metabolism of 6TP (1) and TIMP (2) into the dTGTP, a mimic of dGTP 
for DNA incorporation that results in cell death from base pair mismatch. Various side metabolic 
routes of 6TP are presented: i) methylation forming 6-Me-6TP (7) and 6Me-6TG (9) that induces 
checkpoint activation triggering cell death from the dTGTP incorporation, and ii) methylation of 
TIMP (2) forming 6-MeTIMP (8) that inhibits de novo purine biosynthesis. Formation of 6-
thiouric acid (12) is achieved through degradation of 4b and direct oxidation from 6TP by xanthine 
oxidase (XO). 

The therapeutic activity of 6TP (1) comes from two main routes: methylation of the thiol 

of 6TP (7) and formation of a deoxythioguanosine triphosphate mimic (dTGTP (5) illustrated in 

(Figure 1-2). The former metabolite is formed through the methylation of the thiol by thiopurine 

methyltransferase (TPMT) and has no direct therapeutic activity.20 The latter is formed through a 

cascade starting with the phosphoribosylation of 6TP (1) by hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) to access thioinosinic acid (TIMP, 2). Two key-fates diverge 

from TIMP (2), both leading to the therapeutic efficacy.21-23 En route to its primary therapeutic 
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pathway, 2 is converted to thioxanthine monophosphate (3) by inosine monophosphate 

dehydrogenase (IMPDH). This is normally the rate-limiting step of the pathway, but it has been 

found that the activity of IMPDH is higher in malignant lymphoblasts and myeloblasts compared 

to normal lymphocytes.24 Interestingly, 6TP has been shown to cause an induction of IMPDH 

which results in a four-fold increase of DNA incorporation of the deoxythioguanine mimic (5). 

Formation of the thioguanine monophosphate nucleoside (4a) is accomplished by guanosine 

monophosphate synthetase (GMPS). This step also allows for the formation of the deoxyribose 

(4b).21-23 Kinase steps convert both 4a and 4b into their corresponding triphosphate forms of RNA 

and DNA (5), respectively. Cell death via 6TP administration occurs through the incorporation of 

the nucleotide 5, which mimics and competes with endogenous guanosine nucleotides, into DNA. 

The incorporation of 5 into DNA results in base-pair mismatching and the cell undergoing 

apoptosis. However, cell death via this mechanism is not immediate.25 Multiple passages of the S-

phase are required to allow for sufficient dTGTP’s to be incorporated into DNA; upon checkpoint 

activation, recognition of the mismatch base pairing is revealed.26-28 Enhanced checkpoint 

activation with 6TP-administration comes from the methylated thiol species 7 and 9, formed from 

the methylation of 6TP (1) and 6-thioguanine (6, 6TG), respectively. Both methylated species have 

no cytotoxic properties themselves, but both induce checkpoint activation allowing for the 

identification of mismatching DNA sequences resulting in apoptosis.27 In addition to methylation 

forming its checkpoint activating species, the methylation of 2 by TPMT forms 6Me-TIMP (8), 

which has been proven to inhibit de novo purine biosynthesis.27, 29 Through this inhibition an 

increased cellular uptake of purines follows, which include 6TP. The increased influx of 6TP 

allows for increased DNA incorporation of 5 that increases the rate at which apoptosis occurs.   
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In conjunction with its therapeutic metabolism, there are also detoxification pathways 

operating simultaneously that greatly reduce the bioavailability of 6TP. En route to dTGTP (5), 

dTGMP (4b) can be used as a substrate for nucleotidases and nucleosidases that results in the 

formation of 6TG (6), which can further be converted to 6-thioxathine (11) by guanase. Xanthine 

oxidase (XO) then oxidizes the C8 position to form the 6-thiouric acid (6TU, 12), which is the 

terminal excretion metabolite of 6TP.30 The formation of 6TU can be accomplished directly from 

6TP through oxidation by XO, a species that is retained by the body well beyond 24-hours post 

6TP treatment.25 It is through this pathway that an excess of 6TP can be redirected, thus preventing 

the formation of 6Me-TIMP and dTGTP for therapeutic activity. Suppression in the formation of 

6TU can be accomplished through a combination therapy with XO inhibitors, such as allopurinol.31 

However, said combination results in new and greater toxicity that requires a lower dosage of 6TP. 

Keeping in mind that high concentrations of dTGTP are required to cause cell death, the resulting 

6TP decrease with the allopurinol co-treatment allows for cells to be rescued from this mode of 

cell death.31-32 Likewise, the decreased administration of 6TP also directly reduces the de novo 

purine biosynthesis inhibition caused by 6Me-TIMP, further diminishing its therapeutic efficacy. 

As such, the combination therapy of XO inhibitors with 6TP fails to produce a beneficial treatment 

strategy. 

 1.2. 6TP Clinical Implications 

       In contrast to 6TP anticancer activity, there also well-documented toxicities associated with 

its use. Considering the reported clinical implications, single nucleotide polymorphism associated 

with thiopurine methyltransferase (TPMT) on 6TP administration should be considered.33-34 The 

TPMT gene is found in the majority of the human genome, as two wild-type homogeneous alleles 

as well as the heterozygous variant that have nonfunctional variant allele and a wild-type allele. 
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These heterozygous patients have been identified as the patients who need dose reduction in the 

treatment of 6TP. As such, if the standard dose were given to patients it would lead to acute 

myelosuppression. Therefore, TMPT gene variation has been used to identify patients at high risk 

for 6TP toxicity. 

Also, inosine triphosphate pyrophosphate (ITPA) induced genetic polymorphism has been 

involved in the treatment of 6TP adjusted to TPMT genotype. In this case, patients that undergo 

TPMT individualized 6TP administration have shown a higher probability of having fibril 

neutropenia if they have the heterozygous allele for the ITPA.35 Furthermore, nucleoside 

transporters,MRP4 or SLC29A1, have shown to accumulate active metabolites of 6TP.35-36  

Besides these clinically addressed 6TP associated toxicities, the most reported toxicity 

associated with the 6TP administration is jaundice which is described by a high accumulation of 

bilirubin in the body.37-39 Jaundice results in the yellowing of the skin, eyes, neurotoxicity, 

hepatotoxicity and organ failures that can be life-threatening. The average person forms 2.5 mg/dL 

bilirubin amount in the body for a day. The clinical outcomes of 22 case studies reported by the 

U.S drug-induced liver injury network (DILIN), shows that 6TP administration has caused 

jaundice in 73% of the patients and that is most common among the other side effects. In this 

study, it was reported that bilirubin level inside the body had reached 7.5-13.4 mg/dL from the 

average healthy bilirubin level at 2.5 mg/dL. These toxicities were reported with 25-300 mg/day 

6TP dose over 6 month period.40 These reported toxicities lead us to think about how 6TP 

administration affects bilirubin metabolism and excretion process.  
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 1.3. Bilirubin Metabolism and Excretion 

Oxygen is transported throughout our body by hemoglobin, which consists of heme group 

and myoglobin protein. Heme is a prosthetic group that contains four tightly bound pyrrole rings 

via methenyl groups, and in the center, there is a Fe2+ which can bind and transport O2 and CO2.41 

When red blood cells are lysed, hemoglobin is released and degraded into heme and globin protein. 

The heme group can be catalyzed by heme oxygenase to form biliverdin which is eventually 

turning in to bilirubin in the presence of biliverdin reductase enzyme (Figure 1-3).42-43 

 
Figure 1-3. Biological degradation of heme groups producing bilirubin via biliverdin. This 
process required O2 and reduction via the use of NADPH. 

Although bilirubin contains two propionic acid chains and internal N atoms, it is water-

insoluble, non-polar molecule. This lower polarity can be explained by the internal H bonding that 

is formed between the carboxyl group of the propionic acid and the N atoms in the core structure 

of bilirubin.41 The carboxyl groups of the propionic acid residues should be attached to two of the 

UDP-glucuronic acid (UDPGA) molecules, to make bilirubin more water-soluble (Figure 1-3). 

This glucuronidation step is essential to disrupt the internal H bond formation of bilirubin molecule 

and make it more of a polar, water-soluble molecule for excretion from the body through bile. 

Therefore, bilirubin needs to be transferred to the liver and processed under two enzymatic 

catalytic reactions. Binding of albumin to the unconjugated form of bilirubin take it to the liver for 

these modification.41 
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When looking at the bilirubin excretion mechanism in detail, the conjugation of UDPGA 

to unconjugated bilirubin (UCB) is catalyzed by the specific isoform of UDP-glucuronosyl 

transferase, UGT1A1 in the liver. This enzyme is expressed by UGT family which is also 

responsible for expression of other eight UGT isoforms.41, 44 All eight UGT isoforms have a 

conserved exons 2 to 5 in the 3' end, and UGT1A1 contains a unique single exon unit that has 

specificity to bind to bilirubin moiety.  

On the other hand, the substrate UDPGA for the glucuronidation is facilitated by the UDP-

glucose dehydrogenase enzyme that is responsible for the conversion of UDP-Glucose (UDPG) to 

UDPGA (Figure 1-4). UDPGA has its key roles in various biosynthetic pathways and in cellular 

detoxification process. It is a donor substrate for different UGTs that promotes incorporation of 

glucuronosyl moiety into small molecules in xenobiotic metabolism.45 In addition UDPGA also 

act as a precursor for biosynthesis of different carbohydrates such as UDP-xylose and L-

ascorbate.46 UDPGDH catalyze two fold oxidation of UDPG using NAD+ as the oxidant to produce 

UDPGA.45 

Figure 1-4. Formation of the excretable bilirubin diglucuronide species from the conjugation of 
bilirubin with two UDPGA units. 
             When looking at the rate of the glucuronidation many factors influence the rate of this 

process in addition to the UGT activity. 47-48 Reinke et al, identified that the glucuronidation 

process could be altered with different nutrition states. However, the nutritional manipulation does 
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not affect the transferase enzyme. Therefore, the most logical way of interpreting the cause of the 

rate difference of glucuronidation under varying nutritional state is the supply of UDPGA via the 

UDPGDH catalyzed reaction.48 

  There is about 96% of bilirubin is in its unconjugated form in the body.41 Even though 

the bilirubin concentration increases with the high turnover of heme degradation due to disease 

conditions like leukemia, the rate of bilirubin conjugation remains the same. But the conversion of 

bilirubin to its di-glucuronide form is essential for its excretion as high level of bilirubin causes 

the number of complication in the body.   

 1.4. Proposed Hypothesis 

   While 6TP has been demonstrated to possess potent therapeutic activity in the treatment 

of various diseases, it is also plagued with severe liver toxicity and jaundice onset. The latter is a 

result of increased levels of bilirubin in the body. To date, there have been no investigations into 

any possible role in which 6TP affects the bilirubin excretion pathway. Therefore, we postulate 

that toxicity arises through the inhibition UDPGDH and/or UGT; the former is responsible for 

UDPGA supply for glucuronidation and the latter for the formation of the bilirubin-diglucuronide 

species. Furthermore, it is hypothesized that inhibition of one or both enzymatic steps is instigated 

by 6TP and its known excretion metabolites. This study outlines the work into investigating the 

possible route of toxicity resulting from the 6TP administration about these two key enzymatic 

transformations. 
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Background 

 2.1. Diagnosis of 6TP Hepatotoxicity 

There are two case reports where it has been tried to track the causes of hepatotoxicity 

coming from 6TP.37 In case 1, a 46-year-old woman was given 6TP (100 mg/day) as an 

immunosuppressant. Five months later, the patient showed severe jaundice condition with total 

bilirubin level at 11.7 mg/dL in the body. In addition to jaundice, she suffered from nausea and 

vomiting. Due to the severe liver toxicity, 6TP administration was discontinued and as a result 

bilirubin levels returned to normal levels (Figure 2-1). In the case study II, when a 53-year-old 

woman was administrated with 6TP (75 mg/day), after one-month period she also developed 

jaundice with 8 mg/dL bilirubin concentration. As shown in Figure 2-2, when the medication 

discontinued, the liver function got back to normal with right bilirubin level.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-1. Trend of serum bilirubin level in case report 1 with the 6TP administration.37 
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Figure 2-2. Trend of serum bilirubin level in case report 2 with the 6TP administration.37 
 In these two case reports, level of 6TP metabolites such as 6TG (6) and 6Me-6TP (7) was 

quantified in the patients. It was found that the 6TP metabolites levels correlate with the toxicity 

associated with 6TP administration. The 6TG (6) levels were observed within the normal range 

(210-400 pmol per 8x108 red blood cells) in both patients at 270 and 344 pmol per 8x108 red blood 

cells respectively37. 

         In contrast, 6Me-6TP (7) was found at higher than 5700 pmol per 8x108 red blood cells, 

which is significantly elevated in comparison to the toxic thresh-hold value at 6000 pmol per 8x108 

red blood cells. Here, it was postulated that 6Me-6TP (7) accumulation and disposition cause the 

renal function and it may be contributed to the hepatotoxicity.   
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         Likewise, many studies in the literature have proposed 6TP administration induced liver 

toxicity and jaundice is due to the high level of 6Me-6TP,37-39 but failed to look into the connection 

with the bilirubin excretion pathway.  

 2.2. Proposed Mechanisms on High Bilirubin Levels in Clinical Conditions 

Hyperbilirubinemia levels in the body can cause a toxic condition such as jaundice, 

hyperbilirubinemia, kernicterus, Crigler-Najjar syndrome, Gilbert’s syndrome and even death.49-

53 Although these conditions can develop due to pathological conditions like hemolysis, 

dyserythopoiesis, enzyme deficiency (genetic polymorphism), it is well observed that the drug-

associated toxicities mostly induce the elevation of serum bilirubin in the clinical conditions.  

UGT catalyzed bilirubin glucuronidation is the rate limiting step for bilirubin excretion.  

Therefore, disturbed conjugation of bilirubin to UDPGA results in high bilirubin accumulation in 

the body.54 Due to the undeveloped UGT expression at birth, neonates who are 3-4 days old can 

get jaundice as the bilirubin concentration get high in the body. Also, a mutation in the exon of 

UGT, responsible for binding of UDPGA, results in Crigler-Najjar disease in Japanese individuals 

caused by elevated level of bilirubin.55 Besides, it was reported that hypothyroidism also causes a 

decreased level of UGT levels in rats.56  

Despite these internal causes, UGT levels have been affected by external causes as well. It 

was reported that molecules like phenobarbital, spironolactone, glutethimide, rifampicin are 

capable of enhancing the UGT activity, thereby decrease the serum bilirubin level.57 At the same 

time, atazanavir, amitriptyline, ketoconazole, regorafenib, sorafenib are known UGT inhibitors 

which lowering down the bilirubin conjugation to UDPGA which subsequently increase the 

unconjugated bilirubin.58 
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Once bilirubin is degraded from the heme group, it circulates in the blood as albumin-

bound form, which will eventually be taken into the liver hepatocytes by basolateral membrane 

transporter (OATP1B1). This liver-specific transporter could bind to the negatively charged 

substrates like bilirubin. However, some drugs can inhibit OATP1B1 (HMG-CoA reductase 

inhibitors) thereby decreasing binding to the bilirubin. In this case, the unconjugated bilirubin 

concentration will increase in the body as the amount of bilirubin uptake into the liver is 

decreased.59 

On the other hand, UDPGDH activity is also a critical factor for glucuronidation as it is the 

enzyme responsible for the formation of UDPGA that is needed for bilirubin conjugation. When 

looking at drug-induced UDPGDH inhibition, high dose of acetaminophen was found to inhibit 

the UDPGDH activity in the liver and decrease UDPGA production significantly.60 Besides, 

piperine was also found to inhibit UDPGDH activity in the liver.61  

Furthermore, piperine showed non-competitive inhibition of UDPGDH and inhibition 

constant was observed at 6 µM and 16 µM with varying concentration of NAD+ and NADH 

respectively. Also, the structure-activity comparison with piperine analogs has shown that 

conjugated double bonds are essential for its inhibitory activity upon UDPGDH (Figure 2-3).61 

As shown in the example, functional groups like double bonds affect inhibition greatly. With this 

concept, investigating the oxidative metabolites of the 6TP could lead to understand its toxicity. 

 
 
 
 
 
 
 
 
Figure 2-3 Piperine Structure. Structure-activity comparison of piperine analog shows that 
conjugated double bonds are essential for its inhibition on UDPGDH. 
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 2.3. 6TP Combination Therapy with Allopurinol 

Figure 2-3. Formation of 6-thiouric acid (12) through two pathways: from degradation of one of the 
intermediates of the therapeutic pathway (5) and direct oxidation from 6TP by xanthine oxidase (XO). 

In conjunction to its therapeutic metabolism, there are also detoxification pathways 

operating simultaneously that significantly reduce the bioavailability of 6TP, shown in Figure 2-

4. En route to dTGTP (5) can be used as a substrate for nucleotidases and nucleosidases that results

in the formation of 6TG (6), which can further be converted to 6-thioxathine (11) by guanase. 

Xanthine oxidase (XO) then oxidizes the C8 position to form the 6-thiouric acid (6TU, 12), which 

is the terminal excretion metabolite of 6TP.30 The formation of 6TU can be accomplished directly 

from 6TP through oxidation by XO, a species that is retained by the body well beyond 24-hours 

post 6TP treatment.25 It is through this pathway that an excess of 6TP can be redirected, thus 

preventing the formation of 6Me-TIMP and dTGTP for therapeutic activity. Suppression in the 

formation of 6TU can be accomplished through a combination therapy with XO inhibitors, such 

as allopurinol.31 However, said combination results in new and higher toxicity that requires a lower 

dosage of 6TP. Keeping in mind that high concentrations of dTGTP are required to cause cell 

death, the resulting 6TP decrease with the allopurinol co-treatment allows for cells to be rescued 



18 

from this mode of cell death.31-32 Likewise, the decreased administration of 6TP also directly 

reduces the de novo purine biosynthesis inhibition caused by 6Me-TIMP, further diminishing its 

therapeutic efficacy. As such, the combination therapy of XO inhibitors with 6TP fails to produce 

a beneficial treatment strategy.  

 2.4. 6TP and its Analog Synthesis 

In the aim of synthesizing compounds that can insert into DNA and act as an anticancer 

drug, Hitching’s group focused on designing purine and pyrimidine antagonists.62 As such, a 

number of purines were synthesized that were modified about the amino group of the adenine with 

various aliphatic, aromatic and heterocyclic amines. In these studies, the treatment of hypoxanthine 

(13) with phosphorus pentasulfide led to 6TP (1) (Figure 2-5). Also, 6TP can be synthesized via 

6-chloropurine (28) in the same fashion.62-63 In this synthetic procedure, 28 is refluxed in 

acetonitrile and thiourea for 90 minute, which results in a yellow precipitate that needs to be 

refluxed in ethanol to obtain 6TP (1). 6TP was the first chemotherapy agent that was shown to 

incorporate in DNA and suppress cancer cell proliferation.64 

 

 

 

 

 

 

 

 
Figure 2-4. Synthetic route of 6TP from hypoxanthine (13) and 6-chloropurine (28).  
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Figure 2-5. Examples of synthesized analogs of 6TP. 

 

During the past six decades, 6TP has been modified in many ways. It has been considered 

as an excellent lead compound for SAR, and various derivatives of 6TP have been synthesized to 

enhance its bioactivity.18, 64 It has been modified about thiol group as well as about C8 position 

adding a methyl group. Modification in thiol group has given superior therapeutic activity 

compared to 6TP. 65-66 Importantly, analogs made with different naphthyl derivatives (compound 

21 to 26 in Figure 2-6) have shown to inhibit S phase cell cycle arrest, and mitochondria dependent 

cell apoptosis in HepG2 cells.65 However, biological activity of 8-Me-6TP has not been reported.  

 2.5. Methods for Kinetic Assays for UDPGDH 

UDPGA and NADH are produced in the UDPGDH catalyze reaction by using two 

equivalents of NAD+. Assessment of NADH and UDPGA in this enzymatic catalytic reaction is 
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important for the kinetic analysis of UDPGDH. There are many protocols that describe methods 

for assessing UDPGDH activity. Here are some of the main methods previously developed.  

Two fluorescence procedures have been developed to assay the activity of UDPGDH.67-68 

The enzyme incubation was performed identically, following the protocols of Singh et al. for their 

enzymatic production of UDPGA.  Tissue extracts were incubated at 35 °C for 10 min in 0.1 mL 

of 5 mM glycine and 20 mM sodium phosphate, pH 8.7, with various concentrations of substrates 

in a total volume of 3 mL.  Once 10 min elapsed from the addition of UDPGDH, 0.1 mL of 0.1 M 

Tris-HCl, pH 7.3, containing 20 mM MgCl2, 0.1% Triton X-100, 0.2 mM UDP-Xylose, 0.05 mM 

3-hydroxybenzo[a]pyrene, and 0.5 mg/mL guinea pig liver microsomal protein was added to each

incubation medium and allowed to incubate for an additional 30 minutes.  Both studies require the 

derivatization of UPDGA, which is performed by 3-hydroxybenzo-[a]pyrene in methanol to yield 

the corresponding glucuronylbenzo[a]-pyrene. Unreacted 3-hydroxybenzo[a]pyrene was 

extracted by the addition of 0.8 mL of 0.4 M NaCl and 6 mL of 2:1 chloroform:methanol.  The 

aqueous phase was removed and analyzed via fluorometry.  Burrows and Clintron (1983) reported 

the optimal wavelengths for the derivatived glucuronic acid to be 382 nm and 424 nm for excitation 

and emission, respectively.68  Singh et al. reported optimal wavelengths for the glucuronic acid 

derivative to be 378 nm and 425 nm for excitation and emission, respectively.67 The only 

difference that might address the excitation wavelength difference is that Burrows and Clintron 

performed a second chloroform/methanol extraction.   

Gainey and Phelps (1975) performed kinetic studies upon UDPGDH via UV detection.69 

Enzymatic activity was assessed in a 1 cm cuvette at 31 °C containing 100 µmol glycine-NaOH 

buffer, pH 8.7, 1 µmol of NAD+, 1 µmol of UDPG and variable amounts of UDPGDH to a final 

volume of 1 mL.  The cuvette was preincubated at the desired temperature for 2.5 minutes prior to 
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the addition of UPDG, which initiated the reaction. Kinetics determination was performed by 

monitoring the change in absorbance at 340 nm, the optimal wavelength for NADH. 

 Grubb et al. (1993) developed an HPLC method for the separation and detection of 

UDPGA in 45 minutes.70 The method, unlike its predecessors, did not require the derivatization of 

UDPGA, nor allow for possible purine interferences in monitoring the production of NADH due 

to is chromatographic separation. Incubation protocols required the addition of homogenate 

equivalent to 5x105 cells to be placed in a 2 mL glass vial that contained 0.1 M glycine buffer, pH 

8.7, and 1.25 mM NAD+. The reaction was initiated by the addition of UDPGA to give a final 

concentration of 250 µM and a final volume of 275 µL. The vial was capped and vortexed for 10 

s and placed in a shaking water bath at 37 °C for 1 hour. Termination of the reaction was done by 

heat treatment at 100 °C for 2 min with the vial cap still in place.  A 40 µL aliquot of the incubation 

sample was injected onto an Alltech Hypersil ODS (4.5 x 150 mm) C-18 analytical column for 

separation of the substrates and products from the enzymatic reaction. Chromatographic separation 

was achieved by gradient elution, which used two mobile phase systems. System A comprised of 

40 mM ammonium phosphate and 5 mM tetrabutyl ammonium dihydrogen sulfate, pH 7.16 and 

system B was comprised of system A containing 50% acetonitrile (v/v). Separation of substrates 

and products was performed with a gradient program at a flow rate of 0.5 mL/min. Mobile phase 

composition was 95% system A and 5% system B for the first 25 minutes. After which system B 

was increased to 35% over a ten-minute period and returned to 5% over ten minutes. Kinetics were 

determined based upon the production of UDPGA, eluted at 24 minutes, with monitoring the 

wavelength 262 nm with a UV detector. 
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Experimental Section 

 3.0 Supplies and Materials 

 3.0.1 Chemicals and Reagents 

All standard chemicals used in this study were the highest grades available and were 

purchased through Sigma-Aldrich (Saint Louis, MO, USA), VWR (Radnor, PA, USA), or Fisher 

Scientific (Denver, CO, USA). Specialized reagents were purchased through specific vendors. 

Glycylglycine (gly-gly: G1127), ß-nicotinamide adenine dinucleotide (NAD+: N1636), uridine 5’-

diphosphoglucose (UDPG disodium salt: U4625), uridine 5’-diphosophoglucuronic acid 

(UDPGA: U6751), uridine 5’-diphosphoglucose dehydrogenases (UDPGDH: U6885), 6-

thiopurine monohydrate (6TP), 6-thioguanine (6TG, A4882), 6-thioxanthine (6TX, T8125), 

bilirubin (including three mixed isomers, B4126), 4,5-diamino-6-hydroxypyrimidine hemisulfate 

salt (D19303), alamethicin (A5361), and pooled rat liver microsomes (M9066) were purchased 

1,2-dibromotetrachloroethan, Regorafenib, Sorafenib, Alcohol dehydrogenase from 

Saccharomyces cerevisiae, sodium L-lactate, sodium pyruvate, para-methoxybenzyl chloride, 

from Sigma-Aldrich. L-Lactate Dehydrogenase (Roche), 6-Mercaptopurine-2-ol (6-TX, QA-

6668) was purchased from Combi-Blocks, and 6-thiouric acid (6-TU, SC-213040) from Santa 

Cruz Biotechnology. HPLC-grade water was obtained by passing distilled water through a reverse 

osmosis system followed by treatment with a Thermo Scientific Barnstead Smart2Pure 3UV 

purification system (Fisher, 10-451-045), herein referred to as nanopure water. 6-chloropurine was 

purchased from AK scientific.  
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 3.0.2 Equipment 

 All standard consumable supplies used in this study were purchased from VWR or Fisher 

Scientific. Specific equipment utilized in this work are: 1) Hewlett-Packard 8452 Diode Array 

UV/Vis spectrophotometer (Palo Alto, CA, USA) equipped with a Lauda Brinkman Ecoline RE 

106 E100 circulating water bath purchased from VWR, 2) HPLC system consisting of an CBM-

20A/20Alite system controller, SIL-20AHT Auto sampler, SPD-20A, SPD-20AV UV-Vis 

Detector, LC-20AT Solvent delivery module, CTO-20A Column Oven, DGU-20A3R Degassing 

unit and LC-20AD/20AT Gradient Valve Kit purchased from Shimadzu Scientific Instruments 

(Kyoto, Japan), and 3) all incubated reactions were performed with a Labcare America 

PRECISION water bath model 25 purchased from Fisher Scientific. All HPLC separations were 

performed on a Discovery C18 analytical column, 4.6 mm x 100 mm, 5 µm particle size (504955-

30) along with the respective guard column (59576) purchased from Sigma-Aldrich. Nuclear

Magnetic Resonance Spectral Analyses: NMR spectra were obtained for all compounds using a 

400 MHz Varian spectrometer. The chemical shifts are given in parts per million (ppm) relative to 

DMSO at δ 2.50 ppm for proton spectra  

 3.0.3 Software 

 Data was processed, and all figures and tables constructed via the program Prism 7.02 for 

Mac, GraphPad Software (La Jolla, CA, USA). All chemical structures were prepared with 

ChemDraw Professional 16.0 by PerkinElmer (Waltham, MA). All statistical calculations within 

this body of work was performed by the treatment of two-way factorials (positive and negative 

controls, design structure of RCBD, and T-tests) with Statistical Analysis System (SAS) software 

for Windows (Cary, NC, USA). All NMR data was processed via Mestrelab Research software 

Mnova 10.0. 
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3.1 Experimental Design and Protocols for UDPGDH Assessment 

 3.1.1. Assessment of UDP-Glucose Dehydrogenase Activity via UV/Vis Method 

      The assessment of UDPGDH was first accomplished through UV/Vis detection. The 

limiting factor in the employment of this spectrometry method is that the purines of interest 

interfere with the molar absorptivity of NAD+ and NADH. It is possible to compensate for this 

interference by using lower levels of the purines that are non-interfering towards the detection of 

NAD+ and NADH at 340 nm. Assessment in this fashion is indirectly measuring the inhibition of 

the 6TP and its excretion, and synthetic analogs. 

      Standard preparation: A 0.50 M Gly-Gly buffer (pH 8.7 at 25 °C) was prepared by 

dissolving 1.62 g of Gly-Gly in 22 mL nanopure water, pH adjusted to 8.7 with 9 M potassium 

hydroxide and then diluted to 25 mL with nanopure water all while being shaken at 25 °C. 

Solutions of UDPG and NAD+ were prepared by dissolving 1.7 mg and 4.5 mg, respectively, into 

nanopure water resulting in 2 mM and 10 mM solutions, respectively. Each of the purines was 

screened independently for concentration levels that are non-interfering. Preparation of the 0.1 

mM 6TU solution was done by dissolving 1.8 mg into 95.5 mL of nanopure water, pH was adjusted 

to 9.5 with a 2 M sodium hydroxide solution (for solubility), pH adjusted to 7.5 with a 0.5 M 

hydrochloric acid solution (a dilute solution of HCl is required to prevent thiol oxidation), and then 

diluted to 100 mL. In an analogous fashion, samples of 6TP, 6TX, and 8Me-6TP were prepared. 

A 5 unit/mL UDPGDH solution was prepared by dissolving 0.11 mg of UDPGDH in 0.8 mL of 

0.5 M Gly-Gly while stirring; once dissolved, the solution was diluted to volume with gly-gly in a 

1 mL volumetric flask. All solutions were kept at 4 °C when not in use.  
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      Data Analysis: Absorption data points were plotted in Microsoft Excel, linearly regression 

lines obtained via Excel, and inhibition values through the plotting of each purine concentration 

verses its slope from each individual data set.  

    Procedure: Spectrometric analysis was performed on a Hewlett-Packard 8452 Diode Array 

UV/Vis spectrometer equipped with a Lauda Brinkman Ecocline RE 106 E100 circulating water 

bath. The water bath was maintained at 25 °C and the diode array was set at 340 nm, both were 

allowed to warm up 10-minutes prior to analysis. To a 1 mL cuvette, 300 mL of 0.5 M Gly-Gly 

(0.15 M final concentration), nanopure water, varying NAD+ and UDPG concentration in varying 

inhibitor concentrations were added and placed in the diode array for a 2 min thermal equilibration. 

Once 1.5 minutes elapsed, the instrument was zeroed to obtain an initial rate change in absorbance 

versus time. The reaction was initiated by addition of 20 µL of the UDPGDH solution. Thorough 

mixing by inversion of the cuvette was performed as quickly as possible and then placed in the 

holder for analysis. The reaction was monitored from 20 to 120 seconds after enzyme addition, 

and the slope was calculated from 20 to 40 seconds using the diode array software.  

Inhibitor Assessment – Saturating NAD+ varying UDPG concentration: For each analysis, 

the cuvette was prepared in the same fashion as outlined above. The final concentration of the 

components of the mixture were 150 mM Gly-Gly, 0.1 unit/mL UDPGDH, 3 mM NAD+ and 

varied concentrations of 0.1, 0.05, 0.025 and 0.02 mM of UDPG, obtained from stock solution 

addition. Nanopure water was used as a variable component to ensure that a final volume of 1 mL 

was obtained. Inhibitor analysis of the four purines was performed at two concentrations: 50 and 

100 µM for 6TP, 20 and 50 µM for 6TX and 8OH-6TP, and 5 and 10 µM for 6TU, obtained from 

their corresponding stock solutions. Each assessment was performed in triplicate. The average of 

the three were plotted and the slopes were used to determined inhibition values.  
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Saturating UDPG varying NAD+ concentration: In an analogous protocol as described for 

NAD+ saturating conditions (above), inhibitor analysis of UDPGDH was performed under UDPG 

saturating conditions (0.6 mM) with varying concentration of NAD+. 

 3.1.2. HPLC Method Development for UDPGDH Inhibitor Assessment 

Assessment of 6TP and its excretion metabolites in a direct fashion was accomplished via 

a HPLC method for separation and quantification and an enzymatic method for substrate 

assessment. 

 HPLC Method Development for Separation of UDPGDH substrates and products: 

Employing a Shimadzu analytical HPLC system the separation of both substrates and products 

were accomplished in 24-minutes, during which separation and column washing was performed. 

See detailed rationale as to specifics of the method in Chapter 4 (Figure 4-5).  

Glycyl-glycine Buffer Preparation: 0.50 M gly-gly buffer (pH 8.7 at 25 oC) was prepared 

by dissolving 2.1 g of glyglycine in 22 mL of nanopure water. The pH was adjusted to 8.7 with 9 

M potassium hydroxide then diluted to 25 ml in a 25 ml graduated cylinder.  

Substrate and Product Standard Preparations: Solutions of 5.0 mM UDPG, 1.0 mM 

UDPGA, and 1.0 mM NADH were prepared by dissolving 15.3,3.2,3.5 mg, respectively, in nano 

pure water and diluted to 5 mL in volumetric flasks. A 10.0 mM NAD+ solution was prepared by 

dissolving 33.2 mg of NAD+ in 0.5ml of 0.50 M glycylglycine buffer and diluted to 5.0 ml with 

nano pure water. 6.8 units of UDPGDH were dissolved in 6.8 mL Gly-Gly buffer, pH at 8.7.  

Procedure: The method commenced with the pre-equilibration of the Discovery Reverse-

Phase column with an 80:20 organic to aqueous mobile phases at a flow rate of 0.5 mL/min at a 

constant temperature of 35 °C. The aqueous phase consisted of 8 mM imidazole and 5 mM 

tetrabutyl ammonium hydrogen sulfate (TBAHS) at a pH 6.5. Preparation of this buffer system 
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was accomplished by dissolving 0.545 g of imidazole and 1.7 g of TBAHS in 980 ml of nanopure 

water (herein referred to as System A) and the organic phase was composed of HPLC grade 

methanol (herein referred to as System B). The pH was adjusted to 6.5 with 0.1 M NaOH and then 

diluted to volume in 1 L with nanopore water. Analysis was performed using UV/Vis detection at 

a wavelength of 262 nm. 

      The HPLC method developed employed a gradient mobile phase profile for separation and 

quantification, as shown in Figure 3-1. The method commenced with the column pre-equilibrated 

at 90:10 (noted as system A-aqueous to system B-organic) held for three-minutes, then raised to 

60:40 over one-minute and held for six-minutes, and then lowered over 2.7 minutes to 90:10 and 

held for 10 minutes for column regeneration. The total length of the run is 23.70 minutes and 

allowed for baseline separation of all substrates and products at constant elution points within the 

method. The substrates and products (UDPG, NAD+, UDPGA, and NADH) were all prepared as 

described below.  

 

Figure 3-1. Gradient profile for the developed HPLC Method with detection at 262 nm, flow 
rate 0.5 mL/min, and the mobile phase consisting of imidazole/TBAHS for the aqueous phase 
and methanol for the organic phase. 
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 3.1.3. HPLC Method Validation Procedure 

      Validation of the method was performed in adherence with the International Council for 

Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH Guidelines), 

which covered the specific guidelines set forth by both the United Stated FDA and US 

Pharmacopeia Guidelines. Rationale as to the need to adhere to such strict guidelines is for the 

future potential of the described work for clinical translation of new analogs developed through 

this research. The specific points of the guidelines and how they were assessed are described 

below. 

Selectivity: The method was evaluated for selectivity by analyzing the mixture of four 

analytes in the UDPGDH catalyzed reaction. Furthermore, blank sample (the incubation sample 

in the absence of UDPGDH) and a control sample (incubation sample in the presence of 

UDPGDH) were also evaluated. 

Linearity & Sensitivity: Calibration curves for each of the analytes were constructed to 

determine linearity. For this purpose, different concentrations of each individual component 

standard solutions (NAD+, NADH, UDPG, UDPGA) were prepared by doing serial dilution. The 

HPLC measurement of the peak area average of six replicates versus concentration of the analyte 

was used to obtain the calibration curve. LOD and LOQ values were used to determine sensitivity 

of the method. LOD is the ability of analytical method to detect the lowest concentration of the 

analyte. LOQ is the lowest concentration of the analyte that can be quantitatively determined with 

acceptable precision and accuracy. The LOD and LOQ values were determined by the following 

equation (Figure 3-2) according to ICH guidelines.  
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Figure 3-2 Equations for limit of detection (LOD) and limit of quantification (LOQ) and defined 
abbreviations. 

Accuracy: Assessment of accuracy of the method was accomplished by the analytical 

method to the true value. It was determined for these 4 analytes (UDPG(A) and NAD(H)) by using 

the standard addition technique. Spiked samples were prepared at three levels over a range of 80-

120% of the target concentration. Per the recommendation of the ICH method, the mean recoveries 

were targeted to obtain 100+/-2% at each concentration level for each analyte independently. 

Robustness: Organic solvent composition and flow-rate were changed to compare the 

system suitability parameters to ensure the integrity of the analytical procedure. To determine the 

robustness of the current method, the effect of flow rate was studied at 0.4 and 0.6 mL/min in 

comparison to the employed 0.5 mL/min. Decreasing and increasing the percentage of methanol 

in 10 % units assessed the effects of mobile phase.  

 3.1.4. Enzymatic Formation of UDPGA via UDPGDH 

The in vitro assessment of the formation, as well as the determination of the range of 

linearity of production for inhibition assessment was performed. The in vitro system was 

composed of 1 mM NAD+, 400 µM UDPG, and 150 mM Gly-Gly buffer (all prepared from stock 

solutions) and was incubated at 37 °C for 5 minutes before the addition of UDPGDH (final enzyme 

concentration of 0.01 unit/mL). The addition of nanopure water was used to maintain constant 

volume. The addition of the enzyme was assumed to be the time zero point for assessment. 

Aliquots were removed every minute for 15-minutes in 300 µL portions and transferred to a 2 mL 

Eppendorf tube. This tube was then immediately placed into a pre-equilibrated sand bath at 87 °C 

LOD= 3.3 * S/slope LOQ= 10 * S/slope 

S- standard deviation of response
Slope- slope of the regression line
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to heat shock and degrade the enzyme for three minutes. The protocol of aliquot removal, transfer, 

and placement in the sand bath was reproducible with a minor time variation of 15 seconds. The 

enzymatic production of both NADH and the desired UDPGA via this method is shown in Figure 

3-3 below. 

  

Figure 3-3. Reaction progression curve of UDGPDH catalyzed reaction – quantification of 
products NADH and UDPGA as a function of time. Each analyte is an average of three 
independent runs with standard error bars (not visible due to the size of the deviation). 

 

    Substrate and product thermal stability was assessed by placing each analyte into an 

Eppendorf tube and subjected to the sand bath thermal conditions for 10 minutes. While the 

enzyme degradation was complete at 3-minute, further thermal stability was investigated to 

illustrate the methods robustness. Aliquots were removed from tube containing the individual 

analyte and analyzed via the HPLC method developed for this enzymatic process. Results are 

shown below in Figure 3-4.  

 
 

Figure 3-4. Thermal stability of analytes of the UDPGDH enzymatic reaction as assessed by the 
developed HPLC assay. Each analyte is an average of three independent runs with standard error 
bars (not visible due to the size of the deviation).  
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 3.1.5. Enzyme Kinetics for Direct UDGPDH Assessment 

       Inhibitor Assessment of UDPGDH by 6TP and 6TU – Saturating NAD+ varying UDPG 

concentration: For each analysis, test tubes were prepared in the same fashion outlined below.  

Final concentration of the components of the mixture were 150 mM Gly-Gly, 0.1 unit/mL 

UDPGDH, 3 mM NAD+ and varied concentrations of 0.1, 0.05, 0.025 and 0.02 mM of UDPG, 

obtained from stock solution addition. Nanopure water was used as a variable component to ensure 

that a final volume of 0.5 mL was obtained. Inhibitor analysis of the two purines was performed 

at two concentrations: 50 and 100 µM for 6TP, and 5,15 µM for 6TU, obtained from their 

corresponding stock solutions. Each reaction was started by adding the enzyme and the reaction 

was carried out at 37 °C for 4 minutes followed by 3-minute heat shock. UDPGA levels were 

quantified using the developed HPLC method. Each concentration point of UDPGA was done in 

triplicate and the associated velocity of the reaction was calculated and plotting the reciprocals of 

each afforded the Lineweaver-Burke plots. As previously described, plotting the slopes of the lines 

verses the concentration of purine allowed for the determination of the Ki for both 6TP and 6TU. 

The slopes of the curves were plotted against NAD+ concentration in Graph Pad Prism 7.02 to 

obtain the Km and Vmax values.  

 3.2. Design and Protocols for UDP-Glucuronosyl Transferase (UGT) 

Assessment 

    Standard preparation: A bilirubin stock solution was prepared by dissolving bilirubin in 

100% dimethyl sulfoxide to yield a concentration of 2 mM, the stock solution was aliquoted, and 

stored at –70 °C until use. A 25 mM UDPGA stock solution was prepared by diluting 8 mg to 0.5 

mL with nanopure water, and a 10 mg/mL alamethicin solution was prepared by taking 5 mg and 

diluting to 500 µL with methanol. Preparation of the 100 mM potassium dihydrogen phosphate 
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buffer was done by dissolving 2.3 g of KH2PO4 into 80 mL of nanopure water, pH adjusted to 7.4 

with 1 M HCl and diluted to volume in a 100-mL volumetric flask. 

 3.2.1. HPLC Method Development for Bilirubin and Bilirubin Mono- and Di-

Glucuronide 

Procedure: Bilirubin and its glucuronide were separated on a Discovery C18 analytical 

column, 4.5 mm x 100 mm, 5 µM particle size with guard column. A dual mobile phase was 

employed; the aqueous phase consisted of an 8 mM imidazole & 2.5 mM TBAHS buffer at a pH 

of 6.5 in nanopure water and acetonitrile as the organic phase. A gradient elution profile was 

employed for full separation at a flow rate of 0.5 mL/min, the method begins at 10% acetonitrile 

and increases to 50% over 8 minutes, held for 5.5 minutes, increased to 95% over 4.5 minutes, 

held for 10 minutes, returned to 10% over 4 minutes and held at 10% for 2 minutes to allow for 

column regeneration as shown in Figure 3-5. The detection wavelength was 450 nm with a sample 

injection volume of 5 µL. The combined peak area for bilirubin (sum of the three isomers) was 

plotted relative to the concentration prepared for the generation of a working standard curve.  

Figure 3-5. Gradient profile for the HPLC method developed for the separation and 
quantification of the UGT enzymatic reaction. 
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 3.2.2. Bilirubin HPLC Method Validation 

Assessment of accuracy of the method was accomplished by the analytical method to the 

true value per the same protocols as described above for the UDPGDH HPLC method validation. 

It was determined for UCB by using the standard addition technique. Spiked samples were 

prepared at three levels over a range of 80-120% of the target concentration. Per the 

recommendation of the ICH method, the mean recoveries were targeted to obtain 91-94% at each 

concentration level for UCB. 

 3.2.3. Quantification of Bilirubin, Mono- & Di-glucuronide, and UDPGA Levels 

  Standard curves for both bilirubin and UDPGA were constructed and used for the 

quantification of each species. Bilirubin was quantified directly from the generated standard curve. 

A total of ten peaks for the glucuronide species, including their isomers were detected in the 

incubation samples. Peak assignment and identification of UCB, BMG1, BMG2, BDG and their 

isomers were based on their lipophilicity and polarity, as well as the elution pattern, 

chromatographic peak position and relative retention time from previous reports. The calibration 

curves for bilirubin were used to determine the concentration of the mono- and di-glucuronide 

species employing the gradient HPLC bilirubin method described above. Quantification of 

UDPGA levels was determined through the use of the constructed standard curve within the 

isocratic HPLC method developed for UDGPA.  

 3.2.4. Bilirubin Glucuronide Formation 

  Bilirubin glucuronidation was performed at 37 °C in a shaking water bath. All steps taken 

were performed in the lowest light conditions possible; the glucuronide formed was found to be 

unstable to ambient lighting. The following was added to an Eppendorf tube to achieve the final 

concentrations indicated, final volume 200 µL: potassium phosphate buffer (50 mM, pH 7.4), 
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bilirubin (10 µM), MgCl2•6H2O (0.88 mM), rat liver microsomes (RLM, 100 µg of protein/mL), 

alamethicin (22 µg/mL), and allowed to pre-incubated for 2 min. Addition of UDPGA (3.5 mM), 

referred to as the zero-time point, initiated the reaction. The mixture was allowed to shake at 37 

°C for each of the time course experiments. To each reaction 600 µL of ice-cold methanol 

containing 200 mM ascorbic acid was added to terminate the enzymatic reaction, vortexed for 2 

min, and then centrifuged at 12,000 rpm for 10 min. The supernatant was then analyzed by the 

developed gradient HPLC protocol for separation and quantification of UCB, BMG1, BMG2, and 

BDGs. 

 3.2.5. Validation of Bilirubin Glucuronide Formation 

Quantification of UCB, BMG1&2 and BDGs were performed post the quenching of UGT, 

which was performed by immersing the Eppendorf tube with the reaction mixture in a cold-water 

bath for two min. No ascorbic acid was used, as the residual material would quench the 

glucuronidase enzyme to be added. To this sample 0.1 mg/mL glucuronidase enzyme was added, 

inverted (x3), and then analyzed by the HPLC protocol developed to quantify the levels of bilirubin 

and BMG1&2 and BDGs for formation confirmation. 

 3.2.6. Inhibitor Assessment of Bilirubin Glucuronide Formation 

 Employing the same protocol, delineated above for the formation of the bilirubin 

glucuronide species, inhibitor assessment was performed. To an Eppendorf tube, 6-thiopurine or 

6-thiouric acid (50 and 75 µM final concentrations) was added alongside a control (no purine 

added) and allowed to pre-incubate for 2 min. Addition of UDPGA initiated the reaction for each 

of the time course experiments. The gradient HPLC method was employed for the 45-min time 

course experiments for the quantification of the glucuronide species. For experiments in which 

UDPGA was analyzed, the incubation protocol for the formation was altered as follows: 300 µL 
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final volume, 2.5 µM of bilirubin, 260 µM of UDPGA was employed to start the reaction, no 

alamethicin was employ as UDPGA was being assessed rather than the bilirubin species, and the 

enzyme was quenched with heat (87 °C). Quantification of UDPGA for the 1, 12, and 15-hour 

time course experiments was performed by the isocratic HPLC method described above.  

 3.3 Combined HPLC Method for UDPGDH and UGT Unified Assessment 

 3.3.1. Optimization of the Merging of the HPLC Methods for UDPGDH and UGT 

The method commenced with the column pre-equilibrated at 90:10:00 (noted as system A-

aqueous system B-methanol C-acetonitrile) held for three-minutes, then raised to 60:40:00 over 

one-minute and held for 6.5 minutes, allowing for baseline separation of all substrates and products 

of UDPGDH catalyzed reaction at constant elution points at 262 nm wavelength (Figure 3-6). 

Then lowered over a minute to 90:10:00 while changing to 450 nm.  At this point system is brought 

to 50:00:50 over 8 minutes and then increased to 95% of acetonitrile (05:00:95) over 4.5 minutes 

and held for 10 minutes allowing the elution of peaks for BDG, BMG and UCB. The system was 

then returned to initial conditions of 90:10:00 and held for 7 minutes to allow for column 

regeneration while the wavelength was returned to 262 nm.  The sample injection volume was 5 

mL and the aqueous phase consisted of an 8 mM imidazole & 2.5 mM TBAHS buffer at a pH of 

6.5. 
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Figure 3-6. Triphasic gradient HPLC method for the unified assessment of UDPGDH and UGT. 
 

 3.3.2. UDPGA and Bilirubin Glucuronide Formation in Dual Enzymatic System 

and Quantification of the Products by Unified HPLC Method 

Bilirubin glucuronidation was performed at 37 °C in a shaking water bath. All steps taken 

were performed in the lowest light conditions possible; the glucuronide formed was found to be 

unstable to ambient lighting. The following was added to an Eppendorf tube to achieve the final 

concentrations indicated, final volume 500 µL: Gly-Gly buffer (150 mM pH 6.5) NAD+ (1 mM), 

UDPG (5 mM), potassium phosphate buffer (50 mM, pH 7.4), bilirubin (10 µM), MgCl2•6H2O 

(0.88 mM), rat liver microsomes (RLM, 304 µg of protein/mL (4.4 U/mL)), alamethicin (22 

µg/mL), and allowed to pre-incubated for 2 min. Addition of UDPGDH (0.002 U/mL to 0.01 

U/mL), referred to as the zero-time point, initiated the reaction. The mixture was allowed to shake 

at 37 °C for 45 minutes. To each reaction 1.5 mL of ice-cold methanol containing 200 mM ascorbic 

acid was added to terminate the enzymatic reaction, vortexed for 2 min, and then centrifuged at 
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12,000 rpm for 10 min. The supernatant was then analyzed by the unified HPLC protocol for 

separation and quantification of UCB, BMG1, BMG2, BDGs, and UDPGA. 

3.3.3. Inhibitor Assessment of UDPGA and Bilirubin Glucuronide Formation by unified method 

Employing the same protocol delineated above for the formation of the bilirubin glucuronide 

species and UDPGA inhibitor assessment was performed. To the Eppendorf tube, 6-thiopurine, 6-

thiouric acid (75 µM final concentrations) or sorafenib, regorafenib (50 µM final concentrations) 

was added alongside a control (no purine added) and allowed to pre-incubate for 2 min. Addition 

of UDPDH initiated the reaction. The unified HPLC method was employed for the 45-min time 

course experiments for the quantification of the UDPGA and glucuronide species. 

 3.4 In Vivo Studies 

    All in vivo animal model studies were completed at the University of Texas-

Southwestern. Sprague Dawley Rats were used in the study, four rats per experimental condition. 

Hepatocytes investigations as well as rat studies were completed per standard institutional 

protocols. 

 3.5 Synthesis of 6-Thiopurine Analogs  

    Synthesis of various 6-thiopurine analogs was accomplished through established literature 

procedures directly, as well as from the development of new combined synthetic methodology 

building upon previously reported efforts towards various purine systems. 

 3.5.1. Synthesis of 8-OH-6-Thiopurine 

From commercially available 4,5-diamino-6-hydroxypyrimidine, thiol installation about 

the C6 position was accomplished under standard employed protocols with Lawesson’s reagent in 

a 43% yield as shown in Scheme 3.1. Following a Traube synthesis protocol, 4,5-diamino-6-

thiopyrimidine was heated with urea in muffle furnace until the mixture underwent a molting 
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process. The reaction was worked up under acid-base conditions followed by recrystallization to 

afford the desired 8OH-6-thiopurine in a 65% yield. The product matched reported 

characterization data. 

 

Scheme 3-1. Traube synthesis of substituted purines. 
 

 3.5.2. Route Development for the Construction of Various C8 Substituted 6TP 

Analogs 

  The synthesis of C8-substituted 6-thiopurine analogs was accomplished through the 

blending of two previous routes accessing similar, yet structurally different purine systems (See 

Chapter 2 for further details upon the previous work on purine synthesis). Shown in Scheme 3.2 

is the general route established for the construction of 6-thiopurine analogs. The general synthetic 

route developed commenced with the PMB protection of 6-chloropurine (28) to afford the N-9 

PMB protected purine (29) in 47%. An additional 33% of the N-7 protected purine was also 

obtained, and could be further elaborated onto the desired material, but has not been explored in 

this work. De-protonation of the C8 hydrogen was accomplished with a prepared solution of LDA 

followed by the addition of 1,2-dibromo-1,3,3,3-tetrachlorethane that allowed for the addition of 

a bromine upon the C8 position via a E2 mechanism in 78% yield accessing (30). The treatment 

of this functionalized C8 bromine purine with thiourea under reflux provided the nucleophilic 

additional product 31 that was immediately subjected to reflux in ethanol to provide the 8-bromo-

6-thiolpurine N9-paramethoxybenzyl compound (32) in 87%. Subjecting this material to 

concentrated sulfuric acid in toluene provided the desired C8 bromine substituted 6-thiopurine 
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analog 8-Br-6TP (33) in 81% yield. Detailed procedures on the formation of this compound can 

be found in the supplemental section (Chapter 6) of this work. From the route developed, multiple 

analogs are envisioned to be accessible through the manipulation of this route. 

 

Scheme 3-2. Synthetic route employed accessing 8-substituted-6-TP analogs from 6-
chloropurine. 
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Results and discussion 

 4.1 Inhibition Assessment of 6TP and Excretion Metabolites towards 

UDPGDH 

Recalling our central hypothesis that either 6-thiopurine (6TP) or one, or multiple, of its 

excretion metabolites could be responsible for the reported toxicity associated with its therapeutic 

administration, efforts were directed towards studying their effects upon UDP-glucose 

dehydrogenase (UDPGDH) and UDP-glucuronosyl transferase (UGT). While previous efforts in 

the elucidation of toxicity from 6TP has been undertaken, none have focused upon the bilirubin 

pathway as the key source of toxicity. Both UDPGDH and UGT are key, and critical enzymes 

within the bilirubin pathway (as discussed in chapter 1 of this work). In the efforts to probe if our 

working hypothesis is correct, efforts were focused on the construction of a rapid method to assess 

inhibition towards UDPGDH. Said enzyme is proposed to be the critical enzyme responsible for 

the reported 6TP associated toxicity.  

 4.1.1. Direct UDPGDH Inhibition Assessment: UV/Vis Method Development 

   Assessment of activity/inhibition of NAD(P)-dependent dehydrogenase catalyzed 

reactions is commonly and routinely performed by UV/Vis spectrometry methods by monitoring 

absorbance changes at 340 nm. The only caveat to performing assessment of activity in this fashion 

is that any substrate/inhibitors to be screened must not absorb at 340 nm. If wavelength overlap is 

present, it can make it difficult, or even impossible to determine if there are any substrate/inhibitor 

effects upon the enzymatic reaction. Purines, such as 6-thiopurine and its main excretion 

metabolites absorb at 340 nm and therefore prevent assessment of enzymatic activity in commonly 

employed assays. To overcome the interfering signal, we found that if the purines were screened 

in sufficiently low concentration, such that the magnitude of their absorbance at 340 nm is 
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relatively non-interfering, that inhibition studies could be performed against UDPGDH in a rapid 

and reproducible fashion. Through spectral experimentation the following allowable maximum 

concentrations were found that had negligible interference at 340 nm: 100 µM for 6TP, 50 µM for 

6TX, and 10 µM for 6TU. Lower concentrations were then analyzed for generation of inhibition 

profiles for 6TP, 6TU, and 6TX toward UDPGDH. Inhibition was assessed through saturation 

kinetics, in which either UDPG or NAD+ was saturating while the other substrate concentration 

was variable. 

Inhibition profiles for 6TP, 6TU, and 6TX against UDPGDH with varying UDPG and 

saturating NAD+ is shown in Figure 4-1 A-C, and varying NAD+ with saturating UDPG is shown 

in Figure 4-1 D-F. For each purine screened, three separate experiments were performed: no 

purine, and purine at both low and high concentration levels. From the analysis with no purine, 

under both varying UDPG and NAD+ conditions, the Km and Vmax were calculated. Determination 

of the Ki was accomplished by plotting the slope from each independent analysis set versus the 

concentration of purine, and then taking the negative-inverse value of the x-intercept. The table 

insert within Figure 4-1 summarizes the respective Ki, Km, and Vmax values for each purine in 

respect to both varying and saturating concentrations of UDPG and NAD+ concentrations. 
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Figure 4-1. Inhibition assessment towards UDPGDH by various 6TP excretion metabolites 
through Lineweaver-Burk plot analysis under UDPG varying NAD+ saturating conditions. A) 
Concentrations of 6TP, varying UDPG, screened were 0, 50, & 100 µM with slopes of each line 
0.121, 0.135, 0.1623 respectively. Plotting slopes versus concentration afforded a regression line 
of y=0.000413x+0.1188. B) Concentrations of 6TU, varying UDPG, screened were 0, 5, & 10 µM 
with slopes of each line 0.103, 0.198, 0.2565 respectively. Plotting slopes versus concentration 
afforded a regression line of y=0.0154x+0.1091. C) Concentrations of 6TX, varying UDPG, 
screened were 0, 20, & 50 µM with slopes of each line 0.117, 0.152, 0.223 respectively. Plotting 
slopes versus concentration afforded a regression line of y=0.0021x+0.1143. D) Concentrations of 
6TP, varying NAD+, screened were 0, 50, & 100 µM with slopes of each line 0.580, 0.674, 0.760 
respectively. Plotting slopes versus concentration afforded a regression line of y=0.0018x+0.5813. 
E) Concentrations of 6TU, varying NAD+, screened were 0, 5, & 10 µM with slopes of each line 
0.614, 0.685, 0.765 respectively. Plotting slopes versus concentration afforded a regression line of 
y=0.0154x+1091. E) Concentrations of 6TX, varying NAD+, screened were 0, 20, & 80 µM with 
slopes of each line 0.655, 0.708, 0.891 respectively. Plotting slopes versus concentration afforded 
a regression line of y=0.0048x+6387. 
 

To our surprise, 6TP was shown to have the lowest inhibition towards UDGPDH in 

comparison to its other two commercially available excretion metabolites (6TU & 6TX) assessed. 

Under saturation NAD+ conditions, representing the most biomimetic compared to saturating 

UDPG, which is a substrate produced and rapidly used within the body, 6TU was shown to possess 

the most potent inhibition towards UDPGDH. Interestingly, 6TX was shown to have a modestly 

comparable Ki, relative to the poor inhibition of 6TP, to 6TU. The only difference between these 

two excretion metabolites is that 6TU possess a hydroxyl at the C8 position, whereas 6TX is non-

substituted. Both 6TU and 6TX have a hydroxyl at the C2, and while this interesting, little to no 

alterations about this position can be considered. As, the therapeutically activity compound from 

6TP results from the formation of the 6-thioguanosine nucleotide mimic, which requires the 

installation of an amino group at C2. Thus, even if the C2 position is found to cause the toxicity 

resulting from 6TP administration, no alterations or substitutions at this position is possible due to 

the nucleotide formation requirements. Given the results in hand, the lack of a C8 hydroxyl in 6TX 

and a drop in inhibition begs the question; what is the effect of the C8 position within 6TP in 
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regards to both toxicity and inhibition towards UDPGDH. To answer this, the C8 hydroxyl-6TP is 

required for assessment. While this compound is commercially available, it is cost prohibitive for 

academic studies. As such, the synthesis of 8-OH-6TP was undertaken via the established and 

well-reported Traube route for purine construction. 

 4.1.2. Synthesis of 8-OH-6-thiopurine and UDPGDH Inhibition Profiling 

To assess the full effects of hydroxylation about the C2 and C8 positions (purine numbering 

shown in the Figure 4-1 table insert) of 6TP excretion metabolites, the synthesis of 8OH-6TP was 

undertaken from reported procedures in 28% yield over two-steps (Figure 4-2). In an analogous 

fashion to the three purines described above, 8OH-6TP was assessed for inhibition towards 

UDPGDH. Figure 4-3 outlines the inhibition of the C8 hydroxylated purine under varying UDPG 

concentration (Figure 4-3A) and varying NAD+ concentration (Figure 4-3B). In regard to both, 

8OH-6TP was found to inhibit UDPGDH more potently than 6TX (varying about the position of 

hydroxylation) and comparably to 6TU. The Ki with respect to varying UDPG was found to be 14 

µM and with respect to varying NAD+ 32.5 µM (summarized in Figure 4-3-table insert). 

Figure 4-2. Synthesis of 8OH-6TP via a modified Traube approach. Thiol installation through 
Lawesson reagent upon commercially available 4,5-diamino-6-hydroxylpyrimidine with 
subsequent purine formation via condensation with urea.  
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Figure 4-3. Lineweaver-Burk inhibitor assessment of 8OH-6TP under varying UDPG saturating 
NAD+ conditions (left), varying NAD+ saturating UDPG (center), and inhibitor summary (right). 
Concentrations of 8OH-6TP screened were 0, 20, & 50 µM under both condition with slopes of 
each line for varying UDPG 0.9365, 1.368, 3.422, respectively, and varying NAD+ 14.54, 18.12, 
33.81, respectively. Plotting slopes versus concentration afforded a regression line of 
y=0.0512x+0.7142 for varying UDPG and y=0.3963x+12.91 for NAD+.  
 

   With the synthesis of 8-OH-6TP and its inhibition studies toward UDPGDH complete, 

along with 6TP, 6TX, and 6TU, we have been able to conclude that it is the C8 position within 

6TP that is responsible for the greatest inhibition of UDPGDH and possibly causing the reported 

toxicity with its therapeutic administration. Most importantly, given that the C8 position plays no 

role in the formation of the 6-thioguanosine nucleotide, this position is amendable to synthetic 

manipulation for analog construction in the efforts to creating a new 6TP analog that retains its 

therapeutic character but diminished, if not eliminated toxicity. While these initial finds are a 

giant step forward in the understanding of 6TP toxicity, and can guide new analog construction, 

these results are based upon non-direct assessment of inhibition. To solidified and corroborate 

these finds a direct method is needed. As such, efforts towards the development of a HPLC 

method was undertaken and described below. 

 4.1.3. Direct UDPGDH Inhibition Assessment: HPLC Method Development 

Building upon preliminary data collected in our laboratory towards the development of an 

HPLC method to assess UDPGDH activity, efforts were placed towards the optimization of a 
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basic HPLC method. Employing a reverse-phase HPLC Discovery C-18® column and a dual 

mobile phase method basic separation of the substrates (UDPG and NAD+) and products 

(UDPGA and NADH) was achieved, but without baseline separation of the analytes nor a desired 

three-minute window to allow for cellular contaminants to elute from future in vivo studies. As 

such, efforts towards the development of a new robust HPLC assay was undertaken with three 

critical aspects that must be met: 1) possess a three-minute elution window for cellular 

contaminants, 2) baseline-separation of all analytes for full quantification of each, and 3) no 

derivatization of the analytes being required. 

 Method Development: Employing a mobile phase consisting of a buffer aqueous phase 

(Imidazole and tetrabutuyl ammonium sulfate, System A), organic phase (methanol, System B), 

wavelength of 262 nm, column oven temperature constant at 35 °C, and a flow rate of 0.5 mL/min 

method optimization was performed and guided by the three critical aspects (mentioned above). 

For the aqueous phase, it was found that an 8 mM imidazole buffer supplemented with 5 mM 

tetrabutyl ammonium hydrogen sulfate (TBAHS-ion pairing agent) at a pH of 6.5 gave the best 

separation of the analytes when used in conjunction with methanol. While numerous other mobile 

phases, specifically different buffers, were explored in this work only the efforts employing the 

imidazole/TBAHS will be discussed in this dissertation as this combination allowed for each of 

the three critical aspects to be met.  

 Isocratic Method Attempts: In the aims of creating a robust method, it was first thought 

that employing an isocratic method would allow for rapid column equilibration pre- and post-

sample injection as well as decrease issues/complications with analyte elution within changing 

mobile phase compositions. As such, multiple efforts were attempted for an isocratic separation of 

the analytes (UDPG(A) & NAD(H)), a sample composed of all four were used, employing both 



47 

nanopure water, imidazole, and imidazole/TBAHS as the aqueous phase and methanol as the 

organic phase. As illustrated in Figure 4-4, no baseline separation of the four analytes was 

observed with any combination of aqueous phases at 262 nm, with a flow rate of 1.0 mL/min. The 

last attempt, shown in purple (top chromatograph line) was run at 0.5 mL/min, which gave the best 

separation at this time. 

Figure 4-4. Summary of isocratic HPLC methods attempted for the separation of UDPG(A) and 
NAD(H) using a combination of aqueous phase buffer (imidazole and imidazole/TBAHS), 
methanol as the organic phase, and alterations of flow rate. 

All attempted isocratic condition failed to provide base line separation of the four analytes. 

Therefore, investigations into a gradient mobile phase system were undertaken. While undertaking 

these studies, an addition criteria point was added: the separation of analytes and the regeneration 

of the column needed to be accomplished within 25 min or less. Rationale for this new addition 

was for analysis speed. After applying number of variations through changing temperature, flow-

rate, mobile phase gradient, the final HPLC method with 8 mM imidazole, 5 mM TBAHS in water 

at pH 6.5 and methanol mobile phase resulted in baseline separation of four components of interest 
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(Figure 4-5).   The retention time for UDPGA is longer than the other 3 analytes. NAD+ peak is 

detected first, secondly the UDPG peak and thirdly the NADH. The entire separation time for these 

four analytes take 9.7 minutes and it was determined that the column should be equilibrated at 

10% methanol for another 10.5 minutes in order to maintain its reproducibility. Altogether the 

HPLC analytical method gradient takes 23.70 minutes. Other gradient systems attempted are 

presented in the supplemental chapter of this dissertation.  

 

Figure 4-5. Chromatogram illustrating the analyte standards: UDPG(A) and NAD(H). 

 

  The identification of each analyte was performed by single agent analysis, as illustrated in 

Figure 4-6. Higher concentration of NAD+ and UDPG and lower of NADH and UDPGA were 

employed to mimic biological conditions for future in vivo investigations.  

 

Figure 4-6. Chromatograms of individual analyte standards and a mixture sample illustrating 
peak identification. 
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 4.1.4. HPLC Method Validation 

  Validation of the HPLC method was required, given the nature of the work being 

undertaken. The investigations into the modification of a known therapeutic would require the 

following of ICH guidelines. This includes all methods of assessment of possible drug candidates. 

As such, the full validation per ICH guidelines for the HPLC method was undertaken. ICH 

guidelines are used to verify that the resolution and repeatability of the instrument are adequate 

for the analysis to be performed. System suitability parameters include the following: 1) plate 

count, 2) tailing factors, 3) resolution, 4) repeatability (%RSD), and 5) retention time. For each of 

these, six repetitions are required for their assessment.  

   The parameters to be measured and the recommended limits are shown in Table 4.1. 

Capacity factor or the retention factor is defined as quantity of solute in the mobile phase (S) 

divided by the quantity in the mobile phase (M). The quantity of solutes in each phase is equal to 

its concentration Cs or Cm times the volume of the phase Vs or Vm, respectively. Therefore k`= Cs 

Vs/ Cm Vm; k’ is a very important property to interpret and improve for quality of separation. The 

capacity factor should exceed 2 as recommended by FDA. In this method, all the three components 

show that k is greater than 2, except for the NAD+ that is at 1.3. Given that these recommended 

values are for the pharmaceutical analysis of drugs in clinical trials, and that our current assessment 

if for in vitro work, this lower than desired value is acceptable. System repeatability reflects the 

reproducibility of peak area at constant concentration of all analytes in the method. ICH values 

recommend that the %RSD value be less than 15%, in our methods the highest value is 0.4%. The 

resolution is the separation of two peaks. For better resolution larger difference in peak retention 

or narrower peaks need to be seen. Better resolution is obtained between the four components of 

interest under this method. The relative retention time for each solute is the time from the sample 
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injection to the appearance of the top of the peak in the chromatogram. The retention times for 

NAD+, UDPG, NADH, and UDPGA are 4.35, 7.82, 8.82, and 9.75 respectively.  These retention 

times are detected within less than 0.42 % RSD for more than ten repetitions. The actual peaks in 

a chromatogram usually have symmetrical Gaussian shape. Tailing factor shows how far it depart 

from it actual shape. Typically tailing factor should be less than 2 and the 4 components of interest 

show the value less than 2. The relative ability of column to furnish narrow peaks is described as 

column efficiency and is defined by the plate number N. In general, it should be more than 2000 

and the analytes give higher plate number than the recommended value as shown in Table 4.1. 

Parameters Recommendations NAD+ UDPG NADH UDPGA 

Capacity Factor 

(K’) 
k>2.0 1.3 2.9 3.4 3.8 

Repeatability 

RSD<1% for N>5 is 

desirable, Bio analytical 

assays can go up to 15% 

0.4144 0.2331 0.0665 0.1479 

Relative Retention 
4.35 ± 

0.41% 

7.82 ± 

0.01% 

8.82 ± 

0.06% 

9.75 ± 

0.14% 

Resolution 

R of > 2 between the peak of 

interest and the closest 

eluting potential interference 

7.6 15.6 2.7 4.5 

Tailing factor (T)- 

Actual tailing of 

the peak 

T 0f < 2 1.072 1.322 1.169 1.276 

Theoretical Plates 

(N) 
In general, should be > 2000 5536 36547 31870 41470 

Table 4-1. Results from the system suitability parameters assessment of the HPLC method for 
UDPGDH. 
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With the system suitability parameters complete, all (except one) within the desired 

accepted ranges, it can be concluded that the instrument is validate for the assay being performed. 

Next, method validation was performed, which includes: 1) selectivity, 2) linearity & sensitivity, 

3) accuracy, and 4) robustness. 

   Selectivity: The representative chromatograms for the mixture of four analytes in the 

UDPGDH catalyzed reaction is shown in Figure 4-5 & 4-6. Peak assignment and identification of 

analytes were confirmed with the standard addition method. All these analytes were efficiently 

separated on the HPLC via a reverse phase column, in which no interference was observed. The 

repeatability, or the precision (N>5) of the peak areas of NAD+, UDPG, NADH and UDPGA were 

in a range of 0.06-0.41% RSD. The resolution between the peak of interest and the closest eluting 

potential interference peak, should be greater than 2, and was found to be 2.7 in this method. The 

number of theoretical plates (N) should be greater than 2000, and it was found that this method 

possesses more than 5000 theoretical plates for all analytes (Table 4.1).  With these parameters, it 

can be concluded that the HPLC method exhibits good selectivity and high resolution. 

    Linearity & Sensitivity: The regression equations for calibration curves (Figure 4-7) and 

LOD, LOQ values for the four analytes are shown in Table 4-2. The HPLC method shows good 

linearity for each of four analytes and the correlation coefficients greater than 0.9983 for the four 

calibration curves. 
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Figure 4-7. Calibration/Standard Curves for UDPG(A) and NAD(H). Regression lines, 
correlation coefficients, limits of detection (LOD) and quantification (LOQ) for each analyte is 
presented in Table 4-2 below. 

 

 
Table 4-2. Regression equations, correlation coefficients, LOD, and LOQ for four analytes of 
the UDPGDH HPLC method developed. 

 UDPGA NADH NAD+ UDPG 

Equation 
for 

regression 
line 

Y=5414.2x+29611 Y=8847.5x+52542 Y=9568.5x-
8985.6 

Y=4499.6x + 
1E+06 

Correlation 
Coefficient R2 = 0.9997 R2=0.9999 R2 = 0.9999 R2 = 0.9983 

LOD 13.0 µM 7.8 µM 10.3 µM 0.27   µM 

LOQ 39.5 µM 23.7 µM 31.4 µM 0.825 µM 
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Accuracy: The method was validated for FDA guidelines for the analysis of drugs in 

biological fluids. The assay results showed that all intra- and inter-day accuracies for the four 

analytes were more than 95% in both at low, medium, high concentration levels (Table 4.3 A-D) 

UDPGA 

µM 

Intra-day assay Inter-day assay 

Conc. 

Assayed 
Recovery RSD% 

Conc. 

Assayed 
Recovery RSD% 

320.7 320.7 100.0 0.1 319.4 99.6 0.9 

296.5 296.2 100.1 0.2 296.3 100.1 0.1 

275.5 275.0 100.2 0.3 275.5 100.1 0.5 

  Table 4-3A. Intra- and inter- day accuracy for UDPGA (n=3). 

Table 4-3B. Intra- and inter- day accuracy for NADH (n=3). 

Table 4-3C. Intra- and inter- day accuracy for UDP (n=3). 

UDPG 

µM 

Intra-day assay Inter-day assay 

Conc. 

Assayed 
Recovery RSD% 

Conc. 

Assayed 
Recovery RSD% 

511.4 514.8 100.7 0.4 509.3 99.6 0.7 

471.1 470.7 99.9 0.6 472.1 100.2 0.1 

433.7 432.4 99.7 0.1 431.8 99.5 0.1 

NADH 

µM 

Intra-day assay Inter-day assay 

Conc. 

Assayed 
Recovery RSD% 

Conc. 

Assayed 
Recovery RSD% 

316.1 315.2 99.7 0.1 315.3 99.7 0.1 

291.2 290.5 99.8 0.2 291.0 99.9 0.2 

267.9 268.0 100.0 0.4 268.5 100.2 0.2 
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Table 4-3D. Intra- and inter- day accuracy for NAD+ (n=3). 

    Robustness: Organic solvent composition and flow-rate were changed to compare the 

system suitability parameters to ensure the integrity of the analytical procedure. To determine the 

robustness of the current method, the effect of flow rate was studied at 0.4 and 0.6 mL/min rather 

than the employed 0.5 mL/min. Decreasing and increasing the MeOH percentages by 10% 

increments assessed the effect of mobile phase condition. Number of theoretical plates and tailing 

factor was monitored relative to UDPGA.  No significant difference in variable parameters was 

observed under these conditions (Table 4-4), which indicate the method is robust. 

 

 

 

 

 

 

 

 

 

NAD+ µM 

Intra-day assay Inter-day assay 

Conc. 

Assayed 
Recovery RSD% 

Conc. 

Assayed 
Recovery RSD% 

585.3 565.2 96.6 0.6 559.8 95.6 0.3 

523.5 509.6 97.3 1.1 506.6 96.7 1.3 

479.9 462.5 96.4 1.8 463.3 96.5 2.5 
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Table 4-4. Robustness of the method: Number of theoretical plates and tailing factor was 
monitored relative to UDPGA.  No significant difference in variable parameters were observe 
under these conditions changed, which indicate the method is robust. 

    With the validation of the method performed, and validate to the highest levels outlined by 

ICH, the method developed can be employed in the direct assessment of 6TP and its excretion 

metabolites to validate our UV/Vis method findings.  

 4.1.5. UDPGDH Enzymatic Assessment 

    With a suitable and verified method in place for the quantification of the analytes from the 

UDPGDH catalyzed reaction, in vitro analysis of the enzymatic reaction was developed to assess 

inhibitory activity of 6TP and 6TU. Prior the inhibition study, the condition must be developed to 

ensure inactivation of UDPGDH in the enzyme reaction to prevent non-desired UDPGA 

production after the 3-minute denaturation process, which is performed by placing samples in a 87 

°C sand bath. In addition to ensuring that UDPGDH was denatured, and not producing additional 

UDPGA/NADH, the thermal stability of the products of the reaction needed to also be assessed. 

 
Flow Rate 

(mL/min) 

System Suitability Results 

Plate count UDPGA tailing 

NAD+ UDPG NADH UDPGA NAD+ UDPG NADH UDPGA 

1 0.4 6023 29728 28782 34443 1.158 1.354 1.237 1.465 

2 0.5 5224 30924 29809 36307 1.174 1.33. 1.213 1.366 

3 0.6 4678 31088 30808 37609 1.16 1.319 1.215 1.350 

Change in 

Organic mobile 

phase (MeOH) 

System Suitability Results 

Plate count UDPGA tailing 

NAD+ UDPG NADH UDPGA NAD+ UDPG NADH UDPGA 

10% less 4916 30450 29902 30206 1.167 1.326 1.220 1.388 

Actual 5224 30924 29809 36307 1.174 1.333 1.213 1.366 

10% more 5710 31000 29478 36366 1.205 1.344 1.215 1.366 
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For, if the sand bath temperatures resulted in UDPGA degradation the enzymatic assay would be 

unable to correct assess inhibition or activity of the enzymatic reaction.  

    To validate that UDPGDH was denatured using our sand bath method, 87 °C for 3 min, the 

enzymatic reaction was run for the formation of UDPGA. Aliquots were removed and assessed for 

quantification immediately after the sand bath treatment, then again 20 min and 60 min later all in 

triplicate. No change in UDPGA levels were observed, thus supporting and validating that the 

thermal sand bath conditions are sufficient to denature UDPGDH in its entirety.  

    Analyte thermal stability assessment was performed by placing analyte samples in 

Eppendorf tubes in the sand bath at 87 °C for a 10-minute period. While the enzymatic reaction 

will only be subjected to the sand bath for three-minute, longer evaluation was done to ensure not 

only stability but also reproducibility. Shown in Figure 4-8, UDPG(A) were shown to be thermal 

stable for the entire 10 minutes and bath period, with aliquots removed every minute and assessed 

via the developed HPLC method. NADH was also shown to be thermal stable, but NAD+ 

unfortunately, yet not unexpectedly was seen to degraded after three-minutes. The degradation of 

NAD+, while unfortunate, does not negatively impact the method being developed.  

 
Figure 4-8. Thermal stability assessment of UDPG(A) and NAD(H). Each analyte is an average 
of three independent runs with standard error bars (SEBs). Many SEBs are not visible due to small 
value of the error.  
 
  To ensure that all UDPGA detected in the method came from the enzymatic conversion of 

UDPG to UDPGA via UDPGDH a validation of the reaction was performed. A reaction of UDPG 

and NAD+ where placed in the appropriate buffer system in the shaking water bath. Prior to 
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UDPGDH addition an aliquot was removed and assessed for UDPGA and NADH. After the 

addition of UDPGDH another aliquot was removed 10-minutes later and assessed via the 

developed HPLC method. Shown in Figure 4-9 are the results from this UDPGA formation 

validation study. In the absence of UDPGDH, neither UDPGA nor NADH are observed, but after 

the addition of the enzyme production of these two products are observed. 

 

Figure 4-9. Representative chromatograms for formation of UDPGA, NADH in vitro UDPGDH 
catalyzed reaction mixture. 

    With a robust HPLC method in place, validation of the thermal stability of analytes, proof 

in the enzymatic production of UDPGA from UDPG the next step was to determine the range of 

linearity in the production of UDPGA in our enzymatic method. To accomplish this, the enzymatic 

reaction was run over a 15-minute period, during which aliquots were removed and assessed for 

both NADH and UDPGA concentrations every minute. Samples were analyzed in triplicate. 

Shown in Figure 4-10 are the progression curves for both NADH and UDPGA. These graphs 

reveal that there is a five-minute linearity window in the production of both NADH and UDPGA, 

which can be used for inhibition assessment of 6TP, its excretion metabolites, and future analogs 

in a direct quantification fashion. 
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Figure 4-10. Reaction progressive curve for the formation of UDPGA and NADH. Each analyte 
is an average of three independent runs with standard error bars (SEBs). Many SEBs are not visible 
due to small value of the error.  
 

 4.1.6. Direct Inhibition Assessment of UDPGDH by 6TP and 6TU 

It is of importance to recall that 6TP was shown to have a Ki of 288 µM and 6TU a Ki of 7 

µM towards UDPGDH under saturating NAD+ and varying UDPG levels as observed in our 

indirect UV/Vis method. With the development of our robust and validated HPLC method, 

construction of our UDPGDH enzymatic assay protocol the assessment of both 6TP and 6TU can 

be accomplished in a direct fashion. Employing three various concentrations of 6TP (0, 50, & 100 

µM) under saturating NAD+ conditions assessment of inhibition towards UDPGDH was performed 

and assessed via the developed HPLC assay. Lineweaver-Burk plots were obtained from the 

determination of UDPG concentrations at various purine concentrations verses the velocity of the 

reaction (assuming 3.5 mg of protein based upon unit of enzyme from the supplier). Plotting the 

slopes of these three lines verses the concentration of the purine allows for the determination of 

the Ki value. The Linweaver-Burke plots for 6TP and 6TU are shown in Figures 4-11 and 4-12. 
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Figure 4-11. Lineweaver-Burk plots for inhibitor assessment of 6TP towards UDPGDH, 
quantified by HPLC method. Each analyte is an average of three independent runs with standard 
error bars (SEBs). Many SEBs are not visible due to small value of the error.  

Figure 4-12. Lineweaver-Burk plots for inhibitor assessment of 6TU towards UDPGDH, 
quantified by HPLC method. Each analyte is an average of three independent runs with standard 
error bars (SEBs). Many SEBs are not visible due to small value of the error. 

From this direct method of inhibitor assessment, it has been found that 6TP possesses a Ki 

of 106 µM and 6TU 5.2 µM (Table 4.5). In comparison to the non-direct method, both 6TP and6TU 

are shown to have stronger inhibition towards UDPGDH, further supporting our hypothesis.  
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Table 4-5. Inhibition assessment 6TP and 6TU towards UDPGDH as assessed by the direct HPLC 
method. 

    From both the indirect and direct methods of UDPGDH assessment, we can conclude that 

6TP and its excretion metabolites possess inhibition towards this first enzymatic step of the 

bilirubin pathway. Furthermore, based upon the results from the indirect method and the synthesis 

and evaluation of 8-OH-6TP we can conclude that the C8 position is of key interest in both the 

onset of toxicity as well as the future construction of 6TP analogs. Based upon these findings, thus 

far, we can have concluded that our hypothesis of 6TP and/or its excretion metabolites do in fact 

possess inhibition towards UDPGDH to a degree that could be correlated to the associated onset 

of toxicity from 6TP administration.  

 4.2. Assessment of UDP-Glucuronosyl Transferase – 6TP and 6TU Inhibition 

Studies 

    Determination of any inhibition by either 6TP and/or 6TU, representing the two extremes 

of inhibitors towards UDPGDH, towards UDP-glucuronosyl transferase (UGT) was performed 

next. While the production of UDPGA is directly impacted by both 6TP and 6TU, the question 

that remains is, are these levels still sufficient to allow conjugation with bilirubin for excretion and 

does 6TP and/or 6TU directly inhibit this transferase step. To answer this, a HPLC method was 

required as that commercially available bilirubin quantification keys do not discriminate between 

bilirubin and its mono- and di-glucuronide forms.  

Inhibitor 
Inhibition Studies for NAD+ Saturation 

Equation for the 
Inhibition Curve R2 for the Curve Ki (µM) 

6TP (1) y = 3.0e-007x + 
3.167e-005 0.964 105.6 

6TU (12) y = 2.6e-006x + 
1.35e-005 0.998 5.2 
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 4.2.1. HPLC Method Development 

     Building upon the reported literature for HPLC assays towards UGT, an enhanced method 

was developed that allows for the baseline separation of the unconjugated bilirubin (UCB), and its 

three conjugated forms (BMG1, BMG2, and BDG). Employing the gradient method, outlined in 

chapter 3, separation of the analytes and column regeneration can be achieved within 33-minutes. 

Unlike the methods for UDPGDH, the wavelength was changed to 450 for bilirubin quantification. 

The same wavelength can be used for all of the bilirubin analytes as the chromophore remains 

unaltered in each of the four-bilirubin species. Shown in Figure 4-13 is the chromatogram from 

the developed HPLC method for the assessment of UGT.  

 

Figure 4-13. Chromatogram of UGT catalyzed reaction for the formation of mono- (BMG1/2) and 
di-(BDG) glucuronides from unconjugated bilirubin (UCB). 
 

 4.2.2. HPLC Method Validation 

As with the UDPGDH method, validation of the UGT method was undertaken, but only in 

the aspect of accuracy. The detailed validation outlined in the UDPGDH method verifies that that 

instrument is well suited to perform the methods developed, and as such the same level of 

validation was not performed for the UGT method. Given the aims of the UGT method, assessment 
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of inhibition, accuracy was assessed. The %RSD, shown in Table 4.6, was shown to be greater 

than 90% for all three trials. As such, the method was confirmed to be valid. 

Trial Level 
(%) 

Sample 
Conc. 
µM 

Amount (µM)	of	
Std.	Added 

True Con. 
(µM) 

Found 
Con. (µM) 

% 
Recovery 

1 120 5 6 5.2 4.9 94 ±9 

2 100 5 5 5 4.5 90 ±2 

3 80 5 4 4.7 4.3 91 ±9 

Table 4-6. Accuracy validation of the UGT method as outlined by ICH guidelines. 

 4.2.3. Inhibition Effects of 6TP and 6TU upon UGT 

   Further investigation into the bilirubin detoxification pathway led to inhibition studies of 6TP 

and 6TU towards UGT1. Only 6TP and 6TU were screened, as they represented the two extremes 

of inhibition towards UDPGDH with regards to varying UDPGA concentrations. To assess 

inhibition, an HPLC method was developed that allowed for the separation and quantification of 

all substrates and products from the UGT reaction. While there are reported methods to assess the 

activity of this transferase reaction, our method developed includes universal applications of each, 

as well as new aspects. This method allows for the full separation and quantification for all 

bilirubin glucuronide species and unconjugated bilirubin, as well as applications into inhibition 

assessment. 

   Shown in Figure 4-14 line A are the three isomers of unconjugated bilirubin (UCB) from 23.6-

24.2 min. Line B shows the three isomers of the bilirubin diglucuronide (BDG) species at 11.2-

11.4 mins and the various bilirubin monoglucuronides (BMG1&2) from 12.3-13.2 mins. To 

validate the formation of the various glucuronide species, a separate reaction was run and then 



63 

treated with glucuronidase, which removes the glucuronic acid upon the various forms of the 

bilirubin glucuronide species forming unconjugated bilirubin and glucuronic acid. Line C is 

obtained post glucuronidase treatment of the formed glucuronide species from line B. With the 

results from Figure 4-14, the formation of the glucuronide species is thereby confirmed and in 

extension confirms the validity of the method developed for separation of substrates and products. 

 

Figure 4-14. Chromatogram illustrating the unconjugated bilirubin starting material (line A), 
products (line B), and proof of conjugated bilirubin formation via selective enzyme degradation 
(line C). 
    Standard curves for both the mono- and di-glucuronide species was unattainable, given that 

both species are both light and thermally sensitive and have been found to degrade rapidly. To this 

end, the bilirubin standard curve (Figure 4-15-left) was employed given that the same 

chromophore species is present within UCB, BMG1&2, and BDG. To determine the range of 

linearity within the enzymatic reaction, the reaction progressive curve investigations were 

undertaken. It was found that the consumption of bilirubin, and therefore the production of the 

conjugated bilirubin species possesses a linear range of 45-minutes.  

UCB

BMG1BMG2BDG (C)	Glucuronidase	 RxN

(B)	Glucuronidation

(A)	Initial	UCB
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Figure 4-15. (Left) Bilirubin standard curve. (Right) Reaction progressive curve for UGT. Each 
analyte is an average of three independent runs with standard error bars (SEBs). Many SEBs are 
not visible due to small value of the error. 
 

Inhibition assessment of 6TP and 6TU was performed at 50 and 75 µM for both purines 

over a 45-minute incubation period. Outlined in Figure 4-16 are the levels of the BDG, the various 

BMG1&2, and UCB when treated with 50 and 75 µM of 6TP. Inhibition investigations by 6TU at 

the same conditions are shown in Figure 4-17. The apparent values for the formation of BMGs, 

BDG, and remaining UCB showed no significant difference (P>0.05) in the presence and absence 

of 6TP and 6TU. All statistical calculations are presented within the supplemental chapter of this 

work. Stability of the glucuronide species could present doubt in the accuracy of the quantification 

and in turn the validity of the inhibition profiles obtained. Therefore, assessment of inhibition by 

indirect means of a stable species could further validate the findings from the glucuronide study.  
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Figure 4-16. Inhibition studies of UDP-glucuronosyl transferase (UGT) by 6TP at 50 and 75 µM. 
Levels of unconjugated bilirubin (UCB), monoglucuronide bilirubin (BMG1 & BMG2), and 
diglucuronide bilirubin (BDG) quantified through the bilirubin standard curve. Each analyte is an 
average of three independent runs with standard error bars (n=3). 

Figure 4-17. Inhibition studies of UDP-glucuronosyl transferase (UGT) by 6TU at 50 and 75 µM. 
Levels of unconjugated bilirubin (UCB), monoglucuronide bilirubin (BMG1 & BMG2), and 
diglucuronide bilirubin (BDG) quantified through the bilirubin standard curve. Each analyte is an 
average of three independent runs with standard error bars (n=3). 

Due to the well-reported and documented instability of the glucuronide species, monitoring 

and quantifying UDPGA levels assessed activity of UGT. The previous HPLC method for 

glucuronide quantification was not applicable for UDPGA quantification due to the elution of 
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UDPGA at a gradient point in the method. However, the first HPLC method developed for 

assessment of UDPGDH could be employed for the quantification of UDPGA for UGT activity 

and inhibition studies. Successful conjugation of bilirubin to either one or two UDPGAs will form 

the desired glucuronide species, and upon any degradation of these thermally and light reactive 

species will result in the return of UCB and glucuronic acid. The glucuronic acid will have a 

different retention factor in comparison to UDPGA. Therefore, any decrease in UDPGA levels 

directly corresponds to the formation of the glucuronide species. Thermal stability of UDPGA is 

key for this method and was determined by incubating UDPGA in the reaction media over a 15-

hour period (shown in Figure 4-18 with comparison between UDPGA and mixture with no 

enzyme added at 37 °C).  

    Three time-course experiments were performed (1, 12 & 15-hours) in which UDPGA 

concentrations were determined by HPLC analysis (Figure 4-18). When the reaction was 

performed in the absence of any inhibitors, concentrations of UDPGA dropped to 241 µM after 1-

hour, 110 µM after 12-hours, and 17 µM after 15-hours from the initial 260 µM (validated by 

aliquot removal prior to the start of the reaction). Levels of UDPGA were found to be relatively 

the same when testing inhibition by 50 and 75 µM of 6TP: 241 & 242 for 1 hour, 130 & 128 for 

12 hours, and 20 & 20 for 15 hours, respectively. Inhibitor assessment of 6TU towards UGT 

afforded similar results to 6TP and the control when screened at 50 and 75 µM of 6TU: 243 & 241 

for 1 hour, 128 & 125 for 12 hours, and 20 & 16 for 15 hours, respectively. The apparent UDPGA 

levels at the end of the reaction showed no significance difference (P>0.05) in the presence and 

absence of 6TP and TU. All statistical calculations are presented within the supplemental chapter 

of this work. 
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 Figure 4-18 Assessment of UGT inhibition by 6TP and 6TU at 75 and 50 µM over three time-
course experiments of 1, 12 and 15-hours. One-hour incubations are triplicates of triplicates, 12-
hour are triplicates, and 15-hours are triplicates of duplicates.  
    To ensure that our UGT enzymatic method is working properly, given that no inhibition 

by either 6TP or 6TU was observed, assessment by known UGT inhibitors was undertaken to 

serve as a control to illustrate the soundness of the method. Two known inhibitors of UGT were 

chosen to assess inhibition of UGT, sorafenib and regorafenib. Inhibitor assessment of these two 

inhibitors, 50 µM in DMSO, revealed strong inhibition relative to the control system, only DMSO 

was added with no inhibitor (Figure 4-19 left). Given that a unified method for the assessment 

of bilirubin activity will be developed (to be discussed below) that will include both UDPGDH 

and UGT, both of these inhibitors were screened against UDPGDH for possible 

interference/inhibition. As illustrated in Figure 4.19 right, neither compound at 50 µM in DMSO 

was shown to have any significant inhibition, within the limits of standard deviation, towards 

UDPGDH relative to controls where only DMSO was added.  
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Figure 4-19. Inhibitor assessment of known UGT inhibitors sorafenib and regorafenib towards 
UGT (left) and UDPGDH (right). Inhibitors were dissolved in DMSO, as such controls with no 
inhibitors used had the same volume of DMSO added for direct comparison of the inhibition 
assessments. Each analyte is an average of three independent runs with standard error bars (SEBs). 
Many SEBs are not visible due to small value of the error. (n=3) 

   With these findings of no inhibition by either 6TP or 6TU towards UGT, we can conclude that 

the inhibition via UDPGDH is the sole inhibition point within the bilirubin pathway that could 

result in the 6TP associated toxicities resulting from its therapeutic use. Recalling the hypothesis 

behind this study, that 6TP and/or its excretion metabolites inhibit either/both UDPGDH or UGT 

resulting in toxicity, we can conclude based upon the in-direct and direct methods of UDPGDH 

and UGT assessments that we have proven this hypothesis to be true; at least in vitro. 

 4.3. Unified HPLC Method for UDPGDH and UGT Assessment 

 Given the identification of UDPGDH as the key enzyme within the bilirubin pathway that 

is inhibited by 6TP and its excretion metabolites, but also noting that while UDPGA is still 

produced from UDPGDH the underlying question that remains is if the levels of UDPGA 

produced is sufficient for bilirubin clearance by UGT. Keeping in mind the goal of the project is 

for the construction of new 6TP analogs that retains its therapeutic activity, but with limited or 
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eliminated toxicity, assessment of said analogs in a single unified assay would prove useful. No 

such method has been developed, nor has an in vitro method for the bilirubin pathway that would 

allow direct assessment and quantification of inhibition been developed or discussed in the 

literature. While the levels of UGT within the body remain relatively constant, UDPGDH is 

variable, not only in a person-to-person comparison, but also to physiology demands. As such, 

while the development of a unified HPLC method for single analysis is achievable, the 

development of a dual enzymatic system will prove more difficult.  

    Unified HPLC Method Development for UDPGDH and UGT: While two separate methods 

for the assessment of UDPGDH and UGT have been developed and successively shown to 

determine inhibition, efforts were directed towards merging the two methods into a single unified 

assessment tool for the bilirubin pathway. Given the similarities of the two methods, both using 

an imidazole/TBAHS (purposely done so) and reverse-phase column, the merging of the two 

methods was accomplished rapidly, once minor differences were reconciled. While the UDPGDH 

method requires a wavelength of 262 nm and the UGT at 450 nm, the wavelengths can be 

switched, along with adequate time for detector zeroing, within the unified method. The full 

method details are described within chapter 3, but key points will be addressed here. While the 

UDPGDH method employs methanol for the organic phase, the UGT method requires acetonitrile 

for UCB, BMG1/2, and BDG elution. This issue was resolved with the introduction of acetonitrile 

with equal reduction of methanol post the elution of UDPGA (last analyte of interest from the 

UDPGDH reaction) as shown in Figure 4-20. Both the mono- and di-glucuronide species was 

eluted post this organic phase substitution, as shown in Figure 4-21. Further increasing the 

acetonitrile percentage allowed for the elution of UCB species, after which the column was 

returned to the starting conditions with enough time included for column regeneration.  
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Figure 4-20. Tri-phasic gradient HPLC method for the unified assessment of UDPGDH and UGT. 
 

 

 

 

 

 
Figure 4-21. Chromatogram obtained at 262 nm till 12 min and then changed to 450 nm. 
 

    Development of Unified UDGPDH and UGT Enzymatic In Vitro Method: Levels of 

UDPGDH vary between people, and furthermore is dependent upon physiology stress and 

conditions. As such, efforts were placed towards finding a general ratio of UDPGDH to UGT that 

mimic the general trend of toxicity commonly seen with 6TP administration, that of increased 

UCB levels and decreased BMG levels which is solely responsible for bilirubin excretion. It is of 

note to mention that BMG1/2 are not excreted and does undergo de-glucuronidation resulting in 

increased UCB levels. After numerous attempted ratio levels of UDPGDH:UGT it was shown 
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that a ratio of 1:440 provided an accurate predictor of physiology conditions, and was 

reproducible (Figure 4-22). While the high degree of ratio proportions is great, the velocity of 

the UDPGDH reaction is far greater than the UGT conjugation reaction (nearly 50-folds greater). 

Employing the individual methods for UDPGDH and UGT with the 1:440 UDPGDH:UGT 

enzymatic system, it was observed that UDPGA levels remained nearly constant with subjected 

to either 6TP or 6TU. While this seems to contradict our initial findings that 6TU inhibits 

UDPGDH greater than 6TP, the concentration of either purine was low enough to prove to be 

nearly non-interfering (Figure 4-22 right). However, at these levels of 6TP and 6TU a clear 

difference in the formation of BDG can be observed, with 6TU showing lower amounts being 

formed at constant purine concentration. Thus suggesting, that minor changes in the physiology 

pool of UDPGA is great enough to translate into highly diminished levels of BDG for excretion, 

as shown in Figure 4-22 left. Presented within the supplemental chapter of this work are the other 

ratios of UDPGDH: UGT attempted and their levels of analyte formation. 

Figure 4-22 Overall effects of 1:440 ratio of UDPGDH: UGT with regards to UDPGA levels and 
BMG and BDG formation. Each analyte is an average of three independent runs with standard 
error bars 

While a single method, that accurately reflects the physiology levels of both UDPGDH and 

UGT is not achievable, a ratio of 1:440 provides a good insight into the behaviors of 6TP and its 
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analogs/excretion metabolites and can be used as a general method for inhibition/activity studies 

towards the bilirubin pathway. 

 4.4. In Vivo Assessment of 6TP and Inhibition of UDPGDH and UGT 

    While our in vitro studies have shown that 6TP and its excretion metabolites do inhibit 

UDPGDH, level of inhibition per species was variable, we desired to proof our hypothesis in vivo. 

With the aid of collaborators at the University of Texas-Southwestern, rat liver hepatocytes were 

acquired and levels of UCB, BMG1/2 and BDG were assessed. Assessment of these species was 

done by our developed UGT HPLC method. Shown in Figure 4-23 the control group shows higher 

levels of BMG, which is commonly reported, and was used to serve as the normalization point for 

the study. It is of interest to note that BDG is excreted, but healthy subjects do not commonly 

excrete BMG1/2. The treatment of the hepatocytes with 50 and 25 µM of 6TP resulted in nearly 

the same levels of decreased BDG formation. Relative the control, this depression was considered 

minor. On the contrary, when 10 and 5 µM of 6TU were employed a significant decrease in the 

levels of BMG was observed. While the decrease is assumed to originate from the inhibition of 

UDPGDH by 6TU by decreasing the liable pool of UDPGA and as such decreasing the conjugation 

of UCB, we cannot concretely make this claim. If the reduced BDG formation does in fact result 

from the decrease in UDPGA, the addition of UDPGA to the system should show a recovery of 

the system similar to the control group. The addition of 15 µM of UDPGA along with a high dose 

of 6TU (10 µM) resulted in the production of BDG similar to that of the control group. Thus, we 

can conclude that 6TU is in fact inhibiting UDPGDH, that results in lower levels of UDPGA and 

therefore preventing the conjugation of UCB to UDPGA for the formation of BDG. To ensure the 

UGT operating properly, as suggested by the control group, 10 µM of regorafenib was introduced 

and resulted in the near complete inhibition of UGT. 
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Figure 4-23. Hepatocyte studies with both high (50 and 10 µM) and low (25 and 5 µM) for 6TP 
and 6TU, respectively. Standard deviation is shown within the graph with a sample of n=4. 
 

 4.5. Synthesis of 6TP Analogs 

    Given the data collected, we can conclude that the C8 position of 6TP is the leading cause 

of inhibition towards UDPGDH. As such, we sought out to develop a synthetic route to gain access 

to analogs of 6TP that are substituted at the C8 position. Starting from 6-chloropurine (28) 

accessing 8-bromo-6-TP was accomplished over four steps in an overall 26% yield (Figure 4-24). 

Evaluation of this analog as yet to be assessed in our HPLC and enzymatic methods, but it is 

envisioned to be done shortly. From this route, further analogs that are substituted at the C8 

position can be accessed. To accomplish this, we propose that 32 can be elaborated onto a disulfide 

dimer. As such, the transformation of the bromine at C8 into its corresponding Grignard reagent 

can be performed, allowing for the introduction of other substituents at this position (Cl, F, Me, 

and deuterium). Reduction of the disulfide will afford new analogs of 6TP that are varied about 

the C8 position.  
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Figure 4-24. Synthetic route accessing 8-substituted 6TP analogs. 
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Conclusion 

Acute lymphocytic leukemia (ALL) is one of the more than ten types of leukemias 

currently effecting both males and females in the United States. This form of leukemia comprises 

the nearly 6,000 new cases expected in 2017, with an estimate death rate of approximately 1,500. 

Currently, multiple drugs are being employed in the fight against these leukemias. Unfortunately, 

each of these treatments has failed to help decrease the projected death rates, mostly due to fatal 

toxicity associated with the treatments or discontinuation of treatments. 6-Thiopurine (6-TP) has 

a proven record in the remission of ALL mentioned previously, but also has a well-documented 

toxicity associated with its use. The major side effect associated with 6TP treatment is jaundice 

and hepatotoxicity, both of which comes from increased concentration of bilirubin within the 

blood. Because of this of this harmful condition, 6TP needs to be administrated in on- and off-

treatment regimen to allow recovery from these toxic side-effects. However, said regiment greatly 

reduces 6TP effectiveness in the remission of leukemia. On the other hand, in excretion pathway, 

therapeutically inactive oxidative metabolites of 6TP such as 8-hydroxyl-6-thiopurine (6TP-8OH), 

6-thioxanthine (6TX) and 6-thiouric acid (6TU) can be formed. It has been observed that 6TU is 

retained by the body well beyond 24-hour post 6TP treatment.  

Noting that 6TP administration results in the onset jaundice, we hypothesize that this is 

from the direct inhibition of either/both enzymatic steps: 1) UDPGDH biological enzyme 

responsible for formation of UDPGA, or 2) UGT enzyme responsible for formation of bilirubin 

glucuronide and thereby decreasing the conjugation of bilirubin to its water-soluble glucuronide 

form for excretion.  

  To investigate the toxicity resulting from 6TP administration, inhibition analysis of these 

oxidative metabolites on UDPGDH were assessed using a robust UV-Vis method. The inhibition 
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profile made showed weak to no inhibition of 6TP towards UDPGDH with a Ki of 288 µΜ.  

However, 6TU, has increased inhibition towards UDPGDH with Ki of 7 µΜ. Inhibition was also 

observed with 6TXand 8-OH-6TP with Ki values 54 and 14 µΜ, respectively. To prevent the 

purines interference comes with UV-Vis method, the inhibition studies were carried out using a 

HPLC method that was developed and validated to separate all the analytes in the UDPGDH 

catalyzed reaction. Inhibition studies were performed via the HPLC method showed Ki values of 

105 µΜ and 5 µΜ  for 6TP and 6TU, respectively, towards UDPGDH.   

  To assess the inhibition studies towards the UGT enzyme, a HPLC method was developed 

for the simultaneous determination of bilirubin and its mono/diglucuronides. The inhibition studies 

were carried to assess the formation of glucuronides and consumption of UDPGA in the presence 

of the inhibitors using the HPLC method developed. Neither 6TP or 6TU were shown to inhibit 

UGT. In addition, inhibition studies were carried out in in vivo animal model that further confirmed 

that 6TP and 6TU do inhibit UDPGDH, but no effect on UGT activity. With these observations, 

we discovered that UDPGDH is inhibited by both 6TP and its oxidative metabolites. Furthermore, 

we can conclude that the C2 and C8 positions of 6TP are important for the associated of 6TP 

administration.  

In the aim of developing a single method that analyze combined enzymatic system, another 

HPLC method was developed to assess the UDPGDH and UGT catalyze reactions together. This 

method also can be used as a common method to assess interference of any molecule on bilirubin 

excretion. Given the findings through SAR, efforts are being directed towards the synthesis of 8-

substituted 6TP analogs. By blocking C8 position of 6TP, it can prevent the oxidation at C8. 

Therefore, it is expected that 6TP will greatly reduce its toxicities while retaining its therapeutic 

activity. 
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Final Notes: 

Buffer A (imidazole and TBAHS) and methanol, acetonitrile was filtered through 0.2 µM 

nylon membranes prior to use it in HPLC. Before starting a HPLC run, first valve B was 

maintained with 80% methanol and valve A was maintained at 20% buffer A. Once the bottles 

were filled with solvents the entire HPLC system was purged. Then concentrations of methanol, 

buffer, or acetonitrile were adjusted according to the method and left the system in this stage for 

another 20 minutes until column get equilibrated before running the samples. When changing the 

HPLC system from methanol to acetonitrile, the system was equilibrated at 100% methanol 

concentration about 20 minutes and slowly switched it to 100% acetonitrile using the method 

gradient “100MeOH to 100MeCN”. HPLC methods file used for analysis of UDPGDH, UGT and 

bi-enzymatic system are as followed. 1) CWI-106-method gradient 39, 2) CWI-300-method 

gradient 8, 3) CWI-353-combined 2. After each HPLC batch runs column was washed with 80% 

methanol with 20% water at 0.3 mL/min flow rate over night. Shorter column washes can cause 

building up column pressure.  

To obtain N-Para-methoxybenzyl-6-chloropurine (29) K2CO3 was suspended in stirred 

solution of 6-choloropurine in DMF. To this was added 4-methoxy benzyl chloride. After 20 hours, 

reaction was quenched with 2 equivalents of water and extracted with ethyl acetate. The organic 

layer was dried over sodium sulfate and concentrated under reduced pressure. The remaining DMF 

was evaporated under vacuum overnight before running the column.  

To obtain N-Para-methyoxybenzyl-8-bromo-6-chloropurine (30) addition of n-BuLi, 

compound 29 in THF, and dibromotrichlormethane should be done over 15-minute period slowly. 

The reaction was quenched with the addition of saturated ammonium chloride and was extracted 

with CH2Cl2 three times. The combined organic layers washed with brine, dried over anhydrous 
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sodium sulfate, concentrated, and the crude material was purified via flash silica gel 

chromatography (1:2 hexane:EtOAc).  

To obtain N-Para-methyoxybenzyl-8-bromo-6-thiopurine (32), compound 30, thiourea, 

and acetonitrile and brought to reflux for 2 h. The solvent was removed to afford the thiourea 

purine (31), which was used without further purification. Ethanol was added to 31 and refluxed 

for 2 h. The reaction mixture was allowed to cool and was filtered to obtain a yellow precipitate, 

which was recrystallized with water to obtain pure 32. 

To obtain 8-Bromo-6-thiopurine (33), PhMe and 32 and allowed to stir until the material 

dissolved and concentrated sulfuric acid was added and left to stir. After 2 h dark red oily solution 

will form and the PhMe was decanted from the mixture. Then diethyl ether was added and left to 

stir, which result in yellow precipitate. The precipitate filtered off and then dissolved in water. It 

was allowed to sit (2-3 h) that resulted in the formation of yellow crystals. These crystals were 

then recrystallized with methanol to afford the desired product. 
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Appendix A - Supplemental 

 1. Information on Lineweaver-Burk curves Shown in Figure 4-1 & 4-3 with 

respect to UDP-glucose Saturation 

 
Curve (UDPG 

saturation) 

 
        Equation R2 

No 6TP 

50 µM 6TP 

100 µM 6TP 

 

Y = 0.580*X + 3.348 

Y = 0.674*X + 3.473 

Y = 0.760*X + 3.633 

 

 

0.9947 

0.9986 

0.9973 

 
 

No 6TU 

5 µM 6TU 

10 µM 6TU 

 

Y = 0.614*X + 4.536 

Y = 0.685*X + 5.033 

Y = 0.765*X + 5.693 

 

0.9729 

              0.998 

0.9734 

            No 6TX 

20 µM 6TX 

50 µM 6TX 

 

Y = 25.63*X - 0.613 

Y = 32.54*X + 34.96 

Y = 43.54*X + 80.04 

 

              0.9963 

0.9999 

0.9997 

No 8-OH 6TP 

20 µM 8-OH-6TP 

50 µM 8-OH-6TP 

 

 

Y = 14.54*X + 24.08 

Y = 18.12*X + 29.88 

Y = 33.81*X + 80.85 

 

 

0.9999 

0.9991 

0.9899 
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2. Information on Lineweaver-Burk curves Shown in Figure 4-1 & 4-3 with

respect to NAD+ Saturation 

Curve (NAD+ 

Saturation) 

Equation R2 

No 6TP 

50 µM 6TP 

100 µM 6TP

Y= 0.121*X+ 2.27 

Y= 0.135*X+ 2.61 

Y= 0.162*X+ 3.68 

0.9879 

0.9961 

1

No 6TU 

5 µM 6TU 

10 µM 6TU

Y= 0.103*X+ 4.73 

Y= 0.198*X+ 5.26 

Y= 0.256*X+ 5.89 

0.9798 

0.9732 

0.9853

No 6TX 

20 µM 6TX 

50 µM 6TX

Y= 0.117*X+ 4.93 

Y= 0.152*X+ 6.18 

Y= 0.222*X+ 10.7 

0.9990 

0.9987 

0.9958

No 8-OH-6TP 

20 µM 8-OH-6TP 

50 µM 8-OH-6TP

Y= 0.936*X+ 22.5 

Y= 1.368*X+ 27.9 

Y= 3.422*X+ 54.2 

0.9952 

0.9984 

0.9975
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 3. Gradient Profiles Tried for UDPGDH HPLC Method, Detection at 262 nm, 

Flow Rate 0.5 mL/min with an Imidazole/TBAHS Aqueous Phase and 

Methanol as Organic Phase 
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 4. Summary Inhibition Curves Shown in Figure 4-11 & 4-12 with respect to 

NAD+ Saturation 

 

 

 

  

  

  

  

  

  

 5. Information on Lineweaver-Burk curves Shown in Figure 4-11 with 

respect to NAD+ Saturation 

 

 

 

Curve (NAD
+
 Saturation) 

  
Equation R

2 

 

No 6TP 

50 µM 6TP 

100 µM 6TP 

  

Y= 0.00003*X+ 0.008167 

Y= 0.00005*X+ 0.009306 

Y= 0.00006*X+ 0.009683 

  

  

0.8301 

0.9349 

0.8683 

 

No 6TU 

5 µM 6TU 

15 µM 6TU 

  

Y= 0.00001*X+0.0067 

Y= 0.00002*X+ 0.0081 

Y= 0.00004*X+ 0.0096 

  

  

0.848 

0.921 

0.883 

1/[UDPG] 6TP Concentration µM 

100 50 0 

10 0.01003	±0.0001 0.00954	±0.0007 0.00809±0.0002 

20 0.01150±	0.00002 0.01053±	0.00002 0.00882±	0.00031 

40 0.01139±	0.0001 0.0115±	0.00002 0.00941±	0.00031 

50 0.01258±	0.0004 0.01135±	0.0002 0.00941±	0.00041 
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6. Information on Lineweaver-Burk curves Shown in Figure 4-12 with

respect to NAD+ Saturation 

7. Gradient Profiles Tried for UGT HPLC Method, Detection at 450 nm, Flow

Rate 0.5 mL/min with an Imidazole/TBAHS Aqueous Phase and Acetonitrile 

1/[UDPG] 6TU Concentration µM 

10 5 0 

10 0.01162	±0.001 0.00938	±	0.0006 0.00734	±0.00013 

20 0.01164±	0.0003 0.00913±0.00041 0.00718±	0.0001 

40 0.01045±	0.0007 0.00883±	0.0004 0.00712±	0.0001 

50 0.01003±	0.0009 0.00823±	0.0005 0.0068±	0.0001 

Datafile Name:CWI-303-aceto5.lcd
Sample Name:standard

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 min
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C.Conc
A.ConcCWI-303-aceto5.lcd Detector A Ch1 450nm 

Datafile Name:CWI-297-GLUCURONIDE C3.lcd
Sample Name:standard

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 min

-0.25
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0.25

0.50
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 8. Inhibition Assessment of UGT1A1 with regards to Varying 6TP and 6TU 

Concentrations. Each data set was run in triplicate with standard deviation 

values given in parentheticals 

Bilirubin 

Species 
Control 50 µM 6TP 75 µM 6TP 50 µM 6TU 75 µM 6TU 

UCB 
3.72 µM 

(±0.38) 

3.17 µM 

(±0.46) 

4.35 µM 

(±0.87) 

3.05 µM 

(±0.77) 

3.49 µM 

(±0.54) 

BMG1 
1.82 µM 

(±0.04) 

1.70 µM 

(± 0.14) 

1.72 µM 

(± 0.34) 

1.85 µM 

(± 0.21) 

2.09 µM 

(± 0.03) 

BMG2 
4.24 µM 

(±0.34) 

4.05 µM 

(±0.07) 

4.61 µM 

(±0.86) 

4.40 µM 

(±0.56) 

5.21 µM 

(±0.30) 

BDG 
0.23 µM 

(±0.02) 

0.23 µM 

(±0.13) 

0.17 µM 

(±0..19) 

0.19 µM 

(±0.23) 

0.32 µM 

(±0.28) 
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 9. Inhibition Assessment of UGT1A1 with regards to Varying 6TP and 6TU 

Concentrations as Quantified by UDPGA Consumption. Each data set was 

run in triplicate with standard deviation values given in parentheticals 

 

 

 
Duration of the Reaction 

1-hour 12-hour 15-hour 

UDPGA 

Control 

241 µM  

(± 5.6) 

110 µM  

(± 0.06) 

17 µM  

(± 4.9) 

RxN No 

Enzyme 

252 µM  

(± 5.6) 

243 µM  

(± 0.07) 

253 µM  

(± 5.6) 

Full RxN 
251 µM  

(± 5.2) 

245 µM  

(± 0.21) 

252 µM  

(± 4.2) 

75 µM 6TP 
242 µM  

(± 3.4) 

128 µM  

(± 3.08) 

20 µM  

(± 3.5) 

75 µM 6TU 
241 µM  

(± 7.5) 

125 µM  

(± 0.05) 

16 µM  

(± 4.2) 

50 µM 6TP 
241 µM  

(± 1.7) 

130 µM  

(± 0.05) 

20 µM  

(± 2.1) 

50 µM 6TU 
243 µM  

(± 5.1) 

128 µM  

(± 2.16) 

20 µM  

(± 0.7) 
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10. Overall Effects of 1:2200 Ratio of UDPGDH: UGT with regards to

UDPGA Levels and BMG and BDG Formation with UDPGDH Inhbitors 

11. Information on Overall Effects of 1:440 Ratio of UDPGDH (Figure 4-22):

UGT with regards to UDPGA Levels and BMG and BDG Formation with 

UDPGDH Inhibitors 

DH:UGT 

1:2200 units 
BDG BMG UCB UDPGA 

control 14801±1866 5604±710 152669±4399 245577±7824 

6TP 7606±544 5485±140 92550±2810 227434±551 

6TU 5008±62 3412±842 107482±936 231910±834 

DH:UGT 

1:440 units 
BDG BMG UCB UDPGA 

control 23730±517 6774±415 67398±1346 75204±1869 

6TP 9257±626 10956±848 60482±455 293126±314 

6TU 5578±217 7833±542 61860±776 285177±583 

DH:UGT		1:2200	units 

C o n tro
l 

6 T P  
6 T U

C o n tro
l 

6 T P  
6 T U

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0
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a
V

B D G B M G
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 12. Overall Effects of 1:440 ratio of UDPGDH: UGT with regards to UDPGA 

Levels and BMG and BDG Formation with UGT Inhbitors  

 

 

 
 

 13. Information on Overall Effects of 1:440 ratio of UDPGDH: UGT with 

regards to UDPGA Levels and BMG and BDG Formation with UGT 

Inhibitors 

 

 

 

 

 

 

DH:UGT 

1:440 units 
BDG BMG UCB UDPGA 

DMSO 13396±565 5032±175 83086±325 249518±7798 
Sorafenib 7428±175 0±0 148031±1537 270444±38268 

Regorafenib 5913±586 0±0 120883±2546 242623±583 

DH:UGT		1:440	units 
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 14. Information on Inhibitor Assessment of known UGT Inhibitors Sorafenib 

and Regorafenib towards UGT and UDPGDH (Figure 4-19)  

UGT	

 

BMG+BDG 

Control	

 

84112±2430 

DMSO	

 

60418±1126 

Sorafenib	

 

6813±723 

Regorafenib 2648±275 

 

 15. Information on Hepatocyte studies with both high (50 and 10 µM) and 

low (25 and 5 µM) for 6TP and 6TU, respectively (Figure 4-23) 

 

 Control [6TP]-

low 
[6TP]-

high 
	[6TU]-

low 
[6TU]-	

high 
UDPGA+	

[6TU]	

high 

[UGT] 
Inhibitor 

[UDPGA]	

+inhibitor 

UCB 0.61 0.73 0.77 0.8 0.87 0.57 0.86 0.83 

BMG 1 0.81 0.72 0.29 0.19 0.94 0.11 0.13 

BDG 0.5 0.44 0.37 0.12 0.07 0.49 0.02 0.03 
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16. Synthesis of N-Para-methoxybenzyl-6-chloropurine (29) & NMR

N-Para-methoxybenzyl-6-chloropurine (29): To a round bottom flask (RBF) was added 6-

chloropurine (28, 1g, 6.46 mmol) and left to stir until it dissolved at which time potassium

carbonate (1.78 g, 12.9 mmol) and p-methoxybenzyl chloride was added. The reaction mixture

was allowed to stir for 20 h at which time it was quenched with the addition of water (2 volume

equivalents) and the mixture was extracted with ethyl acetate (x3). The organic layers were

combined, dried over anhydrous sodium sulfate, concentrated, and the crude material was purified

via flash silica gel chromatography (gradient 100% hexane to 1:15 hexane:EtOAc) to give 1.77 g

of the desired product 29 in 47% yield. Isolation of the N7 protected 6-chloropurine was also

achieved.
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17. Synthesis of N-Para-methyoxybenzyl-8-bromo-6-chloropurine (30) & 

NMR 

N-Para-methyoxybenzyl-8-bromo-6-chloropurine (30): To a RBF charged with THF under an 

Argon atmosphere was added diisopropylamine (0.08 mL, 0.57 mmol) and the mixture was cooled 

to -78 °C at which time n-BuLi (1.5 M, 0.38 mL, 0.57 mmol) was added slowly and left to stir for 

1 hour. Compound 29 (120 mg, 0.44 mmol) dissolved in THF (2 mL) was then added to the 

prepared LDA solution at -78 °C. After 1 h, dibromotrichlormethane (284 mg, 0.87 mmol) was 

added, and after 1 h the reaction was quenched with the addition of ammonium chloride and was 

extracted with CH2Cl2 (x3). The combined organic layers were combined, washed with brine, dried 

over anhydrous sodium sulfate, concentrated, and the crude material was purified via flash silica 

gel chromatography (1:2 hexane:EtOAc) to afford 120 mg of the desired product 30 in 78% yield. 
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 18. Synthesis of N-Para-methyoxybenzyl-8-bromo-6-thiopurine (32) & NMR 

N-Para-methyoxybenzyl-8-bromo-6-thiopurine (32): To a RBF was added 30 (170 mg, 0.39 

mmol), thiourea (30 mg, 0.39 mmol), and acetonitrile (60 mL) and brought to reflux for 2 h. The 

solvent was removed to afford the thiourea purine (31), a species that was used without further 

purification. Ethanol (10 mL) was added to 31 and refluxed for 2 h. The reaction mixture was 

allowed to cool, which resulted in some of the desired compound recrystallizing from the solution 

that was removed via filtration. The addition of cold water resulted in a second recrystallization. 

Combining the material obtained from both filtrations gave 120 mg of the desired product 32 in 

87% yield. 
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19. Synthesis of 8-Bromo-6-thiopurine (33) & NMR

8-Bromo-6-thiopurine (33): To a RBF was added PhMe (2 mL) and 32 (50 mg, 0.17 mmol) and

allowed to stir until the material dissolved at which point concentrated sulfuric acid (18 µL) was

added and left to stir. After 2 h the PhMe was decanted from the mixture and diethyl ether (4 mL)

was added and left to stir. A precipitate forms, which was filtered off and then dissolved in water

and allowed to sit (2-3 h) that resulted in the formation of crystals. These crystals were then

recrystallized with methanol to afford 32 mg of the desired product in 81% yield.
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 20. Statistical Calculations on Figure 4-18 
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 21. Statistical Calculations on Figure 4-16 and 4-17 
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