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Abstract

Background: Folates, including folic acid, may play a dual role in colorectal cancer development. Folate is suggested to be
protective in early carcinogenesis but could accelerate growth of premalignant lesions or micrometastases. Whether
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circulating concentrations of folate and folic acid, measured around time of diagnosis, are associated with recurrence and
survival in colorectal cancer patients is largely unknown. Methods: Circulating concentrations of folate, folic acid, and folate
catabolites p-aminobenzoylglutamate and p-acetamidobenzoylglutamate were measured by liquid chromatography-tandem
mass spectrometry at diagnosis in 2024 stage I-III colorectal cancer patients from European and US patient cohort studies.
Multivariable-adjusted Cox proportional hazard models were used to assess associations between folate, folic acid, and folate
catabolites concentrations with recurrence, overall survival, and disease-free survival. Results: No statistically significant
associations were observed between folate, p-aminobenzoylglutamate, and p-acetamidobenzoylglutamate concentrations
and recurrence, overall survival, and disease-free survival, with hazard ratios ranging from 0.92 to 1.16. The detection of folic
acid in the circulation (yes or no) was not associated with any outcome. However, among patients with detectable folic acid
concentrations (n¼296), a higher risk of recurrence was observed for each twofold increase in folic acid (hazard ratio ¼ 1.31,
95% confidence interval ¼ 1.02 to 1.58). No statistically significant associations were found between folic acid concentrations
and overall and disease-free survival. Conclusions: Circulating folate and folate catabolite concentrations at colorectal cancer
diagnosis were not associated with recurrence and survival. However, caution is warranted for high blood concentrations of
folic acid because they may increase the risk of colorectal cancer recurrence.

Folates have been hypothesized to play a dual role in relation to
colorectal cancer risk (1-3). Epidemiologic evidence suggests
that sufficient folate may protect against colorectal cancer de-
velopment (1,4), which is supported by in vitro and animal stud-
ies (2,5-7). However, high circulating concentrations of folate,
including folic acid, may facilitate the growth of premalignant
lesions or micrometastases once they have been established
(2,8-11).

Circulating concentrations of folates originate from dietary
folate naturally occurring in, for example, green leafy vegeta-
bles, legumes, or liver products (12); are formed by microbiota
present in the gut (13); or originate from the ingestion of the
synthetic form of folate (ie, folic acid) present in dietary supple-
ments and fortified foods (6,14). Dietary supplements are regu-
larly consumed by cancer patients (15), and fortification is
mandatory in countries such as the United States (16). Folic acid
is converted to the active form of folate by the enzyme dihydro-
folate reductase (DHFR) (6). Whenever folic acid cannot be con-
verted to folate by DHFR - this conversion is the rate-limiting
step in folate-mediated one-carbon metabolism (FOCM) (17) as a
result of low DHFR activity or excessive intake of folic acid -
unmetabolized folic acid may be detected in the circulation (6).

Some folate is degraded, mainly in the liver, to the catabolite
p-aminobenzoylglutamate (pABG) (18), and approximately 80%
is converted to p-acetamidobenzoylglutamate (apABG) in the
kidneys (19,20). Both catabolites are thought to reflect folate
turnover (21,22) and provide useful insights into the role of fo-
late in health (20). Folate is crucial in FOCM for nucleotide syn-
thesis as well as DNA repair and, indirectly, for the formation of
the methyl donor S-adenosylmethionine involved in DNA
methylation (23-25). Low concentrations of folate may result in
aberrant DNA methylation patterns and impaired DNA stability
and synthesis, which are defects that may contribute to colorec-
tal carcinogenesis (26,27).

Although the role of folate in colorectal cancer etiology has
been studied extensively, research investigating the association
between different folates and colorectal cancer prognosis is
scarce. Folic acid not only has different bioavailability but also
may possess different biochemical effects compared with natu-
ral folates. Folic acid and natural folates differ with respect to
affinity for the folate receptors and, therefore, transport and uti-
lization in FOCM (28). We hypothesize that specifically unmeta-
bolized folic acid may foster growth of remaining cancerous
cells after treatment, and therefore higher concentrations of fo-
lic acid could lead to more recurrences.

Initial studies among colorectal cancer survivors observed
no statistically significant associations between serum folate
concentrations and recurrence or survival (29-31). A study
among 78 stage II-IV colorectal cancer patients receiving che-
motherapy showed nonstatistically significantly fewer colorec-
tal cancer recurrences and deaths with high compared with low
serum folate concentrations at diagnosis (29). Serum folate con-
centrations at colorectal cancer diagnosis in 93 patients with
stage IV disease yielded no association with overall survival
(30). These studies were, however, limited by a modest sample
size (29-31) and the relatively small number of events (29,30). To
the best of our knowledge, no studies have been conducted in-
vestigating the association between the different forms of circu-
lating folate and folate catabolites and colorectal cancer
recurrence or survival.

Therefore, the aim of this study was to investigate the asso-
ciation of circulating concentrations of folate, folic acid, and fo-
late catabolites at diagnosis, with recurrence, overall survival,
and disease-free survival in 2024 stage I-III colorectal cancer
patients originating from 6 European and US patient cohorts.

Methods

Study Population and Data Collection

A total of 2024 stage I-III colorectal cancer patients from 6 pa-
tient cohorts were included in the current study as part of the
international, prospective FOCUS consortium. The FOCUS con-
sortium comprises patients from the COLON study (n¼ 1094,
Wageningen University & Research, the Netherlands)
(ClinicalTrials.gov identifier: NCT03191110) (32), the EnCoRe
study (n¼ 297, Maastricht University, the Netherlands) (33)
(Netherlands Trial Register: 7099), the CORSA study (n¼ 209,
Medical University of Vienna, Austria), and 3 sites of the
ColoCare study (n¼ 260, University of Heidelberg and the
German Cancer Research Center and National Center for Tumor
Diseases, Germany; n¼ 46, Huntsman Cancer Institute, United
States; and n¼ 118, Fred Hutchinson Cancer Research Center,
United States) (ClinicalTrials.gov identifier: NCT02328677) (34).
Clinical, demographic, and lifestyle-related characteristics were
collected for all participants and harmonized across all cohorts
within the FOCUS consortium. All studies were approved by lo-
cal medical ethics committees, and the current study was per-
formed in accordance with the Declaration of Helsinki. All
participants had histologically confirmed stage I-III colorectal
cancer and provided written informed consent. Brief details on
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cohorts and data collection can be found in the Supplementary
Methods (available online).

Biochemical Analysis

Plasma or serum samples were collected at colorectal cancer di-
agnosis and shipped on dry ice for analysis at the laboratory of
BEVITAL AS (Bergen, Norway; www.bevital.no). Plasma samples
were used for COLON (Ethylenediaminetetraacetic acid [EDTA]),
EnCoRe (EDTA), and CORSA (EDTA and heparin), and serum
samples were used for the ColoCare sites. Folate concentrations
were measured as the sum of the folate species 5-methyl-tetra-
hydrofolate (5-mTHF) and 4-alpha-hydroxy-5-methyl-tetrahy-
drofolate (hmTHF) (35). In addition, we assessed the
concentration of unmetabolized folic acid and folate catabolites
pABG and apABG (36). Concentrations of 5-mTHF, hmTHF, folic
acid, pABG, and apABG were quantified by liquid chromatogra-
phy–tandem mass spectrometry (36). Details on sample prepa-
ration are provided in the Supplementary Methods (available
online).

Study Endpoints

Study endpoints included recurrence, overall survival, and dis-
ease-free survival. Recurrence was defined as locoregional or
distant recurrence after complete tumor resection. Overall sur-
vival events were investigated by using death from any cause in
the analysis. Disease-free survival was investigated by using a
recurrence or death from any cause as events in the analysis.
For all outcomes, follow-up time was calculated starting from
the date of blood collection. Further details are provided in the
Supplementary Methods (available online).

Statistical Analysis

Multivariable Cox proportional hazard models were used to in-
vestigate the associations of circulating concentrations of fo-
late, folic acid, and folate catabolites with recurrence, overall
survival, and disease-free survival. The proportional hazard as-
sumption for Cox proportional hazard models was assessed by
using Schoenfeld residuals with no evidence of nonproportion-
ality being detected. Folate concentrations were analyzed con-
tinuously (log2 transformed) as well as in tertiles in which the
lowest tertile was used as the reference. Tertiles were defined
based on the total study population. Ptrend values were com-
puted for folate concentration tertiles using the medians of the
corresponding tertiles. Folic acid, pABG, and apABG were inves-
tigated in 2 ways. First, concentrations were categorized into a
dichotomous variable to compare patients with a detectable
concentration with patients with concentration equal to or be-
low the level of detection. Second, for patients with detectable
concentrations, we also performed analyses similar to those for
folate. The associations of tertiles of circulating concentrations
of folate, folic acid, pABG, and apABG with recurrence, overall
survival, and disease-free survival were also investigated using
cohort-specific tertiles. The tertile values of the cohort-specific
tertiles were used continuously to compute the P value for lin-
ear trend.

Crude hazard ratios (HRs) and hazard ratios adjusted for age
at diagnosis, sex, cohort, and chemotherapy status (receiving
no chemotherapy, only neoadjuvant chemotherapy, only adju-
vant chemotherapy, or both neoadjuvant and adjuvant chemo-
therapy) were calculated for folates. Log2-transformed

creatinine concentrations were additionally added as a covari-
ate for pABG and apABG analyses because these have high renal
clearance, and it is thus important to take kidney function into
account (37). Adjustment for other known potential confound-
ing factors, that is, disease stage, body mass index (38), alcohol
intake (39), smoking (40), analytical plate, and batch, did not
markedly influence the estimates (<10%) and were therefore
not included in the final model.

Subgroup analyses were conducted and presented by forest
plots to assess potential effect measure modification by cohort,
disease stage, tumor location, sex, neo- and/or adjuvant treat-
ment, and dietary supplement use.

Cox proportional hazard models were computed in SAS ver-
sion 9.4 software (Cary, NC) using 2-sided tests. Forest plots, in-
cluding heterogeneity tests using the package metafor (41), were
prepared in R, version 3.3.6. A P value less than .05 was consid-
ered statistically significant. Sensitivity analyses and further
details concerning statistical methods are described in the
Supplementary Methods (available online).

Results

Study Population

Baseline characteristics of the total study population (n¼ 2024)
and by cohort are displayed in Table 1. The majority of the par-
ticipants were men (64%), overweight (43%), and former or never
smokers (53% and 34%). The median (interquartile range [IQR])
age was 66 (60-73) years, and 27%, 30%, and 41% of the partici-
pants presented with stage I, II, and III, respectively. Colon can-
cer was diagnosed among 62% of participants and 38% had
rectal cancer. Dietary supplement use was reported by 41% of
the total study population, and 20% of the participants reported
to use dietary supplements containing folic acid.

The median (IQR) circulating concentration of folate (ie, the
sum of 5-mTHF and hmTHF) was 15.0 (9.8-24.5) nmol/L. Among
participants with a detectable folic acid (n¼ 301), pABG
(n¼ 1946), and apABG (n¼ 1801) concentration, median (IQR)
concentrations were 1.0 (0.7-1.9) nmol/L, 2.5 (1.0-5.4) nmol/L,
and 0.7 (0.5-1.0) nmol/L, respectively. There was a substantial
difference in folate and folic acid concentrations between
cohorts; the US cohorts (ie, ColoCare HCI and ColoCare FHCRC)
showed higher concentrations compared with the European
cohorts (ie, COLON, EnCoRe, CORSA, and ColoCare HD), which is
consistent with folic acid fortification being present in the
United States (16). Concentrations of pABG were higher in
COLON and EnCoRe compared with CORSA and the ColoCare
cohorts, and ApABG showed comparable concentrations for all
cohorts.

The median follow-up time for the study population was
3.7 years. During follow-up, 288 participants died from any
cause and 258 participants experienced a recurrence.
Recurrence cases consisted of locoregional (n¼ 66) and distant
recurrences (n¼ 217); 21 participants had both a locoregional
and distant recurrence. Recurrence before death was experi-
enced by 113 of the 288 participants who died during the study.

Baseline characteristics by tertiles of folate and comparing
participants with (n¼ 301) and without (n¼ 1723) detectable fo-
lic acid concentrations and by tertiles of folic acid concentra-
tions are described in Supplementary Tables 1 and 2 (available
online), respectively. As expected, the most dietary supplement
use was reported in the highest folate and folic acid tertile.
Baseline characteristics by tertiles of pABG and apABG
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concentrations can be found in Supplementary Table 3 (avail-
able online), respectively.

Folates and Study Endpoints

Associations between circulating concentrations of folate, folic
acid, pABG, and apABG with recurrence, overall survival, and
disease-free survival are described in Table 2. No statistically
significant associations were observed for folate, pABG, and
apABG, with hazard ratios ranging from 0.92 to 1.16. A moderate
nonstatistically significant linear trend (P¼ .11) for improved
overall survival, but not for recurrence and disease-free sur-
vival, was observed with increasing tertiles of folate concentra-
tions. Similar findings for recurrence, overall survival, and
disease-free survival were observed when using cohort-specific
tertiles of folate concentrations (Supplementary Table 4, avail-
able online). Increasing tertiles of apABG concentrations
showed a nonstatistically significant linear trend toward a
greater risk of death (HRT2vsT1 ¼ 1.25, 95% confidence interval
[CI] ¼ 0.91 to 1.70; and HRT3vsT1 ¼ 1.31, 95% CI ¼ 0.93 to 1.83;
Ptrend ¼ .15) but not for recurrence and disease-free survival.
Using cohort-specific tertiles of apABG concentrations, similar
trends and effect estimates were observed, but the P value for
linear trend for overall survival became statistically significant
(Ptrend ¼ .03; Supplementary Table 4, available online).

Comparing patients with detectable folic acid concentrations
with patients without detectable folic acid for any outcome showed
no statistically significant associations (Table 2). However, among
patients with detectable folic acid concentrations, more

recurrences were observed (HR ¼ 1.31, 95% CI ¼ 1.02 to 1.58) for
each 2-fold increase in folic acid concentration. A statistically sig-
nificant linear trend (P ¼ .03) was observed across folic acid tertiles.
Tertile 2 and 3 showed a nonstatistically significant increased risk
of death compared with the lowest tertile of folic acid concentra-
tions (HRT2vsT1 ¼ 1.26, 95% CI ¼ 0.56 to 3.61; and HRT3vsT1 ¼ 1.57,
95% CI ¼ 0.70 to 3.55). A borderline, nonstatistically significant lin-
ear trend (P ¼ .09) was observed across folic acid tertiles for
disease-free survival (HRT2vsT1 ¼ 1.58, 95% CI ¼ 0.82 to 3.04; and
HRT3vsT1 ¼ 2.01, 95% CI ¼ 1.01 to 3.97) (Table 2). Analyses using
cohort-specific tertiles of folic acid concentrations showed similar
effect estimates and linear trends for recurrence, overall survival,
and disease-free survival (Supplementary Table 4, available online).

Sensitivity analyses excluding participants who died or ex-
perienced a recurrence within the first 100 days after diagnosis
or excluding patients who did not receive surgery or with un-
known surgery status and limiting analysis to recurrence events
within the first 2 years after diagnosis showed similar trends to
the overall analysis (data not shown). Sensitivity analyses ex-
cluding participants from whom blood was collected during or
after any type of treatment (n¼ 275, 14%) showed comparable
linear trends with the main analyses (Supplementary Table 5,
available online).

Subgroup Analyses by Clinical and Lifestyle-Related
Factors

Subgroup analyses for folate concentrations are shown in
Figure 1. No statistically significant associations were observed

Figure 1. Forest plots of subgroup analyses reporting hazard ratios and corresponding 95% CIs for a doubling in folate concentrations and recurrence, overall survival,

and disease-free survival. Weights of the effect estimates are from random effects meta-analysis; square dots represent the hazard ratio of each subgroup and dia-

monds represent the hazard ratio of all subgroups combined. Heterogeneity among subgroups was evaluated using the I2 index. CI ¼ confidence interval; IQR ¼ inter-

quartile range; Q ¼ heterogeneity Cochran’s Q test; df ¼ degrees of freedom; I2 ¼ heterogeneity I2 statistic.
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for any outcome when evaluated within individual cohorts,
likely attributable to small sample sizes. Stage I patients had a
statistically significantly lower risk of recurrence with higher fo-
late concentrations (HR ¼ 0.34, 95% CI ¼ 0.20 to 0.58), whereas
this association was not observed in stage II-III patients (I2 ¼
89.4%; P¼ .0003).

Supplementary Figure 1 (available online) illustrates cohort-
specific tertiles of folate concentrations in relation to recur-
rence, overall survival, and disease-free survival by individual
cohort. Overall, there was no sign of a dose–response relation-
ship within cohorts for recurrence, overall survival, and
disease-free survival.

Subgroup analyses for folic acid concentrations are shown in
Figure 2. Patients with detectable folic acid concentrations who
received neoadjuvant treatment (n¼ 63) had statistically signifi-
cantly higher risk of recurrence with higher folic acid concentra-
tions (HR ¼ 2.03, 95% CI ¼ 1.41 to 2.92), which was not observed
in patients who did not receive neoadjuvant treatment (I2 ¼
61.1%; P¼ .08).

Subgroup analyses for pABG and apABG are reported in
Supplementary Figures 2 and 3 (available online), respectively.

Discussion

We investigated circulating concentrations of folate, folic acid,
and folate catabolites pABG and apABG in relation to recurrence
and survival among patients diagnosed with stage I-III

colorectal cancer within the FOCUS international consortium.
No statistically significant associations were observed for folate,
pABG, and apABG concentrations. In contrast, more colorectal
cancer recurrences were observed among patients with higher
compared with lower circulating folic acid concentrations.

Ranges of folate concentration observed in our study popula-
tion were comparable with prior studies with colorectal cancer
patients measuring folate at diagnosis despite the different ana-
lytical methods used to quantify folate (29,30). Our results,
showing no association between folate concentrations and re-
currence and survival, are consistent with the only other
smaller study in stage I-III CRC patients (29). However, when we
investigated subgroups in our large consortium, a statistically
significant lower risk of recurrence was observed with higher
compared with lower folate concentrations in stage I patients,
and not in stage II-III patients. This intriguing result has not
been reported before and requires further investigation.

Unmetabolized folic acid was detected in the circulation of
only 15% of included participants, which could be explained by
the fact that folic acid is only detectable in case of recent and
excessive intakes (28) or due to low DHFR activity. As was hy-
pothesized, higher concentrations of folic acid were associated
with increased colorectal cancer recurrence in our study
population. This suggests that folic acid may facilitate growth
of potentially remaining tumor cells in the body, similar
as what is hypothesized concerning premalignant lesions dur-
ing colorectal cancer development (2,27). Furthermore, higher

Figure 2. Forest plots of subgroup analyses reporting hazard ratios and corresponding 95% confidence intervals for a doubling in folic acid concentrations and recur-

rence, overall survival, and disease-free survival. Weights of the effect estimates are from random effects meta-analysis; square dots represent the hazard ratio of

each subgroup and diamonds represent the hazard ratio of all subgroups combined. Heterogeneity among subgroups was evaluated using the I2 index. Numbers of re-

currence and disease-free events for ColoCare HD, ColoCare HCI, and stage I participants were too limited to meet the Cox proportional hazard model convergence cri-

terion and are therefore not presented in the forest plot. CI ¼ confidence interval; df ¼ degrees of freedom; I2 ¼ heterogeneity I2 statistic; IQR ¼ interquartile range; Q ¼
heterogeneity Cochran’s Q test.
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concentrations of folic acid were associated with reduced
disease-free survival, and higher concentrations of folic acid
may also be associated with a higher risk of death. However, the
association with overall survival was not statistically signifi-
cant, which could potentially be explained by low sample size.
Therefore, this study highlights the need for more research re-
garding excessive intakes through high-dose folic acid supple-
ment use or consumption of fortified foods in relation to cancer
prognosis.

This is the first study, to our knowledge, investigating the
association between folate catabolites and colorectal cancer re-
currence and survival. No associations between folate catabo-
lites and colorectal cancer recurrence and survival were
observed. However, a moderate trend toward more deaths with
increasing apABG concentrations, the main folate catabolite,
was observed, which warrants replication. Folate catabolism
plays a role in regulating folate homeostasis, and catabolites are
suggested to be potential functional markers of folate status
(21). Increased folate catabolism has been reported earlier in co-
lon tumor cells (20), and recently increased circulating concen-
trations of folate catabolites are hypothesized to be a result of
increased inflammation (42). The role of folate catabolites in co-
lorectal cancer recurrence and survival remains to be
elucidated.

To our knowledge, this is the first large multicohort consor-
tium investigating concentrations of folate, folic acid, and folate
catabolites in relation to colorectal cancer recurrence and sur-
vival including over 2000 stage I-III colorectal cancer patients.
Quantifying folate using liquid chromatography–tandem mass
spectrometry allowed us to discern separate folate species, in-
cluding folate catabolites, and is therefore considered a more
powerful method to measure folate status (28,36) compared
with the microbiological assay used in previous studies (29,30).
Patients in this study population diagnosed with stage I-III colo-
rectal cancer were included from several European and US co-
hort studies, which enabled us to explore a wide range of folate,
folic acid, and catabolite concentrations. Because of the large
sample size, we were also able to conduct subgroup analyses.
Although our sample size was large, we acknowledge that a rel-
atively small proportion of participants originated from US
cohorts (n¼ 188), which did not allow us to comprehensively
compare European and US cohorts. Median follow-up time was
relatively short at 3.7 years, although it should be noted that
most recurrences tend to occur in the first 2-3 years after colo-
rectal cancer diagnosis (43-45) and we had a broad range with a
maximum follow-up time of 15.4 years. In addition, concentra-
tions of folate species were assessed in only a single sample,
which is a further limitation. A single sample may not capture
past exposures and exposures after cancer diagnosis related to
lifestyle factors or daily variability in metabolites (44). Last, colo-
rectal cancer–specific survival could not be investigated because
cause of death was not available for all cohorts.

Future research investigating colorectal cancer prognosis
should include unmetabolized folic acid and folate catabolites.
The folate catabolites pABG and apABG have not been exten-
sively studied in the context of colorectal cancer, and they
might provide a broader understanding of folate kinetics in co-
lorectal cancer patients. Furthermore, the importance of unme-
tabolized folic acid, and the potential different biochemical
effect compared with natural folate, in relation to human health
is still unclear (28,46) while dietary supplement use is common
among cancer patients and food fortification is applied in 81
countries (47). Our current findings provide relevant leads for
future studies on the underlying mechanisms. A potentially

interesting mechanism might by through immune function, be-
cause increased unmetabolized folic acid concentrations have
also been linked to reduced immune function in the past (48).
Furthermore, it might be worthwhile to consider variations in
genes related to FOCM, such as MTHFR and DHFR (49), as well as
potential genetic predisposition for colorectal cancer recurrence
and survival (45,50,51) when investigating whether associations
with recurrence and survival potentially vary between persons
with a different genetic background.

We reported that folate and folate catabolite concentrations
in our international prospective cohort study population were
not associated with colorectal cancer recurrence and survival.
We observed that higher folic acid concentrations are associ-
ated with an increased risk of colorectal cancer recurrence in
stage I-III colorectal cancer patients. A better understanding of
the potential harmful effects of unmetabolized folic acid in the
circulation, specifically among colorectal cancer patients, is
warranted. Although dietary intake of folic acid through forti-
fied foods or dietary supplements was not assessed in the cur-
rent study, awareness may be required concerning the potential
risk of excessive intakes, particularly among patients diagnosed
with colorectal cancer.
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