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Abstract

Background: Oxygen balance is critical for cell life and is regulated by an in-
tricate oxygen-sensing process in the body. The same mechanism can also be
used by cancer cells to survive, to grow and to disseminate what is key for cancer
patients’ life. We took highly advanced interdisciplinary approach Isotope Ratio
Mass Spectrometry to experimentally search for methodological issues funda-
mental for oxygen evaluation on an atomic level of cancer tissue biology — by
stable isotope ratio assessment.

Objectives: The aim of presented studies was to assess the reference mass of the
sample for oxygen estimation in future cancer tissue studies.

Material and Methods: Experimental O-isotope determination in animal tis-
sues made by IRMS (Thermo Finnigan MAT 253) following pyrolysis at 1350°C
and chromatographic separation (70°C) of H,and CO in a He gas stream.

Results: Oxygen signals were identified in all the examined experimental animal
tissue samples. The obtained oxygen isotope ratio values appeared 12,7 + 0,5 %o
and 11,8 + 1,0/2 %o for vacuum line and the vacuum dryer experimental parts,
appropriately.

Conclusions: Homogeneity of the tissue sample is critical for oxygen isotope ra-
tio measurements in cancer. It must be taken in consideration when the level of
homogenization of the sample allows to achieve the results versatile for cancer
tissue studies with prospective clinical impact. Presented studies are the call for
overcoming interdisciplinary barriers to intensify and develop isotope ratio can-
cer studies which give hope to understand more cancer disease and save cancer
patients’ lives.

Key words: biomarkers, isotopes, pyrolysis, structure analysis, neoplasms



The First Pyrolysis Protocol Based on Experimental Measurements in the Atomic...

Introduction

Normal human cells need oxygen to survive and act properly. However,
the amount must be right since oxygen balance is critical for cell life and
because of that fact is regulated by an intricate oxygen-sensing process in
the body, the discovery of which earned the 2019 Nobel Prize in Medicine.
The same mechanism can also be used by cancer cells for their own sur-
vival. Hypoxic cancer cells acquire abilities key for cancer patients’ health
and life — the ability to metastasize and resist chemotherapy and radiation
treatment. Although, it is not completely explained how hypoxic tumors
gain these abilities, however it was proved that activating Hypoxia Induci-
ble Factor (HIF) turns on genes and proteins that can degrade extracellular
matrix, enabling cancer cells to disseminate. There is proved the relation of
hypoxia and angiogenesis, and neovascularization in many cancer types. In
oxygen deprivation states HIF expression is impaired and induces activity
of the other proangiogenic factors as Stromal cell derived factor-1 (SDF-
1), which recruits in turn bone marrow derived progenitor cells CD133(+),
from circulatory system to the hypoxic areas which starts angio - and vas-
culogenesis. Epithelial to mesenchymal transition caused by HIF action
makes cancer cells to be more mobile and more resistant to therapy. Hy-
poxia in tumors is also a major factor in their resistance to immunotherapy
agents. Moreover, cancer cells can also adapt to low-oxygen environments
by turning on an alternative way for generating energy — one that doesn't
require oxygen [1-5].

The complex relationship between oxygen and cancer has been a subject
of ongoing research. The lack of practical results of these efforts so far justi-
fies a search for wider understanding of the problem with the use of modern
methods which may alight pathways of cancer growth and metastasizing in
oxygen deprivation states.

Interdisciplinary studies on cancer, highly developing today, had brought
such a possibility. Awarded the four Nobel Prizes Mass Spectrometry had
opened a new window on cancer studies by structured cancer tissue studies
on an atomic level - the stable isotope ratio assessment.
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Stable isotopes are non-radioactive atoms of the same chemical element,
which differ only in their number of neutrons [6]. The studies with the use of
stable isotopes are known from decades and since 1990s their popularity in
metabolic studies started to increase [7].

Isotope ratio assessment by Isotope ratio Mass Spectrometry (IRMS) relies
on the fact that biochemical processes cause change of isotopic profile of el-
ements of reacting molecules due to different rates of isotopic species what
is named an isotopic fractionation. The measurement of the ratio of a heavier
stable isotope to a lighter one is very precisely expressed as a delta value
which is ‘per mil’ (%o) deviation from a standard.

Stable isotopes are used for the dynamic assessment of in vivo metabo-
lism and they may be particularly important for cancer studies and the val-
idation of new treatment modalities. In 2015 it was successfully completed
the first protocol of stable isotope ratio assessment in tumor tissues based
on original research and the same year the first histoclinical studies were per-
formed and for the first time revealed proves for prospective clinical impact
of isotope ratio measurements in cancer [8, 9].

Highly developing stable isotope cancer studies during next few years
had brought many intrigued findings which alight cancer biology at the
atomic level as well as potential clinical implications of stable isotopes esti-
mations, and the results of isotopic studies were published by the most de-
manded scientific journals e.g. Nature group, however none of them concen-
trated on oxygen [10, 11].

At this still early stage of isotope ratio assessments in cancer tissue it is
fundamental to establish universal methodology of the studies as well as
patterns of measurements and references values of samples.

The aim of presented studies was to assess the reference mass of tissue
sample for oxygen estimation in future cancer studies. The standard mass
was understood as the mass of the sample selected in such a way that it was
possible to obtain the appropriate peak intensity (mV) of CO (the values with-
in the linear range of the used devices).
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Material and Methods
Experimental part

Material: animal tissue (meat RFN type (EU), class 1 — pork loin of the pro-
tein content in the fresh meat 16.8% (67.2% dry matter) and fat content
which did not exceeded 30%, and connective tissue content which did not
exceeded 20%).

Preparation procedures

Animal tissues were cut into pieces of an average size of 0.3 cm x 0.3 cm
x 0.3 cm and frozen - 70°C till the time of experiment and thawed prior
to drying. Drying: The pieces of animal tissue were placed on the sides
of bottles 5 centimetres high and weighed. Drying was carried out using
two methods: by means of a vacuum line and in a vacuum dryer. Drying in
a vacuum oven took place at the temperature of 30°C for 24 hours; drying
in a vacuum line lasted 5 days (120 h). Drying in a vacuum line took place
in a desiccator with the use of a drying agent — phosphorus pentoxide
(P,0,). The vacuum in the system was 0.001 mm Hg. After the drying pro-
cess, the samples were weighed and on this basis the percentage of dry
mass was obtained.

Homogenization

Homogenization followed drying, the pieces of animal tissue were homoge-
nized by a vibrating grinder that had two balls made of agate. Grinding the
pieces of animal tissue by hand, first with a scalpel, and then with a mortar
made of percelite, was used. The samples obtained in this way - for the vac-
uum line and the vacuum dryer, which were determined respectively “L"and
“S" were sent for isotope ratio assessment with the use of pyrolysis.
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Isotope ratio measurements

Samples were first weighed (180 + 20 ug) into Ag-foil capsules. The capsules
were then folded and loaded into plastic sample trays. Samples were then
loaded rapidly onto the automated carousel of a ThermoFinnigan elemental
analyzer (Bremen, Germany), which was evacuated, purged with helium, and
opened to the reactor. Before beginning the analysis, | monitored the back-
ground voltage on masses 28, 29, 30 until stable. O-isotope determination
was made by IRMS (Thermo Finnigan MAT 253) following pyrolysis at 1350°C
and chromatographic separation (70°C) of H, and CO in a He gas stream.
Measured values were calibrated to repeat analyses of a gelatin (certified ref-
erence material) provided by Elemental Microanalysis company and caffeine
(measured by different research group and published) standards and are re-
ported to VSMOW on the VSMOW-SLAP scale. Analytical precision, based on
repeated analysis was 0,5 %o (6180VSMOW;10 n = 5).

One needs to pay attention to the fact, that N-containing compounds
could yield less accurate results, despite quantitative conversion of the stand-
ard oxygen into CO. Analysts believe that the problems is partially caused
by interfering gases (third peak on the chromatogram) produced by a sec-
ondary decomposition of N — and C-containing polymers formed during the
decomposition of the analyte [12-14].

Results

Oxygen signals were identified in all the examined experimental animal tis-
sue samples.

Obtained results of oxygen isotope ratio assessment regarding the con-
ditions of performed experiments are presented in Table 1, identification
of the method and summary of the procedure and results are presented in
Table 2 and Figure 1.
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Table 1. Characteristic of results of oxygen isotope ratio measurements in experimental ani-

mal tissue studies

1 0,03188 0,00898 28,16813
2 0,03344 0,00975 29,1567
Zf;;‘r”m 3 0,02434 0,00742 30,4848 30,21254
4 0,03068 0,00894 29,1395
9 0,41910 014297 34,11358
5 0,06190 0,01709 27,609047
Vacuum 6 0,07765 0,02282 29,38828 2893006
line 7 0,06820 0,01986 29,12023
8 0,06594 0,01952 29,60267

Identification of used method and the summary of oxygen isotope ratio
measurement procedure and results plus EA-Py-CF-IRMS chromatogram of
gelatin are presented in Table 2 and Figure 1.

Table 2. Identification of used method §180VSMOW/EA-Py-CF-IRMS

Analysis Parameter Result+s Unit
1. 6 180VSMOW 12,7 £0,5 %0

Analysis Parameter Result+s Unit
2. | 5180vsMow | 11,8 +1,0/2 [ %o
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OXYGEN ISOTOPE RATIO MEASUREMENTS PROCEDURE
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Figure 1. Oxygen isotope ratio measurement procedure and results plus EA-Py-CF-IRMS chro-

matogram of gelatin

Discussion

The stable-isotopic composition of the body tissues depends on the isotop-
ic composition of food sources and on shifts due to isotopic fractionation
during metabolism. It already have been demonstrated that cardiovascular
diseases, smoking, anaemia, liver diseases, obesity and pregnancy affect the
isotopic composition of human tissues [15-211].

The research in literature strongly suggests a relationship between stable
isotope biochemistry, and human pathology, including cancer [10, 11, 22-25].

Nitrogen and carbon highly predominate as the subject of isotopic stud-
ies on cancer regarding their part in cell life sustention and proliferation [10,
11, 24]. A little is known about the other elements e.g. copper and zinc in
cancer, the studies on oxygen fractionation in cancer had not been found in
the literature according to the authors knowledge [23, 25, 26].

Isotopic studies on oxygen reflects in the literature environmental stud-
ies on water resources and oxygen fractionation is analyzed with hydrogen as
one of the two elements of water chemical structure. Growing risk of climatic
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changes makes this area of studies highly developing. Isotope ratios of tap
water have previously been studied as a potential tool to link public supply
waters with water source characteristics at local to continental scales, pro-
viding information on the footprint of and potential risks associated with the
water sources used. The tap water isotope signatures identified here could
be widely applied to characterize water supplies and associated sustainabili-
ty challenges in different regions worldwide [27, 28]. Stable isotopes in water
(6 2 H and & 18 O) are important indicators of hydrological and ecological
patterns and they are incorporated into geological and biological systems in
a predictable manner. Physical processes result in spatial variation of § 2 H,
6 18 O in water across the landscape (so-called “isoscapes”) and provide the
basis for hydrological, ecological, archaeological and forensic studies [29].

The relation of oxygen and cancer biology is complex and not complete-
ly known. In cancer patients tumor hypoxia leads to a poor prognosis due
to the potential of increased aggressiveness, metastatic potential and resist-
ance to chemo - and radiation therapy [30, 31]. Although HIF-1a transcription
does not require oxygen, in normoxia, HIF-1a is rapidly degraded [32].

HIFs also stimulate cancer stem cells (CSCs) [33]. Furthermore, one mecha-
nism of therapy resistance can be attributed to the special capacities of CSCs.

Regarding the part of oxygen in cancer cell survival, growth, dissem-
ination and resistance to universal therapies and taking into consideration
promising results of already performed IRMS studies on the other elements it
seems to be reasonable to choose oxygen fractionation as the current aim of
evaluation which may benefit in better understanding of cancer biology and
triggers for metastasizing.

In presented studies the oxygen signals were successfully identified in
all the examined samples, however a large standard deviation can indicate
that samples were not enough homogenous. Regarding the obtained re-
sults homogeneity of the sample reveals as the condition of expected pre-
cision in oxygen studies and the evaluation of stable isotopes of oxygen
seems to be much more challenging than previously performed with the
use of continuous low isotope ratio mass spectrometry (CF-IRMS) estima-
tions of nitrogen and carbon.



Marta Jadwiga Cichon, Katarzyna Joanna Gasior, Aleksandra Hincz, Katarzyna Anna Taran

Finally, some general methodical issues may be underline. To improve
the precision of the results, the intensity of the peak that comes from the
sample should be close to the intensity of the standard gas. The mass of the
sample should be selected to obtain the appropriate peak intensities (mV)
of CO (at appropriate dilution), so that they fall within the linear range of the
introducing device (elemental analyzer) and the mass spectrometer. To im-
prove the precision of the results, the intensity of the sample peak should be
close to that of the reference gas.

Conclusions

Homogeneity of the tissue sample is critical for oxygen isotope ratio meas-
urements in cancer. The use of a vibrating grinder for homogenization did
not give satisfactory results. It must be taken in consideration when the lev-
el of homogenization of the sample allows to achieve the results versatile
for cancer tissue studies with prospective clinical impact. Presented studies
are the call for overcoming interdisciplinary barriers to intensify and devel-
op isotope ratio cancer studies which give hope to understand more cancer
disease and save cancer patients’ lives.

The authors declare no conflict of interest.

This study was co-financed from the European Social Fund under Meas-
ure 3.2 Doctoral studies of Priority axis lll, Higher education for the econo-
my and development of the Operational Program for the Development of
Knowledge Education 2014-2020 (POWR.03.02.00-00-1029/16).

The authors acknowledge: Prof. Piotr Paneth from Lodz University of
Technology and Kamila Klajman MSc from Lodz Bionanopark Lab of Product
Authentication for their valuable help.



The First Pyrolysis Protocol Based on Experimental Measurements in the Atomic...

References

1. OkohV, Deoraj A, Roy D. Estrogen-induced reactive oxygen species-me-
diated signalings contribute to breast cancer. Biochimica et Biophysica
Acta (BBA) - Reviews on Cancer 2011; 1815: 115-133.

2. Koritzinsky M, Wouters BG. The Roles of Reactive Oxygen Species and Au-
tophagy in Mediating the Tolerance of Tumor Cells to Cycling Hypoxia.
Seminars in Radiation Oncology 2013; 23: 252-261.

3. Jezierska-Drutel A, Rosenzweig SA, Neumann CA. Role of Oxidative Stress
and the Microenvironment in Breast Cancer Development and Progres-
sion. Advances in Cancer Research, vol. 119, Elsevier; 2013, pp. 107-125.

4. Bhattarai D, Xu X, Lee K. Hypoxia-inducible factor-1 (HIF-1) inhibitors
from the last decade (2007 to 2016): A ‘structure-activity relationship’
perspective. Med Res Rev 2018; 38: 1404-1442.

5. Koyasu S, Kobayashi M, Goto Y, Hiraoka M, Harada H. Regulatory mech-
anisms of hypoxia — inducible factor 1 activity: Two decades of knowl-
edge. Cancer Sci 2018; 109: 560-571.

6. Wilkinson DJ. Historical and contemporary stable isotope tracer ap-
proaches to studying mammalian protein metabolism: A HISTORY OF
STABLE ISOTOPE TRACERS IN PROTEIN METABOLISM. Mass Spec Rev
2018; 37: 57-80.

7. LehmannWD. A timeline of stable isotopes and mass spectrometry in the
life sciences: A TIMELINE OF STABLE ISOTOPES AND MASS SPECTROME-
TRY. Mass Spec Rev 2017; 36: 58-85.



10.

11.

12.

13.

14.

Marta Jadwiga Cichon, Katarzyna Joanna Gasior, Aleksandra Hincz, Katarzyna Anna Taran

Taran K, Fraczek T, Kaminski R, Sitkiewicz A, Kobos J, Paneth P. The first
protocol of stable isotope ratio assessment in tumor tissues based on
original research. Pjp 2015; 3: 288-295.

Taran K. Isotope Ratio Mass Spectrometry (IRMS) as a new tool in evaluat-
ing pathomechanisms of neoplastic disease with regard to isotope map
of children’s organisms in Lodz region (in Polish). Academic habilitation
thesis Medical University of Lodz; 2015.

Taran K, Fraczek T, Sikora-Szubert A et al. The first investigation of Wilms’
tumour atomic structure-nitrogen and carbon isotopic composition as
a novel biomarker for the most individual approach in cancer disease.
Oncotarget 2016; 7: 76726-76734.

Tea I, Martineau E, Antheaume | et al. 13C and 15N natural isotope abun-
dance reflects breast cancer cell metabolism. Sci Rep 2016; 6: 34251.

Sieper H-P, Kupka H-J, Lange L, RoBmann A, Tanz N, Schmidt H-L. Essen-
tial methodological improvements in the oxygen isotope ratio analysis
of N-containing organic compounds. Rapid Commun Mass Spectrom
2010; 24: 2849-2858.

Chesson LA, Valenzuela LO, Bowen GJ, Cerling TE, Ehleringer JR. Con-
sistent predictable patterns in the hydrogen and oxygen stable isotope
ratios of animal proteins consumed by modern humans in the USA: Hy-
drogen and oxygen isotope patterns in US meats. Rapid Commun Mass
Spectrom 2011; 25:3713-3722.

Brand WA, Coplen TB, Aerts-Bijma AT, et al. Comprehensive inter-labora-
tory calibration of reference materials for 6 '® O versus VSMOW using var-
ious on-line high-temperature conversion techniques. Rapid Commun
Mass Spectrom 2009; 23: 999-1019.



The First Pyrolysis Protocol Based on Experimental Measurements in the Atomic...

15.

16.

17.

18.

19.

20.

21.

22.

23.

McGarrah RW, Crown SB, Zhang G-F, Shah SH, Newgard CB. Cardiovascu-
lar Metabolomics. Circ Res 2018; 122: 1238-1258.

Fuller B. Isotopic investigation of pregnancy and breastfeeding in mod-
ern and archaeological populations. D. Phil. Thesis, University of Oxford;
2003.

Fuller BT, Fuller JL, Harris DA, Hedges REM. Detection of breastfeeding
and weaning in modern human infants with carbon and nitrogen stable
isotope ratios. Am J Phys Anthropol 2006; 129: 279-293.

Stoffel NU, von Siebenthal HK, Moretti D, Zimmermann MB. Oral iron sup-
plementation in iron-deficient women: How much and how often? Mo-
lecular Aspects of Medicine 2020; 75: 100865.

McCullough A, Previs S, Kasumov T. Stable isotope-based flux studies in
nonalcoholic fatty liver disease. Pharmacology & Therapeutics 2018; 181:
22-33.

Most J, Altazan AD, Hsia DS, Beyl RA, Redman LM. Body Composition Dur-
ing Pregnancy Differs by Obesity Class. Obesity 2020; 28: 268-276.

HeY, Luo Y, Chen H, et al. Profiling of carboxyl-containing metabolites in
smokers and non-smokers by stable isotope labeling combined with LC-
MS/MS. Analytical Biochemistry 2019; 569: 1-9.

Balter V, Nogueira da Costa A, Bondanese VP et al. Natural variations of
copper and sulfur stable isotopes in blood of hepatocellular carcinoma
patients. Proc Natl Acad Sci USA 2015; 112: 982-985.

Larner F, Woodley LN, Shousha S et al. Zinc isotopic compositions of
breast cancer tissue. Metallomics 2015; 7: 112-117.



24,

25.

26

27.

28.

20.

30.

31.

32.

33.

Marta Jadwiga Cichon, Katarzyna Joanna Gasior, Aleksandra Hincz, Katarzyna Anna Taran

Taran K, Fraczek T, Sitkiewicz A, Paneth P, Kobos J. Rhabdomyosarcoma in
children in the light of isotope ratio mass spectrometry. Pjp 2015; 4: 383-388.

Télouk P, Puisieux A, Fuijii T et al. Copper isotope effect in serum of cancer
patients. A pilot study. Metallomics 2015; 7: 299-308.

. Toubhans B, Gourlan AT, Telouk P et al. Cu isotope ratios are meaningful

in ovarian cancer diagnosis. Journal of Trace Elements in Medicine and
Biology 2020; 62: 126611.

Van Mazijk R, Smyth LK, Weideman EA, West AG. Short communication: Iso-
topic tracing of stormwater in the urban Liesbeek River. WSA; 2018, p. 44.

Wang S, Zhang M, Bowen GJ et al. Water Source Signatures in the Spatial
and Seasonal Isotope Variation of Chinese Tap Waters. Water Resour Res
2018; 54:9131-9143.

Jing X, Yang F, Shao C et al. Role of hypoxia in cancer therapy by regulat-
ing the tumor microenvironment. Mol Cancer 2019; 18: 157.

Vaupel P, Thews O, Hoeckel M. Treatment Resistance of Solid Tumors. MO
2001; 18: 243-260.

Hockel M, Vaupel P. Biological consequences of tumor hypoxia. Seminars
in Oncology 2001; 28: 36-41.

Kaelin WG, Ratcliffe PJ, Semenza GL. Pathways for Oxygen Regulation
and Homeostasis: The 2016 Albert Lasker Basic Medical Research Award.
JAMA 2016; 316: 1252.

[Lau EY-T, Ho NP-Y, Lee TK-W. Cancer Stem Cells and Their Microenviron-
ment: Biology and Therapeutic Implications. Stem Cells International
2017;2017:1-11.



