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mediating roles of erythrocyte
n - 3 polyunsaturated fatty acids
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1Department of Epidemiology, School of Public Health, Sun Yat-sen University, Guangzhou, China,
2Guangdong Provincial Key Laboratory of Food, Nutrition and Health, School of Public Health, Sun
Yat-sen University, Guangzhou, China

Background: Dietary n – 3 polyunsaturated fatty acids (PUFAs) were found

to be inversely associated with breast cancer risk; however, the underlying

pathways between them remain uncertain. We aimed to explore serial

mediatory roles of erythrocyte n – 3 PUFAs in association between dietary

n – 3 PUFAs and breast cancer risk.

Materials and methods: Using a case-control study, 850 cases and 861

controls completed structured questionnaires with dietary information.

Erythrocyte n – 3 PUFAs were measured by gas chromatography. Odds

ratios (ORs) and 95% confidence intervals (CIs) were obtained using multiple

unconditional logistic regression models to examine association between

dietary n – 3 PUFAs and breast cancer risk. Mediation analyses with

bootstrapping were conducted to investigate indirect effects.

Results: Higher intake of dietary ALA, long-chain n – 3 PUFAs and total

n – 3 PUFAs was associated with lower risk of breast cancer. The adjusted

ORtertile3v.1 (95% CI) was 0.70 (0.55, 0.90) for ALA, 0.76 (0.60, 0.97) for long-

chain n – 3 PUFAs and 0.74 (0.58, 0.94) for total n – 3 PUFAs, respectively.

Mediation analysis showed that erythrocyte long-chain n – 3 PUFAs served as

sequential mediators in the relationship between dietary long-chain or total

n – 3 PUFAs and breast cancer risk. In particular, erythrocyte long-chain n – 3

PUFAs completely mediated the association between dietary long-chain n – 3

PUFAs and breast cancer risk [indirect effect (95% CI) = –0.982 (–1.529, –

0.508)]. The relationship between dietary total n – 3 PUFAs and breast cancer

risk was partly mediated by erythrocyte long-chain n – 3 PUFAs [indirect

effect (95% CI) = –0.107 (–0.216, –0.014)], accounting for 19.31%. However,

the serial mediation model in dietary ALA and risk of breast cancer was not

statistically significant [indirect effect (95% CI) = –0.042 (–0.144, 0.049)].

Conclusion: This study highlights the complexity and inaccuracy in using a

simple analysis of individual dietary n – 3 PUFAs to examine their associations
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with breast cancer risk without considering the variety of metabolic processes.

Interventions aimed at increasing erythrocyte long-chain n – 3 PUFAs may

represent a promising strategy for breast cancer prevention.

KEYWORDS

n – 3 polyunsaturated fatty acids, breast cancer, diet, erythrocyte, mediation analysis

Introduction

Breast cancer is the most commonly diagnosed cancer
and the fifth leading cause of cancer mortality globally in
women worldwide (1). It is also the most common cancer
among Chinese women, with an estimated 429,105 new cases in
2022 (2). Data on the association of various dietary nutrients,
including n – 3 polyunsaturated fatty acids (n – 3 PUFAs),
with the occurrence of breast cancer have long been increasing
(3). Women with a higher dietary n – 3 PUFA intake are at a
decreased risk of breast cancer (4, 5). However, the potential
protective mechanisms of dietary n – 3 PUFAs on breast cancer
risk are not clear.

Emerging evidence has revealed that some types of dietary
n – 3 PUFAs are positively associated with circulating n –
3 PUFAs (6, 7). However, factors such as genetic variations,
senility, blood lipids, alcohol consumption might also influence
the levels of circulating n – 3 PUFAs (8). Moreover, the
correlation between dietary α-linolenic acid (ALA) and ALA in
circulating blood was relative low (9). Plasma docosapentaenoic
acid (DPA) was not found to be significantly related to
dietary DPA (10). Although an increased consumption of
n – 3 PUFAs is generally associated with an increase of
n – 3 PUFAs composition of blood, this remains unsure
for ALA and DPA.

There is a series of conversion process of n – 3 PUFAs in
the body. ALA is endogenously elongated and desaturated into
eicosapentaenoic acid (EPA) by delta-6 and delta-5 desaturase
and elongase-5 enzymes (11). Next, EPA is elongated to
docosapentaenoic acid (DPA), which is then desaturated and
finally produces docosahexaenoic acid (DHA) through the
Sprecher pathway. Moreover, the delta-4 desaturation can also
produce DHA from EPA in mammalian and human cells (12).
It was reported that higher consumption of ALA might increase
the rate of ALA oxidation, limit its accumulation in circulation
and reduce the rate of conversion to EPA (13). Additionally,
studies showed that dietary long-chain n – 3 PUFAs could down-
regulate the conversion of plasma ALA to long-chain n – 3
PUFAs (13, 14). Furthermore, the conversion from ALA to
DHA could be increased by the absence of dietary DHA (15).
Therefore, the possible mechanism of the relationship between
dietary n – 3 PUFAs and breast cancer risk might involve the
conversion of ALA to EPA, DPA, and/or DHA in the body (13);

as well as the influence of dietary n – 3 PUFAs on the conversion
process of circulating n – 3 PUFAs.

Human erythrocytes have a life-span in the circulation of
approximately 120 days, which can reflect dietary intake over
several months and represent an integrative measure of the
interaction concerning dietary, metabolic, and genetic factors
(16). Therefore, erythrocyte n – 3 PUFAs were usually regarded
as biomarkers of dietary n – 3 PUFAs. Mediation analysis
investigates the mechanisms of the observed relationships
between the independent and dependent variables and examines
how they relate to the mediating variables (17). In terms of serial
mediation, it has been hypothesized that variables affect each
other sequentially. Such analysis will enable us to estimate the
potential mediating roles of erythrocyte n – 3 PUFAs. It will also
contribute to examine whether each erythrocyte n – 3 PUFA play
an independent role in breast cancer risk or play roles after being
converted to other types of n – 3 PUFAs via metabolic enzymes.

In this context, this study aimed to investigate whether
erythrocyte n – 3 PUFAs would be sequential mediators in
the association between dietary n – 3 PUFAs and breast
cancer risk. The results of the mediation analysis may help to
provide insight into the mechanisms underlying the protective
effect of dietary n – 3 PUFAs on breast cancer risk and
provide research basis for developing targeted cancer prevention
strategies. This will cultivate the interest in erythrocyte n – 3
PUFAs as comprehensive biomarkers related to breast cancer
and provide dietary nutritional modification strategies for breast
cancer patients.

Materials and methods

Study population

Detailed description for this hospital-based case-control
study have been published elsewhere (18). Briefly, eligible breast
cases were recruited from two hospitals between September
2011 and December 2019. The inclusion criteria for cases were
as follows: females aged 25–70 years with newly diagnosed
and histologically confirmed breast cancer no more than 3
months before the interview, natives in Guangdong or having
lived in Guangdong for at least 5 years, and understanding
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or speaking Mandarin/ Cantonese. In total, 1,677 of 1,884
eligible cases were successfully interviewed (89.01% response
rate). Among them, 869 participants provided blood samples
and 853 blood samples were adequate for laboratory analyses.
Participants with missing information on other covariates were
excluded and leave 850 breast cancer cases were included in
the final analysis.

Control subjects were female patients without breast
cancers and were simultaneously recruited from the same
hospitals as the cases. Patients were excluded if they had a
prior history of any cancer or did not understand or speak
Mandarin/Cantonese. Totally, 1,762 of 1,965 control subjects
were recruited with a response rate of 89.67%. Eight hundred
and ninety-two controls provided sufficient blood samples for
fatty acid measurement. Finally, 861 control subjects, frequency-
matched to cases by 5-year age intervals, were included
in the analysis.

Data collection

Information on demographic characteristics,
anthropometry factors, lifestyle behaviors, first-degree relatives
with cancer, menstrual and reproductive history were collected
by trained interviewers through face-to-face interviews. Regular
smoking was defined as smoking at least one cigarette/day for
more than 6 months. Passive smoking was defined as exposure
to the smoke from smokers for at least 15 mins/day in the past
5 years. Regular drinking was defined as drinking alcohol at least
once a week over the past year. Menopausal status was defined
as permanent absence of menses (at least 12 months since
the last menstrual period). The body mass index (BMI) was
calculated as the current self-reported body weight (kg) divided
by the height squared (m2). The metabolic equivalent (MET)
hours per week was used to estimate physical activity, and
the detailed methods of calculating MET have been described
previously (19).

Assessment of dietary fatty acid intake

Dietary n – 3 PUFA intake during the previous year was
collected via a validated 81-item food frequency questionnaire
(FFQ) (20). For each food item, a standard portion size was
specified and the frequency of consumption was questioned.
Energy and fatty acids intakes were calculated based on the
China Food Composition Table (21). Our study measured
the following n – 3 PUFA intake variables: ALA, long-chain
n – 3 PUFAs (EPA + DPA + DHA) and total n – 3 PUFAs
(ALA + EPA + DPA + DHA). The major food sources of dietary
EPA, DPA, and DHA are fish, seafood and fish oil. Few foods
contain only one type of long-chain n – 3 PUFA. Therefore,
long-chain n – 3 PUFAs were not disaggregated.

Measurement of erythrocyte fatty acids

Fasting venous blood samples were obtained on the
second day of the participants’ admission and before any
medication, surgery or examination. Erythrocytes were washed
three times with normal saline and separated within 2 h of
collection and were stored at –80◦C for subsequent analysis.
Erythrocyte concentrations of fatty acids were measured by gas
chromatography (GC).

The extraction of fatty acids was conducted using the
method described by Folch et al. (22) with chloroform/methanol
(2:1, v/v). The fatty acids were methylated with a 14% boron-
trifluoride ether/methanol (1:3, v/v) solution for 60 mins
at 90◦C. The fatty acid methyl esters were separated using
an Agilent 7890A GC system (Agilent, CA, USA) equipped
with a DB-23 capillary column (60 m × 0.25 mm internal
diameter × 0.15 µm film; Agilent, CA, USA) and a flame
ionization detector. The analytical conditions applied were as
follows: (1) nitrogen as carrier gas; (2) split ratio of 5:1 with the
injection temperature at 250◦C. The oven temperature started at
50◦C for 1 min and was programmed from 50 to 175◦C at a rate
of 25◦C/min, and the temperature was continuously increased to
230◦C at a rate of 3.5◦C/min followed by a 15-min hold period.
Comparing the retention time of the samples with commercially
available standards to identify individual fatty acids, the amount
of each fatty acid was expressed as a percentage of the total
erythrocyte membrane fatty acids (relative, %). The intra-assay
coefficients of variation (CVs) and inter-assay CVs were <10
and <20% for n – 3 PUFAs.

Statistical analysis

We used Mann-Whitney U-test for continuous variables
and χ2 test for categorical variables to examine differences in
characteristics between breast cancer cases and controls. Dietary
n – 3 PUFA intake was energy-adjusted using the residual
method (23) and then categorized as tertiles (T) on the basis
of distribution among the controls. Logistic regression model
was used to calculate odds ratios (ORs) and 95% confidence
intervals (CIs) for breast cancer risk in relation to dietary
n – 3 PUFAs. Pearson correlation coefficients were calculated
between dietary n – 3 PUFAs and each erythrocyte n – 3 PUFA.
We tested the mediating effect of erythrocyte n – 3 PUFAs
using a PROCESS plug-in application for SPSS 25.0 provided
by Preacher and Hayes (24), where the mediator should be
the continuous variable. The mediation analysis model can
be expressed by the following three regression equations (25).
First, regressing the independent variable X on the dependent
variable Y. The main effect is a precondition for the mediating
effect, and the regression effect c must be significant (regression
Equation 1). Second, regression Equation 2 explains the effect
of X on the mediating variable M. When the regression
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coefficient a is significant, it indicates the existence of an effect
of the independent variable on the mediating variable. Third,
regressing the X and M on Y simultaneously. It reveals the
association between X and Y adjusted for M and the association
between M and Y adjusted for X (regression Equation 3).

Y = i+ cX+ e1 (1)

M = i+ aX+ e2 (2)

Y = i+ c′X+ bM+ e3 (3)

A bootstrapping method was applied to test the significance
of mediating effect, which has high statistical power (26). In
the serial mediation model, there was a sequential relationship
between the mediating variables (27). Model 6 was chosen
with a bootstrapped sample size of 5,000, with dietary n –
3 PUFAs as X, breast cancer as Y, and erythrocyte n – 3
PUFAs as M at 95% confidence interval. A significant mediation
effect was established if zero was not between the lower and
upper bound. We calculated the direct, indirect and total effects
after adjusting for age, BMI, MET-h/week, education, passive
smoking, regular drinking, first-degree relatives with cancer and
energy intake.

Analyses were performed using SPSS version 25.0 (IBM
Corp, Armonk, NY, USA). A two-sided P value < 0.05 indicated
statistically significant.

Results

Participant characteristics

The characteristics of the cases and the control subjects are
shown in Table 1. Compared with controls, cases were more
likely to have higher BMI, to drink regularly, and have a family
history of cancer in first-degree relatives. Cases were also more
likely to have lower levels of education and household and
recreational activity. Cases consumed lower ALA, long-chain n –
3 PUFAs and total n – 3 PUFAs than those of controls. Besides,
erythrocyte individual and total n – 3 PUFAs proportions in
cases were lower than those in controls.

Associations between dietary n – 3
polyunsaturated fatty acids and breast
cancer risk

As presented in Table 2, after adjusting for potential
covariates, higher intake of dietary ALA, long-chain n – 3 PUFAs
and total n – 3 PUFAs was associated with decreased risk of
breast cancer. The adjusted ORtertile3 vs tertile1 (95% CI) was 0.70
(0.55, 0.90) for ALA, 0.76 (0.60, 0.97) for long-chain n – 3 PUFAs
and 0.74 (0.58, 0.94) for total n – 3 PUFAs, respectively.

Correlation analyses

In control subjects, erythrocyte ALA was not related to any
dietary n – 3 PUFA intake (see Table 3, all P > 0.05). Positive
correlations were observed between dietary long-chain n – 3
PUFAs and erythrocyte long-chain n – 3 PUFAs (r = 0.029
for EPA, 0.085 for DPA and 0.147 for DHA, all P < 0.05).
Meanwhile, higher intake of total n – 3 PUFAs was related to
higher proportions of erythrocyte EPA and DHA (r = 0.115
and 0.078, respectively, all P < 0.05), but not DPA (r = 0.048,
P > 0.05). Erythrocyte n – 3 PUFAs were significantly and
positively correlated with each other (r range from 0.082 to
0.445, all P < 0.05).

Mediation analysis on dietary
α-linolenic acid and breast cancer risk

The results of the mediation analysis on dietary ALA
intake and breast cancer risk are reported in Table 4 and
Figure 1. The bootstrap analyses revealed three significant
indirect effects between dietary ALA intake and breast cancer
risk. The direct effect was significant because zero falls outside
the confidence intervals [direct effect (95% CI) = –0.556 (–1.018,
–0.093)]. The indirect effect eight and nine indicated that higher
intake of dietary ALA was associated with higher levels of
erythrocyte EPA, which in turn led to higher levels of DPA
or DHA and finally associated with the risk of breast cancer
[indirect effect (95% CI) = –0.014 (–0.033, –0.002) and –0.012
(–0.026, –0.003), respectively]. Furthermore, in the multiple
chain mediation test of erythrocyte EPA, DPA and DHA,
the 95% CI of indirect effect fourteen does not contain 0,
and the mediation effect is significant [(indirect effect (95%
CI) = –0.001 (–0.004, –0.0002)] However, the total indirect effect
was not significant from dietary ALA intake to breast cancer
risk through erythrocyte n – 3 PUFAs [total indirect effect (95%
CI) = –0.042 (–0.144, 0.049)].

Mediation analysis on dietary
long-chain n – 3 polyunsaturated fatty
acids and breast cancer risk

Mediating analysis revealed the mediation effect on
relationship between consumption of dietary long-chain n –
3 PUFAs and breast cancer risk (see Table 5 and Figure 2).
The direct effect was not significant [direct effect (95%
CI) = 0.282 (–1.261, 1.825)], whereas the total indirect
effects was significant [total indirect effect (95% CI) = –0.982
(–1.529, –0.508)]. Erythrocyte EPA or DHA had significant
indirect effect on the correlation between dietary long-chain
n – 3 PUFAs and breast cancer risk [indirect effect (95%
CI) = –0.409 (–0.853, –0.018) and –0.167 (–0.361, –0.025),
respectively]. The chain mediation of erythrocyte EPA and
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TABLE 1 General characteristics of the study subjectsa.

Variables Case (n = 850) Control (n = 861) P-value

Age (years) mean± SD 48.33± 9.59 48.33± 9.53 0.991

BMI (kg/m2) mean± SD 23.32± 3.70 22.68± 3.36 <0.001

Household and recreational activities, MET-h/week (mean± SD) 36.47± 23.73 40.50± 24.91 0.001

Occupation [n (%)] 0.647

Administrator/other white-collar workers 176 (20.71) 190 (22.07)

Blue-collar worker 233 (27.41) 243 (28.22)

Farmer/other 441 (51.88) 428 (49.71)

Education [n (%)] 0.001

Primary school or below 209 (24.59) 231 (26.83)

Secondary school 257 (30.24) 198 (22.99)

High school 198 (23.29) 190 (22.07)

College or above 186 (21.88) 242 (28.11)

Income, Yuan/month [n (%)] 0.192

≤2,000 50 (5.88) 47 (5.46)

2,001–5,000 257 (30.24) 223 (25.90)

5,001–8,000 307 (36.12) 325 (37.75)

≥8,001 236 (27.76) 266 (30.89)

Regular smoker [n (%)] 12 (1.41) 10 (1.16) 0.646

Regular drinker [n (%)] 76 (8.94) 45 (5.23) 0.003

Passive smoker [n (%)] 319 (37.53) 327 (37.98) 0.848

Menopausal status [n (%)] 0.998

Premenopausal 537 (63.18) 544 (63.18)

Postmenopausal 313 (36.82) 317 (36.82)

First-degree relatives with cancer [n (%)] 126 (14.82) 81 (9.41) 0.001

Energy intake (kcal/day) mean± SD 1511.09± 405.93 1544.99± 399.33 0.081

Dietary fatty acid intake (mean± SD)b

ALA (g/day) 0.75± 0.22 0.77± 0.22 0.007

Long-chain n – 3 PUFAs (mg/day) 57.04± 6.65 59.51± 6.52 0.024

Total n – 3 PUFAs (g/day) 0.81± 0.24 0.83± 0.23 0.005

Erythrocyte PUFAs, % of total fatty acids, mean± SD

ALA 0.41± 0.17 0.45± 0.18 <0.001

EPA 0.84± 0.42 0.94± 0.52 <0.001

DPA 1.09± 0.54 1.21± 0.66 <0.001

DHA 3.20± 0.80 3.40± 0.86 <0.001

Total n – 3 PUFAs 5.72± 1.52 6.35± 1.75 <0.001

ALA, α-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, Eicosapentaenoic acid; PUFA polyunsaturated fatty acid; SD standard deviation.
aMann-Whitney U-test was used for the comparison of continuous variables between cases and controls. Chi-square test was used to test the differences of categorical variables.
bDietary intakes were adjusted for total energy using the residual method.

DPA or DHA between dietary long-chain n – 3 PUFAs and
breast cancer was significant [indirect effect (95% CI) = –0.167
(–0.332, –0.033) and –0.139 (–0.237, –0.063), respectively]. The
serial mediating effect of erythrocyte EPA, DPA, and DHA
was significant [indirect effect (95% CI) = –0.018 (–0.041,
–0.005)]. Combined with Figure 2, erythrocyte EPA or DHA
alone had a significant mediating effect. However, erythrocyte
DPA can play a chain mediating role and were inversely
associated with breast cancer risk only when it combined with
EPA and DHA.

Mediation analysis on dietary total
n – 3 polyunsaturated fatty acids and
breast cancer risk

Table 6 and Figure 3 outlined the mediating effect of
mediators in association between dietary total n – 3 PUFAs and
breast cancer risk. Significant direct effect and total indirect
effect were found [direct effect (95% CI) = –0.447 (–0.873,
–0.022); total indirect effect (95% CI) = –0.107 (–0.216, –0.014)].
The total mediating effect of dietary total n – 3 PUFAs on
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TABLE 2 Associations between dietary n – 3 PUFAs and breast cancer riska.

Cases/Controls Crude-OR (95% CI) P-trend Adjusted-OR (95% CI) P-trend

Dietary ALA 0.005 0.005

T1 328/287 1.00 (Ref.) 1.00 (Ref.)

T2 287/287 0.88 (0.70–1.10) 0.89 (0.70–1.12)

T3 235/287 0.72 (0.57–0.91) 0.70 (0.55–0.90)

Dietary long-chain n – 3 PUFAs 0.010 0.025

T1 340/287 1.00 (Ref.) 1.00 (Ref.)

T2 255/287 0.75 (0.59–0.94) 0.77 (0.60–0.97)

T3 255/287 0.74 (0.59–0.94) 0.76 (0.60–0.97)

Dietary total n – 3 PUFAs 0.014 0.015

T1 319/287 1.00 (Ref.) 1.00 (Ref.)

T2 294/287 0.92 (0.73–1.16) 0.95 (0.75–1.20)

T3 237/287 0.74 (0.59–0.94) 0.74 (0.58–0.94)

ALA, α-linolenic acid; CI, confidence interval; OR, odds ratio; PUFA, polyunsaturated fatty acid; T, tertile.
aAdjusted for age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives with cancer and energy intake.

TABLE 3 Correlations between dietary and erythrocyte n – 3 PUFAs in control subjects.

(1)
Dietary

ALA

(2)
Dietary

long-chain
n – 3 PUFAs

(3)
Dietary total
n – 3 PUFAs

(4)
Erythrocyte

ALA

(5)
Erythrocyte

EPA

(6)
Erythrocyte

DPA

(7)
Erythrocyte

DHA

(1) Dietary ALA 1.000

(2) Dietary long-chain n – 3 PUFAs – 1.000

(3) Dietary total n – 3 PUFAs – – 1.000

(4) Erythrocyte ALA −0.030 0.031 −0.019 1.000

(5) Erythrocyte EPA 0.056 0.029** 0.115** 0.142** 1.000

(6) Erythrocyte DPA 0.019 0.085* 0.048 0.154** 0.445** 1.000

(7) Erythrocyte DHA 0.047 0.147** 0.078* 0.082* 0.171** 0.120** 1.000

ALA, a-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acid.
**P <0.01, *P <0.05.

risk of breast cancer was 19.31%. Erythrocyte EPA and DPA
partially mediated the effect of dietary total n – 3 PUFAs and
breast cancer risk [indirect effect (95% CI) = –0.025 (–0.053, –
0.006)]. Erythrocyte EPA and DPA accounted for 4.51% on the
correlation between dietary total n – 3 PUFAs and breast cancer
risk. Similarly, erythrocyte EPA and DHA partially mediated
the effect [indirect effect (95% CI) = –0.021 (–0.039, –0.008)],
accounting for a mediation ratio of 3.79%. The association
between dietary total n – 3 PUFA intake and breast cancer
risk was partly mediated by erythrocyte EPA, DPA, and DHA
sequentially [indirect effect (95% CI) = –0.003 (–0.006, –0.001)],
accounting for a mediation ratio of 0.54%.

Discussion

The current study examined the association between dietary
intake of n – 3 PUFAs and breast cancer risk, and further
explored the serial mediating role of erythrocyte n – 3 PUFAs
within the linkage of dietary n – 3 PUFAs and breast cancer

risk. The inverse association of dietary long-chain or total n –
3 PUFAs with breast cancer risk could be accounted for the
potential beneficial actions of dietary long-chain or total n –
3 PUFAs on increasing erythrocyte long chain n – 3 PUFAs.
However, erythrocyte n – 3 PUFAs were not mediators in the
association between dietary ALA and breast cancer risk.

The present study showed that the total indirect effect of
erythrocyte n – 3 PUFAs was not significant in the association
between dietary ALA intake and breast cancer risk. There are
some possible explanations. First, we failed to find the indirect
effect of erythrocyte ALA on the relationship between dietary
ALA and breast cancer. ALA, an essential fatty acid, cannot be
produced endogenously and is closely tied to dietary exposure.
However, consistent with previous studies (28, 29), dietary
ALA was not found to be associated with erythrocyte ALA in
the present study. ALA was oxidized by families of enzymes,
including cyclooxygenases, lipoxygenases and cytochrome P450
enzymes (30). ALA converted to oxylipins at a higher rate
and in a higher amount, which might be the reason why ALA
did not accumulate in tissue as much as long-chain n – 3
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TABLE 4 Direct and indirect effect of the chain mediation model with mediator of erythrocyte n – 3 PUFAs in association between dietary ALA
intake and breast cancer riska.

Effect 95% CI SE

Direct effect

Dietary ALA→ breast cancer −0.556 -1.018, -0.093 0.236

Indirect effect

(1) Dietary ALA→ RALA→ breast cancer 0.014 –0.024, 0.057 0.020

(2) Dietary ALA→ REPA→ breast cancer −0.029 –0.082, 0.003 0.022

(3) Dietary ALA→ RDPA→ breast cancer 0.008 –0.031, 0.047 0.019

(4) Dietary ALA→ RDHA→ breast cancer −0.013 –0.062, 0.030 0.023

(5) Dietary ALA→ RALA→ REPA→ breast cancer 0.002 –0.004, 0.011 0.004

(6) Dietary ALA→ RALA→ RDPA→ breast cancer 0.001 –0.002, 0.005 0.002

(7) Dietary ALA→ RALA→ RDHA→ breast cancer 0.0002 –0.001, 0.002 0.001

(8) Dietary ALA→ REPA→ RDPA→ breast cancer −0.014 –0.033, –0.002 0.008

(9) Dietary ALA→ REPA→ RDHA→ breast cancer −0.012 –0.026, –0.003 0.006

(10) Dietary ALA→ RDPA→ RDHA→ breast cancer 0.001 –0.002, 0.007 0.002

(11) Dietary ALA→ RALA→ REPA→ RDPA→ breast cancer 0.001 –0.002, 0.005 0.002

(12) Dietary ALA→ RALA→ REPA→ RDHA→ breast cancer 0.001 –0.002, 0.004 0.001

(13) Dietary ALA→ RALA→ RDPA→ RDHA→ breast cancer 0.0001 –0.0002, 0.0005 0.0002

(14) Dietary ALA→ REPA→ RDPA→ RDHA→ breast cancer −0.001 –0.004, –0.0002 0.001

(15) Dietary ALA→ RALA→ REPA→ RDPA→ RDHA→ breast cancer 0.0001 –0.0002, 0.0005 0.0002

Total indirect effect

Dietary ALA→ breast cancer −0.042 -0.144, 0.049 0.049

RALA, erythrocyte α-linolenic acid; CI, confidence interval; RDHA, erythrocyte docosahexaenoic acid; RDPA, erythrocyte docosapentaenoic acid; REPA, erythrocyte
eicosapentaenoic acid; PUFA, polyunsaturated fatty acid; SE, standard error.
aAdjusted for age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives with cancer and energy intake.

FIGURE 1

The chain mediating effect of erythrocyte n – 3 PUFAs on the relationship between dietary ALA intake and breast cancer risk. ALA, α-linolenic
acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acid. Standardized
estimating of 5,000 bootstrap sample. Age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives with cancer
and energy intake were controlled. ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05.

PUFAs (31). Moreover, a competition between ALA and linoleic
acid (LA) may interfere with the correlation between dietary
and circulating ALA. Only high supplementation of dietary
ALA was reported to result in modest increases in plasma
ALA concentrations, because the LA concurrently intake could
reduce ALA accumulation (32). Second, we observed a direct

effect of dietary ALA on breast cancer risk, but not mediated
by erythrocyte ALA. ALA originated from a variety of foods,
such as vegetable oils, green leafy vegetables, and common seeds
and nuts (5). Consumption of other nutrients from ALA-rich
foods might be important confounding factors underlying the
inverse relationship between dietary ALA and breast cancer
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TABLE 5 Direct and indirect effect of the chain mediation model with mediator of erythrocyte n – 3 PUFAs in association between dietary
long-chain n – 3 PUFA intake and breast cancer riska.

Effect 95% CI SE

Direct effect

Dietary long-chain n – 3 PUFAs→ breast cancer 0.282 –1.261, 1.825 0.787

Indirect effect

(1) Dietary long-chain n – 3 PUFAs→ RALA→ breast cancer −0.060 –0.237, 0.070 0.075

(2) Dietary long-chain n – 3 PUFAs→ REPA→ breast cancer −0.409 –0.853, –0.018 0.212

(3) Dietary long-chain n – 3 PUFAs→ RDPA→ breast cancer 0.002 –0.126, 0.143 0.064

(4) Dietary long-chain n – 3 PUFAs→ RDHA→ breast cancer −0.167 –0.361, –0.025 0.086

(5) Dietary long-chain n – 3 PUFAs→ RALA→ REPA→ breast cancer −0.011 –0.049, 0.011 0.015

(6) Dietary long-chain n – 3 PUFAs→ RALA→ RDPA→ breast cancer −0.004 –0.018, 0.005 0.006

(7) Dietary long-chain n – 3 PUFAs→ RALA→ RDHA→ breast cancer −0.001 –0.009, 0.005 0.003

(8) Dietary long-chain n – 3 PUFAs→ REPA→ RDPA→ breast cancer −0.167 –0.332, –0.033 0.076

(9) Dietary long-chain n – 3 PUFAs→ REPA→ RDHA→ breast cancer −0.139 –0.237, –0.063 0.044

(10) Dietary long-chain n – 3 PUFAs→ RDPA→ RDHA→ breast cancer −0.0002 –0.015, 0.015 0.007

(11) Dietary long-chain n – 3 PUFAs→ RALA→ REPA→ RDPA→ breast cancer −0.004 –0.018, 0.005 0.006

(12) Dietary long-chain n – 3 PUFAs→ RALA→ REPA→ RDHA→ breast cancer −0.004 –0.014, 0.004 0.005

(13) Dietary long-chain n – 3 PUFAs→ RALA→ RDPA→ RDHA→ breast cancer −0.0004 –0.002, 0.001 0.001

(14) Dietary long-chain n – 3 PUFAs→ REPA→ RDPA→ RDHA→ breast cancer −0.018 –0.041, –0.005 0.009

(15) Dietary long-chain n – 3 PUFAs→ RALA→ REPA→ RDPA→ RDHA→ breast cancer −0.001 –0.002, 0.001 0.001

Total indirect effect

Dietary long-chain n – 3 PUFAs→ breast cancer −0.982 –1.529, –0.508 0.261

RALA, erythrocyte α-linolenic acid; CI, confidence interval; RDHA, erythrocyte docosahexaenoic acid; RDPA, erythrocyte docosapentaenoic acid; REPA, erythrocyte eicosapentaenoic
acid; PUFA, polyunsaturated fatty acid; SE, standard error.
aAdjusted for age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives with cancer and energy intake.

FIGURE 2

The chain mediating effect of erythrocyte n – 3 PUFAs on the relationship between dietary long-chain n – 3 PUFA intake and breast cancer risk.
ALA, α-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acid.
Standardized estimating of 5,000 bootstrap sample. Age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives
with cancer and energy intake were controlled. ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05.

risk. Third, we observed that the association between dietary
ALA and breast cancer risk could be partially explained by
erythrocyte long-chain n – 3 PUFAs. This might be that long-
chain n – 3 PUFAs can also be metabolized from ALA in vivo by
successive desaturation and elongation reactions (33), although
the conversion efficiency was poor. The conversion rate of ALA

to EPA is 21% in women with a higher activity of delta-6
desaturase expression caused by sex hormones (34), while the
conversions rate of ALA to DPA or DHA appear to be lower (6
and 9%, respectively) (35, 36). All of these might explain why the
total indirect effect of erythrocyte n – 3 PUFAs on breast cancer
risk was not significant.
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TABLE 6 Direct and indirect effect of the chain mediation model with mediator of erythrocyte n – 3 PUFAs in association between dietary total
n – 3 PUFA intake and breast cancer riska.

Effect 95% CI SE Proportion mediated (%)

Direct effect

Dietary total n – 3 PUFAs→ breast cancer −0.447 –0.873, –0.022 0.217

Indirect effect

(1) Dietary total n – 3 PUFAs→ RALA→ breast cancer 0.007 –0.032, 0.044 0.018 N/A

(2) Dietary total n – 3 PUFAs→ REPA→ breast cancer −0.051 –0.122, 0.007 0.032 N/A

(3) Dietary total n – 3 PUFAs→ RDPA→ breast cancer 0.006 –0.029, 0.043 0.018 N/A

(4) Dietary total n – 3 PUFAs→ RDHA→ breast cancer −0.023 –0.072, 0.014 0.021 N/A

(5) Dietary total n – 3 PUFAs→ RALA→ REPA→ breast cancer 0.001 –0.005, 0.008 0.003 N/A

(6) Dietary total n – 3 PUFAs→ RALA→ RDPA→ breast cancer 0.0004 –0.002, 0.004 0.001 N/A

(7) Dietary total n – 3 PUFAs→ RALA→ RDHA→ breast cancer 0.0001 –0.001, 0.002 0.001 N/A

(8) Dietary total n – 3 PUFAs→ REPA→ RDPA→ breast cancer −0.025 –0.053, –0.006 0.012 4.51

(9) Dietary total n – 3 PUFAs→ REPA→ RDHA→ breast cancer −0.021 –0.039, –0.008 0.008 3.79

(10) Dietary total n – 3 PUFAs→ RDPA→ RDHA→ breast cancer 0.001 –0.002, 0.006 0.002 N/A

(11) Dietary total n – 3 PUFAs→ RALA→ REPA→ RDPA→ breast cancer 0.001 –0.002, 0.004 0.001 N/A

(12) Dietary total n – 3 PUFAs→ RALA→ REPA→ RDHA→ breast cancer 0.0004 –0.002, 0.003 0.001 N/A

(13) Dietary total n – 3 PUFAs→ RALA→ RDPA→ RDHA→ breast cancer 0.0000 –0.0002, 0.0004 0.0001 N/A

(14) Dietary total n – 3 PUFAs→ REPA→ RDPA→ RDHA→ breast cancer −0.003 –0.006, –0.001 0.001 0.54

(15) Dietary total n – 3 PUFAs→ RALA→ REPA→ RDPA→ RDHA→ breast cancer 0.0001 –0.0003, 0.0004 0.0002 N/A

Total indirect effect

Dietary total n – 3 PUFAs→ breast cancer −0.107 –0.216, –0.014 0.051 19.31

RALA, erythrocyte α-linolenic acid; CI, confidence interval; RDHA, erythrocyte docosahexaenoic acid; RDPA, erythrocyte docosapentaenoic acid; REPA, erythrocyte eicosapentaenoic
acid; PUFA, polyunsaturated fatty acid; SE, standard error.
aAdjusted for age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives with cancer and energy intake.
bN/A is due to no mediating effect.

FIGURE 3

The chain mediating effect of erythrocyte n – 3 PUFAs on the relationship between dietary total n – 3 PUFA intake and breast cancer risk. ALA,
α-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; PUFA, polyunsaturated fatty acid.
Standardized estimating of 5,000 bootstrap sample. Age, BMI, MET-h/week, education, passive smoking, regular drinking, first-degree relatives
with cancer and energy intake were controlled. ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05.

The inverse association between dietary long-chain n – 3
PUFAs and breast cancer risk was fully mediated by erythrocyte
long-chain n – 3 PUFAs. Our study showed that the
consumption of long-chain n – 3 PUFAs was significantly
associated with erythrocyte EPA, DPA and DHA. Consistent

with our results, other researches also reported that dietary
EPA and DHA was positively associated with the levels of
erythrocyte EPA and DHA (37, 38). Previous studies observed
inverse associations between erythrocyte long-chain n – 3
PUFAs and breast cancer risk (39, 40). As a result, the association
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between dietary long-chain n – 3 PUFAs might be mediated
by erythrocyte long-chain n – 3 PUFAs. Notably, the omega-
3 index is defined as the percentage of erythrocyte EPA plus
DHA in total fatty acids and was thought to be associated
with lower risk for health events, especially cardiovascular
events (41). We also demonstrated the relationship between
erythrocyte EPA and DHA and dietary long-chain n – 3 PUFAs
and their mediating roles in the association between dietary
long-chain n – 3 PUFAs/total n – 3 PUFAs and breast cancer.
Therefore, it is worthwhile for future research to explore the
relationship between omega-3 index and health events such as
cancer. In terms of our observation of the fully mediated effect of
erythrocyte long-chain n – 3 PUFAs, a few more points needed
to be interpreted with care. It should be noted that the full
mediation depends on whether the regression coefficient c’ is
significant, and the significance of c’ is affected by the sample
size. When a large enough sample is collected, the previous
conclusion of full mediation may become partial mediation.
Furthermore, full mediation actually still implies that there may
be other mediating variables (42).

The data herein demonstrated that erythrocyte DPA not
independently, but sequentially mediated (with EPA and DHA)
the relationship between dietary long-chain n – 3 PUFAs and
breast cancer risk. Dyall et al. (43) reviewed studies on metabolic
differences among long-chain n – 3 PUFAs and noted the
potential role of DPA. It might serve as a reservoir for EPA and
DHA. Several reports indicate that interconversion of EPA, DPA,
and DHA via retro-conversion and elongation pathways may
occur (44, 45). DPA supplementation could increase the plasma
concentrations of several arachidonic acid (AA)-derivative,
including total PGE2 levels and other AA- and dihomo-gamma-
linolenic acid-derived PG species (44). AA-derived metabolites
contribute to angiogenesis (46). The DPA alone therefore could
not play a mediating role in the inverse association between
dietary long-chain n – 3 PUFAs and breast cancer risk, but rather
plays a mediating role through interconversion with EPA and
DHA. We also observed that the indirect effect of erythrocyte
EPA was higher than erythrocyte DHA. It may be due to the
difference in metabolism and incorporation of EPA and DHA in
different blood components. Brown et al. (47) demonstrated that
erythrocyte EPA was a stronger indicator of n – 3 PUFA intake
than DHA. DHA is incorporated into the inner erythrocyte
leaflet and are more influenced by erythrocyte turnover, whereas
EPA is incorporated into the outer erythrocyte leaflet and its
content largely depends on the equilibrium with plasma (47).

We found that the association between total consumed
n – 3 PUFAs and breast cancer risk was partly mediated by
erythrocyte long-chain n – 3 PUFAs. As mentioned above, the
source of dietary ALA was complex and diverse. For example,
the inverse association of ALA from fruits and vegetables
with the risk of breast cancer might be associated with other
compounds in fruits and vegetables, such as folate (48) or
fiber (49). Given the fact that ALA accounts for the majority

of dietary total n – 3 PUFAs [the proportion of dietary ALA
to total dietary n – 3 PUFAs in cases and controls was 93.17
(±6.42)% and 93.32 (±6.41)%, respectively], it was possible that
the relationship between total n – 3 PUFAs and breast cancer
risk was influenced by other nutrients. The partial mediation
implied that there might be other mediators’ worth exploring
in the association between dietary total n – 3 PUFAs and
breast cancer risk. For example, it was found that mice fed
with diets containing increasing amounts of EPA + DHA had
decreasing levels of erythrocyte n - 6 PUFAs and increasing
levels of erythrocyte saturated fatty acids (SFAs) (50). Prisco
et al. illustrated that healthy male volunteers supplemented with
n – 3 PUFAs for 4 months had decreased level of erythrocyte
n-6 PUFAs and increased level of erythrocyte monounsaturated
fatty acids (MUFAs) (51). This indicated that erythrocyte SFAs,
MUFAs, and n-6 PUFAs may also be mediators of the association
dietary n – 3 PUFAs and breast cancer risk.

Strengths of this study include the relatively large sample
size and a number of potential confounders. We were further
able to apply mediation analysis of four mediators on the
association between dietary n – 3 PUFAs consumed and breast
cancer risk for the first time. Several limitations should be
taken into account. Firstly, as a case-control study, the causal
sequence of variables cannot be curtained. Longitudinal studies
were needed to verify the causality of all variables in the future.
Secondly, subjective self-report and recall bias might exist. To
diminish it, we used photographs with usual portion size of
foods to obtain intake as accurately as possible and recruited
patients who were diagnosed less than 3 months before the
interview. Thirdly, we only had a single measure of erythrocyte
n – 3 PUFAs, which may not ideally reflect long-term exposure.
However, one study showed that no statistically significant
increase was observed in the level of n – 3 PUFAs over time
in the Cardiovascular Health Study across 13 consecutive years
of measures (52). Finally, we cannot completely deny that there
may still be some residual confounding factors and these results
should be extended to the general population in other regions
for confirmation.

Conclusion

Our findings suggest that the influence of dietary total n – 3
PUFAs on breast cancer risk was at least partially explained by
beneficial effects of total n – 3 PUFA intake on increasing the
erythrocyte long-chain n – 3 PUFAs. Importantly, erythrocyte
long-chain n – 3 PUFAs may fully explain the protective effect
of consumed long-chain n – 3 PUFAs on breast cancer risk.
The links between dietary n – 3 PUFAs and breast cancer
risk may be mediated by erythrocyte long-chain n – 3 PUFAs,
whereas evidence of a mediating role of erythrocyte ALA was
not supported. This study highlights the complexity in using
a simple analysis of dietary individual n – 3 PUFA to predict
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breast cancer risk without considering the variety of metabolic
processes. We demonstrated the possibility of erythrocyte n –
3 PUFAs to interpret the role of dietary n – 3 PUFAs in breast
cancer risk. Interventions aimed at increasing erythrocyte long-
chain n – 3 PUFAs may represent a promising strategy for breast
cancer prevention. Identifying the ratios between long-chain n –
3 PUFAs that are best for human health, including those between
n-6 PUFAs could be investigated in future studies.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were
reviewed and approved by the Ethical Committee of the
School of Public Health, Sun Yat-sen University. The
patients/participants provided their written informed consent
to participate in this study.

Author contributions

ZZ collected the data, performed the experiments, analyzed
the data, and wrote the manuscript. YJ, XL, DS, TM, and

RZ participated in data collection and experiments. CZ was
responsible for designing and writing grants, supervision of the
research, and wrote the manuscript. All authors contributed to
the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (Nos: 81973020 and 81102188).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Sung H, Ferlay J, Siegel R, Laversanne M, Soerjomataram I, Jemal A, et al.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49.
doi: 10.3322/caac.21660

2. Xia C, Dong X, Li H, Cao M, Sun D, He S, et al. Cancer statistics in China
and United States, 2022: profiles, trends, and determinants. Chin Med J. (2022)
135:584–90. doi: 10.1097/cm9.0000000000002108

3. Liu J, Ma D. The role of n-3 polyunsaturated fatty acids in the prevention and
treatment of breast cancer. Nutrients. (2014) 6:5184–223. doi: 10.3390/nu6115184

4. Witte T, Hardman W. The effects of omega-3 polyunsaturated Fatty Acid
consumption on mammary carcinogenesis. Lipids. (2015) 50:437–46. doi: 10.1007/
s11745-015-4011-2

5. Thiébaut A, Chajès V, Gerber M, Boutron-Ruault M, Joulin V, Lenoir G, et al.
Dietary intakes of omega-6 and omega-3 polyunsaturated fatty acids and the risk of
breast cancer. Int J Cancer. (2009) 124:924–31. doi: 10.1002/ijc.23980

6. Smith C, Follis J, Nettleton J, Foy M, Wu J, Ma Y, et al. Dietary fatty acids
modulate associations between genetic variants and circulating fatty acids in
plasma and erythrocyte membranes: Meta-analysis of nine studies in the CHARGE
consortium. Mol Nutr Food Res. (2015) 59:1373–83. doi: 10.1002/mnfr.201400734

7. Hodson L, Skeaff C, Fielding B. Fatty acid composition of adipose tissue and
blood in humans and its use as a biomarker of dietary intake. Prog Lipid Res. (2008)
47:348–80. doi: 10.1016/j.plipres.2008.03.003

8. Arab L. Biomarkers of fat and fatty acid intake. J Nutr. (2003) 133:925S–32S.
doi: 10.1093/jn/133.3.925S

9. Chen L, Hu Q, Li G, Zhang L, Qin L, Zuo H, et al. Dietary intake and
biomarkers of α-linolenic acid and mortality: a meta-analysis of prospective cohort
studies. Front Nutr. (2021) 8:743852. doi: 10.3389/fnut.2021.743852

10. Richter C, Bisselou K, Nordgren T, Smith L, Appiah A, Hein N, et al. n-
3 Docosapentaenoic Acid intake and relationship with plasma long-chain n-3
fatty acid concentrations in the United States: NHANES 2003-2014. Lipids. (2019)
54:221–30. doi: 10.1002/lipd.12146

11. Sprecher H, Luthria D, Mohammed B, Baykousheva S. Reevaluation of the
pathways for the biosynthesis of polyunsaturated fatty acids. J Lipid Res. (1995)
36:2471–7.

12. Park H, Park W, Kothapalli K, Brenna J. The fatty acid desaturase 2 (FADS2)
gene product catalyzes 14 desaturation to yield n-3 docosahexaenoic acid and n-6
docosapentaenoic acid in human cells. FASEB J. (2015) 29:3911–9. doi: 10.1096/fj.
15-271783

13. Vermunt S, Mensink R, Simonis M, Hornstra G. Effects of dietary alpha-
linolenic acid on the conversion and oxidation of 13C-alpha-linolenic acid. Lipids.
(2000) 35:137–42. doi: 10.1007/bf02664762

14. Burdge G, Wootton S. Conversion of alpha-linolenic acid to
eicosapentaenoic, docosapentaenoic and docosahexaenoic acids in young women.
Br J Nutr. (2002) 88:411–20. doi: 10.1079/bjn2002689

15. Bradbury J. Docosahexaenoic acid (DHA): an ancient nutrient for the
modern human brain. Nutrients. (2011) 3:529–54. doi: 10.3390/nu3050529

16. Kohlmeier L. Future of dietary exposure assessment. Am J Clin Nutr. (1995)
61:702S–9S. doi: 10.1093/ajcn/61.3.702S

Frontiers in Nutrition 11 frontiersin.org

https://doi.org/10.3389/fnut.2022.990755
https://doi.org/10.3322/caac.21660
https://doi.org/10.1097/cm9.0000000000002108
https://doi.org/10.3390/nu6115184
https://doi.org/10.1007/s11745-015-4011-2
https://doi.org/10.1007/s11745-015-4011-2
https://doi.org/10.1002/ijc.23980
https://doi.org/10.1002/mnfr.201400734
https://doi.org/10.1016/j.plipres.2008.03.003
https://doi.org/10.1093/jn/133.3.925S
https://doi.org/10.3389/fnut.2021.743852
https://doi.org/10.1002/lipd.12146
https://doi.org/10.1096/fj.15-271783
https://doi.org/10.1096/fj.15-271783
https://doi.org/10.1007/bf02664762
https://doi.org/10.1079/bjn2002689
https://doi.org/10.3390/nu3050529
https://doi.org/10.1093/ajcn/61.3.702S
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-990755 October 28, 2022 Time: 14:50 # 12

Zhang et al. 10.3389/fnut.2022.990755

17. Valeri L, Vanderweele T. Mediation analysis allowing for exposure-
mediator interactions and causal interpretation: theoretical assumptions and
implementation with SAS and SPSS macros. Psychol Methods. (2013) 18:137–50.
doi: 10.1037/a0031034

18. Zhang C, Ho S, Chen Y, Fu J, Cheng S, Lin F. Greater vegetable and fruit
intake is associated with a lower risk of breast cancer among Chinese women. Int J
Cancer. (2009) 125:181–8. doi: 10.1002/ijc.24358

19. Ainsworth B, Haskell W, Herrmann S, Meckes N, Bassett D, Tudor-Locke
C, et al. 2011 Compendium of physical activities : a second up date of codes
and MET values. Med Sci Sports Exerc. (2011) 43:1575–81. doi: 10.1249/MSS.
0b013e31821ece12

20. Zhang C, Ho S. Validity and reproducibility of a food frequency
Questionnaire among Chinese women in Guangdong province. Asia Pac J Clin
Nutr. (2009) 18:240–50.

21. Yang Y. China Food Composition Table. 6th Edn. Peking: Peking University
Medical Press (2019).

22. Lepage G, Roy C. Direct transesterification of all classes of lipids in a one-step
reaction. J Lipid Res. (1986) 27:114–20.

23. Willett W, Howe G, Kushi L. Adjustment for total energy intake in
epidemiologic studies. Am J Clin Nutr. (1997) 65:1220S–8S. doi: 10.1093/ajcn/65.
4.1220S

24. Preacher K, Hayes A. SPSS and SAS procedures for estimating indirect
effects in simple mediation models. Behav Res Methods Instrum Comput. (2004)
36:717–31. doi: 10.3758/bf03206553

25. Baron R, Kenny D. The moderator-mediator variable distinction in social
psychological research: conceptual, strategic, and statistical considerations. J Pers
Soc Psychol. (1986) 51:1173–82. doi: 10.1037//0022-3514.51.6.1173

26. Taylor A, MacKinnon D, Tein J-Y. Tests of the Three-Path Mediated Effect.
Organ Res Methods. (2008) 11:241–69. doi: 10.1177/1094428107300344

27. Padmanabhanunni A, Pretorius T. The loneliness-life satisfaction
relationship: the parallel and serial mediating role of hopelessness, depression
and ego-resilience among young adults in South Africa during COVID-19. Int J
Environ Res Public Health. (2021) 18:3613. doi: 10.3390/ijerph18073613

28. Khor B, Sahathevan S, Sualeheen A, Ali M, Narayanan S, Chinna K, et al.
Dietary fatty acid intake in hemodialysis patients and associations with circulating
fatty acid profiles: a cross-sectional study. Nutrition. (2019) 63-64:14–21. doi: 10.
1016/j.nut.2019.01.005

29. Olsen S, Hansen H, Sandström B, Jensen B. Erythrocyte levels compared with
reported dietary intake of marine n-3 fatty acids in pregnant women. Br J Nutr.
(1995) 73:387–95. doi: 10.1079/bjn19950041

30. Gabbs M, Leng S, Devassy J, Monirujjaman M, Aukema H. Advances in
our understanding of oxylipins derived from dietary PUFAs. Adv Nutr. (2015)
6:513–40. doi: 10.3945/an.114.007732

31. Caligiuri S, Love K, Winter T, Gauthier J, Taylor C, Blydt-Hansen T, et al.
Dietary linoleic acid and α-linolenic acid differentially affect renal oxylipins and
phospholipid fatty acids in diet-induced obese rats. J Nutr. (2013) 143:1421–31.
doi: 10.3945/jn.113.177360

32. Arterburn L, Hall E, Oken H. Distribution, interconversion, and dose
response of n-3 fatty acids in humans. Am J Clin Nutr. (2006) 83:1467S–76S.
doi: 10.1093/ajcn/83.6.1467S

33. Barceló-Coblijn G, Murphy E. Alpha-linolenic acid and its conversion to
longer chain n-3 fatty acids: benefits for human health and a role in maintaining
tissue n-3 fatty acid levels. Prog Lipid Res. (2009) 48:355–74. doi: 10.1016/j.plipres.
2009.07.002

34. Lohner S, Fekete K, Marosvölgyi T, Decsi T. Gender differences in the long-
chain polyunsaturated fatty acid status: systematic review of 51 publications. Ann
Nutr Metab. (2013) 62:98–112. doi: 10.1159/000345599

35. Williams C, Burdge G. Long-chain n-3 PUFA: plant v. marine sources. Proc
Nutr Soc. (2006) 65:42–50. doi: 10.1079/pns2005473

36. Burdge G. Alpha-linolenic acid metabolism in men and women: nutritional
and biological implications. Curr Opin Clin Nutr Metab Care. (2004) 7:137–44.
doi: 10.1097/00075197-200403000-00006

37. Orchard T, Ing S, Lu B, Belury M, Johnson K, Wactawski-Wende J, et al. The
association of red blood cell n-3 and n-6 fatty acids with bone mineral density
and hip fracture risk in the women’s health initiative. J Bone Miner Res. (2013)
28:505–15. doi: 10.1002/jbmr.1772

38. Itomura M, Fujioka S, Hamazaki K, Kobayashi K, Nagasawa T, Sawazaki S,
et al. Factors influencing EPA+DHA levels in red blood cells in Japan. In Vivo.
(2008) 22:131–5.

39. Kuriki K, Hirose K, Wakai K, Matsuo K, Ito H, Suzuki T, et al. Breast cancer
risk and erythrocyte compositions of n-3 highly unsaturated fatty acids in Japanese.
Int J Cancer. (2007) 121:377–85. doi: 10.1002/ijc.22682

40. Shannon J, King I, Moshofsky R, Lampe J, Gao D, Ray R, et al. Erythrocyte
fatty acids and breast cancer risk: a case-control study in Shanghai, China. Am J
Clin Nutr. (2007) 85:1090–7. doi: 10.1093/ajcn/85.4.1090

41. von Schacky C, Harris W. Cardiovascular benefits of omega-3 fatty acids.
Cardiovasc Res. (2007) 73:310–5. doi: 10.1016/j.cardiores.2006.08.019

42. Preacher K, Hayes A. Asymptotic and resampling strategies for assessing and
comparing indirect effects in multiple mediator models. Behav ResMethods Instrum
Comput. (2008) 40:879–91. doi: 10.3758/brm.40.3.879

43. Dyall S. Long-chain omega-3 fatty acids and the brain: a review of the
independent and shared effects of EPA, DPA and DHA. Front Aging Neurosci.
(2015) 7:52. doi: 10.3389/fnagi.2015.00052

44. Markworth J, Kaur G, Miller E, Larsen A, Sinclair A, Maddipati K, et al.
Divergent shifts in lipid mediator profile following supplementation with n-3
docosapentaenoic acid and eicosapentaenoic acid. FASEB J. (2016) 30:3714–25.
doi: 10.1096/fj.201600360R

45. Cao J, Schwichtenberg K, Hanson N, Tsai M. Incorporation and clearance
of omega-3 fatty acids in erythrocyte membranes and plasma phospholipids. Clin
Chem. (2006) 52:2265–72. doi: 10.1373/clinchem.2006.072322

46. Sakai M, Kakutani S, Horikawa C, Tokuda H, Kawashima H, Shibata H, et al.
Arachidonic acid and cancer risk: a systematic review of observational studies. BMC
Cancer. (2012) 12:606. doi: 10.1186/1471-2407-12-606

47. Brown A, Pang E, Roberts D. Erythrocyte eicosapentaenoic acid versus
docosahexaenoic acid as a marker for fish and fish oil consumption. Prostaglandins
Leukot Essent Fatty Acids. (1991) 44:103–6. doi: 10.1016/0952-327890
191-7

48. Gao C, Tang J, Cao H, Ding J, Wu J, Wang J, et al. MTHFR polymorphisms,
dietary folate intake and breast cancer risk in Chinese women. J Hum Genet. (2009)
54:414–8. doi: 10.1038/jhg.2009.57

49. Deschasaux M, Zelek L, Pouchieu C, His M, Hercberg S, Galan P, et al.
Prospective association between dietary fiber intake and breast cancer risk. PLoS
One. (2013) 8:e79718. doi: 10.1371/journal.pone.0079718

50. Fenton J, Gurzell E, Davidson E, Harris W. Red blood cell PUFAs reflect
the phospholipid PUFA composition of major organs. Prostaglandins Leukot Essent
Fatty Acids. (2016) 112:12–23. doi: 10.1016/j.plefa.2016.06.004

51. Prisco D, Filippini M, Francalanci I, Paniccia R, Gensini G, Abbate K,
et al. Effect of n-3 polyunsaturated fatty acid intake on phospholipid fatty acid
composition in plasma and erythrocytes. Am J Clin Nutr. (1996) 63:925–32. doi:
10.1093/ajcn/63.6.925

52. Lai H, de Oliveira Otto M, Lemaitre R, McKnight B, Song X, King I, et al.
Serial circulating omega 3 polyunsaturated fatty acids and healthy ageing among
older adults in the Cardiovascular Health Study: prospective cohort study. BMJ.
(2018) 363:k4067. doi: 10.1136/bmj.k4067

Frontiers in Nutrition 12 frontiersin.org

https://doi.org/10.3389/fnut.2022.990755
https://doi.org/10.1037/a0031034
https://doi.org/10.1002/ijc.24358
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1093/ajcn/65.4.1220S
https://doi.org/10.1093/ajcn/65.4.1220S
https://doi.org/10.3758/bf03206553
https://doi.org/10.1037//0022-3514.51.6.1173
https://doi.org/10.1177/1094428107300344
https://doi.org/10.3390/ijerph18073613
https://doi.org/10.1016/j.nut.2019.01.005
https://doi.org/10.1016/j.nut.2019.01.005
https://doi.org/10.1079/bjn19950041
https://doi.org/10.3945/an.114.007732
https://doi.org/10.3945/jn.113.177360
https://doi.org/10.1093/ajcn/83.6.1467S
https://doi.org/10.1016/j.plipres.2009.07.002
https://doi.org/10.1016/j.plipres.2009.07.002
https://doi.org/10.1159/000345599
https://doi.org/10.1079/pns2005473
https://doi.org/10.1097/00075197-200403000-00006
https://doi.org/10.1002/jbmr.1772
https://doi.org/10.1002/ijc.22682
https://doi.org/10.1093/ajcn/85.4.1090
https://doi.org/10.1016/j.cardiores.2006.08.019
https://doi.org/10.3758/brm.40.3.879
https://doi.org/10.3389/fnagi.2015.00052
https://doi.org/10.1096/fj.201600360R
https://doi.org/10.1373/clinchem.2006.072322
https://doi.org/10.1186/1471-2407-12-606
https://doi.org/10.1016/0952-327890191-7
https://doi.org/10.1016/0952-327890191-7
https://doi.org/10.1038/jhg.2009.57
https://doi.org/10.1371/journal.pone.0079718
https://doi.org/10.1016/j.plefa.2016.06.004
https://doi.org/10.1093/ajcn/63.6.925
https://doi.org/10.1093/ajcn/63.6.925
https://doi.org/10.1136/bmj.k4067
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Association of dietary n - 3 polyunsaturated fatty acids with breast cancer risk: Serial mediating roles of erythrocyte n - 3 polyunsaturated fatty acids
	Introduction
	Materials and methods
	Study population
	Data collection
	Assessment of dietary fatty acid intake
	Measurement of erythrocyte fatty acids
	Statistical analysis

	Results
	Participant characteristics
	Associations between dietary n – 3 polyunsaturated fatty acids and breast cancer risk
	Correlation analyses
	Mediation analysis on dietary α-linolenic acid and breast cancer risk
	Mediation analysis on dietary long-chain n – 3 polyunsaturated fatty acids and breast cancer risk
	Mediation analysis on dietary total n – 3 polyunsaturated fatty acids and breast cancer risk

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


