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Background and Objective: There is keen interest in better understanding the
impacts of alpha-linolenic acid (ALA), a plant-derived n-3 fatty acid, in ameliorating
the development of cancer; however, results of several prospective cohorts present an
inconsistent association between ALA intake and the incident colorectal cancer (CRC).
We aimed to investigate the summary association of dietary intake and biomarkers of
ALA with CRC risk based on the prospective cohorts.

Methods: Pertinent prospective cohorts were identified in Cochrane Library, PubMed,
and EMBASE from inception to February 2022. Study-specific risk ratios (RRs) with 95%
confidence intervals (Cls) for comparing the top with the bottom quartiles of ALA levels
were combined using a random-effects model. Nonlinear dose-response relationships
of ALA levels in diet and blood with CRC risk were assessed using the restricted cubic
spline models, respectively.

Results: Over the duration of follow-up with a median of 9.3 years ranging from 1 to
28 years, 12,239 CRC cases occurred among 861,725 participants from 15 cohorts
(11 studies on diet and 5 studies on biomarkers including 4 on blood and 1 on adipose
tissue). The summary RR was 1.03 (95% Cl: 0.97, 1.10; 12: 0.00%) for dietary intake and
0.83 (95% Cl: 0.69, 0.99; 12: 0.00%) for biomarker. Each 0.1% increase in the levels of
ALA in blood was associated with a 10% reduction in risk of CRC (summary RR: 0.90,
95% Cl: 0.80, 0.99; I°: 38.60%), whereas no significant dose-response association was
found between dietary intake of ALA and the incident CRC (p for non-linearity = 0.18; p
for linearity = 0.24).

Conclusions: Blood levels of ALA were inversely and linearly associated with the risk
of CRC, which suggested that increased intake of ALA to improve circulating levels was
beneficial for CRC prevention.
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INTRODUCTION

Colorectal cancer (CRC) is the second most common cancer
diagnosed in women and the third most in men, and currently
ranks as the fourth most deadly cancer worldwide with nearly
900,000 deaths annually (1). The incidence of colorectal cancer
worldwide was predicted to be 2.5 million new cases in 2035 (2).
As a result, the primary prevention of CRC has always been an
important public health priority.

Dietary factors have been shown to play an important role in
the prevention of CRC (3). At cellular and animal model levels,
dietary n-3 polyunsaturated fatty acids (PUFAs) were proved to
be implicated in the several biological mechanisms underlying
the antineoplastic effects of alpha-linolenic acid (ALA, 18:3n-3),
including suppression of nuclear factor-kB (NF-kB), activation
of AMPK/SIRT1, modulation of cyclooxygenase activity, and
upregulation of the novel anti-inflammatory lipid mediators
identified recently such as protectins, maresins, and resolvins
(3, 4).

Alpha-linolenic acid, as a plant-based member of n-3
PUFAs, can be derived from vegetable oils (5). Population-
based epidemiological studies have reported the protective
effect of ALA on obesity-related diseases such as diabetes and
cardiovascular disease (6-8). Nevertheless, the associations with
CRC risk were found to be inconsistent in several prior cohorts
using food ALA as interest exposure, and two previous meta-
analyses reported a null association estimation (9, 10). Given the
possibility of a measurement error or report bias in most of the
observational cohorts using dietary questionnaires to estimate
ALA intake, it was difficult to accurately assess the real intake of
individual fatty acids (11). Moreover, there may be a disturbance
of gut microbiota in the individuals vulnerable to CRC, which
might have resulted in an overestimation of the exact level of ALA
in vivo (12, 13).

In contrast to dietary questionnaires, biomarker
measurements provide objective assessments of ALA exposure
in diet, which reflect both on the biologically relevant process
and dietary consumption, as well as are free of memory errors,
recall bias, or inaccuracies in food databases (14). One prior
meta-analysis included three cohorts only to conclude a null
association with blood levels of ALA (15), which may have been
influenced by the limited number of eligible studies. So far, the
relationships between ALA biomarkers and CRC risk remain
unclear, as various prospective cohorts reported inconsistent
results (16-18). One study found that the levels of ALA in
adipose tissue (AT) had an inverse association with the incident
CRC (16), whereas the other studies showed that circulating
ALA was inversely associated with colon cancer but not rectum
cancer (17) and had a null association with CRC risk (18).

To further address the role of the plant-based n-3 fatty acid
in preventing the development of CRC, we conducted a meta-
analysis to summarize the updated evidence on the relationship
between ALA intake and the incident CRC. The novelty of the
present study was to quantitatively evaluate a dose-response
association of ALA levels in the diet and human biospecimens
(blood and AT) with CRC risk using the available data from the
more comprehensive perspective studies.

MATERIALS AND METHODS

Literature Search

We identified 20,195 potential studies from PubMed, EMBASE,
and Cochrane Library databases up through Feb 2022, and the
search strategy we have predefined was listed in the literature
searching section of Supplementary Materials. We also searched
for the published meta-analyses from the above-mentioned
databases and checked their reference lists to identify the relevant
publications that might have been missed. The present study
was conducted and reported following the Meta-analysis Of
Observational Studies in Epidemiology (MOOSE) guidelines
(Supplementary Table 2) (19).

Eligibility Criteria

To assess the association of ALA in diet and human tissues and
the risk of CRC, the inclusion criteria were: (1) Participants:
Adults of any age across different countries; (2) Exposure: levels
of ALA intake estimated by dietary records, food frequency
questionnaires, or quantitative determining the compositions
or concentrations of ALA in circulating blood and adipose
tissue (AT); (3) Outcomes: Evaluating the incident CRC as an
endpoint, presented as multivariate-adjusted risk ratio (RR) or
hazard ration (HR) with 95% confidence interval (CI); (4) Study
design: Prospective cohort study, nested case-control study, and
case-cohort study.

Data Extraction

The following data were extracted by the two independent
reviewers from each original study using a standardized
extraction form: first author, publication year, study design
(prospective cohort/nested case-control/case cohort), study
location (America/Europe/Asia), cohort name, sample size
(number of cases/participants), baseline age (median value,
year), gender, duration of follow-up (median value, year),
cancer location (colon/rectum), exposure measurements, types
of interest exposure (diet or biomarker), multivariate-adjusted
RRs (HRs) with 95% CI for all category levels of ALA in diet or
human tissues, and the potential confounders adjusted. The study
quality of each included study was evaluated by using the 9-stars
Newcastle-Ottawa Scale (NOS) (20) (Supplementary Table 3).

Data Synthesis

If an original study provided HRs with 95% ClIs for the incident
CRC, the HR value was assumed to approximate the RR value.
All the included studies provided RR (HR) for ALA intake (diet
or biomarker) based on various categories (e.g., tertiles, quartiles,
or quintiles) or per SD difference in exposure. To achieve a
consistent approach to the present meta-analysis, the RRs (HRs)
were first transformed to involve comparisons between the top
and the bottom quartiles of baseline diet or biomarker of ALA
using methods described previously (21, 22). In brief, log risk
estimates were transformed with the comparison between the top
and bottom quartiles being equivalent to 2.54 times the logRRs
for per 1-SD increase. These scaling methods assume that the
exposure is normally distributed and the association with the
risk of CRC is log-linear. The conversion factor of 2.54 is the
difference in the medians of the top and bottom quartiles of
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S Records identified through database Additional records identified
'§ searching (n=20,195) through checking the
% 7,224 from PubMed reference list (n=1)

5 12,263 from Embase
o 708 from Cochrane Library
)
v v
o .
c Records after duplicates removed (n=6,120)
o
o v
3]
2 Records screened (n=14,075) » Records excluded (n=13,956)
965 Reviews or meta-analysis
A 4 261 Animal and cell tests
g Full-text articles assessed for eligibility (n=119) 12,730 Irrelevant reports
2
>
w » Full-text articles excluded (n=104) in Table S2.
) v
- Prospective studies included in quantitative synthesis (pooling analyses) (n =15)
% 9 prospective cohort and 2 case-cohort studies on dietary intake (n=11)
=
° 1 case-cohort and 4 nested case-control studies on biomarker (n=5)
c
- 2 on plasma, 2 on erythrocyte and 1 on adipose
FIGURE 1| PRISMA Flow diagram for included prospective cohort studies.

the standard normal distribution; other conversions were used
for differences in medians of extreme tertiles (2.18) or quintiles
(2.80). The standard errors (SEs) of log RRs were calculated using
reported data on precision and were similarly standardized.

Statistical Analysis

Multivariate-adjusted RRs (HRs) comparing the top with the
bottom quartiles of ALA intake (diet and biomarker) in each
study were first transformed to their logarithm (logRRs), and
their corresponding 95% Cls were used to calculate the standard
errors (selogRRs). Summary RRs (SRRs) with 95% ClIs as the
overall risk estimate for the top vs. bottom quartiles of ALA
intake was calculated using a random-effects model described
by DerSimonian and Laird (23), which considers both within-
study and between-study variability. Heterogeneity across studies

was evaluated with the Q test and 12 statistic (24). We defined
an 12 value >50% as indicative of heterogeneity according
to Cochrane Handbook. Stratified analysis was performed to
identify the possible sources of heterogeneity based on living
region (America/Europe vs. Asia), baseline age (< 60 vs. >
60, yr), gender (man vs. women), median duration of follow-
up (< 9.3 vs. > 9.3, yr), cancer location (colon vs. rectum),
quality scores (7 vs. 8-9), study design (prospective cohort vs.
nested case-control/case-cohort), biomarker types (adipose vs.
blood), and multiple adjustments (yes vs. no). A univariate meta-
regression with restricted maximum likelihood was performed
to measure if summary RR significantly differed between each
stratum analyzed. Sensitivity analyses were performed to evaluate
the possible influence of individual studies on the summary
results. A possibility of publication bias was qualitatively

Frontiers in Nutrition | www.frontiersin.org

July 2022 | Volume 9 | Article 948604


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

0" UISIONUOL MMM | UOIINN Ul SIORUOIH

709876 801y | 6 8WN|OA | 2202 AIne

TABLE 1 | Baseline characteristics of the individual prospective cohort studies.

First author, Location Design Cases/ Age Follow-up Exposure of interest Outcomes Qs
published year (cohort Participants (median, yr), (median,
name) gender yr)
Measurement Exposure range (top vs. bottom) Endpoints RR (95% CI)
Pietinen et al. (30)  America PC 185/27,111 57.1, Male 8.0 Diet (FFQ) Median of top quartile range vs. bottom in CRC 1.40 (0.90, 2.10) 9
(ATBCS) subjects: 2.4 vs. 1.0, g/day
Terry et al. (31) Europe PC 460/61,463  52.0, Female 9.6 Diet (FFQ) Median of top quartile range vs. bottom in CRC 0.99 (0.75, 1.32) 8
subjects: 0.70 vs. 0.45, g/day
CC 0.90 (0.68, 1.28)
RC 1.11(0.70, 1.78)
Brink et al. (32) Europe CH 608/120,852  61.3, Both 4.4 Diet (FFQ) Median of top quartile range vs. bottom CC 1.01 (0.75, 1.36) 9
(NLCS) in subjects: 1.8 vs. 0.70, g/day
RC 0.91 (0.58, 1.44)
Daniel et al. (33) America PC 452/43,108  70.3, Male 6.0 Diet (FFQ) Range of top quartile vs. bottom in subjects: CRC 0.87 (0.66, 1.04) 9
(CPS-Il) >1.26 vs. <0.82, g/day
PC 417/55,972  68.5, Female 6.0 Diet (FFQ) Range of top quartile vs. bottom in subjects: CRC 1.38 (1.02, 1.85)
>1.19 vs. <0.78, g/day
Murff et al. (34) Asia (SWHS) PC 396/73,242  52.5, Female 9.0 Diet (FFQ) Median of top quintile range vs. bottom CRC 1.16 (0.66, 2.06) 9
in subjects: 1.44 vs. 0.58, g/day
CC 1.40 (0.58, 3.37)
RC 0.64 (0.22, 1.89)
Sasazuki et al. Asia (JPHCS) PC 774/41,382  56.9, Male 9.3 Diet (FFQ) Median of top quintile range vs. bottom CC 0.84 (0.56, 1.28) 9
(35) in subjects: 2.76 vs. 1.21, g/day
RC 1.10 (0.61, 1.98)
PC 494/47,192  57.4, Female 9.3 Diet (FFQ) Median of top quintile range vs. bottom CC 1.01 (0.65, 1.57)
in subjects: 2.64 vs. 1.35, g/day
RC 1.02 (0.50, 2.06)
Song et al. (36) America PC 987/47,143  53.9, Male 20.6 Diet (FFQ) Range of top quartile vs. bottom in subjects: CRC 0.89 (0.70, 1.13) 7
(NHS >1.30 vs. <0.90, g/day
& HPFS)
CC 0.96 (0.72, 1.30)
RC 0.68 (0.41,1.15)
PC 1,469/76,386 50.4, Female 23.8 Diet (FFQ) Range of top quartile vs. bottom in subjects: CRC 1.05 (0.86, 1.29)
>1.20 vs. <0.90, g/day
CC 1.09 (0.87, 1.37)
RC 0.84 (0.52, 1.37)
Hodge et al. (37) Europe CH 395/41,514  58.5, Both 9.0 Diet (FFQ) Range of top quintile vs. bottom in subjects: CRC 1.09 (0.77,1.53) 8
(MCCS) >1.13 vs. <0.66, g/day
CH 395/41,514  58.5, Both 9.0 Plasma (GLC)  Range of top quintile vs. bottom in subjects: CRC 0.96 (0.69, 1.33)
>0.21 vs. <0.10, %
(Continued)
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TABLE 1 | Continued

First author, Location Design Cases/ Age Follow-up Exposure of interest Outcomes Qs
published year (cohort Participants (median, yr), (median,
name) gender yr)
Measurement Exposure range (top vs. bottom) Endpoints RR (95% Cl)
Shin et al. (38) Europe WLH  PC 344/48,233  39.7, Female 21.3 Diet (FFQ) Range of top quartile vs. bottom in subjects: CRC 1.17 (0.86, 1.59) 9
Cohort) 1.16-4.47 vs. 0.12-0.84, g/day
CC 0.96 (0.65, 1.41)
RC 1.61 (0.98, 2.69)
Nguyen et al. (10)  Asia (SMHS) PC 876/59,986  55.1, Male 9.8 Diet (FFQ) Not available data CRC 1.15(0.92, 1.43) 9
CC 0.98 (0.74, 1.31)
RC 1.45(1.03, 2.05)
Wan et al. (39) America PC 2,726/ 53.2, Both 24.3 Diet (FFQ) Top quintile vs. bottom in subjects: not available CRC 1.01(0.90, 1.15) 7
(NHS 111,234
& HPFS)
Kojima et al. (16) Asia (JACC NCC 83/324 60.5, Male 71 Adipose Range of top quartiles vs. bottom in subjects: CRC 0.39 (0.16, 0.91) 9
Study) (GLC) >1.07 vs. <0.69, %
86/326 62.4, Female 71 Adipose Range of top quartile vs. bottom in subjects: CRC 2.16 (0.87, 5.47)
(GLC) >1.10vs. <0.71, %
Cottet et al. (18) Europe (ESN) NCC 328/947 57.5, Female 9.0 Erythrocyte Range of top tertiles vs. bottom in subjects: CRC 0.71(0.49, 1.03) 8
(GLC) >0.12 vs. <0.10, %
Butler et al. (17) Asia (SCHS) NCC 350/700 59.7, Both 3.3 Plasma Range of top quartile vs. bottom in subjects: >3.8 CC 0.41 (0.28, 0.73) 9
(GC-MS) vs. <1.9, umol/L
RC 1.70 (0.84, 3.43)
Wang et al. (40) America NCC 809/4,610 57.1, Both 20.0 Erythrocyte Per 1-SD change in subjects: 0.06, % CRC 0.94 (0.88, 1.00) 9
(NHS (GLC)
& HPFS)
CC 0.94 (0.87, 1.02)
RC 0.94 (0.83, 1.06)

PC, prospective cohort; NCC, nested case-control; CH, case cohort; CRC, colorectal cancer; CC, colon cancer; RC, rectal cancer; RR, risk ratio; Cl, confidence interval; SD, standard deviation; FFQ), food frequency questionnaire; GLC,
gas-liquid chromatography, GC-MS, gas chromatography-mass spectrometry; QS, quality scores; ATBCS, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study; NCLS, The Netherlands Cohort Study; CPS, Cancer Prevention
Study; SWHS, Shanghai Women'’s Health Study; JPHCS, Japan Public Health Center (JPHC)-Based Prospective Study; NHS, Nurses’ Health Study; HPFS, Health Professionals Follow-up Study; MCCS, Melbourne Collaborative Cohort
Study; WLH, Swedish Women'’s Lifestyle and Health; SMHS, Shanghai Men'’s Health Study; JACC, Japan Collaborative Cohort; E3N, Etude Epidémiologique aupres de femmes de la Mutuelle Générale de I’Education Nationale; SCHS,
Singapore Chinese Health Study.
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delineated by the asymmetry of funnel plots and quantitatively
evaluated by Egger’s regression tests (25).

Dose-response meta-analyses were conducted to determine
whether the levels of ALA in diet or circulating blood were dose-
dependently associated with the risk of CRC. In brief, individual
studies with three or more categories were included in the dose-
response analysis and the median values of ALA levels in both
diet and blood for each exposure category were assigned as
previously described (26). A curvilinear trend was tested by using
the methods previously described (27, 28). Specifically, restricted
cubic splines with 3 knots (2 spline transformations) at fixed
percentiles (25%, 50%, and 75%) were first created, and then
a P-value for non-linearity was calculated to detect a potential
departure from a simpler linear trend by testing the coefficient of
the second spline equal to zero (29). In the presence of substantial
linear trends (P for non-linearity > 0.05), a linear trend was
estimated to achieve the association of per 1-g/day increment in
dietary intake of ALA and per 0.1% increase in the levels of blood
ALA with the risk of CRC by using a generalized least-squares
regression (2-stage GLST in Stata) (27). Two-tailed P < 0.05 was
considered statistically significant. Statistical analyses of all the
data were performed by STATA version 15.1 (Stata CORP, College
Station, TX).

RESULTS

The major result of the search strategy is presented in the
PRISMA flow diagram (Figure 1). The initial search identified
20,196 records including 1 record through checking the
reference list, from which 6,120 duplicates were removed.
The remaining 14,075 records were screened for titles and
abstracts. The preliminary screening left 119 potential articles,
and subsequently, 104 articles were excluded for additional
reasons after a full-text review (Supplementary Table 1). Finally,
15 prospective studies were eligible for the present meta-
analysis, including 11 cohorts on dietary intake and 5 cohorts
on biomarkers (four studies on blood and one study on
adipose tissue).

Baseline Characteristics

The characteristics of 15 independent prospective studies are
presented in Table 1. During the follow-up duration of a 9.3-
year median ranging from 1 to 28 years, 12,239 CRC cases were
identified among 861,725 participants from the 15 prospective
studies. Eleven cohorts of dietary intake of ALA were included,
involving 10,583 cases and 854,818 participants in 9 prospective
cohort studies (10, 30, 31, 33-36, 38, 39) and 2 case-cohort
studies (32, 37), and dietary measurements were evaluated
by food frequency questionnaires. For biomarkers of ALA, 5
prospective studies were included, involving 2,051 cases and
48,421 participants in 2 studies based on plasma (17, 37), 2 on
erythrocyte (18, 40), and 1 on AT (16). ALA levels in different
biospecimens were quantified by gas-liquid chromatography
(GLC) and the measurement unit was set as a percentage, except
for one study (wmol/L) (17). Both male and female were reported
in five articles (17, 32, 37, 39, 40), only male in two articles
(10, 30), only female in four articles (18, 31, 34, 38), and 4 articles

separately reported male and female (16, 33, 35, 36). As for CRC
locations, 13 articles reported total CRC (10, 16-18, 30, 31, 33—
39), whereas 2 articles only separately reported colon cancer and
rectal cancer (32, 40). Among all of the included studies, quality
scores assessed by the 9-star NOS ranged from 7 to 9, with a
median quality (< 7 stars) in 2 studies (36, 39) and high quality
(> 8 stars) in 13 studies.

The Top Quartiles Vs. Bottom Analyses

The pooled association comparing the top with the bottom
quartiles of dietary intake and biomarkers of ALA were presented
in Figures 2, 3. The SRR for ALA in diet was 1.03 (95% CI:
0.97, 1.10), with no between-study heterogeneity (I2 = 0.00%).
An inverse association was found between ALA biomarker and
CRC (SRR = 0.83, 95%CI: 0.69, 0.99), with no between-study
heterogeneity (I> = 0.00%).

In the stratified analysis of dietary ALA intake concerning
CRC (Supplementary Table 4), there was no evidence that the
estimated summary RR differed significantly by living regions,
age, gender, follow-up duration, cancer location, quality scores,
study design, and multiple adjustments. In stratified analyses for
the biomarker of ALA (Supplementary Table 5), increased levels
of ALA in biospecimens were more pronounced with decreased
risk of CRC in middle-aged persons (SRR = 0.83, 95%CI: 0.69,
0.99) but not in elderly persons (SRR = 0.88, 95%CI: 0.47, 1.65),
while the difference between the two populations cannot be tested
with a meta-regression. As for different types of biomarkers,
although the pooled associations for circulating levels of ALA
(SRR = 0.83,95% CI: 0.69, 0.99) were found to be more apparent
than that for AT (SRR = 0.88, 95% CI: 0.47, 1.65), results of
meta-regression did not show a statistically significant difference
between the two biomarkers.

In sensitivity analyses that exclude one study at a time and
reanalyzed the remaining data, the exclusion of any individual
study of ALA in the diet as interest exposure did not substantially
change the summary result (Supplementary Figure 1). As for
biomarkers, results of sensitivity analyses found that the overall
summary associations were modestly changed when one study by
Cottet V et al. (18) was omitted, with the SRR ranging from 0.83
(0.69, 0.98) to 0.86 (0.72, 1.02) (Supplementary Figure 2).

In publication bias analyses for either dietary intake or
biomarker, no publication bias was indicated by Begg’s funnel
plot (P for bias of dietary intake = 0.06, P for bias of biomarker
= 0.46) (Supplementary Figures 3, 4) or Egger’s regression test
(P for bias of dietary intake = 0.06, P for bias of dietary intake =
0.55) (Supplementary Figures 5, 6).

Dose-Response Analyses
Nine cohorts with dietary intake of ALA were available for
the dose-response analyses (30-38). There was no significantly
curvilinear relationship with the CRC risk (Figure4A), and
the association was not statistically significant in the linear
model with per 1.0-g/d ALA increase (p for linearity = 0.22)
(Supplementary Figure 7).

Four cohorts with blood levels of ALA were available for
the dose-response analyses (17, 18, 37, 40), and there was no
significantly curvilinear relationship with a test for non-linearity
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Study %
ID RR (95% Cl) Weight
Pietinen, P. et al., 1999 i : * 1.40 (0.90, 2.10) 2.43
Terry, P. et al., 2001 ¢E 0.99 (0.75, 1.32) 5.47
Brink et al., 2004 #I ; 0.98 (0.76, 1.26) 6.84
Daniel, C. R., et al., 2009 —I-O-— 1.03 (0.86, 1.24) 13.05
Murff, H. J. et al., 2009 5 «* 1.14 (0.80, 1.64) 3.39
Sasazuki, S. et al., 2011 —0—-%— 0.96 (0.79, 1.18) 10.55
Song, M. et al,, 2014 —+%— 0.98 (0.84, 1.14) 18.74
Hodge, A. M. et al., 2015 : + 1.08 (0.74, 1.58) 3.02
Shin, A. etal., 2020 = 1.17 (0.86, 1.59) 4.63
Nguyen S. et al., 2021 —-%—e— 1.15(0.92, 1.43) 8.98
Wan'Y et al., 2022 — 1.01 (0.88, 1.16) 22.90
Overall (I-squared = 0.0%, p = 0.883) <$ 1.03 (0.97, 1.10) 100.00
NOTE: Weights are from random effects analysis E
.4176 1 2?1
FIGURE 2 | Forest plot of the association between dietary alpha-linolenic acid and risk of colorectal cancer in the top quartile compared with the bottom. Gray square
represents RR in each original study, with square size reflecting the study-specific weight and the 95% confidence interval (C)) represented by horizontal bars. RRs
from the individual study were pooled by random-effects model. The summary RR (SRR) and corresponding 95% Cl were represented by the diamond. The degree of
heterogeneity between individual studies was indicated by the | square statistic.

(Figure 4B). The levels of ALA in blood had a linear dose-
response association with CRC (p for linearity = 0.04), and
each 0.1% increase in ALA levels resulted in a 10% reduction
of risk of CRC (SRR= 0.90, 95%CI: 0.81, 0.99; I* = 35.9%)
(Supplementary Figure 8).

DISCUSSION

To the best of our knowledge, this present study is the first
meta-analysis that specially focused on the impacts of plant-
based n-3 ALA (diet vs. biomarker) on the risk of CRC. Our
pooled analysis of prospective cohorts suggested that blood levels
of ALA were linearly and inversely associated with CRC risk,
but no significant association was found for dietary intake of
ALA. Such findings support that increased levels of ALA intake
have potential benefits in preventing the development of CRC,
which may further extend the previous meta-analyses with mixed
n-3 PUFAs as interest exposure to highlight that the plant-
derived ALA remains a protective nutrient for the incident
CRC (9, 10, 15).

Results of our meta-analysis based on the prospective cohorts
with the dietary estimation of AL showed a null association with
CRC risk, and there was no significant difference by age, gender,
geographical regions, cancer locations, duration of follow-up, or
multiple adjustments. Compared with our present study, most
of the previous studies especially focused on food n-3 PUFAs
mixed plant- with marine-based sources (9, 10). The summary
evidence for especially focusing on the association between
ALA intake (plant n-3 fatty acids) and CRC risk was currently
limited. Nevertheless, our observation of the null findings for
dietary ALA intake was consistent with the previous results
in three publications of meta-analytic reviews with mixed n-
3 PUFA as interest exposures. Of note, in population-based
food investigation, measurement error and bias always occurred
during the performance of dietary assessment using the food
frequency questionnaire, which may have changed the direction
of the observed associations. Fatty acids are especially prone
to this misclassification of dietary intake because similar foods
may have different PUFA compositions that are difficult to be
distinguished by using food descriptions in the questionnaire
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FIGURE 3 | Forest plot of the association between biomarkers of alpha-linolenic acid and risk of colorectal cancer in the top quartile compared with the bottom. Gray
square represents RR in each original study, with square size reflecting the study-specific weight and the 95% confidence interval (Cl) represented by horizontal bars.
RRs from the individual study were pooled by random-effects model. The summary RR (SRR) and corresponding 95% Cl were represented by the diamond. The
degree of heterogeneity between individual studies was indicated by the | square statistic.
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FIGURE 4 | Dose-response association between diet and blood levels of alpha-linolenic acid and risk of colorectal cancer. Multivariate-adjusted relative risks (RRs)
from all categories of ALA levels in diet or blood in each original study were represented by the small black circle. The corresponding non-linear dose-response

relationships of dietary (A) and blood levels of ALA (B) with the risk of colorectal cancer were assessed by a restricted cubic spline model with three fixed knots and
represented by the black solid line, respectively.

tools. Another possibility was that measurement errors in
assessing individual fatty acid intake may have attenuated the
beneficial association with ALA intake toward a null. Third,
although direct evidence in laboratory studies proved that the

plant-derived ALA may suppress the development of CRC
through downregulation of malignant in human and mouse
colon cancer cells, the dosage of n-3 PUFA used in animal studies
is much higher than the daily intake of ALA in humans (41).
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Therefore, it is possible that in the normal range of the human
diet, it cannot be concluded that there is a protective effect of
dietary intake of plant-based n-3 PUFA on the development
of CRC.

PUFA levels in human tissue (e.g., blood or AT) are currently
regarded as a reasonable biological marker of habitual dietary fat
intake, with sufficient evidence in the strong correlation between
dietary fatty acid intake and circulating levels even if it is a
single blood sample. Results of our meta-analysis based on five
prospective cohorts revealed that increased levels of ALA in
biospecimen (blood and AT) were significantly associated with a
reduced risk of CRC. In support of these major findings, a similar
inverse association with biomarker ALA was also observed in
two publications of population-based epidemiological studies
(16, 17). Nevertheless, the perfect associations did not reach a
statistical significance in most of the previous prospective studies
including a recent meta-analytic review (15, 18, 32, 37). One
possible explanation was that the results of the prior meta-
analysis could probably be affected by a limited number of
included studies (only three cohorts with blood PUFAs), thereby
perhaps leading to insufficient statistical power. Compared with
the recent publication of meta-analysis, available data on different
biomarkers of ALA (serum/plasm/erythrocyte/AT) from more
comprehensive cohorts including recent literature of erythrocyte
measurements in a larger number of 4,517 participants and
another research on AT measurement were pooled in the present
study (16, 40), which help enhance the statistical power to update
the previous summary evidence. Moreover, multivariate-adjusted
RR for the highest vs. the lowest category from each eligible study
was transformed to involve comparisons between the highest
and the lowest quartiles of baseline ALA levels, which may
have greatly minimized statistical heterogeneity to achieve the
reliability of our summary results. Finally, our findings based
on dose-response meta-analyses with a test for linearity or non-
linearity showed that decreased risk of CRC is linearly related
to increased levels of ALA in blood, which may reinforce the
robustness in association with biomarkers.

In the stratified analysis of biomarker ALA in relation to CRC,
we found a beneficial association estimation in males rather than
in females. Given that estrogen might have participated in the
etiology of CRC (42, 43), losing adjustments for menopausal
status and hormone therapy drugs might have lowered the ability
to test the preferred effects in females. However, the results of the
meta-analysis with interaction tests did not detect the gender-
based difference. Moreover, a negative association was found to
be more significant in elderly persons than in elderly persons,
but the difference between the two populations cannot be
tested with meta-regression analyses. It is noted that the elderly
individuals seem to have more commodities with the obesity-
related metabolic disorder such as dyslipidemia than young
persons, which may have additionally increased the initiation and
progression of CRC (44). When further stratified by biomarker
types, we found that the lower risk of CRC was linearly associated
with blood levels of ALA but not with AT-based biomarkers.
Most of the observational studies measured fatty acid profiles in
AT that can mostly represent triacylglycerol to mirror a relative
long-term intake (over 2 years), this tissue does not seem to be

a perfect biomarker of n-3 PUFA intake due to relatively low
incorporation of ALA in AT (45). One cohort of AT measurement
only was eligible for the current study, which could greatly
minimize the possibility of generalizable results for all persons.
Of note, erythrocyte levels mostly represent membrane PL to
indicate a medium-term FA intake (several months) than blood
lipids in plasma/serum indicating PUFAS’ concentrations over
recent days and cannot be easily affected by the postprandial
status of the individual (46). Therefore, the summary estimates
based on prospective cohorts with blood measurements are
more reliable to diet-related evidence in elucidating the causal
relationship with ALA. However, our observation of erythrocyte-
based biomarkers had a marginally significant association with
risk of CRC, which may have in part or at least attenuated our
ultimate findings. Moreover, given that the limited number of
eligible articles in each stratum analyzed might have diminished
statistical power, such findings based on each subgroup need to
be interpreted with caution and requires future confirmation in
more large-scale cohorts at biomarker levels.

There are several biological mechanisms underlying the
protective effect of ALA on the development of CRC.
First, ALA is an essential precursor of long-chain n-3 fatty
acids in vivo, which can be progressively transferred to
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and
finally docosahexaenoic acid (DHA) (47), through an extremely
low-conversion rate (48). ALA might have a potential inhibitive
effect on the CRC development by the limited transformation
to marine n-3 PUFAs (49). In addition, as a plant-derived
member of food n-3 fatty acids, ALA could modulate the
activity of cyclooxygenases (COX) and inhibit tumor growth
by reducing n-6 PUFA-derived 2-series prostaglandin (PGE2)
and promoting n-3 family derived 3-series prostaglandin (PGE3)
(50, 51). Third, ALA dampened the inflammatory phenotype
of M1-like macrophages, thereby reducing the expression levels
of pro-inflammatory markers such as IL-6, IL-1p, TNF-a, and
MCP-1 in human THP-1 cells (52). Finally, ALA might have
individually regulated the apoptosis mechanism and NF-kB
signaling pathway related with inflammatory response to control
tumor proliferations, migrations, and invasions (41, 53, 54).

Several strengths are currently emphasized in our study.
The eligible prospective cohort studies only were included, and
therefore no recall and selection bias caused by retrospective
studies would influence the summary result. Besides, stratified
analyses with a meta-regression test indicated that the overall
association estimations were not affected by the strata analyzed
such as age, follow-up years, cancer location, and multiple
adjustments, thereby increasing the potential possibility of the
robust performance of final results. Third, compared with
previous meta-analyses (10, 15), we included many published
cohorts to update the previous summary evidence, which helps
to enhance statistical power. Fourth, because of report bias
in dietary measurements of fatty acids, we summarized the
evidence on biomarker levels in the blood or AT, thereby
increasing the stable generalizability of findings. Finally, no
significant publication bias or between-study heterogeneity may
have greatly enhanced the reliability of the summary result in the
present study.
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There are also several limitations in the present study. First,
sensitivity analysis for biomarkers ALA indicated that exclusion
of one study would potentially change the direction of the overall
result toward a null (18). However, this study enrolled volunteers
from a selected population of highly educated women, which
was not representative of the general population. We therefore
cannot rule out the possibility that selection bias might have
seriously affected the association estimated in this study. Second,
RRs (HRs) for various category levels in each original study
were transformed with the top vs. bottom quartiles to provide
a consistent approach to the meta-analysis, in which systematic
error might have occurred during the data transformation. Third,
though each original study controlled multiple confounding
factors, there were still some residual confounders that might
have changed the direction of the summary association. Fourth,
though the beneficial association for the biomarker of ALA
was found to be more significant in male and middle-aged
populations, the results based on the subgroup analyses may not
be popularized because of the limited number of included studies.
Fifth, dietary changes or changes in food compositions may have
occurred after blood collections and before the onset of CRC,
perhaps leading to an underestimation of the pooled association.
Sixth, misclassification in dietary estimations is inevitable, which
was likely to bias the pooled association toward a null. Finally,
we found a significant inverse association for ALA levels in the
blood, but the results of AT measurement in relation to CRC risk
are needed to be interpreted with more caution because of the
limited number of published cohorts.

CONCLUSION

The current meta-analysis indicated that biomarkers of ALA
were inversely associated with the incident CRC, and each
0.1% increase in circulating levels of ALA was associated with
10% reduction in CRC risk. Encouraging the consumption of
foods rich in ALA to improve its levels in the blood may
potentially decrease the risk of CRC. Nevertheless, well-designed
and large-scale cohorts with biomarkers are still needed for better
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