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Abstract

Pancreatic cancer is the fourth leading cause of cancer death in the U.S. Once diagnosed, 

prognosis is poor with a 5-year survival rate of less than 5%. Exposure to carcinogenic 

heterocyclic amines (HCAs) derived from cooked meat has been shown to be positively associated 

with pancreatic cancer risk. To evaluate the processes that determines the carcinogenic potential of 

HCAs for human pancreas, 14-carbon labeled 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline 

(MeIQx), a putative human carcinogenic HCA found in well-done cooked meat, was administered 

at a dietary relevant dose to human volunteers diagnosed with pancreatic cancer undergoing partial 

pancreatectomy and healthy control volunteers. After 14C-MeIQx exposure, blood and urine was 

collected for pharmacokinetic and metabolite analysis. MeIQx-DNA adducts levels were 

quantified by accelerator mass spectrometry from pancreatic tissue excised during surgery from 

the cancer patient group. Pharmacokinetic analysis of plasma revealed a rapid distribution of 

MeIQx with a plasma elimination half-life of approximately 3.5 hr in 50% of the cancer patients 

and all of the control volunteers. In 2 of the 4 cancer patients very low levels of MeIQx were 

detected in plasma and urine suggesting low absorption from the gut into the plasma. Urinary 

metabolite analysis revealed five MeIQx metabolites with 2-amino-3-methylimidazo[4,5-

f]quinoxaline-8-carboxylic acid being the most abundant accounting for 25%–50% of the 

recovered 14-carbon/ml urine. There was no discernable difference in metabolite levels between 

the cancer patient volunteers and the control group. MeIQx-DNA adduct analysis of pancreas and 

duodenum tissue revealed adduct levels indistinguishable from background levels. Although other 

meat-derived HCA mutagens have been shown to bind DNA in pancreatic tissue, indicating that 

exposure to HCAs from cooked meat cannot be discounted as a risk factor for pancreatic cancer, 

the results from this current study show that exposure to a single dietary dose of MeIQx does not 

readily form measurable DNA adducts under the conditions of the experiment.
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INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer death in the United States.1 It is 

generally diagnosed at a late stage and does not respond well to therapies. The 5-year 

survival rate is less than 5%.2 The etiology of pancreatic cancer is not well understood, but 

diet has been implicated as an important environmental risk factor.3–5 Epidemiology studies 

have shown a positive relationship between the consumption of red meat and pancreatic 

cancer incidence, however, results have been inconsistent.6–12 Meat cooked at high 

temperatures is a source of carcinogen exposure from the formation of heterocyclic amines 

(HCAs) and polycyclic aromatic hydrocarbons (PAHs). Several HCAs found in cooked meat 

have been shown to be carcinogenic in multiple tissues, including pancreas, in animal 

models.13,14 While laboratory studies and observational data in humans support the 

hypothesis that HCAs are carcinogenic for humans, the biological evidence needed to 

determine which human organs are susceptible to HCA-induced cancers is lacking. A better 

understanding of the pancreas-relevant pathways that detoxify HCAs, activate them to DNA-

binding species, and repair DNA damage is needed so that strategies can be developed to 

reduce the risk from exposure to these compounds. A causal relationship between meat-

derived HCA mutagens and pancreatic cancer has not been established, nor do we fully 

understand how individual differences in metabolism may impact risk. Thus, the rationale 

for this research is to identify the mechanisms that contribute to the carcinogenic potential of 

HCAs for human pancreas.

2-Amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) is one of the most mutagenic 

HCAs found in cooked meat and has been shown to be carcinogenic in rodents. Chronic 

administration in rats and mice results in tumors primarily in the liver, although tumors in 

the lung, and skin,13,14 as well as, mouse lymphomas and leukemias have also been 

documented. Although no pancreatic tumors have been detected in experimental animals 

after MeIQx exposure, the compound was detected at relatively high levels in the pancreas 

of mice after a single oral dose.15 In humans, epidemiology studies have shown a positive 

association between MeIQx exposure and pancreatic cancer in some but not all 

studies.7–9, 12,16 These studies suggest that MeIQx, or other HCAs may be causative agents 

for human pancreatic cancer, however studies to determine the extent of MeIQx as a risk 

factor for pancreatic cancer are limited.

Malfatti et al. Page 2

Chem Res Toxicol. Author manuscript; available in PMC 2016 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The objective of the current study is to compare MeIQx metabolism and DNA adduct 

formation in a small population of cancer patients and controls as a first step towards 

understanding how exposure to MeIQx may impact pancreatic cancer risk. The relationship 

between MeIQx-DNA adduct formation, metabolism, and exposure has been primarily 

established at high MeIQx doses using animal models, mostly due to limitations in assay 

sensitivity and the difficulties associated with human in vivo studies. In the present study, 

these limitations have been overcome by using accelerator mass spectrometry (AMS), which 

is capable of accurately measuring attomole (10−18) quantities of radiolabeled 

compound.17–18

Human volunteers diagnosed with pancreatic cancer and healthy control volunteers were 

exposed to a dietary equivalent dose of MeIQx, labeled with a very low level of 14-carbon. 

AMS was used to quantify plasma MeIQx concentrations and urinary MeIQx metabolite 

levels. Comparisons were made between the two populations to determine if 

pharmacokinetic parameters and urinary metabolite profiles differ between the two volunteer 

groups. MeIQx-DNA adducts in pancreatic tissue were measured by AMS in the cancer 

patients from tissue obtained after partial pancreatectomy. This pilot study serves as a first 

step in identifying potential mechanisms that determine the carcinogenic potential of HCAs 

for human pancreas.

MATERIAL AND METHODS

Chemicals
14C-MeIQx was obtained from Toronto Research Chemicals (Ontario, Canada). Radio-

chemical purity was assessed by HPLC and was determined to be >98% pure. MeIQx 

metabolite standards were kindly provided by Dr. Robert Turesky (University of Minnesota, 

MN). All reagents were of analytical grade or better.

Human Study

The human study protocol was independently reviewed and approved by the Institutional 

Review Boards for Human Subjects at the Lawrence Livermore National Laboratory 

(LLNL) (Livermore, CA) and the University of Minnesota (UMN) (Minneapolis, MN). An 

Investigational New Drug (IND) application was submitted to the FDA and an exploratory 

IND (no. 113501) was prepared for this study. All human volunteers participating in the 

study gave informed consent prior to enrollment. Eight volunteers were recruited for the 

study, four were pancreatic cancer patients scheduled for partial pancreatectomy (depicted as 

P1, P2, P3, P4) and four were healthy control volunteers (depicted as C1, C2, C3, C4).

Eligible subjects were required to have adequate hepatic function within 4 weeks of study 

enrollment which was defined as total bilirubin ≤ 2.0 mg/dL and alkaline phosphatase, 

aspartate aminotransferase and alanine transaminase ≤ 2 × under the normal limit. Subjects 

were not eligible if they had chronic conditions such as: cardiovascular disease, 

hypertension, angina, chronic obstructive pulmonary disease (COPD) or other conditions 

that may alter metabolism, other than diabetes. Subjects were also excluded if known to be 

pregnant or lactating. To reduce the risk of recruiting cancer patients who were later found to 
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be unresectable, patients were excluded if they met any of the following criteria: tumor size 

≥ 3 cm, CA-19-9 > 400 or ascites present.

14C-MeIQx was packaged in gelatin capsules containing lactose filler. The capsules were 

administered orally with a glass of water and each volunteer received a dose of 21 μg of 14C-

MeIQx (specific activity, 43.5 mCi/mmol). The radioactive dose received was 0.002 mSv, 

which is the energy equivalent of 1/29 of the energy received from an average chest X-ray. 

At 0, 0.5, 1, 2, 4, 6, and 8 h after dosing, blood samples were collected and plasma was 

isolated by centrifugation. Urine was collected at various time intervals up to 24 h post dose. 

All samples were stored at −80° C until analysis. For the cancer cases only, the subjects 

underwent surgery for pancreatectomy in which uninvolved resected tissue from surgery was 

collected between six to eight hours after dosing. The tissue was subsequently stored by the 

Tissue Procurement Facility at the UMN, then shipped to LLNL and stored at −80° C until 

DNA adduct analysis.

Plasma pharmacokinetics

Whole blood was collected from each volunteer at pre-dose, 0.5, 1, 2, 4, 6, and 8 hr 

post 14C-MeIQx administration. Plasma was separated from whole blood by centrifugation 

and stored at −80°C until it was shipped to LLNL for analysis by AMS to quantify the levels 

of 14-carbon.

The pharmacokinetic parameters of MeIQx from each volunteer were calculated by 

noncompartmental analysis using PK Solutions software (Summit Research Services, 

Montrose, CO). The half-life (t1/2) and the maximum concentration observed in plasma 

(Cmax) were determined by observations from the concentration-versus-time data. The area 

under the curve (AUC) was calculated for the intervals from time zero to time t (AUC0–t), 
where t is the time of the last measurable concentration (8 h), and for time zero to infinity 

(AUC0–inf), using the linear trapezoidal method. The volume of distribution (V) was 

determined on the basis of the AUC determination and reflects the V during the elimination 

phase. The clearance (CL) calculation is based on the AUC0–t.

Separation of urinary MeIQx metabolites

Urine was collected at time intervals of 0–4 h, 4–8 h and 8–24 h post-ingestion of the 14C-

MeIQx dose, and immediately frozen and stored at −80°C. Prior to HPLC analysis, each 

urine sample was thawed and a 1.0 ml aliquot from each fraction was analyzed by liquid 

scintillation counting to determine the 14-carbon content. Each sample was then analyzed by 

reversed-phase HPLC for MeIQx and MeIQx metabolites. Approximately 1000–4000 

disintegrations per minute (dpm) of each urine sample was filtered using a 0.45 μm nylon 

centrifuge filter (MSI, Westborough, MA), concentrated under vacuum centrifugation to 100 

μl, then directly injected into an Alliance HPLC system (Waters, Milford, MA) equipped 

with a 4 μm, 4.6 × 250 mm Synergi Max-RP 80A column (Phenomenex, Torrance, CA), and 

monitored at 273 nm. Following the methods of Turesky etal.,19 metabolites were eluted at 

1.0 ml/min initially using a solvent of 89% (v/v) 50 mM ammonium acetate/11% methanol 

for 10 min. This was followed by a gradient to 80% (v/v) ammonium acetate/20% methanol 

at 40 min, followed by a final gradient to 100% (v/v) methanol at 51 min. The methanol 
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concentration was maintained at 100% (v/v) from 51 to 60 min.19 The column eluent was 

collected at 1 min intervals and radioactivity was quantified by scintillation counting (Perkin 

Elmer Packard). Approximately 90% of the radioactivity was recovered after sample 

preparation and analysis.

DNA Extraction from tissue

All tissue samples were processed in a biosafety cabinet until DNA was extracted. To 

homogenize the tissue samples, between 30–50 mgs of tissue were weighed from stock 

samples and transferred to sealed O-ring style bead beating tubes (Lysis Matrix A, MB 

Biomedicals, Santa Ana, CA). Approximately 350 μl of Qiagen ATL buffer was added to the 

tube along with 1.75 μl of anti-foam reagent (0.5%v/v). The samples were vortexed for 

several minutes and then run on a Mini-Beadbeater (Biospec Products, Bartlesville, OK) 

with 4 sets of 20-second intervals while cooling on ice for 30 seconds in between intervals. 

After bead beating, the samples were centrifuged at 12,000 RPM for 3 minutes. The 

supernatants were transferred to a new tube for DNA extraction. RNA-free genomic DNA 

was isolated using the Qiagen DNEASY Blood and Tissue Mini Kit (Qiagen, Redwood City, 

CA) following the kit protocol. DNA concentration was determined by measuring the 

absorbance at 260 nm assuming an absorbance value of 1.0 is equal to 50 μg/ml DNA. 

Purity was assessed by measuring the 260/280 absorbance ratio. DNA with a ratio of 1.8 was 

considered pure. Following quantification, 15 μg of pure DNA was then added to quartz 

tubes for analysis by AMS.

AMS analysis

Preparation of the samples for radiocarbon analysis by AMS requires conversion of the 

samples to graphite. This procedure has been described previously.20 All the samples and 

reagents were handled carefully to avoid radiocarbon cross-contamination, including using 

disposable materials for any item that might come into contact with the samples. For the 

plasma samples, a 30 μl aliquot of each sample was pipetted into a 6- by 55-mm quartz tube 

using aerosol-resistant tips and subsequently dried under vacuum centrifugation. For the 

DNA analysis, 15 μg of each DNA sample was pipetted into a quartz tube followed by 1 μg 

of tributyrin, to provide the carbon content necessary for efficient graphitization. The 

samples were subsequently dried under vacuum centrifugation. The dried plasma and DNA 

samples were then converted to graphite by a two-step process using published methods.21 

Briefly, the dried samples were oxidized to CO2 by heating at 900°C for 4 h in the presence 

of copper oxide. The CO2 was then cryogenically transferred to a septum-sealed vial under 

vacuum and reduced to filamentous graphite in the presence of cobalt, titanium hydride, and 

zinc powder.

The total radiocarbon content of the samples was quantified by AMS as described 

previously.17,21,22 The 14C/12C ratios from the graphitized samples obtained by AMS were 

converted to either ng MeIQx per ml of plasma or pg MeIQx per μg of DNA after 

subtraction of the background carbon contribution from any added tributyrin and correction 

for the specific activity of the 14C-labeled MeIQx dosing material.18 The precision of the 

AMS measurements is based on the standard deviation of a number of measurements for 
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equivalent samples and is a nominal 3%. Accuracy is determined by normalization to well-

defined standards and with high-accuracy counting measurements and is ~1%.18

RESULTS

Plasma Pharmacokinetics

Plasma was collected at the time points designated above and analyzed for 14C-MeIQx 

content by quantifying the 14-carbon at each time point using AMS. The pharmacokinetics 

for each volunteer were calculated by noncompartmental analysis. The plasma concentration 

vs. time curve was similar in all four of the control volunteers (C1–C4) and two of the 

cancer patient volunteers following first order kinetics (Figure 1). In these six individuals the 

observed Cmax was attained within 1 h post 14C-MeIQx administration. There was some 

inter-individual variation in the Cmax between the subjects with a range between 0.3–0.9 

ng/ml of plasma. The terminal half-life between the six subjects was similar except in 

control subject C3 where it was approximately 2-fold higher (7.5 hr) indicating a slower 

elimination from the plasma (Table 1). This was not, however, reflected in the clearance rate. 

The apparent volume of distribution (V) ranged from 31.5 L to 119.6 L suggesting rapid and 

extensive distribution beyond the plasma compartment. Total clearance was variable, ranging 

between 7.9–24.1 L/hr. Due to the small sample size (4 controls, 2 cases) no inferences 

could be made from the data. In the remaining 2 cancer cases (P2, P3) there was 

significantly less 14-carbon in the plasma compared to the other 6 volunteers. This could be 

due to a lack of absorption of the 14C-MeIQx dose from the gut into the plasma. The plasma 

concentration time curves for these two patients did not follow the traditional profile that 

was observed in the other six volunteers. Due to the low levels of 14-carbon and non-

traditional curves it was not possible to determine accurate PK parameters for these subjects.

MeIQx Levels in Urine

Consistent with the plasma data, the majority of the urinary 14-carbon was detected in the 

first 4 hours after 14C-MeIQx administration, indicating rapid clearance. MeIQx levels were 

similar across the non-cancer control volunteers with a range of 21–33 ng MeIQx 

equivalents/ml urine in the first 4 hr post dose (Figure 2). This accounted for 64%–85% of 

the recovered radioactivity/ml of urine (Table 2). Cancer patient P4 had the highest level of 

MeIQx in the first 4 hours of collection at 68 ng MeIQx equivalents/ml of urine were 

detected, accounting for over 90% of the recovered dose/ml of urine. In cancer cases P2 and 

P3, very low levels of 14-carbon were detected in the urine compared to the rest of the study 

group and control group. This finding is in accordance with the low 14-carbon levels 

observed in the plasma samples from these same two individuals. Only a total of 8.7 and 6.5 

ng MeIQx/ml of urine was detected in P2 and P3, respectively, over the 24 hr course of the 

study (Figure 2), whereas the levels of MeIQx for the other volunteers ranged from 26 ng–

75 ng MeIQx/ml urine for the same time period. Interestingly a relatively higher level of 14-

carbon was detected in the 4–8 hr samples of volunteers P2 and P3 (65% and 43% of 

recovered dose/ml, respectively) compared to the 0–4 hr samples, suggesting a slower 

elimination rate compared to the other 2 cancer cases and 4 control individuals.
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Chromatographic analysis of the 0–4 hr urine samples revealed six major radioactive peaks 

in all eight of the volunteers (Figure 3). Based on HPLC co-elution with authentic MeIQx 

and MeIQx metabolite standards 5 radioactive peaks were identified as MeIQx metabolites 

and one was determined to be unchanged MeIQx. All five metabolites have been previously 

identified in humans.19,23 There was some inter-individual variation among the volunteers in 

the relative quantities of urinary metabolites excreted. 2-Amino-3-methylimidazo[4,5-

f]quinoxaline-8-carboxylic acid (IQx-8-COOH) was the most abundant metabolite in all 8 

volunteers accounting for 25–50% of the recovered radioactivity (Table 3). The phase II 

conjugates N2-(3,8-dimethylimidazo[4,5-f]quinoxaline-2-yl)sulfamic acid (MeIQx-N2-SO3) 

and N2-(β-1-glucosiduronyl)-2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx-N2-

Gl) accounted for 5.1%–17.7% and 5.6%–13.4% of the recovered 14-carbon signal, 

respectively, across all volunteers. The urinary levels of the cytochrome P450 oxidation 

products N2-(β-1-glucosiduronyl)-N-hydroxy-2-amino-3,8-dimethylimidazo[4,5-

f]quinoxaline (HON-MeIQx-N2-Gl) and 2-amino-8-(hydoxymethyl)-3-methylimidazo[4,5-

f]quinoxaline (8-CH2OH-IQx), ranged from 12.9%–22.2% and 2.7%–9.2%, respectively. 

Unchanged MeIQx was the least abundant urinary product at 1.5%–5.6% of the recovered 

dose/ml of urine. The unidentified minor metabolites are presumed to be conjugates of 

MeIQx and OH-MeIQx.23 Overall there was no observable difference in the concentrations 

of metabolites between the non-cancer controls and the cancer subjects.

Tissue DNA adducts

The ability of 14C-MeIQx to covalently bind DNA was assessed in the 4 pancreatic cancer 

volunteers. DNA was isolated from normal uninvolved pancreas and duodenum tissue that 

was excised during surgery and analyzed for 14C-MeIQx adduct formation by AMS. No 

duodenum tissue was collected from subject P1. The duration between 14C-MeIQx 

administration and tissue excision varied between the individuals as follows: subject P1: 

7.75 hr, subject P2: 7.0 hr, subject P3: 7.5 hr, subject P4: 6.3 hr. Adduct levels in all tissues 

analyzed were very low and there was no observable difference between the two tissue types 

(Figure 4). Most measurements were barely distinguishable from natural 14-carbon 

background levels indicating that, under the study conditions, MeIQx-DNA adducts cannot 

readily be detected in these tissues.

DISCUSSION

MeIQx is well established as a mutagen and potential human carcinogen.24–26 

Epidemiologic evidence supports cooked-meat mutagens such as MeIQx as important risk 

factors for the development of colon cancer.27–31 Diet has also been implicated as a risk 

factor for pancreatic cancer, however studies investigating a relationship between meat-

derived HCA mutagens and pancreatic cancer have been inconsistent.6–9,12,16

In this current pilot study, MeIQx pharmacokinetics and metabolism was assessed in both 

healthy human volunteers and volunteers diagnosed with pancreatic cancer after exposure to 

a defined dietary relevant dose of 14C-MeIQx. Additionally, MeIQx-DNA adducts in 

pancreatic tissue were assessed in the cancer patients from tissue obtained after partial 

pancreatectomy. This is the first study to investigate the formation of MeIQx-DNA adducts 
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in human pancreas at a dietary relevant dose, and to compare pharmacokinetic response 

between healthy and cancer compromised individuals. The goal of the study was to gain 

insight into the role of MeIQx in human pancreatic cancer and to determine if cancer 

compromised individual respond differently than healthy individuals in regards to PK and 

metabolism of MeIQx. Interpretation of the results from this study must take into account 

the small size of the sample population and the health compromised state of the cancer 

patients. The data presented shows that urinary MeIQx metabolite profiles are similar 

between pancreatic cancer patients and healthy individuals at dose levels that are typical of 

dietary human exposure conditions. Plasma pharmacokinetic profiles revealed some 

differences between the two study groups. DNA isolated from pancreatic tissue from the 

cancer patients revealed low levels of MeIQx adducts.

Plasma pharmacokinetics of MeIQx revealed first order elimination in all four of the 

controls and 2 of the 4 cancer patients. The results showed rapid absorption into the plasma 

with the Cmax occurring within 1 hr post 14C-MeIQx dose. The large apparent volume of 

distribution suggests rapid and extensive distribution beyond the plasma compartment. The 

low absorption of MeIQx into the plasma from two of the cancer patient volunteers was 

unexpected. The low plasma MeIQx levels could be due to poor absorption (disturbed 

transport through the portal vein), which has been shown to occur in pancreatic cancer 

cases.32 In a study investigating malabsorption in patients with pancreatic cancer, 76% of 

cancer patients displayed abnormalities in absorption using the pancreatic function 

diagnostic test and the 5 g D-xylose absorption test.32 Differences in body mass index (BMI) 

could have also contributed to low plasma levels in the 2 cancer patients. The BMI for these 

patients (subjects P2 an P3) was 31 and 28, respectively. The BMI for the 2 cancer patients 

with higher levels of MeIQx in the plasma was 25 and 17. The subject with the BMI of 17 

had the highest level of plasma MeIQx levels within the study group. These findings suggest 

that BMI could affect the rate of MeIQx absorption with higher BMI relating to slower 

absorption and clearance. BMI was not reported for the control subjects. Because of the low 

levels of MeIQx in the plasma of the 2 cancer patients, an increase in MeIQx concentration 

in excreta could be expected. The urine, however, did not show any increase in MeIQx levels 

in these two volunteers over the course of the experiment. The urinary levels of 14C-MeIQx 

were similar to the plasma with much lower MeIQx levels when compared to the six other 

volunteers. Since the exposure was oral, the lack of absorption into the plasma and low 

urinary levels could infer an increase in MeIQx concentration in the feces; however, fecal 

samples were not collected in this study. The wide variation of 14-carbon in the 0–4 h urine 

fractions of the cancer patients again suggests differences in urinary excretion rates between 

these individuals that could reflect malabsorption.32 In an effort to explain the poor 

absorption of the compound in two of the cases, the medical records for all cases were 

reviewed by a physician. None of the patients were documented to have pancreas 

insufficiency prior to surgery and none were on pancreas enzyme replacement prior to 

surgery. Thus, we were not able to positively identify the reason for the poor absorption in 

the two cancer patients, but the data suggests it could be related to BMI.

The five principle metabolites detected in the urine of all individuals are in accordance with 

what has been reported previously for human metabolism of MeIQx, with IQx-8-COOH 

being the most abundant detoxification product.19,23 In the two cancer case subjects with 
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low urinary excretion of 14-carbon the relative amounts of individual metabolites were 

similar to the other six individuals in the study.

A major focus of this study was to determine the level of MeIQx-DNA adducts in pancreatic 

tissue from a population of pancreatic cancer patients. MeIQX-adducts have been primarily 

detected in the liver and colon of rodent models and in colon tissue of humans.33,34 This is 

the first study to investigate whether adducts are formed in human pancreatic tissue when 

exposed to a human dietary relevant dose of MeIQx. The results revealed no discernable 

difference in adduct levels among the samples. In fact, the adduct levels in all the cancer 

cases, including those with plasma and urine profiles similar to the controls, were extremely 

low suggesting that, under the conditions of the experiment, MeIQx-DNA adducts cannot 

readily be detected in these tissues. The lack of detectable adducts could possibly be due to a 

non-optimal sampling time with regards to the kinetics of adduct formation and/or DNA 

adduct stability and repair since previous studies assessing MeIQx adducts in rodents have 

reported the presence of adducts in pancreatic tissues after chronic and acute oral exposure 

to MeIQx.15,35,36,37 The lack of detectable MeIQx-DNA adducts in the current study cannot 

definitively discount an association of HCA exposure and pancreatic cancer. Several other 

mutagenic HCAs are formed during the cooking of meat that could also contribute to 

pancreatic cancer incidence. 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), the 

most abundant HCA found in cooked beef and chicken, was detected in pancreatic tissue at 

significant levels in mice exposed orally to a human dietary equivalent dose of 14C-PhIP38, 

and PhIP-DNA adducts were observed in the pancreas of rats exposed to PhIP through the 

diet.35,39 PhIP-DNA adducts were also detected in human pancreatic tissue from both 

normal tissue and tissue from patients with pancreatic adenocarcinoma suggesting this HCA 

may contribute to pancreatic cancer development.40

The results from the current study show that MeIQx is rapidly cleared from the plasma, and 

is extensively metabolized with less than 5% of unchanged MeIQx remaining in the urine. 

These results also suggest that persons with pancreatic cancer could have absorption 

insufficiencies leading to a reduced amount of MeIQx being absorbed from the gut into the 

blood stream. Additionally, individual BMI could have affected MeIQx absorption as well. 

Under the experimental conditions MeIQx DNA adducts were detected at or near back 

ground levels suggesting either adducts did not readily form in this tissue or that the 

sampling time was sub-optimal due to the kinetics of adduct formation and repair. These 

results suggest that exposure to MeIQx alone may not be a significant risk factor for 

pancreatic cancer. However, other meat-derived HCA mutagens have been shown to 

covalently bind DNA in pancreatic tissue indicating that exposure to HCAs from cooked 

meat cannot be discounted as a risk factor for pancreatic cancer.40 This pilot study serves as 

a starting point for additional studies with larger populations to fully understand the 

contribution of HCA exposure to pancreatic cancer incidence.
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LLNL Livermore National Laboratory

UMN University of Minnesota

IND Investigational New Drug

COPD Chronic obstructive pulmonary disease

AUC area under the curve

V volume of distribution

CL clearance

dpm disintegrations per minute

IQx-8-COOH 2-Amino-3-methylimidazo[4,5-f]quinoxaline-8-carboxylic acid

MeIQx-N2-SO3 N2-(3,8-dimethylimidazo[4,5-f]quinoxaline-2-yl)sulfamic acid

MeIQx-N2-Gl N2-(β-1-glucosiduronyl)-2-amino-3,8-dimethylimidazo[4,5-

f]quinoxaline

HON-MeIQx-N2-Gl N2-(β-1-glucosiduronyl)-N-hydroxy-2-amino-3,8-

dimethylimidazo[4,5-f]quinoxaline

8-CH2OH-IQx 2-amino-8-(hydoxymethyl)-3-methylimidazo[4,5-f]quinoxaline

BMI body mass index

PhIP 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
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Figure 1. 
Plasma concentration versus time of MeIQx following a single oral dose of 14C-MeIQx (21 

μg) in four healthy human volunteers (C1–C4) and four pancreatic cancer patient volunteers 

(P1–P4).
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Figure 2. 
MeIQx levels in urine fractions collected over time following a single oral dose of 14C-

MeIQx (21 μg) in four healthy human volunteers (C1–C4) and four pancreatic cancer patient 

volunteers (P1–P4). Data is expressed as ng MeIQx equivalents/ml of urine.
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Figure 3. 
A representative HPLC radio-profile of urinary MeIQx metabolites. The chromatograph was 

derived from a 0–4 hr urine fraction from volunteer P1 following a single oral dose of 14C-

MeIQx (21 μg). Metabolites were identified based on co-elution with authentic MeIQx 

metabolite standards.
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Figure 4. 
MeIQx-DNA adduct levels in pancreatic and duodenum tissue from pancreatic cancer 

patients (P1–P4) following a single oral dose of 14C-MeIQx (21 μg). No duodenum tissue 

was available for analysis for subject P1.
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