Zinc stable isotopes in urine as diagnostic for cancer of secretory organs
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Abstract 
Breast, prostatic and pancreatic cancers alter the zinc (Zn) metabolism. Combined analyses of urinary Zn concentrations ([Zn]) and Zn stable isotope compositions (66Zn) may provide a non-invasive approach for tracing malignancy-induced Zn dyshomeostasis. In this study, we measured [Zn] and 66Zn in urine from prostate (n = 22), breast (n = 16) and from women with benign breast disease (n = 14) and compared those to age-matched healthy controls (22 - 49 yrs or 50+ yrs) and published data for pancreatic cancer (n = 17). 

Our results show cancer-induced changes are reflected in higher urinary [Zn] and lower urinary 66Zn for pancreatic and prostate cancer and benign breast disease when compared to healthy controls. For prostate cancer, low [Zn] and high 66Zn for patients of low-risk disease progresses towards high [Zn] and low 66Zn for the higher-risk patients, demonstrates that [Zn] and 66Zn in urine could serve as a reliable prognostic tool. 

Urinary excretion of isotopically light Zn by patients with prostatic and pancreatic cancer is probably the result of increased reactive oxygen species in cancerous cells, which limits the scavenging of hydroxyl radicals and thus facilitates the oxidation of metalloproteins with sulfur-rich ligands. Urine from malignant breast cancer patients shows undistinguishable 66Zn to healthy controls, implying that the expression of metalloproteins with sulfur-rich ligands is stronger in breast cancer tissues. 

In conclusion, urinary 66Zn may provide a non-invasive diagnostic tool for pancreatic cancer and support disease prognosis for prostate cancer. These findings should translate to comprehensive transverse and longitudinal cohort studies in future.


A Introduction 
Zinc (Zn) is an essential element that impacts the catalytic, structural, and regulatory role of many proteins1. Secretory tissues in particular accumulate and store abundant Zn to assure essential organ function and maintain Zn homeostasis in the human body2-4. The prostate, breasts, and pancreas are secretory tissues, and cancers of these organs can cause a disrupted Zn metabolism2. 
Various proteins tightly regulate and control the Zn abundance in cells by uptake, distribution, storage and excretion. Zinc importers (ZIP) and zinc transporter (ZnT) proteins determine cellular influx and efflux of Zn whereas some metalloproteins (e.g., metallothionein (MT)) are responsible for cellular Zn storage and buffering4-8. In proteins, Zn is reversibly bound to histidine (N-donor), glutamate and aspartate (O-donor), and cysteine (S-donor) ligands1,9. Cancers can change the cellular Zn uptake, storage and efflux by up- or downregulation of Zn-binding proteins, and/or by impacting the ligand coordination and redox buffering capacity of metalloproteins10-13. 
Zinc stable isotope compositions, generally reported as 66/64Zn values, can help trace small cancer-derived changes in the expression and ligand coordination of metalloproteins as preferential binding of heavy and light isotopes of Zn to different ligands causes isotope fractionation between distinct Zn pools in the body. For isotopes of the same element, lower atomic weight is associated with lower bond energy, which generally leads to an enrichment of heavy isotopes in the strongest ligand bonds for equilibrium isotope fractionation14-17. In other words, cysteine (S-ligands) preferentially binds isotopically light Zn while histidine (N-ligands) and aspartate (O-ligands) preferentially complex isotopically heavy Zn14-17. If a metabolic process involving Zn is disrupted, this change is potentially reflected in the Zn isotope composition of particular body reservoirs (e.g., tissue, blood serum, urine)18-21. High precision analysis of Zn isotopes has been used successfully to investigate metabolic changes induced by breast18, pancreatic19, and hematologic cancers21. However, the use of Zn isotopic compositions in clinical studies is still in its early stages and requires further investigation to outline any isotopic changes in particular body reservoirs for various types of cancer. 
Urine is an ideal medium for detecting disease-related Zn dyshomeostasis as it enables non-invasive sampling, high volume collection and ease of repeated measurements. Urine is created by glomerular filtration of blood whereby cells and large proteins are retained in the body. Thus, urine generally has a small dynamic range in compositions, although aging kidneys may have a glomerular filtration that is “leaky”, allowing higher molecular weight molecules to pass through to urine22,23. Several studies have shown that changes in the elemental and isotopic composition of urine can be used as biomarkers for various diseases19,24-26.
In this study, urinary Zn concentrations [Zn] and Zn isotopic compositions (66Zn) are reported for patients diagnosed with prostate, and breast cancer, as well as benign breast disease. These data are then investigated for their potential as diagnostic or prognostic markers of cancer-related Zn dyshomeostasis in secretory organs. Furthermore, the results are discussed in the context of previous work, which demonstrated that urine from pancreatic cancer patients has 66Zn values significantly different from healthy controls19.
B Materials and Methods
Sample collection
Ethical approvals for this study were granted by ICREC, code R15001 for the breast cancer samples, NRES code 13/SC/0593 for the pancreatic cancer samples and MREC code 01/4/064 for the prostate cancer samples. Urine samples were collected from patients diagnosed with prostate cancer (n = 22), breast cancer (n = 16) and benign breast disease (n = 14). The results from these patients are compared with those of pancreatic cancer patients studied by Schilling et al.19 (n = 17). Breast, prostate and pancreas were identified as the primary tumor sites. None of the patients were diagnosed with cancer cachexia or received drug treatments at the time of urine sample collection.
The patients collected mid-stream urine in pre-cleaned 50 ml polypropylene centrifuge tubes (®VWR Metal-free Centrifuge Tubes). The time of sample collection was not controlled, since this was previously shown not to affect results27. For the prostate cancer group, patients were selected from three cancer recurrence risk groups; low (n = 4), intermediate (n = 14), and high-risk (n = 4). The risk group classification is based on the Gleason score (Table SI 1). The age of the prostate cancer patients ranged between 50 and 78 years with a mean of 67 ± 6.5 years (1SD). Women diagnosed with breast cancer were between 45 and 89 years with a mean of 67 ± 11 years (1SD). Women with a range of benign breast disease states were between 22 and 70 years old with a mean of 42 ± 15 years (1SD). Urine data for healthy controls were compiled from results available from Schilling et al.19, Moore et al.27, and in this study. Together the dataset for healthy controls consisted of 14 men and 31 women. The healthy controls were divided into two age groups: 22 - 49 years (n = 20) and 50+ years (n = 25). This division provides a better age-matching between the healthy and cancer groups and minimizes the effect of age-related hormonal and metabolic changes including decline in kidney function and pre-menopausal hormonal fluctuation. The age of healthy men ranges between 25 and 71 years with a mean of 59 ± 7 years (1SD) for the 50+ age group. The age for healthy women ranges between 22 and 84 years with a mean of 64 ± 9 years (1SD) for the 50+ age group. For all study groups anyone taking Zn supplements, and those diagnosed with diabetes mellitus or any other form of cancer were excluded. Urine samples were stored at -20C until just prior to analysis.  
Sample preparation
All steps of the sample preparation utilized acid-cleaned PTFE and HDPE vessels in class 100 laminar flow environments; distilled acids and ultra-pure (18.2 MΩ cm) H2O were used throughout. For the acid digestion, 1 ml of urine was processed using either a MARS 5 Digestion Microwave System (CEM Corp., UK), at the Department of Earth Sciences, University of Oxford or an Ethos EZ system (Milestone S.r.l.), fitted with a SK-10 high pressure rotor, at the Department of Earth Science and Engineering, Imperial College London. A 3 + 2 mixture of 15 M HNO3 + 30% ROMIL-UpA™ H2O2 (vol/vol) was added and allowed to react overnight at room temperature. For quality control, a blank sample consisting of only HNO3 + H2O2 was processed. The microwave digestion was performed by increasing the temperature stepwise to 210C and 250 psi, and then maintaining this for 30 minutes to ensure complete digestion. The acid-digested samples were evaporated to dryness at 100C on a hotplate. The total Zn blank for the microwave procedure was less than 1.8% of Zn (n = 5) present in the analyzed samples and standards, which is negligible. The urinary Zn concentrations were normalized to the specific gravity (SG) of the urine samples, measured using a Kern ORA-P Analogue Urine Refractometer, to correct for varying hydration levels and urine volumes using the Levin-Fahy equation:
				 Cnorm = Cmeasured (SGref-1)/(SGmeasured-1)
Here Cmeasured is the sample element concentration, SGmeasured is the sample specific gravity, and SGref is the median specific gravity for healthy humans with a reference value of 1.0226,28. Normalization of Zn concentrations using SG appears to be more reliable than the creatinine parameter because of the erroneous assumption of constant creatinine excretion rates and larger inter-individual variability than SG29. 
Zinc isotope analysis
Zinc isotope measurements were performed on a Nu Plasma HR MC-ICP-MS (Wrexham, UK) equipped with a DSN desolvating sample introduction system. Instrumental mass bias correction was performed using a Zn double-spike (64Zn and 67Zn) together with sample-standard bracketing technique. Zn isotope ratios were measured relative to the standard reference material IRMM-3702 and are expressed using the delta (notation relative to JMC-Lyon Zn30: 
			66ZnJMC-Lyon Zn (‰) = [(66Zn /64Znsample)/(66Zn /64Znstandard)-1]1000. 
The Zn blank for the column chemistry step was 0.2 ± 0.1% of the Zn processed for the analyzed samples and standards. Mean reproducibility of 66Zn for duplicate sample analysis was ±0.06‰ (2sd, n = 25, reflecting 45% of all breast and prostate cancer samples). The average δ66Zn values determined for six separate aliquots of the reference material ERM BB184 (bovine muscle) and ten aliquots of ERM BB186 (pig kidney) were 0.01 ± 0.12‰ (2sd, n = 6) and –0.38 ± 0.14‰ (n = 10), respectively, which are in good agreement with previously published δ66Zn data19,31,32.
Statistical analysis
The p-values for correlations were calculated using a Kruskal-Wallis test and were considered significant if less than 0.05. 
C Results and Discussion
Effects of age and gender on isotopic compositions
Cancer and disease-related variations in urinary [Zn] and 66Zn are summarized in Table 1. Urine [Zn] from healthy controls vary between 66 and 1120 ng ml-1 (mean: 356 ng ml-1, median: 283 ng ml-1), and are within typical urinary [Zn] ranges28,33,34. The δ66Zn values range from -0.16‰ to 1.00‰ (mean: 0.37‰, median: 0.35‰).
Variation in urinary δ66Zn may be partly related to the age of participants. With a p-value just above the 0.05 significance level (p = 0.07), there appears to be a slight age-related isotopic difference between the urine of healthy participants from the 22 - 49 and 50+ years age groups. The 22 - 49 years age group has a mean δ66Zn value of 0.47 ± 0.30‰ (1SD, n = 20) whilst the 50+ years age group has a mean δ66Zn of 0.32 ± 0.17‰ (1SD, n = 25) (Fig. 1A). However, no such difference in urinary [Zn] is observed (p = 0.62; Fig 1B). Increasing excretion of light 64Zn in urine with higher age in the healthy controls supports the hypothesis that 66Zn is preferentially absorbed and retained in the body35. This is further supported by analyses of Zn in whole blood, which appears to be isotopically heavier with increasing age36. Changes in Zn metabolism with age can relate to altered protein expression (e.g., MT37), Zn binding ability or turnover rate, and alteration in ligand coordination. All of these changes may play a role in the enhanced excretion of light 64Zn with increasing age. For instance, lower MT levels may result in changes of Zn transport, storage, or release from cells38. Aging kidneys can result in the glomerular filtration becoming “leaky”, and smaller proteins potentially enriched in 64Zn is no longer fully retained, which then triggers increased excretion of light 64Zn. This effect is further discussed later, in context of the results obtained for the three cancers and benign breast disease. Given the potential age-related differences in urinary δ66Zn values, the following discussion uses age-matched comparisons. 
No evidence of sex-related differences was found for healthy control urinary [Zn] or δ66Zn (p = 0.28 and 0.19, respectively; Fig. 1C + D). This agrees with previous work on whole blood, which found no statistically significant differences between men and women36,39. Further, Moore et al.27 also did not observe statistically significant (p = 0.10) sex-based differences in urinary 66Zn, although slightly heavier values were reported for females. Given this absence of sex-related differences, combined male and female control values were compared with the prostate and pancreatic19 cancer data, as the number of participants in the male 50+ years control group was too low to produce robust statistics (n = 6). However, as the numbers allowed, sex-matched control groups were compared with breast cancer and benign breast disease patients (Fig. 2).
Previous work revealed small diet-induced differences in the Zn isotope composition of whole blood, whereby vegetarians have 66Zn values that are higher than those of omnivores by about 0.2‰36,39. This variability is notably amplified in urine, where 66Zn variations of up to about 1‰ were interpreted to be a consequence of distinct dietary preferences, which also appear to affect urinary [Zn]27,28. Whilst diet-induced variations in Zn isotope compositions and concentrations may also impact the current dataset, they are unlikely to play a significant role, as they would act to obscure the smaller but systematic Zn isotope variations that were observed in this study (Fig. 2). This conclusion is reinforced by the observation that the participants of the current investigation were not specifically selected based on diet preferences and all investigated cancer groups should thus have a random probability distribution of various diets (e.g., omnivores versus non-omnivores). Considering this, it is reasonable to conclude that the 66Zn shifts that were identified here are predominantly due to changes in Zn metabolism, which are caused by the development or progression of cancer.
Breast cancer and benign breast disease
Studies that report urinary [Zn] for breast cancer patients have not reached a consensus, with findings of either no difference or elevated Zn excretion compared to controls40,41. In this study, urinary [Zn] for breast cancer patients (mean: 632 ng ml-1) is higher than those of the age- and sex-matched healthy controls (mean: 365 ng ml-1), but not significantly different (p = 0.07). Mechanisms that may be responsible for the higher renal Zn excretion of breast42,43 and other cancer patients are poorly understood19,40,44. However, it was shown that cancer patients can excrete up to three times more Zn in urine than healthy controls42, which may be linked to immune activation, renal-tubular-cell dysfunction, and/or skeletal-muscle catabolism44. There is also evidence implicating a systemic inflammatory response in increased urinary Zn excretion43. 
Excluding one outlier (66Zn = -0.43‰), breast cancer patients have urinary 66Zn that ranges between 0.03 and 0.72‰, with a mean value of 0.29 ± 0.20‰ (1SD). This mean value is statistically identical (with p = 0.19) to the mean obtained for age-matched healthy female controls (mean 66Zn = 0.34 ± 0.17‰; Fig. 2A). Additionally, although sample numbers are low, no trend is observed between [Zn] or 66Zn and cancer type, grade, and hormonal (ER-PgR-Her2) status (Supplementary Information Table S2). This agrees with Larner et al.18, who found that 66Zn in whole blood or blood serum of breast cancer patients were in the same range as those of healthy controls. However, based on elevated [Zn] and the relative enrichment of 64Zn in breast cancer tissue compared to adjacent histologically normal tissue and healthy breast tissue reported by Larner et al.18 and Sullivan et al. (submitted)45, a resultant 66Zn-rich reservoir was hypothesized to exist in breast cancer patients.
Similar to in breast cancer tissue, Sullivan et al. (submitted)45 reports elevated [Zn] and the relative enrichment of 64Zn in benign breast tumours compared to histologically normal tissue and healthy breast tissue. This suggests that a resultant 66Zn-rich reservoir may also exist in patients with benign breast tumours. However, in fact the opposite is observed here. Whereas urinary [Zn] data for breast cancer patients do not show any significant differences from results for healthy controls, the urinary 66Zn of benign breast disease patients (mean: 0.21 ± 0.28‰) is significantly lower (p = 0.03) than those for age-matched female controls (mean 66Zn = 0.55 ± 0.37‰) (Fig. 2B). Sample numbers for urine from patients aged 50+ years with benign breast disease (n = 4) are too low for a robust statistical comparison with age-matched controls, but patients aged 50+ years potentially have slightly lower 66Zn (mean 66Zn = 0.28 ± 0.16‰) than age-matched controls (66Zn = 0.53 ± 0.28‰). Notably, the urinary [Zn] of benign breast disease patients (mean: 488 ng ml-1) is higher than those of the age- and sex-matched healthy controls (mean: 254 ng ml-1), although this difference is not significant (p = 0.12).
Prostate cancer
When the urine [Zn] data of the prostate cancer patients are compared with the healthy age-matched male and female cohort, there is a statistically significant difference (p = 0.01), where the prostate group has a higher mean [Zn] than the controls (675 ng ml-1 compared to 384 ng ml-1, Fig. 2E). The significantly elevated [Zn] in prostate cancer patients agrees with past results that reported urinary Zn/creatinine ratios that are 53% higher for the prostate cancer patients compared to healthy controls44. Similar to the benign breast disease results of this study, urine [Zn] is slightly elevated in patients with benign prostate hyperplasia (BPH) compared to healthy controls, demonstrating that other benign conditions are capable of altering systemic Zn homeostasis. This may be related to the decrease in prostate tissue Zn concentration observed for prostate cancer (83%) and BPH (61%) patients in comparison to the normal tissue of controls10,44.
Urinary 66Zn values are slightly lower in prostate cancer patients (mean 66Zn = 0.22 ± 0.18‰) compared to published data for healthy controls (mean 66Zn = 0.32 ± 0.17‰; Fig. 2F), and this difference is marginally significant (p = 0.05). The difference is notably smaller when the female control cohort data is removed (mean 66Zmale = 0.24 ± 0.18‰, p = 0.72), which most likely reflects the small number of male control samples. No difference can be resolved between the urinary 66Zn of prostate cancer patients and published data for male pancreatic cancer patients (p = 0.41, Fig. 2D and 2F). 
The difference in urinary 66Zn between men diagnosed with prostate cancer and the age-matched control group failed to reach significance (p = 0.053), but there appears to be a progression from low urinary [Zn] coupled with high 66Zn for the low-risk prostate cancer group towards urine with higher [Zn] and low 66Zn for the high-risk group (Fig. 3). This highlights the potential usefulness of combining concentration and isotope analyses to investigate disease progression and is discussed further in the following section. 
Zn cellular mechanisms and potential contribution of cancer-derived 66Zn-Zn in urine 
The effect of prostate, breast and pancreatic malignancy on urinary d66Zn is most likely a consequence of changing Zn binding mechanisms at the cellular level. Malignancy changes the cellular Zn biochemistry including the redox buffering capacity of Zn-binding proteins2,11,46 Reactive oxygen species also are also a common indicator of cancer progression47,48. Elevated levels of reactive oxygen species alter the redox balance leading to deregulated redox signaling. As S-cysteine ligands are redox sensitive more reactive oxygen species can facilitate the oxidation of the S-cysteine ligands of proteins49,50 and produce higher intercellular levels of ‘free’ Zn (Fig. 4). The ‘free’ Zn released from cysteine ligands is expected to be isotopically light, and release of this Zn from the cells and subsequent transfer into the blood system and finally urine is hence expected to be associated with lower urinary 66Zn (Fig. 4).
Urinary 66Zn is determined by the isotope composition of the Zn excreted from cancerous cells and that derived from other reservoirs of the body. Initially, cancer-derived Zn travels from the secretory organs via blood to the kidneys before it is filtered and excreted (Fig. 4). Given this, it could be expected that a cancer-derived shift in the 66Zn should also be detectable in blood. However, the amount of Zn in blood serum is too large and well-buffered to resolve a small cancer-derived change in 66Zn19,21. The addition of a presumably small isotopically light Zn pool that originates from cancerous cells by oxidation of cysteine-binding sites to a rapidly overturning blood pool of 20 to 30 mg of Zn thus does not generate a resolvable isotopic shift for the mixture4. In detail, most Zn in blood serum is bound to albumin (~80%) and 2-macroglobulin (~20%)51-53, which are both high molecular weight proteins that do not ordinarily pass through the glomerular ultrafiltration barrier into urine54. Only ‘free’ Zn and low-molecular weight molecules (e.g., MT) can pass from the blood serum to the urine, so it is in this pool that any cancer-derived changes in Zn and Zn isotope compositions can be most readily detected. This reflects that glomerular filtration extracts and magnifies the Zn isotope signal of the cancer-derived labile and ‘free’ Zn from the high Zn background signal of larger Zn-binding proteins in blood (e.g., albumin and 2-macroglobulin; Fig. 4). 
A simplified isotopic mixing model can help estimate the potential range of the cancer-derived Zn fraction in urine (Fig. 5). The model scenarios assume that the intercellular complexed Zn in cancerous cells is released by oxidation of cysteine S-ligands. Cysteine-binding sites preferentially complex light 64Zn and ab initio calculations estimated an isotope fractionation of -0.3‰ (66Zncysteine-oxidized) between cysteine-bound Zn and Zn complexed by water or histidine ligands15. Once released, cancer-derived light 64Zn is subsequently mixed with Zn from other reservoirs (Fig. 4). Thus, the measured urinary 66Zn (66Znurine-cancer) from cancer patients can be described by:
		 66Znurine-cancer = (66Zncysteine-oxidized Fcancerous) + (66Znurine-healthy  (1-Fcancerous))
where Fcancerous is the cancer-induced Zn fraction in urine. Based on the mixing model scenarios, about 23% of the Zn in urine from pancreatic cancer patients should be cancer-derived (Fig. 5). For prostate cancer, cancer-derived Zn might contribute to 16% (Fig. 5). These estimated molar fractions of cancer-derived Zn in urine are not unreasonable (>15%) but it cannot be ruled out with certainty that additional processes (e.g., transport, glomerular filtration and re-adsorption) might contribute to the excretion of light 64Zn. Thus, the relationship between 66Zn, age, and cancer-stage should be the subject of future work.
Example: Cancer-induced changes in Zn- metallothionein (MT): a mechanism for light urinary d66Zn
Metallothionein (MT), a Zn-binding protein (6 –7 kDa), controls the Zn homeostasis in the human body and is irregularly expressed in many human malignancies8,12,55. Synthesis of MT occurs also in the organs of absorption and excretion, including the pancreas3,5, mammary56 and prostate glands57,58. About 5 - 15% of the cytosolic (intracellular) Zn is bound to MT but only picomolar levels are ‘free’ Zn8. Oxidation of cysteine in MT was shown to produce higher intercellular levels of ‘free’ Zn12. 
Schilling et al.20 found higher [Zn] and lower 66Zn for urine of pancreatic cancer patients relative to healthy controls. These differences might reflect cancer-induced changes in Zn-MT binding and the redox capacity of MT. A strong positive correlation was furthermore demonstrated between MT expression and the histological grade of tumors from pancreatic ductal carcinoma59. However, the Schilling et al.20 pancreatic cancer cohort was too small to identify any differences in 66Zn with cancer grade. It is noteworthy that there is currently no straightforward method for early detection of pancreatic cancer. As such, the distinct low urinary 66Zn that was observed for patients with pancreatic cancer are of particular interest. To confirm whether the proposed mechanisms are indeed responsible for the changes in urinary 66Zn, it is desirable to first assess the amount of MT in healthy versus cancerous tissues of pancreatic cancer patients via immunohistochemistry, and then to isolate MT from these tissues for Zn isotope analyses.
Men in the high-risk prostate cancer group also show enhanced excretion of isotopically light 64Zn (Fig. 3). This pattern is presumably related to both an increase in intracellular 'free Zn' by oxidation of the cysteine S-ligands of MT and less cellular Zn uptake due to cancer growth. Zinc importer proteins (ZIP) in cancerous prostate glands are downregulated, leading to 85% lower [Zn] than in healthy prostate glands11,60,61. Likewise, MT is downregulated in cancerous prostate epithelial tissue8,62,63. Prostate epithelial cells require high Zn levels and MT regulates cellular Zn accumulation in order to inhibit citrate oxidation11. Under healthy conditions, high cellular Zn concentrations increase the gene expression and levels of MT, which in turn enhances the retention of light 64Zn in prostate cells. The similar urinary Zn levels and 66Zn of males with low-risk prostate cancer and healthy controls (Fig. 3) seem to indicate that the cellular Zn metabolism for low-risk prostate cancer is not detectably altered. With higher-risk prostate cancer, it is more likely that ZIP expression decreases and oxidation of the cysteine S-ligands of MT increases. The higher urinary [Zn] and/or lower 66Zn may hence be used to detect anomalous conditions in prostate cancer patients with intermediate- and high-risk.
In contrast to prostate cancer, MT expression was shown to be upregulated in breast cancer64. It is possible that this upregulation ‘balances out’ the effect of enhanced malignancy-induced oxidation of Zn-MT bonds, thus explaining the lack of any breast cancer-related changes in urinary 66Zn. A recent study showed that MT expression is significantly higher in breast cancer tissues than in breast fibroadenomas (p = < 0.01)65, therefore the significant difference found in this study between the urinary 66Zn of women with benign breast disease and healthy controls could suggest that a similar mechanism to those described above may occur during development of benign tumors. However, since the majority of patients with benign breast disease were younger (average age = 34 yrs) than the majority of those with breast, pancreatic and prostate cancer (> 60 yrs), an age-related reason for the similarity cannot be ruled out at present.
D Conclusions
Urinary 66Zn analysis can be used to sensitively probe disruption of Zn homeostasis by cancer of the secretory organs, including prostate, breast, and pancreatic cancer. Age-related trends in the 66Zn of urine were identified for healthy controls, but these did not display strong statistical significance. Studies of larger cohorts are needed to better evaluate such trends and to enable improved interpretation of urinary 66Zn data. Disease-induced changes in cellular Zn uptake, storage, and excretion were found to be reflected in higher urinary [Zn] and lower urinary 66Zn for pancreatic cancer, prostate cancer and benign breast disease, but not breast cancer, compared to healthy controls. The difference between the urinary 66Zn of malignant and benign breast disease may be due to stronger expression of metallothionein in breast cancer tissues. For prostate cancer, enhanced renal excretion of isotopically light 64Zn was found for higher-risk groups compared to the low-risk group. The results presented here provide evidence that urinary 66Zn may provide a non-invasive diagnostic tool for pancreatic cancer and may support disease prognosis for prostate cancer patients. However, more comprehensive transverse and longitudinal cohort studies are required to confirm these preliminary conclusions. These studies should test specific hypotheses with medical samples of distinct age, gender, disease stage and nutrition to assess the biochemical mechanisms affecting changes in the Zn isotope composition. 
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					Figure Legend
[bookmark: _Hlk52211737]Figure 1: Whisker box plots of SG-normalized urinary [Zn] and urinary 66Zn (in ‰) for healthy controls of two age groups A) 22 - 49 years and B) 50+ years and sex C) female and D) male. Boxes represent the lower quartile (25th percentile) and upper quartile (75th percentile) of the dataset and the whiskers present the most extreme data. The dataset was compiled from results of Moore et al.26, Schilling et al.18 (2020), and this study. 

Figure 2: Whisker box plots of SG-normalized urinary [Zn] and urinary 66Zn (in ‰) comparing data from healthy controls with benign breast disease (A + B), breast cancer (C + D), prostate cancer (E + F) pancreatic cancer (G + H). All cancers are compared to age-matched healthy control data from individuals with ages 50+ years, whilst the benign breast disease dataset is compared to the 22 - 49 age group of healthy controls. *A single outlier is excluded from the breast cancer dataset (66Zn = -0.43‰). F = female, M = male. The healthy control datasets were compiled from the results of Moore et al.26, Schilling et al.18 and this study. Urine 66Zn data for males and females diagnosed with pancreatic cancer were published by Schilling et al. 2020.

Figure 3: Normalized [Zn] versus Zn isotope compositions (66Zn) for urine samples from prostate cancer patients of three cancer risk groups (low, intermediate, high). The cancer risk groups are based on the Gleason score. The ellipses shown for each cancer risk group are based on the 95% confidence interval of the data. The error bar represents the ±0.09‰ 2SD within-session reproducibility of results.

Figure 4: Conceptual model of relationship between urinary 66Zn and cancer-derived changes in the Zn metabolism. Cyst: cysteine-rich proteins, Alb: Albumin, 2-m: 2-macroglobulin.

Figure 5: Simplified mixing calculation predicting the cancer-derived Zn fraction in urine (%) based on mean 66Zn for pancreatic and prostate cancer and the healthy controls. The dashed line represents mixing contribution of Zn released from the cancerous cells with an estimated an isotope fractionation of -0.3‰ (based on ab initio calculations by Fuji et al.15).
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Table 1: Summary of Zn concentration and Zn isotope compositions (66Zn) in urine from prostate, breast, and pancreatic cancer patients, benign breast disease patients, and healthy controls. 
	 
	 
	Breast 
cancer
	Benign breast disease
	Pancreatic cancer(1)
	Healthy 
controls(1,2)

	Female
	
	
	
	

	Average age (n)
	67 (16)
	43 (14)
	69 (9)
	52 (31)

	Average age 22 - 49 yrs (n)
	45 (1)
	34 (10)
	-
	30 (11)

	Average age 50+yrs (n)
	68 (15)
	60 (4)
	69 (9)
	64 (20)

	Zn (ng ml-1)
	
	
	
	

	
	Mean
	602
	422
	1661
	322

	
	Median 
	435
	328
	1059
	269

	
	Range
	127-1630
	20 - 1150
	65 - 6500
	66 - 1120

	66ZnJMC-Lyon (‰)
	
	
	
	

	
	Mean
	0.31*
	0.30
	0.18
	0.40

	
	Median 
	0.29*
	0.20
	0.16
	0.40

	 
	Range
	0.03* to +0.72
	-0.06 to +0.88
	-0.02 to +0.45
	-0.16 to +1.00 

	
	Prostate 
cancer
	
	Pancreatic cancer(1)
	Healthy 
controls(1,2)

	Male
	
	
	
	

	Average age (n)
	67 (22)
	
	66 (7)
	47 (14)

	Average age 22 - 49 yrs (n)
	53 (2)
	
	44 (1)
	37 (8)

	Average age 50+ yrs (n)
	69 (20)
	
	70 (6)
	59 (6)

	Zn (ng ml-1)
	
	
	
	

	
	Mean
	675
	
	943
	409

	
	Median 
	573
	
	325
	439

	
	Range
	117 - 1859
	
	49 - 4222
	115 - 977

	66ZnJMC-Lyon (‰)
	
	
	
	

	
	Mean
	0.22
	
	0.14
	0.31

	
	Median 
	0.19
	
	0.12
	0.29

	 
	Range
	-0.13 to +0.51
	 
	-0.03 to +0.35
	0.11 to +0.58


Includes data from 1 Schilling et al.18 2020 (data recalculated) and 2 Moore et al.26. *One outlier not included (-0.43‰)
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