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Introduction

Alterations of the chemical profile of cholesterol in
cancer tissue as traced with ToF-SIMS+

Auraya Manaprasertsak, 2@ Julhash U. Kazi, ©® Catharina Hagerling, €92
Kenneth J. Pienta, 2 € Per Malmberg 2 ¢ and Emma U. Hammarlund @ *®

Cancer has become one of the leading causes of death, with approximately ten million people worldwide
dying from cancer each year. In most cases, cancer spreads to remote organs and develops a resistance
to therapy. To reduce the deadly impact of cancer, novel targets for markers for early detection are
necessary. Given the notable influence of rapid chemical turnover on isotope effects, the heightened
turnover rate of cholesterol in cancer offers a promising way for investigation. Time-of-Flight Secondary
lon Mass Spectrometry (ToF-SIMS) offers a valuable tool of tracking cholesterol dynamics. Consequently,
we employed ToF-SIMS to assess cholesterol alterations, aiming to uncover potential diagnostic vulner-
abilities stemming from heightened cholesterol synthesis. Our study explored the chemical profile of
cholesterol influenced by cancer cell metabolism using mammary glands from mice, both with and
without cancer. Results revealed a significant increase in the fractional abundance of fragment cholesterol
peaks (C»7H4s") in cancerous tissues, indicating dysregulated cholesterol metabolism within cancer cells.
This suggests potential structural weaknesses or incomplete synthesis. Further investigation into carbon
isotope incorporation suggests that the isotopic patterns might be due to the integration of heavier
carbon isotopes, although these patterns could be affected by other isotopic influences. Nevertheless,
understanding isotope effect of cholesterol profiles have the potential to advance our understanding of
cancer biology and improve diagnostic approaches.

research is focused on exploring and utilizing biomolecules
that are altered by cancer.

Markers for early cancer detection are imperative, highlighted
by the staggering fact that approximately 20 million people
worldwide are diagnosed with cancer annually." While the
majority of cancers detected at a late stage remain lethal due
to metastasis and therapy resistance, cancers detected early
are generally curable. Therefore, any novel methods that
enable early detection of cancer have the potential to signifi-
cantly reduce its deadly impact.” Today, cancer detection typi-
cally relies on symptoms, physical examinations, or via screen-
ing by radiologic tests or for certain biomarkers. Biomarkers
play pivotal roles in early cancer detection and intense
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Biomolecules used for detecting cancer include DNA, RNA,
protein expression levels, and specific antibody expressions.’
Biomarkers indicate molecular changes as the cancer cell
population or its impact increases. Biomolecules can also
change their chemical properties as they are used or syn-
thesized at a higher rate.*” The energy budget of a biochemi-
cal process is influenced by the mass differences of the reac-
tants, which leads to varying reaction rates among isotopes of
an element. Consequently, in the context of a rapidly growing
tumour, certain isotopes might be preferentially utilized due
to the specific energy demands of the process. Therefore, it is
likely that isotopic variations can affect the bioenergetics of
cancer cells, potentially influencing cell proliferation and
metabolism. This influence is evidenced by changes in
elemental concentrations in blood®” and alterations in isoto-
pic balances in tissues, blood or serum.*** The balance of iso-
topes is believed to shift in transformed tissues as a result of
increased biosynthesis rates and uptake by cancer cells.”*? For
example, in tumour tissues of breast cancer patients, the pro-
portion of the ®*Zn isotope increases compared to the °°Zn
isotope.” Moreover, there are notable isotopic differences
between healthy and cancerous tissues and cell lines, with can-

This journal is © The Royal Society of Chemistry 2024
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cerous tissues and cells typically showing '°N depletion and
3C enrichment.*?

The isotope effect is a phenomenon in chemistry where the
rate of a chemical reaction is altered by the substitution of one
isotope for another."®'* This effect can influence various
aspects of chemical reactions, including bond breaking and
formation, reaction rates, and reaction pathways.'>'® The
effect can manifest in several ways, as isotopic substitutions
affect the energy and stability of a molecule.”” A change in
stability means that isotopic substitution can lead to a mole-
cule undergoing fragmentation. Such changes in the relative
abundance of the fragmented molecules are measurable by
mass spectrometry.'® The distribution of the molecule and its
fragments is detected with mass spectrometry,'®?° which
facilitates detailed analysis and characterization. This tech-
nique also allows for tissue imaging providing both spatial
and chemical information.?*

Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS) provides a robust method for tracking chemical
fragmentation processes. One of the benefits of modern
cluster ion-based ToF-SIMS is its relatively soft ionization tech-
nique, which results in less fragmentation of the sample.”>**
In addition, the focused ion beam enables high-resolution
chemical mapping. ToF-SIMS is particularly effective for ana-
lysing the surface distribution, identification, and localization
of elements, isotopes, and molecules, as well as fragmenta-
tions in tissue sections.>* Among the molecules well traced by
ToF-SIMS is cholesterol which is known to be poorly ionized
by many other techniques. A notable study utilizing ToF-SIMS
observed a higher level of cholesterol in the homogeneous
tumour region of human glioblastoma multiforme (GBM).>®
The sensitivity of the technique allows for the detection of
small amounts of cholesterol, while its specificity enables the
characterization of individual cholesterol fragments.>®

Cholesterol is a membrane lipid that plays a crucial role for
all cells including cancer cells.”” During the uncontrolled
growth of cancer cells, both cholesterol uptake and synthesis
rates typically increase, leading to abnormal metabolism.>373°
Several studies have documented a positive correlation
between cancer cell proliferation and cholesterol synthesis
rate.’’*> Consequently, increased cholesterol synthesis may
compromise the integrity of the cholesterol molecule. Fidelity
in this context refers to the structural accuracy and stability of
the cholesterol molecule, particularly its resistance to fragmen-
tation during ionization processes. Therefore, we hypothesise
that increased cholesterol synthesis during tissue transform-
ation results in altered fidelity of the cholesterol molecule and
would also alter the cholesterol fragmentation pattern or
isotope profile.

Here, we investigate whether the fidelity of the cholesterol
molecule is altered in transformed tissues, subsequently chan-
ging its fragmentation pattern. Using ToF-SIMS and desorp-
tion electrospray ionization mass spectrometry (DESI-MS), we
map the distribution of cholesterol in the mammary glands
from a genetically modified mouse model that develop breast
cancer (MMTV-PyMT) and wild-type (WT) mice (FVB).

This journal is © The Royal Society of Chemistry 2024
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Additionally, we attempt to interpret the results in the context
of changes to the composition of abundance carbon isotopes.

Materials and methods

Animal and tissue collection: mouse tissue

MMTV-PyMT mice, maintained on FVB/n and WT FVB/n
female mice, were purchased from Scanbur, Denmark. All pro-
cedures were approved and conducted according to the guide-
lines from the regional Ethics Committee for Animal Research
(Dnr 5.8.18-15383/2019). Mice arrived at the age of 4 weeks.
They were kept until mammary tumours in the MMTV-PyMT
model approached 1.5 cm, at which point they were 10-15
weeks old. Upon the sacrifice of a tumour-bearing mouse, a WT
FVB/n mouse was also sacrificed, and the mammary glands
were collected. In total, mammary glands were dissected from
19 WT and 19 MMTV-PyMT mice and snap-frozen in liquid
nitrogen and stored in a —80 °C freezer until cryo-sectioning.

Mammary gland sectioning and staining

Cryo-sectioning was performed at —25 °C with a cryostat micro-
tome (Leica CM3050S, Germany) without embedding to avoid
contamination. Fresh frozen tissues, sectioned to a thickness
of 10 pm, were placed on the glass slides and kept at —80 °C
until ToF-SIMS analysis. In addition, the tissue sections were
stained with haematoxylin and eosin (H&E) for cell and tissue
morphology.

Sample preparation prior to ToF-SIMS analysis

Reference cholesterol. Cholesterol (normal non-enriched,
13C enriched, and C, enriched; Sigma-Aldrich, Sweden) were
dissolved in ethanol. The cholesterol solution was prepared by
droplet deposition onto a clean glass slide and let it dry at
room temperature. The top-mount sample holder was used for
ToF-SIMS analysis.

Tissue. The frozen tissue sections were dehydrated by freeze-
dryer (Christ Alpha 1-2 LDplus, Germany), and the top-mount
sample holder was utilized to investigate using TOF-SIMS.

ToF-SIMS analysis

The samples were investigated using ToF-SIMS V (ION-TOF,
Munster, Germany), equipped with a bismuth (Bi;") liquid
metal ion gun as a primary ion source (25 keV). The ToF-SIMS
spectra were recorded in positive mode. The current primary
ion was approximately 0.2-0.4 pA. The surface spectra analysis
was carried out in an area of 500 x 500 pm>. To establish the
necessary number of tissue areas, up to 10 randomized areas
were compared. The variability within a tissue sample was con-
fidently captured when four randomized regions were analysed
(Fig. S1t). Thereafter, four randomized areas were analysed in
every tissue sample, and each area was scanned 20 times. All
ToF-SIMS spectra were analysed with the Surface Lab software
(version 7.0; ION-TOF, GmbH). The mass spectra were intern-
ally calibrated to signals of [C]", [CH]', [CH,]", [CHs],
[CsH;5PNO,]" and [C,,H,s5]" that are commonly used for cali-
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bration in the positive ion mode of tissue analysis. The peaks
from cholesterol were selected, and their peak areas were
exported with normalization of total ion intensity.

The calculation of peak areas

The peak areas of each cholesterol peak were calculated into
fractional abundances by dividing the area of each individual
peak by the total sum of all cholesterol peak areas.
Furthermore, the peak areas were analyzed to calculate several
ratios, particularly focusing on the fragment-to-intact chole-
sterol and various isotope patterns. Normalized ratios were cal-
culated using fold-change, setting the control group to a base-
line value of 1.

DESI-MS analysis

The mouse tissue sections were investigated using SELECT
SERIES MRT for DESI-MS (Desorption Electrospray Ionization
Mass Spectrometry). The spectra were recorded in positive
mode at high spatial resolution with their identity assigned
using high mass accuracy. The DESI source was operated at an
ionization voltage of 1.1 kV, a distance of 1-3 mm between the
sprayer and the sample surface with a 99:1 methanol/water
mixture with 0.1% formic acid delivered and 50 pg pL™"
leucine enkephalin at a rate of 2.0-1.0 pL min~'. The MRT
mass analyser, controlled by Mass Lynx version 4.2. The DESI
stage was operated to achieve two-dimensional data with a
50 pm pixel size. All of the experiments were performed using
a lock mass, leucine enkephalin, which corresponds to
556.27658 Da as [M + H — 1e]" as observed during positive
mode DESI experiments.

Statistical analysis and machine learning

The comparison between the means of control (without
cancer) and cancer samples was conducted using the Mann-
Whitney U test. This test was chosen for its robustness in ana-
lysing non-normally distributed data. Statistical significance
was determined at a significance level of p < 0.05. Principal
Component Analysis (PCA) was applied for dimensionality
reduction, using sklearn.decomposition.PCA. In the Partial
Least Squares Discriminant Analysis (PLS-DA) workflow, the
dataset was divided into training and test sets, comprising
75% and 25% of the data, respectively. The training dataset
was used to fit the PLS regression model via sklearn.cross_de-
composition.PLSRegression, and the test set was utilized to
assess the model’'s performance. Variable Importance in
Projection (VIP) scores were calculated to evaluate feature sig-
nificance within the PLS-DA model, following the method
described.?® This approach helps identify which variables most
significantly contribute to the model based on their association
with the response variable. For feature selection using a
Random Forest approach, a binary classification model was con-
structed with sklearn.ensemble.RandomForestClassifier. The
built-in feature importance attribute of the
RandomPForestClassifier was leveraged to identify key features
that are most predictive of the outcome, aiding in understand-
ing feature relevance and impact on the model predictions.

5346 | Analyst, 2024, 149, 5344-5352
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Results and discussion
Transformed mammary gland displayed higher density of cells

In our study, we hypothesized that tissue transformation could
influence the structural integrity and metabolic processing of
cholesterol molecules. Specifically, we aimed to detect vari-
ations in cholesterol fragmentation patterns and assess their
potential association with the altered metabolic incorporation
of *C in breast cancer. To explore this hypothesis, we utilized
a mouse model of breast cancer and commenced our investi-
gations by examining mammary gland tissues using haema-
toxylin and eosin (H&E) staining. Mammary glands derived
from the FVB mouse, which served as the control group,
exhibited a higher density of adipocytes, indicative of normal
adipose distribution within the mammary glands (Fig. 1A and
B). In contrast, mammary tissue from the MMTV-PyMT mice
displayed a significantly increased number of malignantly
transformed cells. These cells are characterized by their irregu-
lar morphology and increased nuclear-to-cytoplasmic ratio,
features that are typical of neoplastic transformation (Fig. 1C
and D).

ToF-SIMS analysis of cholesterol fragmentation in standard
and mammary glands

To assess the cholesterol fragmentation in breast tumours, we
first compared the ToF-SIMS spectra of cholesterol in a pure
standard (Fig. 2A) with those obtained from tissues of the
mammary gland in both WT and breast cancer-bearing
(MMTV-PyMT) mice (Fig. 2B and Ct). The spectra encompass
two groups of cholesterol fragments, within the mass-to-
charge (m/z) ranges of 367 to 371 and 383 to 387, respectively.
Thus, the presence of cholesterol in the tissue samples is effec-
tively characterized using this method.

Fig. 1 Sections with H&E staining of (A) normal tissue in the mammary
gland, (B) at a higher magnification, and (C) transformed tissue in the
mammary gland when at a higher magnification showing (D) a high
density of cell nuclei. The scale bar in (A) and (C) is 800 pm while in (B)
and (D) is 20 pm.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an01050g

Open Access Article. Published on 27 September 2024. Downloaded on 3/17/2026 10:00:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

View Article Online

Paper

Intensity (counts)

/J\/«\/«\M N /\mAM /\M\NAA/\/\MJ\,_,JLMAM,

-10?
1C

T T T T T T
366 368 370 372 374 376

T T T T T T
378 380 382 384 386 388 390
miz

Fig. 2 The overlay spectra of (A) pure standard cholesterol, and mammary glands from (B) WT mouse (FVB) and (C) tumour-bearing mouse

(MMTV-PyMT).

Fig. 3 illustrates the differential fragmentation of chole-
sterol due to ionization. During these measurements, the
cholesterol molecule may lose either a hydrogen (H) or a
hydroxyl group (-OH). Therefore, the ionization process offers
a route to quantify the stability of the cholesterol molecule.
Cholesterol molecules that lose the hydroxyl group are rep-
resented in the spectra by five distinct peaks, termed the ‘frag-
ment group’ (Fig. 3A), with masses ranging from m/z 367 to
371. Conversely, those losing a hydrogen atom are depicted by
five peaks in the ‘intact group’ (Fig. 3B), with masses in the
range of m/z 383 to 387.

Within each group, the analysis method further dis-
tinguishes cholesterol molecules that contain one or two *C
isotopes. In the fragment group, cholesterol with one C is
identified at m/z 368 and 370, while in the intact group, it

A Fragment group

appears at m/z 384 and 386. Additionally, distinctions are
made based on the loss of two additional hydrogen atoms.
Within both groups, the molecules can contain either 43 or
45 hydrogens. For instance, the m/z range of 367 to 371 in the
fragment group reflects the loss of hydroxyl group, resulting in
molecular ions C,;H,;" and C,,H,s'. Similarly, in the intact
group, the range of m/z 383 to 387 demonstrates the loss of a
hydrogen atom, leading to molecular ions of C,,Hy0" or
C,,H,50". Each set of peaks further differentiates by the
numbers of the heavier **C isotope.

ToF-SIMS analysis of cholesterol from mammary glands

We calculated the fractional abundance of ten peaks from
cholesterol from the mammary gland tissues of 19 WT mice
and 19 tumour-bearing mice (MMTV-PyMT) (Fig. 4A).

B Intact group
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Fig. 3 Schematic diagram of the difference between each peak of cholesterol. (A) fragment group and (B) intact group.
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Fig. 4 The fractional abundances of (A) all cholesterol peaks (B) the
presumed incorporation of one *C and (C) the presumed incorporation
of two *C from mammary glands WT mice (blue; n = 19) and
MMTV-PyMT mice (orange; n = 19). Asterisks indicate a statistically sig-
nificant difference with p < 0.05 (*), p < 0.01 (**) and p < 0.0001 (****).

The fractional abundances of fragment (C,,H,;') and intact
(C,,H450") of cholesterol in mammary glands

To investigate differential fragmentation, we measured both
fragmented and intact cholesterol in mammary gland tissues
from 19 WT mice and 19 MMTV-PyMT mice. We observed that
the fractional abundances of fragmented cholesterol (m/z 369:
C,sH,s") is statistically significant higher in transformed
tissues compared to control tissues (Fig. 4A). In contrast, the
fractional abundances of intact cholesterol when H,s (m/z 385:
C,,H,50") showed no difference between control and cancer
samples (Fig. 4A). However, the fractional abundances of
intact cholesterol when H,; (C,,H,30": m/z 383) were signifi-
cantly lower in transformed tissues (Fig. 4A).

Additionally, we performed a calculation to determine the
ratio between the fragment peak and the intact peak of chole-
sterol within the same sample. This approach confirmed the
trend observed in the fractional abundance analysis.
Specifically, the ratio of fragmented cholesterol (C,;H,s': m/z
369) over intact cholesterol (C,,H,s0": m/z 385) exhibited a
higher proportion in cancer samples (Fig. S21). This notable
distinction implies the potential to distinguish a difference in
the fidelity of the cholesterol molecule via ToF-SIMS.

To assess whether the observed alterations in cholesterol
structure are consistent across different ionization techniques,
we expanded our analysis to include Desorption Electrospray
Ionization Mass Spectrometry (DESI-MS). This method was

5348 | Analyst, 2024, 149, 5344-5352
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applied to mammary gland samples from both control mice
and mice with breast cancer. We observed a significant
increase in the proportion of fragmented cholesterol (m/z 369:
C27H45+) in the mammary gland samples from mice with
breast cancer (Fig. S3t). However, the trend of the m/z 385
peak differing from that observed in the ToF-SIMS data.
Therefore, while these findings suggest a consistent fragmen-
tation pattern of cholesterol at m/z 369 across different ioniza-
tion methods, the data also indicate some variability, which
could be influenced by the specific analytical techniques used.

The observed prevalence of fragmented cholesterol in trans-
formed tissues indicate a vulnerability in the molecular struc-
ture. This vulnerability may manifest as increased suscepti-
bility to fragmentation under the ionizing condition of
ToF-SIMS. To explore this possibility, we compared the 369/
385 ratio between pure cholesterol, control tissue, and cancer
tissue. The ratios were 447%, 620%, and 948%, respectively
(Fig. S47). These results suggest that the extent of cholesterol
fragmentation is significantly higher in cancer tissue, poten-
tially supporting the hypothesis that incomplete synthesis or
other biochemical alterations in cancerous tissues contribute
to the increased fragmentation. It is noted that the synthesis
of cholesterol intermediates squalene and lanosterol are
deregulated in transformed tissue.****® Although our ana-
lysis does not specifically target these intermediates, the possi-
bility that incomplete synthesis contributes to the observed
fragmentation of cholesterol remains a plausible explanation.
This could potentially lead to an accumulation of biochemi-
cally unstable precursors that are more prone to
fragmentation.

Moreover, another possibility is the matrix effect in
ToF-SIMS. The matrix effect refers to the influence that the
chemical environment or matrix of a sample can have on the
accuracy and reliability of analytical measurements. In mass
spectrometry techniques, the matrix effect can lead to changes
in the signal intensity or response of the analyte of
interest.””*® To mitigate the matrix effect, we examined the
distribution of peaks from the phosphatidylcholine head
group (CsHy,N': m/z 86 and CsH;sPNO,": m/z 184) and salts
(Na™: m/z 23 and K': m/z 39). The mammary glands from wild-
type mice and mice with breast cancer exhibited similar distri-
bution patterns (Fig. S51) and peak areas (Fig. S6t). This
suggests that the matrix composition of both tissues is quite
similar. Additionally, we performed the ToF-SIMS analysis of
the enriched *C and "*C, cholesterol standard (Fig. 5) to see if
it showed a similar effect to the non-enriched cholesterol. The
results revealed no significant difference in the ratios of 3
cholesterol standards (Fig. S77). The spectra from all standards
exhibit similar peak patterns and intensities, with minor
differences attributable to the presence of "*C isotopes in the
enriched standard, likely due to oxidation effects in the stan-
dard samples (Fig. S8%). Since no variations are observed in
these pure standard samples, any variations seen in the cancer
tissue are likely attributable solely to the tissue samples.

In this study, we investigated whether this change in mole-
cular fidelity is related to the rate of lipid synthesis, which may

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 The overlay spectra of (A) non-enriched cholesterol standard (Co7H460), (B) enriched **C cholesterol standard (**CC,gH460) and (C) enriched

13C, cholesterol standard (*C,Cp5H460).

necessitate the incorporation of more of the heavier carbon
isotope, *C. Due to their differing mass, isotopes can affect
the stability and fragmentation pathways of cholesterol mole-
cules during ionization and subsequent analysis. Therefore,
we proceeded to examine the ratios of various isotopic patterns
of cholesterol in both mammary glands with and without
cancer to observe the potential incorporation of >C.

The fractional abundances of the isotopic patterns of
cholesterol from the mammary glands

Due to their differing mass, isotopes can affect the stability
and fragmentation, the different isotopic patterns of chole-
sterol were also investigated. The different isotopic patterns of
cholesterol are *CC,sHy3" (368), *CCyHys" (370), 1*C,Co5H,s5"
(371), 'CCreH,0"  (384), ™CC,eH4s0"  (386), and
13C,Cy5H450" (387). The significant difference in the fractional
abundances of isotopic patterns between control and cancer
could be explained by the potential incorporation of one *C in
transformed tissue (“*CCyeHys" (368) and *CCyeHyus™ (370)).
The molecules with one '*C are overrepresented in trans-
formed tissues (Fig. 4B).

However, it appears that the molecules with two '*C are
overrepresented in normal tissue for both *C,C,sH,s" (371)
and "*C,C,5H,50" (387) (Fig. 4C). These trends are also evident
in an alternative method used to calculate peak area ratios of
the isotopic patterns from cholesterol (Fig. S9t). This opposite
and significant trend is counterintuitive. Therefore, we first
asked if the data accurately captured peaks of carbon isotope.
The variation could be due to other factors, such as protona-
tion effects in ToF-SIMS,*® or interference from *H and '®0.
The limitations of ToF-SIMS means that weights for e.g., a
cholesterol molecule with one ">C appears to have the same
weight as a molecule with one hydrogen atom. This process is
called protonation. Protonation is arguably the most important
means of ionization in the positive mode of soft ionization

This journal is © The Royal Society of Chemistry 2024

mass spectrometry methods.*®*" Protonation may contribute

to our quantification and therefore overestimate some of our
isotope peaks. However, for this overestimation to be respon-
sible for our opposing trends, protonation must contribute in
a discriminatory way whether the tissue is normal and trans-
formed. With our current knowledge, it appears inexplicable
how protonation would contribute unevenly between tissues.
Additional influence on the cholesterol fidelity within trans-
formed tissues may be isotopic effects stemming from vari-
ations in hydrogen or oxygen isotopes. The presence of iso-
topes, notably deuterium (*H) or oxygen isotopes (**0), can
significantly modify the observed fragmentation patterns of
cholesterol. The natural abundances of deuterium (*H) and
oxygen-18 ('®0) are approximately 0.0156% and 0.204%,
respectively. Given that a cholesterol molecule contains
27 hydrogen atoms, the probability of *H substitution is conse-
quently increased. The substitution of *H and '®0 can induce
changes in bond strengths, thereby impacting the likelihood
of specific fragmentation pathways.'> This phenomenon is
often referred to as the isotopic effect or isotopic substitution
effect."®'* Hydrogen ("H vs. ’H) and oxygen (*°0 vs. '®0) iso-
topes are typically influence due to their higher natural abun-
dances and large mass differences. However, the impact of
oxygen isotopes on fragmentation may be less pronounced
compared to hydrogen isotopes due to the fewer number of
oxygen atom in cholesterol molecule.

Resolving what ion contributes to the mass balance altera-
tion can be resolved by either another method to quantify the
isotope contribution at higher resolution (like GC-HR-MS), or
with the magnetic resonance mass spectrometry with higher
mass resolution (like MRMS). With the current techniques
used here, it the observations are consistent with the predicted
isotope pattern change that cholesterol synthesis in trans-
formed tissue incorporates additional *C, but only up until
one molecule.
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Thus, we conclude that the isotopic patterns may be
explained by incorporation of heavy carbon isotopes but
obscured by other isotopic effects. Although the resolution
fails to shed light on the exact ion that contributes to the mass
difference, the fidelity of the cholesterol molecule appears
altered during tissue transformation.

Machine learning of cholesterol from mammary glands

To investigate the discriminative power of the fractional abun-
dances of 10 cholesterol fragments in distinguishing between
cancer and control samples, we initially employed PCA. This
analysis enabled us to visually assess the separation between
the two groups. As anticipated, the projection onto the first
two principal components resulted in a clear distinction
between all cancer and control samples (Fig. 6A). Building on
PCA analysis, we evaluated the classification efficacy of these
fractional abundances using PLS-DA. We allocated 75% of the
dataset for training the PLS-DA model and reserved the
remaining 25% for testing. The PLS-DA model proved to be
highly effective, correctly classifying all samples in the test set
(Fig. 6B). To further elucidate which of the six ratios contribu-
ted most significantly to the model’s predictive performance,
we calculated the VIP scores within the PLS-DA framework.
This analysis revealed that three specific fractional abun-
dances, for m/z 383, 368, and 371 were particularly influential
in the model (Fig. 6C). In parallel, we utilized a Random Forest

View Article Online
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Classifier to identify the most relevant features. This method
corroborated the findings from the PLS-DA analysis, indicating
a similar set of important features (Fig. 6D). Lastly, to visually
confirm the discriminative capability of these three key frac-
tional abundances, we generated a three-dimensional scatter
plot of their raw values. This plot demonstrated a complete
separation of the cancer and control samples, reinforcing the
effectiveness of these fractional abundances in distinguishing
between the two groups (Fig. 6E).

Conclusion

We investigated whether the increased rate of cholesterol syn-
thesis during tissue transformation leaves a detectable chemi-
cal signature in the cholesterol molecule. Our study revealed a
significant increase in the fragmentation of cholesterol in
transformed tissues, measured as a higher fractional abun-
dance of fragmented (ionized) cholesterol. This increase in
fragmentation suggests a possible alteration in the molecular
integrity of cholesterol, potentially linked to the metabolic
changes associated with tissue transformation. Furthermore,
the observation of an altered structural fidelity would be con-
sistent with increased incorporation of **C, if also obscured by
other mass alterations. Future research should aim to deter-
mine whether these changes in cholesterol structure persist
throughout tumor progression, whether they can be detected
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Fig. 6 Dimensionality reduction and discriminant analysis: (A) PCA of the fractional abundances of 10 cholesterol fragments from 19 WT mice and
19 MMTV-PyMT mice. The data was plotted against the first two principal components to visualize separation. (B) PLS-DA was performed on the
same dataset, which was divided into training (75%) and testing (25%) subsets prior to building the PLS-DA model. (C and D) Feature importance was
assessed using the complete dataset, with VIP scores (C) and Random Forest Classifier (D). (E) A three-dimensional scatter plot of three specific fea-
tures was generated to visually confirm the discriminative capability between the cancer and control samples. All analysis was performed using the

Python platform and Matplotlib was used for data visualization.

5350 | Analyst, 2024, 149, 5344-5352

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4an01050g

Open Access Article. Published on 27 September 2024. Downloaded on 3/17/2026 10:00:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

in blood samples, and whether they involve specific isotopic
mechanisms.
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