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Abstract

Despite substantial observational and experimental evidence that aspirin use can provide
protection against the development of colorectal neoplasia, our understanding of the molecular
mechanisms involved is inadequate and limits our ability to use this drug effectively and safely

for chemoprevention. We employed an untargeted plasma metabolomics approach using liquid
chromatography with high-resolution mass spectroscopy to explore novel metabolites that may
contribute to the chemopreventive effects of aspirin. Associations between levels of metabolic
features in plasma and aspirin treatment were investigated among 523 participants in a randomized
placebo-controlled clinical trial of two doses of aspirin (81 or 325 mg/day) and were linked to risk
of colorectal adenoma occurrence over 3 years of follow-up. Metabolic pathways that were altered
with aspirin treatment included linoleate and glycerophospholipid metabolism for the 81 mg dose
and carnitine shuttle for both doses. Metabolites whose levels increased with 81 mg/day aspirin
treatment and were also associated with decreased risk of adenomas during follow-up included
certain forms of lysophosphotidylcholine (LysoPC) and lysophosphotidylethanolamine (LysoPE)
as well as trihydroxyoctadecenoic acid (TriHOME), which is a derivative of linoleic acid and is
upstream of cyclooxygenase inhibition by aspirin in the linoleate and arachidonic acid metabolism
pathways. In conclusion, our findings regarding lysophospholipids and metabolites in the linoleate
metabolism pathway may provide novel insights into the chemopreventive effects of aspirin in the
colorectum, although they should be considered hypothesis-generating at this time.
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INTRODUCTION

Colorectal cancer is one of the most common and lethal cancers in the US (1)

and worldwide (2). Aspirin, which is used clinically for the secondary prevention of
cardiovascular disease, is also a potential cancer chemopreventive agent (3). In particular,
findings from observational studies and clinical trials provide support for aspirin use in the
prevention of colorectal neoplasia (4, 5). Based on a systematic evidence review in 2016,
the US Preventive Services Task Force (USPSTF) recommended the use of low dose aspirin
to prevent colorectal cancer in addition to cardiovascular disease in some individuals who
are at increased risk of cardiovascular disease (6). In 2021 however, an updated USPSTF
draft statement downgraded its prior recommendations based on new data suggesting that
the potential risks from bleeding may outweigh the potential benefits (7).

Despite the large amount of research conducted to date, a fundamental question still to be
resolved is aspirin’s mechanism of action in the chemoprevention of colorectal neoplasia.
A clearer understanding of the key biological effects may aid in the identification of
biomarkers that could be used to optimize the dose and duration of treatment as well as

to appropriately target specific populations or individuals who are most likely to benefit
and least likely to be harmed from using aspirin for colorectal neoplasia prevention (8).
Although inhibition of cyclooxygenase (COX) enzymes and reductions in downstream
prostanoids, especially prostanglandin E2, have been implicated, aspirin has a multitude

of effects and the role of COX-1 versus COX-2 and of numerous non-COX mechanisms are
not clear.

In the present work, we use a global untargeted high-resolution metabolomics approach to
investigate aspirin’s biological effects on the development of colorectal adenomas, the most
common precursor lesion to colorectal cancer. Metabolomics represents a powerful, but still
evolving tool for evaluating effects of environmental exposures, including drug therapies,
on complex biological outcomes such as colorectal cancer (9). Our untargeted approach

is ideal for exploring mechanisms in a hypothesis-generating manner to help address the
existing uncertainty. Here, we analyze archived blood plasma samples that were collected
at baseline and after three years of treatment in the Aspirin/Folate Polyp Prevention Study,
a randomized placebo-controlled trial conducted between 1994-2001 in which low dose
aspirin reduced adenoma recurrence (10). To our knowledge, our previous analysis in colon
tissue (11) and our present analysis in blood plasma are the first to use metabolomics to
study aspirin’s mechanism of action in colorectal chemoprevention.
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Study Population and Design

The Aspirin/Folate Polyp Prevention Study was a multicenter, double-blind, placebo-
controlled, randomized trial of aspirin and/or folic acid for the chemoprevention of
colorectal adenomas, as described previously (NCT00272324)(10, 12). The study was
conducted in accordance with recognized ethical guidelines (Declaration of Helsinki). All
participants provided written informed consent and institutional review boards approved

the study at all participating institutions. Participants between 21 to 80 years old were
recruited from nine clinical centers in North America between 1994-1998. For eligibility, a
recent diagnosis of colorectal adenoma was required and a colonoscopy within 3 months
before study entry. Major exclusion criteria included a history of colorectal cancer or
familial colorectal cancer syndromes. At enrollment, participants provided information on
demographics and health history and were told to avoid using aspirin and other non-steroidal
anti-inflammatory drugs (NSAIDs) for the duration of study treatment. Dietary information
was collected using a food frequency questionnaire that assessed the average consumption
of 109 food items during the past year (13). Following a short run-in period, eligible

and willing participants who took 80% or more of their study pills were independently
randomized to aspirin (placebo, 81 mg/day, or 325 mg/day) and folic acid (placebo or 1 mg/
day). However, due to a delay in funding for the folate component of the study, the first 100
participants were only randomized to aspirin. Thereafter at 4 months intervals, participants
provided updated information about their study pill taking habits, use of over-the-counter
and prescription drugs, and recent medical diagnoses or procedures. Treatment ended at the
time of a surveillance colonoscopy about three years after the pre-enrollment colonoscopy.
Adenoma occurrence was assessed via central pathological review and diagnosis of all large
bowel lesions. By definition, advanced adenomas included those with cancer, high-grade
dysplasia, villous histology (more than 25%), or large size (at least 1 cm). By definition,
high-risk findings included the occurrence of at least one advanced adenoma or 3 or more
adenomas of any type.

Collection and Selection of Blood Plasma Samples for Metabolomics Analyses

In the clinical trial, baseline blood samples were collected at enrollment and year three
blood samples were collected a median of 16 days (interquartile range 10-33 days) prior to
participant’s end-of-treatment colonoscopy. Non-fasting blood was collected in 7-ml EDTA
Vacutainer brand tubes, put on ice and then centrifuged at 1,100xg for 10 min at 4°C. The
plasma fraction was withdrawn and kept frozen at <-20°C for 12 months or less at the local
clinical center before shipment with dry ice to the study biorepository at Dartmouth for long
term storage at <-70°C.

Participants with paired baseline and year three blood plasma samples were selected for
inclusion in this metabolomics analysis (Figure 1). Among all randomized participants, a
total of 1007 had both baseline and year three plasma samples available. Of those, 92 were
excluded due to lack of consent or IRB approval, or missing data on adenoma outcomes.
We further excluded 392 participants who reported aspirin or NSAID use more than 24
days/year at baseline or more than 2 days/month during study participation, or who reported
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less than 85% adherence to study pills. This left 523 participants with paired baseline and
year three plasma samples.

Due to limitations on the number of batches that could be analyzed without instrument
re-calibration, samples were designated for analysis in two separate runs about 6 months
apart. Three hundred samples were randomly selected for analysis in run 1, 100 from

each of the three aspirin treatment groups, after ensuring equal numbers with and without
folate treatment in each group. The remaining 223 participants were analyzed in run 2

for replication. Of the 1046 samples to be analyzed in total, 31.6% (331) had never been
thawed previously, 67.0% (701) had been thawed once, 1.2% (13) had been thawed twice
and one sample had an unknown thaw history. Samples were shipped on dry ice to the
Emory Department of Medicine Clinical Biomarkers Laboratory and stored at <—70°C prior
to metabolomics analysis.

High Resolution Metabolomics Analyses and Data Processing

The global metabolic effects of aspirin were assessed in blood plasma using liquid
chromatography coupled with high-resolution mass spectrometry. Metabolomics methods
were similar to those described previously (14-16). Briefly, batches of 20 experimental
samples were thawed daily on ice and 50 pl aliquots were removed for analysis. Acetonitrile
(100 ul) containing 2.5 pl of internal standards was added to each aliquot followed by 30
minutes on ice, centrifugation at 14,000 rpm at 4°C for 10 minutes, and removal of 100

ul of the resulting supernatant. For each sample three technical replicates of 10 pl each

were chromatographed using a 100 X 2.1 mm C18 column (Thermo Accucore) followed by
mass spectrometry using a Thermo QExactive High Field mass spectrometer (Thermo Fisher
Scientific) operated in positive electrospray ionization mode at a mass resolution of 120,000.
Participants’ paired baseline and year 3 samples were analyzed in random order in the same
analytical batch and identified using only eight-digit barcoded labels without information

on treatment classification. Reference samples analyzed in each batch for quality control
purposes included pooled human plasma samples from the National Institute of Standards
and Technology (NIST, Gaithersburg, MD; SRM #1950) and from Equitech Bio (Kerrville,
TX). Average pairwise Pearson correlation coefficients for all features across all samples
and across all pooled plasma reference samples were, respectively, 0.95 and 0.91 in run 1
and 0.98 and 0.97 in run 2.

Raw datasets were processed using apLCMS v6.3.3 (17) with enhancements by
xMSanalyzer v2.0.7 (18). Unique metabolic features (ions) were identified by accurate mass
(5 ppm), mass-to-charge ratio (/7/2) and retention time. Batch correction was implemented
with Combat (19) and ion intensity values were averaged across triplicates. Following initial
data extraction, there were 8,458 and 7,425 metabolic features in the two runs, respectively
(Supplementary Figure S1, step 1). Two samples from run 1 with mean overall pairwise
Pearson correlation <70% between replicates were omitted from the analyses. Metabolic
features were omitted due to high variability between replicates (median coefficient of
variation >50%) or low abundance (undetectable in >50% of samples in each of the

three treatment groups), leaving 4,667 and 6,117 features to be analyzed in the two runs,
respectively (Supplementary Figure S1, step 2).
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Detection of Aspirin Catabolites in Blood Plasma Samples

Levels of two common aspirin catabolites (salicylic acid and salicyluric acid) detected in
baseline and year three plasma samples were used to validate participants’ adherence to
randomized aspirin treatments. Identities of these aspirin catabolites were confirmed at level
1 per the Metabolomics Standards Initiative (MSI)(20) by co-elution using tandem mass
spectrometry (MS/MS) relative to authentic standards: /7,/z= 139.0389, salicylic acid [M+H]
and m/z=196.0604, salicyluric acid [M+H]. For each treatment group, differences in raw
intensities of aspirin catabolites between paired baseline and year three plasma samples were
assessed using Wilcoxon Signed-Rank tests and visualized with box plots.

Statistical Analyses

Prior to statistical analyses, zero intensity values for metabolic features were replaced with
the lowest value for that feature across all samples divided by 2 and then the data was log2-
transformed. To identify metabolic features in plasma whose levels were associated with
aspirin treatment we used multivariable linear regression. The year three log2-transformed
ion intensity was the dependent variable and the predictor variable was the randomized
aspirin treatment assignment. Models were adjusted for baseline log2-transformed ion
intensity, age, sex, race (non-Hispanic white vs. other), and folate treatment assignment.
Separately, two regression models were used to examine associations with 81 mg/day aspirin
treatment compared to placebo or with 325 mg/day aspirin treatment compared to placebo in
intention-to-treat analyses. Volcano plots were used to visualize results. Mummichogv2.0.6
(21) was used to identify metabolic pathways altered with aspirin treatment.

Metabolic features found to be associated with aspirin treatment were next examined for
their associations with adenoma outcomes using multivariable Poisson regression models for
binary data with common outcomes. Risk ratios (RR) and 95% confidence intervals (ClIs)
were estimated for associations with two-fold changes in ion intensity. In the regression
models, adenoma outcome at year three was the dependent variable and the predictor
variable was the year three log2-transformed ion intensity. Models were adjusted for age,
sex, and race. Separately, three regression models were used to assess associations with risk
of one or more adenoma, one or more advanced adenoma or high-risk findings.

In our analyses the number of independent estimates is uncertain because multiple
metabolic features (adducts) can map to one metabolite, and metabolites in a pathway

can be correlated. The Benjamini-Hochberg method was used to calculate false discovery
rate (FDR) g-values with a 0.2 threshold for significance (22). However, in regression
analyses of metabolic features associated with aspirin treatment, features were selected

for subsequent analysis using a two-sided P-value threshold of <0.05 without adjustment
for multiple testing to reduce type Il error. This approach prioritizes discovery of novel
metabolic features associated with aspirin treatment and enhances Mummichog analyses of
metabolic pathways altered with the drug (21, 23). P-values calculated with Mummichog
use permutation tests with sampling from Gamma distributions to account for clustered
data; a threshold of ~<0.05 was used to identify pathways altered with aspirin treatment to
minimize type | error (21, 23). In regression analyses of metabolic features associated with
adenoma outcomes only those features associated with aspirin treatment (two-sided A<0.05)
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were included, thereby limiting multiple testing, and FDR correction was performed. In
analyses of changes in salicylic acid and salicyluric acid intensities between baseline and
year three plasma samples, two-sided A<0.05 were considered statistically significant.

Spearman correlation analysis was used to assess metabolite-metabolite associations
between natural log-transformed year 3 intensities among confirmed or tentatively identified
metabolites that were increased with aspirin treatment and associated with adenoma
outcomes. Analyses were conducted in R v3.5.1 and SAS v9.4.

Metabolite Annotation and Identification

For identification of metabolic features accurate mass and retention time were compared

to authentic standards from an in-house library run under identical conditions using
MS/MS. Additional tentative annotations were ascribed using Mummichog v2.0.6 (21)

and xMSannotator v1.3.2 (24) with Human Metabolome Database v3.5. xXMSannotator
uses a multi-step approach based on /7/z, retention time, isotopes, adducts, correlation
across samples, and network and pathway associations to assign database matches into
different categories: high, medium, or low confidence. Metabolite annotations and identities
were classified per MSI criteria (25) level 1 (confirmed by MS/MS and co-elution with
authentic standards) or level 2 (tentative annotation using xMSannotator with medium or
high confidence).

Data Availability

RESULTS

The metabolomics data generated in this study are publicly available in the NIH Common
Fund’s National Metabolomics Data Repository, the Metabolomics Workbench https://
www.metabolomicsworkbench.org, as Project ID PR000730. The data can be accessed
directly via its Project DOI: 10.21228/M89X1C.

Population Characteristics

Baseline characteristics of the 523 participants from the Aspirin/Folate Polyp Prevention
Study whose blood plasma samples were included in this metabolomics analysis are shown
in Table 1. The average age at enrollment was 58 years, 35% were female, and 86% were
non-Hispanic whites. These demographic characteristics as well as risk factors for colorectal
cancer, including body mass index, smoking status, alcohol use and family history of
colorectal cancer, did not differ statistically significantly between the three aspirin treatment
groups. Study and follow-up characteristics, including allocation to folate treatment (47% on
average), length of follow-up (32 months on average) and occurrence of adenoma outcomes,
also did not differ across aspirin treatments. Comparison of these characteristics across the
two sub-sets of participants analyzed in runs 1 and 2 also didn’t show substantial differences
(Supplementary Table S1).

Levels of Aspirin Catabolites in Plasma: Salicylic Acid and Salicyluric Acid

Levels of salicylic acid and salicyluric acid, two major aspirin catabolites formed following
aspirin ingestion (26), confirmed participant’s compliance with aspirin treatment allocations
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(Supplementary Figure S2). In year three compared to baseline plasma samples, levels of
salicylic acid and salicyluric acid were increased among the participants allocated to 81

mg of aspirin (median change in raw intensities=4.68 X 10°, P=2.8 X 10710 and median
change=1.33 X 106, A=7.6 X 10721, respectively) and among those allocated to 325 mg of
aspirin (median change=2.45 X 107, A=3.5 X 10722 and median change=1.31 X 107, P=7.0
X 10727 respectively), but not among participants allocated to placebo (median change=2.20
X 104, P=0.8 and median change=0, P=0.09, respectively).

Plasma Metabolic Features and Pathways Associated with Aspirin Treatment

Among 4,667 features analyzed in run 1 and 6,117 analyzed in run 2, there were 464

and 606 features, respectively, that were statistically significantly associated with aspirin
treatment (either 81 mg or 325 mg) at a nominal A<0.05 (Supplementary Figure S1, step

3). Over both runs, roughly half of these features increased with aspirin treatment and half
decreased, as visualized with volcano plots (Figure 2). There was limited overlap in features
that increased or decreased with both doses of aspirin, as shown in Venn diagrams: 39 of 464
(8.4% in run 1) and 52 of 606 (8.6% in run 2)( Figure 2). Following correction for multiple
testing, 4 features in run 1 and 10 in run 2 were associated with aspirin treatment with
statistical significance (Supplementary Table S2), including salicyluric acid (/7/2=196.0604,
M+H) and salicylic acid (/m/2=139.0389, M+H) as discussed above. The identities of the
other features are unknown, but some could be unidentified forms of aspirin catabolites. The
presence of more unidentified features in run 2 (see Figure 2 volcano plots, Supplementary
Table S2) suggested the possibility of unknown technical issues in that run that could bias
the findings. Thus, we focus on describing run 1 findings, and include run 2 findings as
supplementary information.

Metabolic pathways that were altered in response to aspirin treatment in run 1 are shown
in Figure 3. Carnitine shuttle metabolism was altered with both doses of aspirin. Linoleate,
glycerophospholipid, saturated fatty acids beta-oxidation and arachidonic acid metabolism
were only altered with the 81 mg aspirin dose. Aspartate and asparagine metabolism was
only altered with the 325 mg aspirin dose. Different pathways (tryptophan, tyrosine and
purine metabolism) were identified in run 2 (Supplementary Figure S3).

Plasma Metabolic Features and Pathways Associated with Adenoma Risk

The primary aim of this work was to identify metabolites or metabolic pathways that may
help to explain the chemopreventive effects of aspirin in the colorectum. Therefore, we next
assessed whether the changes in levels of metabolic features due to aspirin treatment at
either dose were also associated with risk of colorectal adenoma outcomes in a direction that
could explain the chemopreventive effects of aspirin. We found that changes in levels of 143
metabolic features were statistically significantly (nominal £<0.05) associated with one or
more of the adenoma outcomes (any adenoma, advanced adenoma, or high-risk outcomes) in
a direction consistent with a potential chemopreventive effect for aspirin (77 features in run
1 and 66 in run 2, Supplementary Table S3).

Although identities of many of these metabolic features are unknown, findings in
run 1 for eighteen features corresponding to thirteen metabolites that could be
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confirmed or tentatively identified (MSI level 1 or 2) are shown in Table 2, (See
Supplementary Table S4 for run 2 findings.) These features were increased due to

81 mg aspirin treatment and were also associated with a reduced risk of adenoma
outcomes. They are all linked to glycerophospholipid, linoleate, and arachidonic acid
metabolism pathways and located upstream of aspirin inhibition of COX (Supplementary
Figure S4), including: linoleic acid, a- or -y-linolenic acid (these two compounds

are indistinguishable with the methods used), trihydroxyoctadecenoic acid (TriHOME),
dihydroxyoxooctadecenoic acid, arachidonoylcarnitine, phosphatidylcholine PC(38:5), and
several forms of lysophosphatidylcholine (LysoPC) and lysophosphatidylethanolamine
(LysoPE). After correcting for multiple testing, four of these metabolites were statistically
significantly associated with risk of advanced adenomas: LysoPC(P-16:0), LysoPE(20:1),
LysoPC(P-18:0), and lysoPE(22:1); and one with high-risk outcomes: TriHOME (Table
2). Correlation analysis (Figure 4) among these identified metabolites indicates that

levels of all the lysophospholipids were positively correlated (Spearman correlation
coefficient range 0.33-0.86). In addition, levels of the two linoleate metabolites, TriIHOME
and dihydroxyoxooctadecenoic acid, were highly correlated. These metabolites were all
identified in run 1, but for the sub-set that was also able to be identified in run 2,

we did not find consistent trends suggesting an increase from aspirin treatment and an
association with decreased risk of adenoma outcomes (Supplementary Figure S5). Overall,
six of the metabolites identified in Table 2 are components of pathways significantly altered
with aspirin treatment (Table 2 footnote f, Supplementary Table S5). Sensitivity analyses
adjusting for participants’ dietary linoleic acid intake and for the thaw status of blood
samples used in the metabolomics measurement did not meaningfully alter our findings.

DISCUSSION

We performed an untargeted metabolomics investigation of pre- and post-aspirin treatment
blood plasma samples from participants in a randomized clinical trial to identify metabolites
and metabolic pathways that may be informative of the chemopreventive effects of aspirin
for colorectal adenomas. We found metabolic pathways altered with aspirin treatment
included linoleate and glycerophospholipid metabolism for the 81 mg/day dose and carnitine
shuttle metabolism for both doses. Furthermore, we observed that levels of numerous
metabolites with confirmed or tentative identities in the glycerophospholipid and linoleate
metabolism pathways increased with 81 mg aspirin treatment and were associated with
reduced risk of adenoma outcomes. These included linoleic acid, which was also identified
in our metabolomics analysis using colon tissue specimens from participants in this

trial (11), as well as several other metabolites with statistically significant associations

after correction for multiple testing: lysoPC(P-16:0), lysoPC(P-18:0), LysoPE(20:1),
lysoPE(22:1) and TriHOME. Our novel findings link lysophospholipids and linoleate
metabolites upstream of cyclooxygenase inhibition to the chemoprevention of colorectal
adenomas by aspirin.

There have been few prior investigations of the metabolomic effects of aspirin in humans.
The mechanism of variability in the anti-platelet response to aspirin was examined in a
subset of up to 205 participants from the Hereditary and Phenotype Intervention Heart
Study treated for two weeks with 81 mg/day aspirin (27-29). These analyses measured
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up to 180 serum metabolites and implicated the purine pathway (27), serotonin (28), and
oxylipid profiles (29) in the variability to aspirin response. A more recent analysis of 11
platelet metabolites was unable to distinguish between aspirin response groups in a small
case-control study (30). A broader metabolomics analysis of aspirin’s effects measured 2007
urine metabolites from seven healthy volunteers treated for one week with 100 mg/day
aspirin and found reduced levels of glutamine, acyl-carnitines, and histidine and purine
pathway metabolites (31). In a small, randomized placebo-controlled cross-over trial of 40
healthy participants treated for 60 days with 325 mg/day aspirin, plasma concentrations

of the oncometabolite 2-hydroxyglutarate were reduced among 363 plasma metabolites
analyzed suggesting a potential chemopreventive mechanism (32). Compared to this prior
research, our previous analysis in colon tissue (11) and our present analysis in blood plasma
employed larger samples sizes, broader metabolomics analyses and uniquely linked aspirin’s
metabolic effects to colorectal adenoma chemoprevention.

Linoleic acid levels in stool and blood have been associated with colorectal cancer risk

in previous studies. Linoleic acid levels were lower in stool from patients with colorectal
cancer compared to controls (33—-37) and higher genetically-predicated levels of circulating
linoleic acid was associated with reduced colorectal cancer risk (38, 39). These observations
are consistent with our findings that aspirin treatment altered the linoleate metabolism
pathway and increased linoleic acid levels in blood (present analysis) and in colon tissue
(11), and that these increases were associated with reduced adenoma risk. However, in
contrast to our findings, a previous study found aspirin treatment (81 mg/day) reduced
linoleic acid (27) and slightly reduced 9,12,13-TriHOME (29) levels in serum. These
differences will require further investigation but could be related to the much shorter
duration of aspirin treatment (14 days) compared with our clinical trial (three years) or

the lack of a placebo control group in their study.

Recently, a rigorous metabolomics analysis of plasma from colorectal cancer cases and
controls found inverse associations with colorectal cancer for several lysoPCs including
lysoPC(P-16:0) (40), which is one of the lysophospholipids that we found to be increased in
plasma with aspirin treatment and inversely associated with adenoma risk. In a subsequent
analysis of that metabolomics data, levels of PC(38:5) were associated with colorectal
cancer stage: lower in stage 3—4 versus stage 1-2 (41). In our analysis, PC(38:5) was also
increased with aspirin treatment and associated with reduced adenoma risk. Although it is
unknown how levels of PC(38:5) in adenomas compare to different stages of colorectal
cancer, further research may shed light on potential effects of aspirin in cancer progression
(42). Finally, a lysophospholipid [LysoPE(18:1)] was also implicated in our colon tissue
analysis (11), although in the opposite direction, supporting the potential importance of
aspirin’s effects on these compounds.

Aspirin may increase levels of linoleic acid and its metabolites through mechanisms
involving cyclooxygenase inhibition, which could increase arachidonic acid levels and
thereby reduce its synthesis from linoleic acid, increasing linoleic acid levels and the
formation of alternative linoleate metabolites (Supplementary Figure S4). Our observation
that levels of arachidonoyl carnitine increased with aspirin treatment in blood, and in colon
tissue in our prior analysis (11), provides support for this hypothesis. The mechanism
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for an increase in plasma levels of the various lysophospholipids that we identified is
uncertain. However, changes in linoleic acid levels and related metabolites may have
complex effects upstream on the modulation of glycerophospholipid metabolism. In contrast
to previous research highlighting effects of aspirin downstream of cyclooxygenase inhibition
via reductions in levels of anti-inflammatory prostaglandins (4, 8), our novel findings
provide evidence that metabolites upstream of cyclooxygenase inhibition may be important
to the chemopreventive effects of aspirin in the colorectum.

To our knowledge our study is unique in directly comparing the metabolomics effects of
two different doses of aspirin in one study population. The variation that we observed by
dose is plausible because aspirin uniquely incorporates two bioactive components in one
molecule, a reactive acetyl moiety and a salicylate group, with different cellular targets and
dose-response relationships (26). In our clinical trial, the 81 mg dose of aspirin appeared to
be more efficacious than the 325 mg dose in preventing colorectal adenomas (10), although
there is insufficient evidence to support our finding from a meta-analysis of randomized
trials (43) and from observational studies that lack information on tablet dose (44, 45). In
the present analysis, we observed that metabolites in linoleate and glycerophospholipid
metabolism pathways associated with lower adenoma risk were increased with the 81
mg/day dose of aspirin but not statistically significantly associated with the 325 mg/day
dose. Thus, these findings provide mechanistic evidence for a more beneficial profile for the
lower 81 mg dose in adenoma prevention. An inverse dose response for aspirin has also been
observed for ovarian cancer risk (46) and will be an important issue to address to optimize
aspirin use for chemoprevention.

Major strengths of our work include the rigorous design of the randomized clinical trial

with two doses of aspirin assessed and long-term follow-up of adenoma outcomes. In
addition, measurement variation was reduced by performing a paired analysis of pre- and
post-treatment blood plasma samples allowing individuals to serve as their own control.
Finally, careful selection of participants for inclusion in the metabolomics analysis used
detailed information on pre-study aspirin use, treatment compliance and non-protocol aspirin
use during the study. This enabled the selection of all pre-study plasma samples and post-
treatment samples from the placebo group with minimal aspirin exposure, as well optimizing
exposure to the appropriate dose of aspirin in the post-treatment plasma samples from the
two treatment groups.

There are also some limitations. Blood samples were only collected at baseline and

year three, so we do not have data confirming self-reported treatment adherence from
measurements of aspirin catabolites at earlier time points. The timing of year three blood
collection after aspirin intake was not consistent between study participants, which likely
added some variability in our metabolomics measurements. Another potential source of
variability is that blood samples used for metabolomics measurements had undergone
different numbers of freeze-thaw cycles, although analyses that allowed for this gave very
similar results. Also, consistent with a current challenge in untargeted metabolomics, many
metabolic features potentially linked to aspirin’s chemopreventive effects in our analysis are
unidentified at this time.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 February 01.
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An important limitation of this research is that due to the large humber of pre- and post-
treatment plasma samples that met our selection criteria, our analysis was divided into two
independent runs but the run 2 findings did not replicate those from run 1. Although the
two runs used separate sub-sets of participants, there were no noticeable differences in
demographics or factors related to colorectal cancer risk raising concern about the potential
for artifactual findings. We can offer no compelling explanation for the distinct findings,
and can’t rule out the impact of chance and measurement variability. Nonetheless, our
previous colon tissue analysis (11) provides support for the pathways and a few of the
metabolites identified in run 1, leading us to speculate that the lack of replication may be
due to unknown technical problems in run 2. This interpretation is further supported by the
biological plausibility of our findings (as illustrated in Supplementary Figure S4) as well
as consistency with prior research implicating some of the same metabolites in colorectal
cancer risk.

Given these considerations our findings should be considered hypothesis-generating. With
technical improvements in the field of metabolomics (47) some of these limitations may

be addressed with better bioinformatics tools and analytical instrumentation to enable
identification of unknowns as well as replication and validation of the present findings with
increased sample sizes. Future investigation should include rigorous biospecimen collection
and metabolomics analyses targeting linoleate and glycerophospholipid metabolism
pathways in a population at increased risk with randomized aspirin exposure and long-term
follow-up of precancerous or cancerous outcomes. To facilitate future research using the
extensive metabolomics resource that we generated here, our data has been deposited into
the metabolomics workbench repository (https://www.metabolomicsworkbench.org) where
it is available to other scientists.

In conclusion, using a global untargeted metabolomics approach to analyze blood
plasma samples from participants in a randomized clinical trial of aspirin for adenoma
chemoprevention, we found that increases in lysophospholipids and linoleate metabolites
in metabolic pathways upstream of cyclooxygenase inhibition appeared to be linked to
reduced risk of colorectal adenomas due to aspirin treatment. Our novel findings expand
on prior targeted research, which has focused on prostaglandins located downstream of
cyclooxygenase inhibition as potential mediators of aspirin’s anticancer effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PREVENTION RELEVANCE

This research used metabolomics, an innovative discovery-based approach, to identify
molecular changes in human blood that may help to explain how aspirin use reduces
the risk of colorectal neoplasia in some individuals. Ultimately, this work could have
important implications for optimizing aspirin use in the prevention of colorectal cancer.

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Barry et al.

Page 16

Total randomized (N=1121)

)[ Paired baseline and year 3 plasma

v samples not available (N=114)

]

[

Paired baseline and year 3 plasma
samples available (N=1007)

Excluded (N=484), reasons: missing consent or IRB approval for
future research (N=38); missing pathology data on adenoma
outcomes (N=54); baseline NSAID use >24 days/year (N=269),
adherence with study pills <85% (N=82), NSAID use during study
participation >2 days/month (N=41)

\ 4

[

Selected for plasma metabolomics
analysis (N=523)

Run#1 ¥ Run #2
i ' 1 )
81 mg 325 mg 81 mg 325 mg
(I;}a—c]e;& aspirin aspirin I;;?fgg‘)’ aspirin aspirin
(N=100) (N=100) (N=77) (N=66)
Figure 1.

Participant Flow Chart. Selection of participants for inclusion in plasma metabolomics
analysis. In Run 1, 600 paired baseline and year 3 plasma samples from 300 participants
were analyzed. In Run 2 (replication run), 446 paired baseline and year 3 plasma samples
from 223 participants were analyzed.
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Figure 2.

Blood metabolites associated with aspirin treatment. A, Run 1 dataset. B, Run 2 dataset.
Linear regression was used to estimate the change in year 3 metabolite intensities in

the aspirin treated group compared to the placebo group, adjusting for age, sex, race,

and folate treatment. Volcano plots depict for each feature the magnitude of the change

on the x-axis (log,fold change with aspirin treatment vs. placebo) and the statistical
significance on the y-axis (-logygp-value for the association with aspirin treatment). Color-
coded features statistically significantly increased (red) or decreased (green) with aspirin
treatment (P<0.05). Features significant at FDR (q<0.2) are above the blue dotted line. Venn
diagrams indicate overlap of significant features across the two aspirin treatment groups (81
or 325 mg) for those that either decrease or increase with treatment. In Run #1, one feature
was both increased with 81 mg aspirin and decreased with 325 mg aspirin, so total number

of features associated with aspirin treatment is N=464 instead of N=465.
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Aspirin Treatment

Linoleate metabolism (6/17)

Carnitine shuttle (6/28 and 5/28)

Glycerophospholipid metabolism (5/27)

Saturated fatty acids beta-oxidation (3/6) -

Arachidonic acid metabolism (3/11)

Aspartate and asparagine metabolism (3/23) -

-log4o(P-value)

O 81 mg Aspirin @ 325 mg Aspirin

Figure 3.

Dysregulated metabolic pathways associated with aspirin treatment in blood plasma in run 1.
The vertical axis represents the pathways (circles) with the radius representing the number
of hits (significant metabolic features). The horizontal axis represents the negative logqg of
the gamma adjusted P-values for each pathway with at least 3 hits. The open circles are for
81 mg aspirin and the solid circles are for 325 mg aspirin treatment. In parentheses next

to each pathway name is the number of hits divided by the pathway size (total number of

features detected in the pathway).
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Figure 4.
Metabolite-metabolite correlation analysis. Spearman correlations between natural log-

transformed year 3 intensities for metabolites that increased with aspirin treatment and were
also associated with reduced adenoma risk (Table 2). Positive correlations are in blue and
negative correlations are in red. Metabolites are ordered by hierarchical clustering.
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Table 1.

Characteristics of Randomized Participants Selected for Plasma Metabolomics Study, by Aspirin Treatment
Group (N=523)

Placebo 81 mg Aspirin 325 mg Aspirin a

(N=180) (N=177) (N=166)

Baseline Characteristics:
Age at Enrollment, Mean = SD 58.5+9.5 57.5+93 58.4+9.2 0.55
Female, N (%) 62 (34.4) 63 (35.6) 59 (35.5) 0.97
Race/ethnicity, N (%) 0.26

White, Non-Hispanic 152 (84.4) 149 (84.2) 151 (91.0)

Black, Non-Hispanic 12 (6.7) 12 (6.8) 3(1.8)

Hispanic 10 (5.6) 10 (5.7) 5(3.0)

Other 6(3.3) 6 (3.4) 7(4.2)
Body-Mass Index, kg/m2, mean + SD 27.1+4.1 27.2+42 27.8+45 0.28
Current Smoker, N (%) 25 (13.9) 23 (13.1) 22 (13.3) 0.76
Alcohol Use, N (%) 119 (68.4) 106 (62.0) 101 (64.3) 0.45
Family History of Colorectal Cancer, N (%) 51(37.2) 58 (39.5) 60 (45.8) 0.33
Dietary Linoleic Acid Intake, gr/day, mean + SD 12.3+6.8 109+6.2 118+7.1 0.17
Study and Follow-up Characteristics:
Allocated to Folate Treatmentb, N (%) 81(49.1) 85(53.8) 78(53.1) 0.66
Study Follow-Up Time, Mean sp” 32731 323%25 32526 0-58
=1 Adenoma at Year 3 Colonoscopy, N (%) 75 (41.7) 61 (34.5) 64 (38.6) 0.37
21 Advanced Adenoma at Year 3 Colonoscopyd, N (%) 20(11.) 12 (6.8) 16 (9.6) 0.3
High-risk Findings at Year 3 Colonoscopye, N (%) 29 (16.1) 17(9.6) 20(12.1) 0.17
Baseline plasma thaw history 0.18

0 times 71 (39.4) 92 (52.0) 72 (43.6)

1 time 106 (58.9) 83 (46.9) 91 (55.2)

2 times 3(1.7) 2(11) 2(1.2)
Year 3 plasma thaw history 0.12

0 times 33 (18.3) 30 (17.0) 33(19.9)

1 time 147 (81.7) 146 (82.5) 128 (77.1)

2 times 0 1(0.6) 5(3.0)

N’s for missing data for smoking status: 1 aspirin (81 mg), 1 aspirin (325 mg); alcohol use: 6 placebo, 6 aspirin (81 mg), 9 aspirin (325 mg); family
history of colorectal cancer: 43 placebo, 30 aspirin (81 mg), 35 aspirin (325 mg); dietary linoleic acid intake: 5 placebo, 6 aspirin (81 mg), 8 aspirin
(325 mg); baseline plasma thaw history: 1 aspirin (325 mg).

a . . . . . .
P-values for comparisons among the three treatment groups: Pearson chi-square tests for categorical variables and analysis of variance tests for
continuous variables. Fisher’s exact test used for number of thaws.

Enrolled in study before randomization to folate began: 15 placebo, 19 aspirin (81 mg), 19 aspirin (325 mg).
cTime in months from enrollment to year 3 end of treatment colonoscopy

d . . . . .
Advanced adenomas are those with cancer, high-grade dysplasia, >25% villous component, or diameter =1 cm.
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é’High-risk findings refers to 21 advanced adenomas or =3 adenomas of any type.
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