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Abstract

Purpose: Radiation therapy to the prostate and pelvic lymph nodes (PLNRT) is part of the curative treatment of high-risk
prostate cancer. Yet, the broader influence of radiation therapy on patient physiology is poorly understood. We conducted
comprehensive global metabolomic profiling of urine, plasma, and stools sampled from patients undergoing PLNRT for high-

risk prostate cancer.
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Methods and Materials: Samples were taken from 32 patients at 6 timepoints: baseline, 2 to 3 and 4 to 5 weeks of PLNRT;
and 3, 6, and 12 months after PLNRT. We characterized the global metabolome of urine and plasma using 'H nuclear mag-
netic resonance spectroscopy and ultraperformance liquid chromatography-mass spectrometry, and of stools with nuclear
magnetic resonance. Linear mixed-effects modeling was used to investigate metabolic changes between timepoints for each
biofluid and assay and determine metabolites of interest.

Results: Metabolites in urine, plasma and stools changed significantly after PLNRT initiation. Metabolic profiles did not
return to baseline up to 1 year post-PLNRT in any biofluid. Molecules associated with cardiovascular risk were increased in
plasma. Pre-PLNRT fecal butyrate levels directly associated with increasing gastrointestinal side effects, as did a sharper fall
in those levels during and up to 1 year postradiation therapy, mirroring our previous results with metataxonomics.
Conclusions: We showed for the first time that an overall metabolic effect is observed in patients undergoing PLNRT up to 1
year posttreatment. These metabolic changes may effect on long-term morbidity after treatment, which warrants further inves-
tigation. © 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http:/

creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

External beam radiation therapy (EBRT) is an important
management option for patients with pelvic cancers. About
15,800 men receive radiation therapy for prostate cancer
every year in the United Kingdom." EBRT to the prostate and
pelvic lymph nodes (PLNRT) may be indicated in the cura-
tive treatment of high-risk prostate cancer (PCa).” PLNRT
targets the prostate and seminal vesicles in addition to exter-
nal and internal iliac, obturator, common iliac, and presacral
groups.” Given the wide radiation fields used with PLNRT,
organs at risk such as bowel may receive significant amounts
of radiation. However, it is still not known how radiation
therapy influences the systemic metabolism of patients. This
question is made more pertinent by improvements in radiation
therapy accuracy, leading to rising interest in PLNRT includ-
ing large international randomized controlled trials.”™

The cross-talk between radiation therapy and metabolism
has been researched. For example, metabolic reprogramming
in response to hypoxia and malnutrition is one of the hall-
marks of cancer and may occur through aberrant overactiva-
tion of oncogenes or signaling pathways, which occur in
PCa.’ Hypoxia impairs tissue response to radiation. Histori-
cally this effect has been attributed to a decrease in oxygen
radical formation during radiation.'’ More recent data indi-
cate that anaerobic glycolysis, which creates the antioxidant
lactate as a pathway end-product, is also involved in resis-
tance to radiation."' Mitochondrial metabolism alterations
also contribute.'” How these changes effect host systemic
metabolism is less clear. However, metabolic diseases such
as diabetes mellitus increase the risk of radiation-induced
side effects in patients treated for PCa, probably through
impaired tissue repair and microvasculature dysfunction.'*'*
On the other hand, drugs with a metabolic effect such as met-
formin and statins may improve the efficacy of radiation ther-
apy for PCa.'>'° Clinical studies researching the effect of
radiation therapy on global metabolic status are limited due to
wide intersubject variation, making trends difficult to separate
from the noise of high-throughput data."”

Metabolic phenotyping methods (including metabolo-
mics and lipidomics) aim to measure the global, dynamic

response of living systems to biological stimuli (eg, pelvic
radiation therapy), with a particular focus on understanding
systemic change through time in complex systems such as
the human organism. High resolution proton nuclear mag-
netic resonance (NMR) spectroscopy and mass spectrome-
try (MS) are used to develop broad measurement profiles of
the observable metabolome which can be investigated do
discover metabolic associations with clinical observations
and data. These technologies have been successfully used
to detect differences in fecal metabolomes of patients with
cervical cancer undergoing radiation therapy, where differ-
ent metabolic profiles were detected before and after treat-
ment.'® However, metabolic biomarkers of radiation
response remain elusive, especially with more easily acces-
sible biofluids such as peripheral blood, urine and stools.'”
Also, all studies conducted to date focused on a single sam-
ple type and were limited by short-term follow-up.

To better understand the effect of radiation therapy on
the organism as a whole, we conducted deep metabolomic
analysis in patients undergoing EBRT to the prostate and
pelvis for high-risk PCa, who were recruited in the Micro-
biota and Radiation therapy-Induced Gastrointestinal Side
Effects (MARS) study.”” Sequential samples were obtained
before, during and up to 12 months after radiation therapy.
We hypothesized that specific metabolic changes could be
detected after radiation therapy initiation and that a recov-
ery process could be observed after treatment. We used lin-
ear effect modeling to investigate the effect of radiation
therapy treatment on the broad metabolome, after the time
course of treatment and recovery while allowing for subject
specific variability.

Methods

Patients

Thirty-two patients were recruited in the early cohort of the
previously reported MARS study.”’ All patients were
recruited before undergoing high-dose intensity modulated
radiation therapy to the prostate and pelvic lymph nodes as
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per a published protocol and followed longitudinally up to a
year thereafter.” Clinical assessment and sampling was per-
formed at baseline (preradiation therapy), at 2 to 3 weeks, 4
to 5 weeks, 12 weeks, 6 months, and 12 months postradia-
tion therapy initiation. All subjects provided written
informed consent before entry into the study. Eligibility cri-
teria are summarized in supplementary methods. The study
was approved by the Committee for Clinical Research at
the Royal Marsden (no.: 4010) and by the London-Bromley
Research Ethics Committee (no.: 13/LO/1527), and regis-
tered by the NHS Health Research Authority (ID: 130287).
All study procedures were conducted in accordance to the
Declaration of Helsinki.

Sampling procedures and sample processing

Samples (stools, urine, and plasma) obtained prior and dur-
ing prostate and pelvis radiation therapy were taken before
any bowel preparation procedure (rectal enema), to sample
each individual’s biological status as close to equilibrium
(or steady-state) as possible. All sample classes were stabi-
lized by deep freezing to —80°C as soon as reasonably pos-
sible for each particular sampling method used. Stool and
urine samples were collected by patients in sterile contain-
ers, kept at room temperature, and delivered to the research
team within 12 hours of collection. Fecal water was
extracted as detailed in supplementary methods. Patients
were instructed to collect a first-morning midstream urine
sample. Nonfasting blood collection was undertaken in hos-
pital by a trained phlebotomist. Plasma was obtained from
blood as detailed in supplementary methods.

Methodology of '"H NMR spectroscopy and Ultra-Per-
formance Liquid Chromatography-Mass Spectrometry
(UPLC-MS), NMR global profiling and metabolite quantifi-
cation, and UPLC-MS global profiling is detailed in
supplementary methods.

Statistical analysis

Before statistical analysis, metabolic profiles from urine
and stool were adjusted using probabilistic quotient normal-
ization to account for variable sample concentration.”'

To investigate the effect of radiation therapy treatment
and recovery on the broad metabolome, linear mixed effects
(LME) modeling was used. For each feature, 2 LME mod-
els were generated using the lme4 package in R one with
(1), and one without a factor for sampling time-point (2),
both allowing for subject specific random effects, according
to the following model formulae™***:

(1)model_with_time <— log(feature) ~ as.factor(time
point) + (1llsubjectID)

(2)model <— log(feature) ~ 1 + (1lsubjectID)

Models were compared using an approximate F-test
based on the Kenward-Roger approach using the pbkrtest

package and the resulting P values for all features in each
data set false discovery rate (FDR) corrected using the Ben-
jamini-Hochberg procedure.”**” Features with an FDR cor-
rected P value < .05 were considered to be significantly
different between sampling time points. For features of
interest, post hoc contrasts were calculated using the
emmeans package to further investigate metabolic changes
between pairwise time points of interest (consecutively
from start to end, and each time point with baseline).z(’
Annotation of significant features was carried out by tan-
dem mass spectrometry (MS/MS) for liquid chromatogra-
phy-mass spectrometry (LC-MS) features and comparison
of the experimental (LC-MS/MS and 1D NMR) data to in-
house, online, and spectral databases in-silico.

To evaluate gastrointestinal symptoms and their relation-
ship to metabolite levels, we closely followed our previously
published methodology.”” Patient-reported outcomes (PRO)
were analyzed with the bowel subset of a gastrointestinal
symptom score validated for radiation enteropathy.”’ Patients
were divided in 3 groups, which were (1) no symptoms (no
symptoms at either 4 or 5 weeks or 6 months); (2) nonpersis-
tent symptoms (symptoms at either 4 or 5 weeks or 6 months);
and (3) Persistent symptoms (symptoms at 4 or 5 weeks and 6
months). This strategy enables identification of patients
experiencing nonhealing acute toxicity, which may be related
to a consequential reaction and determines a higher risk of
long-term symptoms.”® We used LME modeling to investi-
gate potential associations between short chain fatty acid
(SCFA) metabolites of interest (butyrate and propionate)
according to the model formula:

model <- log(metabolite) ~ time point*PRO + (time
pointlsubject)

Significance was evaluated by ¢ tests using Sat-
terthwaite's method.

Results
Demographics

Thirty-two men with high-risk prostate cancer were
enrolled between March 18, 2014 and February 1, 2016
(Table 1). All patients underwent prostate and pelvic radia-
tion therapy after a previously published protocol and were
recruited before radiation therapy commencement, but after
androgen deprivation therapy (ADT) initiation.”” All
patients were under ADT for the duration of the study and
sampling period. Of the 32 men enrolled, 12 month samples
were only available for 11 due to loss to follow-up.

Metabolic profiles show sample type-specific
effects in the acute and late phases

LME modeling revealed significant changes in metabolic
profiles between several sampling time-points (Table 2),
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Table 1  Study demographics

Item

Median age at date of enrolment 66 (63-72)
in years (IQR)

Patients treated with 31 (97%)

conventionally-fractionated
radiotherapy (CFRT)*; n (%)
Patients treated with 1 (3%)
hypofractionated radiotherapy
(HFRT)*: n (%)

Median presenting PSA (IQR) in 26.2 (13.4-47)

ng/mL
Gleason 6, n (%) 1 3%)
Gleason 7, n (%) 12 (37%)
Gleason 8, n (%) 3 (9%)
Gleason 9, n (%) 16 (50%)
NO, n (%) 16 (50%)
N1, n (%) 16 (50%)
T1, n (%) 1 (3%)
T2, n (%) 7 (22%)
T3, n (%) 24 (75%)
T4, n (%) 0 (0%)
Subjects on short-course anti- 22 (69%)
androgen and long-term LHRH
analogues
Subjects on bicalutamide 1 (3%)
monotherapy
Subjects on maximum androgen 9 (28%)
blockade
Subjects on ADT at time of 32 (100%)t
sampling, n (%)*
Subjects with history of 19 (59%)
abdominal or pelvic surgery, n
(%)
Median body mass index (IQR) 27 (25-32)
Subjects with dyslipidemia and 10 (31%)
on statins, n (%)
Subjects with history of diabetes, 7 (22%)
n (%)
Subjects with history of 13 (41%)

hypertension and on medical
treatment, n (%)

Non-smokers/ex-smokers/
smokers, n (%)

19 (59%)/11 (34%)/2 (6%)

Abbreviations: ~ADT = androgen deprivation
IQR = interquartile range; PSA = prostate specific antigen.

* CFRT: 70 to 74 Gy to prostate and seminal vesicles (35-37 frac-
tions) or 64 Gy to prostate bed (32 fractions); 50 to 60 Gy to pelvic
lymph nodes (35-37 fractions). HFRT: 60 Gy to prostate and seminal
vesicles or 55 Gy to prostate bed (20 fractions); 47 Gy to pelvic lymph
nodes). T: All patients were on ADT at all sampling timepoints.

therapy;

which appeared largely consistent across data sets and
indeed between biofluids. Differences in metabolic profiles
were observed at radiation therapy initiation (between base-
line and 2 to 3 weeks of PLNRT) across all 3 biofluids. In
plasma and stool samples, metabolic profiles appeared
largely stable until radiation therapy completion (between 4
to 5 weeks of PLNRT and 12 weeks), and fluctuations were
observed for some urine metabolites even during radiation

therapy treatment. After completion of radiation therapy
treatment plasma profiles again appeared to stabilize, this
was not the case for urine or stool, where metabolic flux in
some metabolites continued until study end. Pairwise com-
parisons between baseline and all other time-points showed
differences in the levels of some metabolites in all 3 bio-
fluids (although particularly in plasma and urine), indicat-
ing that metabolic differences from baseline do persist
beyond the acute postradiation therapy stages.

Different metabolites change over time in
different biofluids during and after radiation
therapy

The results presented above showed that global metabolic
profiles undergo different patterns of change in response to
radiation therapy. We thus asked which metabolites showed
statistically significant dynamic changes in different biofluid
types. Results are summarized in Fig. 1 and in Table E1.

In plasma, we observed significant and persistent increases
in triglycerides together with significant patterns in phospho-
lipid metabolites. A significant increase in lysophosphatidyl-
choline was mirrored by a decrease in phosphatidylcholines,
indicating increased activity of phospholipase A or lecithin-
cholesterol acyltransferase.” Both lysophosphatidylethanol-
amine and phosphatidylethanolamine, which belong to a
group generally termed cephalins and are associated with
increased cardiovascular risk, showed a significant increase
during radiation therapy.’' Ceramides are a group of mole-
cules implicated in processes such as apoptosis and intercell
signalling. Lactosylceramides, which control processes such
as cell proliferation, adhesion, migration and angiogenesis,
decreased during radiation therapy.”> Hexosylceramides,
which are cerebrosides and important components of cell
membranes, also decreased significantly. Plasma levels of
hexosylceramides negatively associate with insulin resis-
tance.”> Three plasma acylcarnitines (CAR (12:0), CAR
(14:1) and CAR (26:0)) decreased slowly but steadily during
and after radiation therapy and were lower after treatment
completion compared with baseline. Acylcarnitines are
metabolites of fatty acids esterified to carnitine, which ena-
bles their transport across the mitochondrial membrane for
B-oxidation. Their decrease indicates suppression of mito-
chondrial B-oxidation.”* Succinate, a tricarboxylic acid
(TCA) cycle intermediate and initial substrate of the oxidative
phosphorylation pathway, decreased over time significantly,
indicating a decrease in TCA cycle activity and energy har-
nessing from carbohydrate metabolism, more typical of hyp-
oxic status. B-hydroxyisobutyrate, the major ketone body of
the organism, produced within the mitochondria, mainly in
the liver, decreased after treatment compared with baseline,
indicating less availability of glucose or a prooxidative status,
consistent with recovery postradiation therapy.” Citrulline,
an end-product of small bowel glutamine metabolism which
has been used as a marker for evaluating functional small
bowel enterocyte mass and studied as a marker of radiation-



Table 2 LME modelling results between sampling time points across all datasets and biofluids
Baseline vs  2/3vs.4/5  4/5 wk Baseline vs
Total Number of ~ 2/3 wk of wk of PLNRTvs 12wkvs 6mvs 4/5wkof Baseline Baseline Baseline
Biofluid Assay Assay Tailored for  Significant Features PLNRT PLNRT 12 wk 6 mo 12 mo* PLNRT vs 12wk vs6mo vs12 mo*
Plasma LC-MS HILIC+ Hydrophilic analytes 49 15 2 35 0 7 6 39 45 40
LC-MS lipid RPC-  Lipophilic analytes 405 254 90 314 13 38 325 147 120 125
LC-MS lipid RPC+ Lipophilic analytes 350 235 33 155 16 51 238 239 224 190
NMR standard 1D Broad compositional 14 5 2 9 0 4 7 10 11 13
profile
NMR CPMG Small molecule 6 4 1 1 0 1 5 5 6 6
analytes
All (Number) - 824 513 128 514 29 101 581 440 406 374
All (Percentage) - (100) 62.3 15.5 62.4 3.5 12.3 70.5 534 49.3 454
Stool  NMR standard 1D Broad compositional 7 5 1 3 5 3 4 1 6 1
profile
NMR CPMG Small molecule 65 59 2 18 22 7 50 10 13 6
analytes
All (Number) - 72 64 3 21 27 10 54 11 19 7
All (Percentage) - (100) 88.9 4.17 29.2 35.5 13.9 75.0 15.28 26.4 9.7
Urine  LC-MS HILIC+ Hydrophilic analytes 0 0 0 0 0 0 0 0 0 0
LC-MS SmMol Small molecule 16 13 4 4 4 2 9 9 7 6
RPC- analytes
LC-MS SmMol Small molecule 7 2 2 5 1 1 2 6 3 1
RPC+ analytes
NMR standard 1D Broad compositional 3 1 2 1 1 1 1 2 1 1
profile
All (Number) - 26 16 8 10 6 4 12 17 11 8
All (Percentage) - (100) 61.5 30.8 38.5 23.1 15.4 46.2 65.4 42.3 30.8

Abbreviations: CPMG: carr—purcell—meiboom—gill; HILIC: hydrophilic interaction chromatography; LC-MS: liquid chromatography-mas spectrometry; NMR: nuclear magnetic resonance; RPC: reversed
phase chromatography; SmMol: small molecules.
The total number of significant features for each assay was determined by FDR correction of P values from comparison (F-test) of LME models with and without time point as a factor. Subsequent columns
detail the number of those features with P < .05 in post-hoc pairwise comparisons (contrasts) between specified time points. Results are summarized per biofluid both in terms of total numbers and as a percent-
age of the total number of significant features. Pairwise time-point comparisons in which greater than a third of the total significant metabolites were observed to differ are highlighted in bold. Note, 12 months
samples* were only available for 11 of the 32 patients and numbers should be interpreted with this in mind.
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Fig. 1. Statistically significant metabolites between sampling time points in plasma (A), stool (B), and urine (C). Metabolite
associations are visualized in a circular dendrogram (inner circle), surrounded by circular heatmaps for metabolic class (mid-
dle ring) and log2 fold-change values between specified sampling time-points (outer rings) for each metabolite. The magni-
tude of log2 fold-change is visualized using a color gradient with darker reds or blues indicating higher or lower fold-change
values respectively and metabolite classes (HMDB) color-linked between panels. For log2fold-change heatmaps, the inner set
of rings follow changes between consecutive time-point pairs, and the outer set display changes between each time-point and
baseline. Metabolite classes comprise the following categories: LP, lipids, and lipid-like molecules; OA, organic acids and
derivatives; OH, organoheterocyclic compounds; OO, organic oxygen compounds; PP, phenylpropanoids and polyketides.
For full metabolite names and abbreviations see Table SI1. Multiple features annotated to the same metabolite have been com-
bined in the figure only where the following conditions are met: (1) feature intensities across all samples correlate with Pearson
correlation coefficient > 0.7; (2) contrast (P values) consistent, either all significant (P < .05) or all not-significant (P > .05); (3)
log2 fold-change direction consistent, either all positive or all negative for significant contrast/fold-change pairs. Where multiple
entries exist for the same annotation (according to these rules) annotation name is appended with the number of features com-

bined, for example, (2 or 3) would indicate that 2 out of 3 features for this metabolite were combined in this entry.

induced small bowel toxicity, decreased at the onset of radia-
tion therapy, although significant recovery was observed
from 12 weeks postradiation therapy onwards.”® Creatine and
creatinine levels increased and decreased slightly, respec-
tively, during and after radiation therapy, reflecting decreased
creatine metabolism in muscle as a consequence of ADT.”’
Polyethylene glycols, which are common excipients in medi-
cations and are not produced endogenously, rose at radiation
therapy initiation and fell back to normal after treatment com-
pletion, which is explained by uptake of supportive medica-
tions during treatment.

In urine, we noted a substantial and statistically signifi-
cant decrease in excreted bile acids from the start of

radiation therapy, with the exception of 7,12-dioxolitho-
cholic acid, which significantly increased over time. Beta-
ine, a methyl group donor and osmoprotectant with
antiinflammatory properties, decreased after treatment but
returned to normal at 6 months postradiation therapy.”® In
line with results in the plasma, urinary acylcarnitines
decreased during and after radiation therapy.

In stools, we detected a significant increase at the start of
radiation therapy in branched-chain amino acids (leucine,
isoleucine, and valine). We also noted similar increases in
glutamate, an acidic amino acid. Levels of these molecules
normalized after radiation therapy (12 weeks). However,
we observed a parallel significant increase in fecal
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a-ketoisovalerate, a toxic acidogen metabolite resulting
from the incomplete breakdown of BCAA, which lingered
after radiation therapy completion. Levels of 3-(3-Hydroxy-
phenyl)propionic acid (3-HPPA), a gut microbial metabo-
lite of dietary polyphenols reduced significantly after
radiation therapy completion (ie, between 3 and 6 months),
as well as when comparing baseline to 6-month levels.”
Reduced levels of 3-HPPA can indicate alterations in the
gut microbiome. Fecal ribose decreased significantly and
after radiation therapy.

Short-chain fatty acid levels may stratify patients
with radiation-induced GI symptoms

We previously showed that patients in this cohort with
higher radiation-induced gastrointestinal symptoms have

higher levels of some SCFA-producing gut bacteria, namely
Clostridium 1V, Roseburia, and Phascolarctobacterium.”’
We observed a trend for fecal butyrate levels falling during
radiation therapy and remaining lower than baseline there-
after (P < .01, q = 0.06; Table E2). We therefore asked
whether significant differences in fecal SCFA were detected
in patients stratified by self-reported symptom levels, which
we had previously found to have significantly different pat-
terns in SCFA producers using bacterial community profil-
ing. For this purpose, we used linear mixed models after
our previously published methodology.”” We found that
butyrate rose with symptoms trending for significance
(effect =0.9; P = .1, Fig. 2). We noted that butyrate concen-
trations fell sharply in patients with symptoms, whereas
they rose in patients with no symptoms, reflected in a nega-
tive effect of timepoint by symptom group (—0.16),
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Fig. 2.

- N oo < w1 o©

Timepoint

Dynamic change of butyrate concentrations in stools of patients undergoing pelvic radiation therapy by patient-

reported symptoms. The effect of PRO group (0.9) trended for significance (P = .1), meaning that the higher the symptoms,
the higher the butyrate. Groups: 0 = no symptoms (n =4), 1 = nonpersistent symptoms (n = 20), and 2 = persistent symptoms
(n = 8). Timepoints: 1 = baseline, 2 =2 or 3 weeks PLNRT, 3 =4 or 5 weeks PLNRT, 4 = 12 weeks, 5 = 6 months, and 6 = 12
months after radiation therapy initiation. Abbreviation: PRO = patient-reported outcomes.
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although this effect was not statistically significant (P = .2).
We did not find significant results with propionate when
stratifying patients by symptom levels.

Discussion

In this study, we showed that plasma, urine and fecal
metabolomic profiles significantly changed in patients
undergoing pelvic radiation therapy for high-risk prostate
cancer. We also show that many of these changes relate to
molecules involved in cardiovascular risk. Additionally, we
demonstrate an increase in precursors of aerobic carbohy-
drate metabolism and increased oxidative stress. In addi-
tion, urinary bile acids decreased significantly. Fecal
BCAAs and the products of their metabolism increased
with radiation therapy.

In terms of coverage of the metabolome, while all meth-
ods have a finite coverage, in this analysis we employed
global profiling methods which aim to be as inclusive as
possible, enabling both monitoring of expected biochemi-
cals and detection and measurement of novel, unexpected
biochemicals. Ultimately, the approach doesn't preclude
future discovery of other biochemicals as novel (eg, more
sensitive) methods and technologies emerge, but it does
provide as close to a comprehensive view of the human
metabolome as is possible given modern NMR and LC-MS
technologies specifically adapted for human biofluid profil-
ing. In terms of the reproducibility of experimental meth-
ods, variation introduced by the experimental techniques
including sample preparation and measurement are moni-
tored by use of a pooled quality control sample. This allows
monitoring of the data quality and removal any feature
measurements not meeting commonly accepted standards
in the field, details of these parameters are given in the sup-
plementary information.”” As with all observational find-
ings, reproducibility in the data here is subject to follow up
validation in independent cohorts.

Our study confirms previous evidence of the overall met-
abolic  effect of radiation therapy on  host
metabolism.'®!'”*'"** However, to our knowledge, this is
the first study in humans where patients were followed
from baseline to up to a year postradiation therapy using tri-
ple biofluid sampling (urine, blood, stools). As such, it is
the first study where perseverance of change is reported.
We used 2 time-tested technologies to evaluate metabolo-
mic profiles (NMR and UPLC-MS) and our statistical meth-
odology allows for detection of group differences which are
otherwise masked by intersubject variability, which is a
common conundrum of “omics” studies in humans.
Although the majority of assays revealed shifts in the meta-
bolic fingerprint at largely consistent stages (ie, on radiation
therapy initiation, and at some stage post radiation therapy
completion) robust models were not observed between any
time point pairs or in either plasma or urine for the
HILIC + assay. Although it could be the case that the spe-
cific metabolites measurable by the HILIC + assay are less

affected by radiation therapy treatment, it is also possible
that due to some underlying structure in the data, these data
sets are less successfully modelled by LME and thus retain
some subject-specific variance which impedes discovery of
time-specific effects.

Chai and colleagues analyzed fecal metabolomes in sam-
ples taken from 66 patients before radiation therapy (pre-
RT) and before initiation of supportive therapy for GI
symptoms during radiation therapy or after the last fraction
of radiation therapy if no symptoms had arisen (post-RT).
Eleven patients experienced GI side effects during radiation
therapy.'® Significant differences were found between pre
and post-RT samples in symptomatic patients and when
comparing post-RT samples between groups. Differences
in pre and post-RT metabolomes of nonsymptomatic
patients was not reported, which makes the data difficult to
interpret and limits its clinical usefulness. Our results show
that the onset of radiation therapy led to increases in valine
and isoleucine (BCAAs) and decreases in glucose and buty-
rate over time, in agreement with the data of Chai and col-
leagues.'® Of note, we detected decreased levels of butyrate
in our cohort, but most particularly in patients with GI
symptoms. We have previously reported no significant self-
reported dietary differences between these groups of
patients.”” This observation mirrors our previously pub-
lished results in the same group of patients, where we used
16S rRNA gene sequencing to profile fecal bacterial com-
munities. We found that proportions of some bacteria pro-
ducing SCFA were initially elevated but fell over time in
patients with symptoms, a behavior which was mirrored
when analyzing whole-microbiome SCFA-producing path-
ways using imputed metagenomes.”’ Metabolomic analysis
also supported this observation, as butyrate concentrations
also decreased significantly during treatment in patients
with GI symptoms. We acknowledge that using PRO as a
predictor of metabolite level is an original approach and
can appear to reverse the causal relationship. However, our
specific question was whether SCFA levels changed differ-
ently between patient groups stratified by symptom level
over time (ie, an association rather than a causal relation-
ship), which would require further studies including pre-
clinical models. In addition, we mirrored our previously
published methodology for the gut microbiome but this
time using metabolites and as such we provide further evi-
dence that the association between SCFA levels and radia-
tion-induced toxicity is not trivial.”’ Chai detected
decreased butyrate and acetate (another SCFA) levels in
fecal samples of patients with GI symptoms.'® Guo and col-
leagues recently reported that SCFA produced by the gut
microbiota alleviate radiation-induced GI side effects.**
We conclude that at least a subgroup of patients may
depend on SCFA for intestinal health, as these molecules,
which are produced by enteric SCFA-producing bacteria
from dietary substrates, are metabolic fuels for enterocytes
among other functions, including immune regulation.*
Radiation therapy then appears to effect either the popula-
tion or function of SCFA producers and other microbiota



1212 Ferreira et al.

International Journal of Radiation Oncology ® Biology ® Physics

(as highlighted by the decreasing levels of fecal 3-HPPA in
our cohort), leading to decreased SCFA and, consequently,
GI symptoms ensue. However, radiation enteropathy is a
complex disease with disparate causes such as bile acid
malabsorption, small bowel bacterial overgrowth, pancre-
atic insufficiency, and epithelial and endothelial damage,
among other factors contributing to symptoms. The role of
the microbiota in this constellation of causes remains to be
fully elucidated; however, accruing evidence from several
groups suggests a role of SCFA and SCFA producers in the
disease pathway.***® We also detected a decrease in urinary
bile acid excretion, which can be associated with the phe-
nomenon of bile acids malabsorption: one of the reported
causes of radiation enteropathy.”’

Our study shows for the first time that the onset of
pelvic radiation therapy leads to increased plasma con-
centrations of molecules associated with cardiovascular
risk through atherogenesis, increased oxidative stress
and endothelial inflammatory chemokine expression,
which persist after treatment completion (ie, they do not
return to preradiation therapy levels), particularly trigly-
cerides, lysophosphatidylcholines (major components of
oxidised low-density lipoprotein), lysophosphatidyletha-
nolamines, and phosphatidylethanolamines.”' Decreases
in hexosylceramide, carnitine, and in TCA cycle activity
also support this observation.*® Radiation therapy leads
to increased oxidative stress, inflammation, atherosclero-
sis, and causes loss of vascular reactivity, cell senes-
cence, and decreased levels of blood antioxidants, all of
which may contribute to higher risk of cardiovascular
events, but available evidence of clinical effect of radia-
tion therapy without direct cardiac irradiation in heart-
specific mortality and morbidity is scarce and weak."”™"
It should also be noted that the atherogenic effects of
ADT are well documented and could have contributed
to the effect we observed.”> However, patients were on
ADT for a minimum of 6 months before radiation ther-
apy onset, and the effects of ADT were settled at this
point. In addition, similar changes have been previously
observed in response to radiation in animal models not
exposed to ADT and there was a clear effect of radia-
tion in our cohort, making a case for higher cardiovas-
cular risk caused by radiation therapy.'® The possibility
of increased cardiovascular risk resulting from pelvic
radiation therapy should be further researched, as should
its biomarkers and preventative treatments in men
undergoing radiation therapy for prostate cancer. Ongo-
ing trials of pelvic radiation therapy may be usefully
explored for any such effect.

To conclude, we show that radiation therapy effects the
plasma, urinary, and fecal metabolomes dynamically in
patients undergoing pelvic radiation therapy. We also show
that pelvic radiation therapy leads to the emergence of fac-
tors contributing to cardiovascular risk. In addition, our
results with metabolic profiles are consistent with our previ-
ous metagenomic analyses, and we suggest that SCFA pro-
ducers may play a significant role in radiation enteropathy.

Future research should focus on identifying the clinical
magnitude of these effects and the utility of trialling miti-
gating measures to improve the long-term survival and
quality of life for men undergoing curative radiation ther-
apy for high-risk prostate cancer.
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