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metabolites with total fatigue and the subscales “fatigue severity,” “reduced motivation”
and “reduced activity,” respectively. Specifically, higher concentrations of several amino
acids, lysophosphatidylcholines, diacylphosphatidylcholines, acyl-alkylphosphatidylcholines
and sphingomyelins were associated with less fatigue, while higher concentrations of acyl-
carnitines were associated with more fatigue. For “fatigue severity,” associations appeared
mainly driven by intraindividual associations, while for “reduced motivation” stronger inter-
individual associations were found. We observed longitudinal associations of several metab-
olites with total fatigue and fatigue subscales, and that intraindividual changes in
metabolites over time were associated with fatigue severity. These findings point toward
inflammation and an impaired energy metabolism due to mitochondrial dysfunction as
underlying mechanisms. Mechanistic studies are necessary to determine whether these

metabolites could be targets for intervention.
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What's new?

The biological mechanisms underlying persistent fatigue after colorectal cancer treatment
remain to be better understood. Here, the authors observed longitudinal associations of sever-
al plasma metabolites including amino acids, phospholipids, and acylcarnitines with total fati-
gue and fatigue subdomains among colorectal cancer survivors. Moreover, within-individual
changes in these metabolites over time were associated with changes in fatigue severity. The
findings suggest that low-grade inflammation and an impaired energy metabolism due to mito-
chondrial dysfunction may be underlying mechanisms and point to these metabolites as poten-

1 | INTRODUCTION

Persistent fatigue is one of the most common and distressing long-
term symptoms after cancer.>? Among the global population of 4.8
million colorectal cancer survivors,® more than one-third still suffer
from fatigue 21 year after treatment.*> Cancer-related fatigue is a
complex symptom which may include mental, physical, emotional and
motivational dimensions.® The fatigue complaints are more severe
than among healthy individuals and often cannot be relieved by ade-
quate sleep or rest.® Therefore, these complaints severely affect daily
functioning and quality of life.”"? Although nonpharmacological inter-
ventions such as exercise and cognitive behavioral therapy can relieve
fatigue complaints after cancer, effects are only small to modest.%12
Therefore, it is imperative to develop novel strategies to reduce the
distressing burden of long-term fatigue among the increasing
population of colorectal cancer survivors.*®

To develop more effective interventions, there is a need for a bet-
ter understanding of the underlying biological mechanisms leading to
cancer-related fatigue.”* Current evidence suggests that cancer-
related fatigue results from disturbances in immune, neuroendocrine,
and neural systems, with the role of inflammation having received
most empirical attention and support.t> However, other involved
mechanisms including alteration of specific metabolic pathways that

may influence fatigue such as cellular energy production in

tial targets for interventions to prevent and/or reduce fatigue in colorectal cancer survivors.

mitochondria, which can be negatively affected by inflammatory pro-
cesses, need further investigation.2*® Metabolomics is a powerful
approach to improve understanding of the etiology of health-related
conditions, by allowing the simultaneous investigation of how hundreds
of metabolites from key metabolic pathways, involving amino acids, phos-
pholipids, sugars and other metabolites are related to these
conditions.*”#

A recent pilot study where a nontargeted metabolomics analysis
was conducted among 16 fatigued and 40 nonfatigued Taiwanese
colorectal cancer survivors (men and women) observed significant dif-
ferences in circulating concentrations of several metabolites between
both groups, such as lower levels of carnitine and higher levels of
L-norleucine among fatigued survivors.r” However, these results were
not adjusted for potential confounding factors, and this was a cross-
sectional analysis in a small number of patients.?” To our knowledge,
no other study has been conducted among colorectal cancer survi-
vors. Associations have been observed between fatigue complaints
and circulating metabolite concentrations among early-stage breast

cancer®® and prostate cancer patients,?!

and among patients with
other fatigue-related conditions such as chronic fatigue syndrome.??
Altogether, current evidence suggests that perturbation of certain
metabolic pathways may be involved in the development of fatigue
after cancer. There is a need for confounder-adjusted longitudinal

studies to investigate how changes in metabolite concentrations are
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associated with changes in fatigue in the years after colorectal cancer
treatment. We recently published results of a longitudinal analysis of
associations of self-reported physical activity in relation to targeted
metabolite data among colorectal cancer survivors up to 2 years post-
treatment, using data of the Energy for Life after ColoRectal Cancer
(EnCoRe) study.?® In the current analysis, we investigated longitudinal
associations of plasma concentrations of 138 targeted metabolites
with total fatigue and subdomains of fatigue up to 2 years after

colorectal cancer treatment in the same study sample.

2 | METHODS

21 | Study design and participants

The EnCoRe study is an ongoing prospective cohort study, which was
initiated in 2012 (Netherlands Trial Register no. NL6904). Stage I-llI
colorectal cancer patients are recruited at diagnosis (response ~45%)
in three participating hospitals in the southeastern part of The
Netherlands (Maastricht University Medical Center+-, VieCuri Medical
Center, and Zuyderland Medical Centre)2* Eligible participants
include men and women aged 18 years and older, while individuals
with Stage IV colorectal cancer and comorbidities obstructing success-
ful study participation (eg, Alzheimer's disease) are excluded.
Repeated blood samples and measurements (including self-reported
fatigue) are obtained at diagnosis, and at 6 weeks, 6 months, and 1, 2
and 5 years after the end of treatment. Data was collected by trained
research dieticians during home visits.

For the current analysis, we used data collected up until Novem-
ber 1, 2016 as described in a previous publication on self-reported
physical activity in relation to these metabolite data.?® In the current
analysis on targeted metabolite data and fatigue, individuals with at
least one posttreatment measurement of targeted metabolomics, self-
reported fatigue, and covariates were included (n = 252, 69% men).
Of these, n = 241 had data at 6 weeks, n = 192 at 6 months,

= 152 at 12 months and n
(Figure S1).

were > 90% and mortality during follow-up was low (n = 17, 7%). The

= 67 at 24 months posttreatment
At posttreatment measurements, response rates
declining numbers of participants at subsequent time points and the
lack of 5 year posttreatment measurements are (predominantly) due
to the fact that not all participants included at diagnosis from April
2012 onwards had reached these time points in November 2016.

2.2 | Fatigue

The Checklist Individual Strength (CIS) was used to measure total
fatigue and subdomains of fatigue.?>2” The questionnaire was origi-
nally developed and validated in patients with CFS,2>?7 but has also
been applied and validated in cancer survivors.2%2® The CIS provides
a score for total fatigue based on all 20 items (range: 20-140), as well
as separate scores for subdomains of fatigue including “fatigue sever-

ity” (subjective experience of fatigue; 8 items, range: 8-56),

“concentration problems” (5 items, range: 5-35), “reduced motivation”
(4 items, range: 4-28) and “reduced activity” (3 items, range: 3-21). A
higher score indicates more fatigue. According to developed cut-offs for
the “fatigue severity” subscale, participants were classified as having
severe (score 235), elevated (score 27-34) or normal levels of fatigue
(score <27).2°25 A high test-retest reliability has been observed for the
total score and all subscales (Spearman's p: 0.7-0.9).28 In addition, valida-
tion studies have found that the total fatigue and subdomain scores are
able to discriminate between groups with known different levels of
fatigue (eg, healthy individuals, CFS patients, fatigued cancer survivors),
and modest to high correlations have been observed with other instru-
ments measuring similar constructs including the EORTC QLQ-C30

fatigue subscale among cancer survivors (Spearman's p: 0.3-0.8).2%%

23 | Targeted metabolomics

Blood samples were drawn from fasting participants according to
standardized protocols. Samples were collected in 6 mL EDTA plasma
tubes, and then centrifuged, aliquoted and stored at —80°C within
4 hours after blood draw.

The AbsolutelDQ p180 kit (BIOCRATES Life Sciences AG, Austria)
was applied for targeted metabolomics analysis at the International
Agency for Research on Cancer (IARC), Lyon, France, as previously
described.?® Briefly, the kit measures a panel of up to 188 metabolites,
including acylcarnitines, amino acids, biogenic amines, a sum of hexoses,
phosphatidylcholines (PCs), including lysoPCs, diacylPCs, and acyl-
alkylPCs, and sphingomyelins (SMs). A good to excellent reliability for the
majority of metabolites measured using this kit has been observed when
comparing fasting samples collected in the same individuals over a period
of 4 months®® and 2 years®! (intraclass correlation coefficients >0.50 for
most metabolites). Samples collected at diagnosis had been previously
analyzed according to the same protocol.>? Metabolites with interbatch
or intrabatch coefficients of variation (CVs) >20% for IARC technical repli-
cates were excluded, as well as metabolites with >20% of missing values
and/or measurements outside the measurable range (ie, below the limit
of detection/quantification or above highest calibration standards).>® A
total of 138 metabolites were included in the current analysis, includ-
ing 13 acylcarnitines, 21 amino acids, 9 biogenic amines, 80 PCs
(11 lysoPCs, 34 diacylPCs, and 35 acyl-alkylPCs), 14 SMs, and a sum
of hexoses. Detailed measurement information of all metabolites in
the kit have been previously reported.?®> A log-transformation was
applied (natural logarithm) to metabolite concentrations (uM) to

reduce right skewness of distributions.

24 | Covariates

Highest attained education level was self-reported by participants at
diagnosis. Several lifestyle-related variables were assessed at each
posttreatment time point, including self-reported smoking status
(never, former or current), body mass index (BMI; kg/m?) based on

body weight and height measured by trained dieticians, alcohol intake
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(g/day) assessed through 7-day dietary records,* self-reported
hours/week of moderate-to-vigorous physical activity (MVPA)
assessed using the Short QUestionnaire to ASsess Health-enhancing
physical activity (SQUASH),%®> and hours/day of prolonged sedentary
time (ie, time accrued in sedentary bouts with a duration of at least
30 minutes) measured using the validated tri-axial MOX activity moni-
tor that was worn 24 hours/day by participants for 7 consecutive
days.2¢®8 The number of comorbidities at each posttreatment time
point was determined using the 13-item Self-Administered Comorbid-
ity Questionnaire.39 Clinical characteristics including tumor site
(colon/rectum), cancer stage and treatment were retrieved from

clinical records.

2.5 | Statistical analysis

Descriptives were obtained for sociodemographic, lifestyle and clinical
variables and metabolite data, by categories of fatigue severity. Corre-
lation coefficients between fatigue variables were assessed and visu-
alized in heat maps. The development of fatigue during posttreatment
measurements was assessed using linear mixed models with random
intercepts for individuals and time since treatment included as
independent continuous variable (per 6 months).

To be able to adjust for sex and analytical batch in the main
analysis, residuals of each of the In-transformed metabolite concentra-
tions were computed from linear mixed models with sex as indepen-
dent variable and random intercepts for individuals nested within
analytical batches.?® The residuals were summed with individual ran-
dom effects (to retain individual variation in metabolites over time,
while excluding batch effects) to be used as dependent variables in
further analyses.

In the main analysis, longitudinal associations of circulating con-
centrations of each of the metabolites (batch and sex-adjusted resid-
uals) with total fatigue and each of the fatigue subdomains, between
6 weeks up to 2 years posttreatment, were analyzed. We applied lin-
ear mixed regression with random intercepts for individuals to analyze
these longitudinal associations. Obtained regression coefficients of
the overall longitudinal relationship are a weighted average of a
between-subject component (ie, how differences in metabolite con-
centrations between participants are associated with fatigue variables
over time: interindividual associations) and a within-subject compo-
nent (ie, how changes in metabolite concentrations within participants
over time are associated with fatigue variables over time: intraindivi-
dual associations). We also applied a previously described hybrid

modeling method,*°

where the between-subject component was
modeled as the mean metabolite concentration for each participant
across time points. In addition, the within-subject component was
modeled as the difference between the metabolite concentration at
each time point and the mean across time points.**4

Models were adjusted for fixed variables including age at 6 weeks
posttreatment (continuous), sex, hospital, neo-adjuvant treatment
(yes/no), adjuvant treatment (yes/no), and for time-varying variables

including time since end of treatment (continuous), BMI (continuous),
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smoking status (current/former/never), alcohol intake (continuous),
hours/week of MVPA and number of comorbidities (0/1/22 comor-
bidities) at posttreatment measurements. Potential confounders were
identified a priori based on literature and theoretical considerations.
We considered other covariates in sensitivity analyses as described
below. To adjust for multiple testing, we used false discovery rate
(FDR) adjustment of P-values (Benjamini-Hochberg method) and

g-values <.05 were considered significant.*?

2.5.1 | Heterogeneity analyses

To explore potential heterogeneity by sex, chemotherapy (yes/no),
tumor site, number of comorbidities (22 vs <2) and time since end of
treatment (continuous, per 6 months), interaction terms were tested
with FDR-adjustment.

2.5.2 | Sensitivity analyses

To assess potential confounding by cancer stage (I/1I/1ll) and
prolonged sedentary time (continuous), sensitivity analyses were
performed including these covariates. Further, we ran models with
additional adjustment for metabolite concentrations at diagnosis,
using batch-adjusted residuals (calculated similarly as for post-
treatment data).

All analyses were conducted using R (version 3.6.2).

3 | RESULTS

3.1 | Participant characteristics

Table 1 shows the characteristics of included study participants
(n = 252) at 6 weeks posttreatment, by categories of fatigue severity.
Mean age at 6 weeks posttreatment was 66.7 years (SD: 9.2), and
about two-third of participants were men (68.7%). Mean BMI was
27.8 kg/m? (SD: 4.4), and participants reported a median of
6.4 hours/week of MVPA (interquartile range: 2.5, 13.5) and spent on
average 4.8 hours/day in prolonged sedentary time, that is, in bouts
with a duration of 230 minutes (SD: 2.4). More than half of partici-
pants reported at least two comorbidities (53.6%). The majority of
participants were colon cancer survivors (60.7%), while 39.3% were
rectum cancer survivors. Nearly all participants received surgery
(89.7%), 27.4% received neo-adjuvant treatment (19.0% radiotherapy
and chemotherapy, 8.3% only radiotherapy) and 28.6% received adju-
vant chemotherapy. Participants who reported more severe fatigue
levels were more often women, reported a lower alcohol intake and
less MVPA, more often had at least two comorbidities, were more
often rectum cancer survivors and more frequently received neo-
adjuvant treatment. Descriptive statistics of metabolite concentra-
tions at 6 weeks posttreatment, by categories of fatigue severity, are

reported in Table S1. Other descriptive information of metabolites
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TABLE 1  Sociodemographic, lifestyle, and clinical characteristics of study participants at 6 weeks posttreatment, by self-reported severity of
fatigue categories

Total group of Severe levels of Elevated levels of Normal levels of
participants fatigue fatigue fatigue
(n = 252, 100%)? (n =74, 29%) (n = 55, 22%) (n = 123, 49%)
Age, mean (SD) 667  (9.2) 67.2  (10.3) 648  (9.4) 672 (8.2)
Sex, n (%)
Men 173 (68.7) 45 (60.8) 38 (69.1) 90 (73.2)
Women 79 (31.3) 29 (39.2) 17 (30.9) 33 (26.8)
Highest attained education level, n (%)°
Low 64 (25.4) 23 (31.1) 13 (23.6) 28 (22.8)
Medium 102 (40.5) 25 (33.8) 26 (47.3) 51 (41.5)
High 86 (34.1) 26 (35.1) 16 (29.1) 44 (35.8)
BMI (kg/m?), mean (SD) 27.8 (4.4) 28.9 (4.7) 26.9 (4.0) 27.6 (4.3)
Smoking status, n (%)
Current smoker 23 (9.1) 9 (12.2) 4 (7.3) 10 (8.1)
Former smoker 145 (57.5) 40 (54.1) 35 (63.6) 70 (56.9)
Never smoker 84 (33.3) 25 (33.8) 16 (29.1) 43 (35.0)
Alcohol intake in men (g/d), median (25th, 75th perc) 109  (0.2,24.4) 05 (0.0,15.7) 128 (0.6,214) 155 (2.8,27.8)
Alcohol intake in women (g/d), median (25th, 75th perc) 1.5 (0.0,9.7) 0.1 (0.0, 6.5) 0.9 (0.0, 3.1) 4.3 (0.0, 16.9)
MVPA (h/wk), median (25th, 75th perc) 64  (25,135) 35 (1.1,7.7) 53 (21,124) 85 (4.4, 16.0)
Prolonged sedentary time (h/d), mean (SD)° 4.8 (2.4) 5.3 (2.6) 4.5 (2.0) 4.8 (2.4)
Number of comorbid conditions, n (%)
0 53 (21.0) 14 (18.9) 13 (23.6) 26 (21.2)
1 64 (25.4) 13 (17.6) 9 (16.4) 42 (34.1)
22 135 (53.6) 47 (63.5) 33 (60.0) 55 (44.7)
Tumor site, n (%)
Colon 153 (60.7) 41 (55.4) 32 (58.2) 80 (65.0)
Rectum 99 (39.3) 33 (44.6) 23 (41.8) 43 (35.0)
Colorectal cancer stage, n (%)¢
| 75 (31.0) 22 (30.6) 21 (38.9) 32 (27.6)
1l 57 (23.6) 18 (25.0) 10 (18.5) 29 (25.0)
1l 110 (45.5) 32 (44.4) 23 (42.6) 55 (47.4)
Received surgery, n (%) 226 (89.7) 68 (91.9) 48 (87.3) 110 (89.4)
Received neo-adjuvant treatment, n (%) 69 (27.4) 25 (33.8) 16 (29.1) 28 (22.8)
Received adjuvant treatment, n (%) 72 (28.6) 20 (27.0) 16 (29.1) 36 (29.3)
Hospital, n (%)
Maastricht UMC+ 153 (60.7) 47 (63.5) 36 (65.5) 70 (56.9)
VieCuri Medical Center 68 (27.0) 22 (29.7) 9 (16.4) 37 (30.1)
Zuyderland Medical Centre 31 (12.3) 5 (6.8) 10 (18.2) 16 (13.0)

Abbreviations: BMI, body mass index; MVPA, moderate-to-vigorous physical activity; n, number; perc, percentile; SD, SD.

20f included participants, a total of 10 participants had missing data on blood metabolites and/or fatigue and/or covariates at 6 weeks posttreatment and
1 participant had missing data on blood metabolites and/or fatigue and/or covariates at 6 weeks and 6 months posttreatment, but all of these participants
had available data at later time points and were therefore included in the analysis.

PEducation level was categorized as low (none/primary education/lower vocational training), medium (lower general secondary education/intermediate
vocational education), or high (higher general secondary education/higher vocational education/university).

“Total daily time spent in bouts of sedentary behavior of at least 30 minutes, based on accelerometer data. Data on prolonged sedentary time was missing
for n = 38 participants because no accelerometer data were available (due to participants refusing to wear accelerometer or invalid data), including n = 18
participants with severe levels of fatigue, n = 6 with elevated levels of fatigue and n = 14 with elevated levels of fatigue.

9Data missing for n = 10 participants, including n = 2 participants with severe levels of fatigue, n = 1 with elevated levels of fatigue and n = 7 with normal
levels of fatigue.
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FIGURE 1 Self-reported (A) mean and SD of sex-stratified total

fatigue scores, (B) mean fatigue subscale scores in women and

(C) mean fatigue subscale scores in men, at posttreatment time points
among colorectal cancer survivors included in the current analysis

(n = 252). The total ranges in scores of fatigue variables are depicted
in the y-axis of the title (A) and figure legends (B and C), the total
ranges reported by the study population were 20-134 for total
fatigue, 8-56 for “fatigue severity”, 5-34 for “concentration
problems,” 4-28 for “reduced motivation” and 3-21 for “reduced
activity”

including heat maps of correlations and the longitudinal development
over time have previously been reported.?®

During the posttreatment period, reported mean levels of fatigue,
including the total fatigue score and all subdomains, decreased over
time (Figure 1). In linear mixed models with only time since treatment
as independent variable and using data for men and women com-

bined, statistically significant negative changes over time were
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observed for the “total fatigue” score (B, that is, change in fatigue
score per 6 months: —3.0; 95% Cl: —4.1, —2.0), “fatigue severity”
(B: —1.7, 95% Cl: —2.2, —1.1), “reduced motivation” (p: —0.5; 95% Cl:
—0.8, —0.2) and “reduced activity” (: —0.7; 95% Cl: —1.0, —0.5),
while a nonsignificant and small negative change was found for “con-
centration problems” (3: —0.1; 95% Cl: —0.4, 0.2). At each posttreat-
ment time point, the mean total fatigue and fatigue subscale scores
were higher among women than men (Figure 1). Moderate to
strong correlations were observed for all fatigue variables across
posttreatment time points (range in Pearson's r: 0.41, 0.81; heat
maps in Figure S2). The total fatigue score showed strong correlations
with fatigue subscales at each time point (r: 0.72, 0.93), while moder-
ate to strong correlations were found across fatigue subscales
(r: 0.38,0.75).

3.2 | Associations of metabolites with fatigue

In confounder-adjusted analyses assessing longitudinal associations,
statistically significant associations were observed of metabolites with
total fatigue and the subscales “fatigue severity,” “reduced motiva-
tion” and “reduced activity” (Figure 2, full results in Table S2). In the
overall analysis, higher concentrations of three amino acids, PC aa
C36:0, five acyl-alkylPCs and two SMs were associated with lower
total fatigue, while a higher concentration of acylcarnitine C18:1 was
associated with more total fatigue (Figure 2A). In the hybrid model, a
significant interindividual association was only observed for histidine
being associated with lower total fatigue. For “fatigue severity,”
higher concentrations of six amino acids, six diacylPCs, nine acyl-
alkylPCs and seven SMs were significantly associated with a lower
fatigue severity, while higher concentrations of four acylcarnitines
were related to a higher fatigue severity in the overall analysis
(Figure 2B). Significant intraindividual associations were found for
higher concentrations of arginine, PC aa C36:0, seven acyl-alkylPCs,
and six SMs with a lower fatigue severity and for three acylcarnitines
with a higher fatigue severity, in the hybrid model. Similar as for total
fatigue, a significant interindividual association was only found for his-
tidine, which was associated with a lower fatigue severity. In the over-
all analysis of “reduced motivation,” higher concentrations of five
amino acids, two lysoPCs, three diacylPCs and six acyl-alkyl PCs were
associated with less fatigue (ie, more motivation), while a higher con-
centration of acylcarnitine C18:1 was associated with more fatigue
(ie, less motivation; Figure 2C). Associations appeared mostly
driven by interindividual associations with higher concentrations
of histidine, two lysoPCs, six diacylPCs and two acyl-alkylPCs
associated with less fatigue, while an intraindividual association
was only observed for arginine with less fatigue. Finally, in the
overall analysis of “reduced activity,” higher concentrations of his-
tidine, lysine and SM C24:0 were associated with less fatigue (ie,
more activity); of these metabolites only histidine showed a signifi-
cant interindividual association (Figure 2D). A total of 19 metabo-
lites were associated with multiple fatigue outcomes with a similar

direction of association (Table 2).
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3.3 | Heterogeneity analyses

No statistically significant interactions were observed by sex,
chemotherapy (yes/no), tumor site and time since end of treat-
ment (results not shown). Interactions between the number
of comorbidities (22 vs <2) and 43 metabolites were found for
intraindividual associations with “reduced activity” (Table S3).
Results of comorbidities

of stratified analyses by number

indicated that among participants with <2 comorbidities a

higher concentration of these metabolites was associated
with less reduced activity (ie, less fatigue), while among partici-

pants with 22 comorbidities a higher metabolite concentration

Overall longitudinal associations

(A)

Interindividual associations

was associated with more reduced
Figure S3).

activity (ie, more fatigue;

3.4 | Sensitivity analyses

Results of the analysis with additional adjustment for cancer stage
and prolonged sedentary time indicated a slight attenuation of results
compared to those obtained in the main analysis (Figure S4). Adjust-
ment for metabolite concentrations at diagnosis produced results sim-
ilar to those found in the main analysis, although for “reduced
motivation” a slight attenuation of results was observed (Figure S5).
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Forest plots showing effect estimates and 95% confidence intervals of metabolites that were statistically significantly (FDR

g-value <0.05) related, in the overall, interindividual and/or intraindividual longitudinal analysis, to (A) total fatigue and the subscales

(B) “fatigue severity,” (C) “reduced motivation” and (D) “reduced activity” among colorectal cancer survivors, between 6 weeks and 2 years
posttreatment. Asterisk (*) denotes statistical significance after FDR-adjustment. Since the subscale “concentration problems” was not
statistically significantly associated with any of the metabolites, these results are not shown. Full results for all fatigue variables and
metabolites are included in Table S2 Analyzed with multivariable linear mixed regression models analyzing associations of the batch-
adjusted In-transformed metabolite residuals (see Section 2,2.5) as the main independent variables and as dependent variables the
fatigue variables, with a separate model for each metabolite and each fatigue variable. Models were adjusted for: sex; age at 6 weeks
posttreatment (y; continuous), time since treatment (per 6 months; continuous), center (Maastricht UMC+; VieCuri Medical Center;
Zuyderland Medical Centre), body mass index (kg/mz; continuous), smoking status (current; former; never), self-reported alcohol
consumption (grams/day), self-reported hours/week of moderate-to-vigorous physical activity, number of comorbidities (no comorbidity;
1 comorbidity; 22 comorbidities), neo-adjuvant treatment (yes/no) and adjuvant treatment (yes/no). ACs, acylcarnitines; PCs,

phosphatidylcholines; SMs, sphingomyelins
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To our knowledge, this is the first study to analyze longitudinal associ-
ations of metabolites with fatigue among colorectal cancer survivors.

We found that higher concentrations of several amino acids,
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diacylPCs, acyl-alkylPCs and SMs were longitudinally associated with

less total fatigue and a lower fatigue severity, while several acylcarni-

tines were associated with more total fatigue and a higher fatigue
severity. For “fatigue severity,” associations appeared mostly driven

by intraindividual associations indicating that changes in metabolite
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TABLE 2 Overall, inter- and intraindividual longitudinal associations with total fatigue and fatigue subscales of metabolites that were
statistically significantly (FDR g-value <0.05) related to at least two fatigue outcomes, between 6 weeks and 2 years posttreatment

Total fatigue Fatigue severity

Reduced motivation Reduced activity

Inter- Intra- Inter-

Metabolites Overall indiv. indiv. Overall indiv.

Acylcarnitine + +
c18:1

Arginine — —
Histidine - - - -
Lysine - —
Tryptophan —
PC aa C28:1 -
PC aa C32:3 -
PC aa C34:4 -
PC aa C36:0 - -
PC aa C36:6 =
PC ae C32:2 -
PC ae C34:2 -
PC ae C34:3 - -
PC ae C36:5 - -
PC ae C38:0 - -
PC ae C38:6 — —
PC ae C40:1 - -
SM C24:0 - -
SM(OH) C22:1 - -

Intra- Inter- Intra- Inter- Intra-
indiv. Overall indiv. indiv.

Overall indiv. indiv.

+

Note: A plus-sign (+) indicates a significant positive association (ie, higher metabolite concentration associated with more fatigue) and a minus-sign (—)
indicates a negative association. Since the subscale concentration problems was not statistically significantly associated with any of the metabolites, these
results are not shown. Analyzed with multivariable linear mixed regression models analyzing associations of the batch-adjusted In-transformed metabolite
residuals (see Section 2,2.5) as the main independent variables and as dependent variables the fatigue variables, with a separate model for each metabolite
and each fatigue variable. Models were adjusted for: sex; age at 6 weeks posttreatment (y; continuous), time since treatment (per 6 months; continuous),
center (Maastricht UMC+; VieCuri Medical Center; Zuyderland Medical Centre), body mass index (kg/mz; continuous), smoking status (current; former;
never), self-reported alcohol consumption (grams/day), self-reported hours/week of moderate-to-vigorous physical activity, number of comorbidities (no
comorbidity; 1 comorbidity; =2 comorbidities), neo-adjuvant treatment (yes/no) and adjuvant treatment (yes/no).

Abbreviations: Inter-indiv., interindividual; Intra-indiv., intraindividual; PCs, phosphatidylcholines; SMs, sphingomyelins.

concentrations over time (eg, increases in concentrations of amino
acids, and decreases in acylcarnitines) were related to changes (eg,
decreases) in fatigue severity over time. Similar results were obtained
for “reduced motivation,” except that mostly interindividual associa-
tions were observed including positive associations with a number of
lysoPCs, while no associations were found with SMs. These interindi-
vidual associations indicate that this fatigue subscale is mostly related
to an individuals' average metabolite level across time points rather
than changes in metabolite concentrations over time. Finally, higher
concentrations of histidine, lysine and SM C24:0 were associated with
lower “reduced activity.” Many metabolites were associated with mul-
tiple fatigue outcomes, including histidine for which interindividual
associations with the strongest magnitude of associations were found.
None of the metabolites were associated with “concentration prob-
lems.” Below, for each class of metabolites, the results are compared
to previous studies and potential underlying mechanisms based on

literature are described.

Some of the amino acids that were related to fatigue in our study
have previously been associated with fatigue among cancer patients.
Based on nontargeted metabolomics data and a pathways analysis,
significant overrepresentation by metabolites involved in histidine
metabolism have been found when comparing fatigued (mostly pros-
tate) cancer patients before treatment with healthy controls.?* How-
ever, associations with individual metabolites were not reported in
that study,21 and therefore it is unclear whether associations were
found with histidine and in what direction. Lower circulating trypto-
phan levels have been associated with more fatigue among lym-
phoma survivors*® and patients with various types of cancer.** In
addition, inverse associations of circulating concentrations of
arginine with fatigue have been reported in early-stage breast
cancer patients.?’ Together, these findings may point to low
grade inflammation as a mechanism underlying fatigue com-
plaints, since experimental studies showed that histidine can

have anti-inflammatory effects,*® arginine can strengthen
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immune function after colorectal cancer resection,*® and a proin-
flammatory immune response can lead to increased tryptophan
degradation, which has been correlated with more fatigue after
cancer.*>** To our knowledge, associations of lysine, leucine,
threonine and valine with cancer-related fatigue have not been
reported. However, a previous study in CFS patients observed
lower circulating levels of several amino acids compared to
healthy controls, including leucine, lysine, tryptophan, valine and
histidine.*” The authors proposed an impaired energy metabolism
due to mitochondrial dysfunction in skeletal muscle followed by
increased consumption of amino acids to fuel oxidative metabo-
lism and maintain ATP production as an underlying mechanism,*”
which has previously also been postulated as a mechanism under-
lying cancer-related fatigue.'2“® Specifically, it is thought that a
reduced energy intake in cancer patients due to alterations in
appetite, in combination with adverse effects of cancer treat-
ment such as cachexia, may lead to reduced levels of ATP in mus-
cle which can compromise muscle function and lead to fatigue.*®
In line with this hypothesis, a pilot study among colorectal cancer
survivors found significant differences in other metabolites
involved in metabolic pathways regulating ATP production and
cellular energy between fatigued and nonfatigued survivors.*’

We also observed longitudinal associations with several lipid metabo-
lites including lysoPCs, diacylPCs, acyl-alkylPCs and SMs. In line with our
findings, based on nontargeted metabolomics data and a pathways analy-
sis, significant overrepresentation by metabolites involved in sphingolipid
metabolism have previously been observed when comparing fatigued
(mostly prostate) cancer patients before treatment with healthy controls,
although the (direction of) associations with individual metabolites were
not reported.?* Similar results have been obtained for other diseases with
a high prevalence of fatigue symptoms, including decreased circulating
concentrations of PCs and SMs among fatigued compared to nonfatigued
patients with inflammatory bowel disease® and among CFS patients
compared to healthy controls.>® Decreased levels of SMs may be indica-
tive of a prolonged inflammatory state and associated oxidative stress,
which increase the activity of sphingolipid metabolizing enzymes leading
to an increase in ceramide and sphingosine-1-phosphate that can pro-
mote fatigue in skeletal muscle.?2#*5! Decreased levels of PCs may also
be the result of oxidative damage, particularly to PCs in mitochondrial
membranes leading to a loss of mitochondrial function and impaired
energy metabolism leading to fatigue.*’

Finally, we observed longitudinal associations of higher circulating
concentrations of several acylcarnitines with more fatigue, particularly
with fatigue severity. Opposite findings have been observed among
CFS patients, where lower plasma levels of acylcarnitines including
acylcarnitines C18, C18:1 and C18:2 were found compared to healthy
controls, and an inverse association was observed with fatigue sever-

52 Acylcarnitines are used as a substrate for mitochondrial oxida-

53 and the authors proposed that the observed

tion of fatty acids,
deficiency in acylcarnitines may result in an impaired mitochondrial
energy production leading to fatigue.>?> Our opposite findings may
point toward differences in alteration of carnitine metabolism

involved in CFS and cancer-related fatigue, which may be due to the

different etiologies involved in these conditions,*® which needs fur-
ther investigation.

Many of the metabolites identified in our study were longitudi-
nally associated with at least two fatigue subscales. Some differences
were observed between subscales in terms of the number or classes of
associated metabolites, as well as intra- vs interindividual associations.
These differences may point toward different underlying mechanisms.
The highest number of metabolites were associated with fatigue severity
and results were mostly driven by intraindividual associations, indicating
that changes in this subscale may particularly be associated with changes
in metabolite concentrations over time. This finding may also be related
to the fact that the highest intraindividual changes in this subscale were
observed over time, compared to other subscales. Nevertheless, these
intraindividual associations may be relevant in light of future intervention
development, as it indicates that targeting these metabolites through
intervention programs (eg, physical activity) may be particularly promising
to prevent and/or reduce fatigue after colorectal cancer treatment.

Strengths of our study include the prospective design including
repeated measurements of fatigue, metabolomics, and potential con-
founders up to 2 years posttreatment. Further, we were able to disen-
tangle intra- and interindividual associations using a hybrid model.
Finally, fatigue was assessed in a comprehensive manner by using the
validated CIS to determine total fatigue and subdomains of fatigue,
including fatigue severity, concentration problems, reduced motiva-
tion and reduced activity. There are also limitations to consider.
Our observational design does not allow drawing conclusions
regarding causality and we cannot exclude the possibility of
reverse causation. Nevertheless, the identified metabolites point
toward underlying metabolic pathways, as described in previous
paragraphs, that may be associated with the development of per-
sistent fatigue complaints. Although we included a comprehen-
sive set of potential confounders, we cannot rule out the
possibility of residual confounding. In particular, we had no infor-
mation available on prediagnosis fatigue and therefore could not
adjust our analysis for fatigue levels before colorectal cancer
diagnosis, which may be related to both metabolites and fatigue
after treatment. Finally, even though the samples in our study
were only stored up to 4.5 years at —80°C and Wagner-Golbs
et al. observed that the majority of metabolites are stable during
7-year storage at —80°C,>* we cannot exclude the possibility that
storage effects may have occurred for some metabolites of the
BIOCRATES p180 kit.>>

In conclusion, we observed that plasma concentrations of several
amino acids, diacylPCs, acyl-alkylPCs, lysoPCs and SMs were longitu-
dinally associated with less fatigue, while several acylcarnitines were
associated with more fatigue. In addition, we found that intraindivi-
dual changes in these metabolites over time were associated with
fatigue severity. These findings point toward underlying biological
mechanisms of fatigue, including low grade inflammation and an
impaired energy metabolism due to mitochondrial dysfunction in skel-
etal muscle. These mechanisms may be shared with the occurrence of
fatigue among survivors of other types of cancer as well as fatigue-

related diseases such as CFS. Further mechanistic research is
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necessary to determine whether and how these metabolites may be
targets for intervention to prevent and/or reduce persistent fatigue

complaints after colorectal cancer treatment.
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