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ABSTRACT

Background: Very-long-chain SFAs (VLCSFASs), such as arachidic acid (20:0), behenic acid (22:0), and lignoceric acid
(24:0), have demonstrated inverse associations with cardiometabolic conditions, although more evidence is needed to
characterize their relation with risk of type 2 diabetes (T2D). In addition, little is known regarding their potential dietary
and lifestyle predictors.

Objective: \We aimed to examine the association of plasma and erythrocyte concentrations of VLCSFAs with incident
T2D risk.

Methods: \We used existing measurements of fatty acid concentrations in plasma and erythrocytes among 2854 and
2831 participants in the Nurses’ Health Study (NHS) and Health Professionals Follow-Up Study (HPFS), respectively.
VLCSFAs were measured using GLC, and individual fatty acid concentrations were expressed as a percentage of total
fatty acids. Incident T2D cases were identified by self-reports and confirmed by a validated supplementary questionnaire.
Cox proportional hazards regression was used to evaluate the association between VLCSFAs and T2D, adjusting for
demographic, lifestyle, and dietary variables.

Results: During 39,941 person-years of follow-up, we documented 243 cases of T2D. Intakes of peanuts, peanut
butter, vegetable fat, dairy fat, and palmitic/stearic (16:0-18:0) fatty acids were significantly, albeit weakly, correlated
with plasma and erythrocyte VLCSFA concentrations (|rs| < 0.19). Comparing the highest with the lowest quartiles of
plasma concentrations, pooled HRs (95% Cls) were 0.51 (0.35, 0.75) for arachidic acid, 0.43 (0.28, 0.64) for behenic
acid, 0.40 (0.27, 0.61) for lignoceric acid, and 0.41 (0.27, 0.61) for the sum of VLCSFAs, after multivariate adjustments for
demographic, lifestyle, and dietary factors. For erythrocyte VLCSFAs, only arachidic acid and behenic acid concentrations
were inversely associated with T2D risk.

Conclusions: Our findings suggest that, in US men and women, higher plasma concentrations of VLCSFAs are
associated with lower risk of T2D. More research is needed to understand the mechanistic pathways underlying these
associations. J Nutr 2020;150:340-349.

Keywords: very-long-chain saturated fatty acids, type 2 diabetes, prospective cohort, biomarker, arachidic acid,
behenic acid, lignoceric acid

Introduction

Type 2 diabetes (T2D) is a leading public health issue with
numerous complications ranging from cardiovascular disease,
renal disease, and retinopathy to amputations (1). Numerous
dietary, genetic, lifestyle, and metabolic risk factors of T2D

have been identified in large epidemiologic studies (2). However,
circulating fatty acids, exogenously ingested or endogenously
synthesized, have been explored only recently as potential risk
factors for T2D (3).

Very-long-chain SFAs (VLCSFAs) are a unique group of SFAs
with chain length >20, including arachidic acid (20:0), behenic
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acid (22:0), and lignoceric acid (24:0). VLCSFAs are present
in low concentrations in food products such as peanuts and
peanut butter, canola oil, macadamia nuts, and dairy fat (4).
However, the main source of these fatty acids in mammalian
tissues is endogenous synthesis by elongation in the endoplasmic
reticulum from SFAs with a chain length of 12:0-18:0 (lauric
acid to stearic acid) (5). This synthesis is mediated via a set of 7
elongases of very long chain fatty acids (ELOVL 1-7) embedded
in the endoplasmic reticulum (5). In multiple epidemiologic
studies, VLCSFAs were inversely associated with multiple
cardiovascular health outcomes (6-8). However, the association
between circulating concentrations of VLCSFAs and T2D (9-
11) did not yield entirely consistent results. For example, the
European Prospective Investigation into Cancer and Nutrition
(EPIC)-InterAct study (11) and Cardiovascular Health Study
(CHS) (9) have demonstrated inverse associations for all
VLCSFAs in plasma with diabetes, although the association for
erythrocyte VLCSFA concentrations was unclear in the EPIC-
Potsdam study (10).

In the current investigation, we aimed to examine prospec-
tive associations of concentrations of VLCSFAs in both plasma
and erythrocytes with T2D risk in US men and women. We
hypothesized that arachidic acid, behenic acid, and lignoceric
acid concentrations in plasma and erythrocyte membranes were
inversely associated with T2D risk. We also explored dietary
and lifestyle predictors of these fatty acids.

Methods

Study population

The Nurses’ Health Study (NHS) was established in 1976 with
a recruitment of 121,700 female nurses ages 30-55 y. The Health
Professionals Follow-Up Study (HPFS) started in 1986, recruiting
51,529 male health professionals who were 40-75 y of age. In both
cohorts, questionnaires were administered biennially to gather and
update information on lifestyle practices and occurrence of chronic
diseases. A subset of participants from the NHS and another from the
HPFS, whose lifestyle and dietary variables were similar to those of the
overall cohorts, provided blood samples in 1990 and 1994, respectively
(12).

Study design
For this analysis, we used existing measurements of plasma and

erythrocyte fatty acid concentrations in 2 nested case-control studies
of cardiovascular disease (CVD) in the NHS and HPFS. For the original
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CVD case-control studies, participants were all free of CVD and cancer
at the time of blood draw (6). In the current analysis, we further
excluded men and women who had diagnoses of diabetes at blood
draw, participants who had missing fatty acid data, and participants
with missing diabetes diagnostic date. We further excluded plasma and
erythrocyte VLCSFA outlier measurements (9 for NHS and 8 for HPFS
VLCSFA plasma values and 1 for NHS and 2 for HPFS erythrocyte
values) identified using the Generalized Extreme Studentized deviate
method (13). After exclusions, data from 2854 participants with plasma
fatty acids and 2831 participants with erythrocyte fatty acids were
available for analysis and constituted the current study population.
The study protocol was approved by the institutional review boards
of Brigham and Women’s Hospital and the Harvard TH Chan School
of Public Health. Written informed consent was obtained for blood
collection and assessments of biomarkers.

Measurement of circulating biomarkers of VLCSFAs
Participants’ blood samples were returned to the laboratory with a
cold pack via overnight courier and most of the samples arrived
within 24 h. Upon arrival, samples were centrifuged, divided into
aliquots for plasma, buffy coat, and erythrocytes, and stored in
liquid nitrogen freezers at <—130°C until analysis in 2010-2011
(14, 15). Previous studies have demonstrated that fatty acids in serum
phospholipids stored at —80°C for <12 y showed minimal degradation
and are suitable for use in epidemiologic studies (16, 17). Fatty acid
concentrations in total plasma (including all lipid subfractions, such
as cholesterol ester, phospholipids, triglycerides, and free fatty acids)
and erythrocytes were analyzed by GLC (18). Procedures for fatty acid
analyses in the NHS and HPFS have been published previously (15,
19). The mean intra-assay CVs derived from measurements of quality
control samples were 5.3% for arachidic acid, 6.0% for behenic acid,
and 7.7% for lignoceric acid for NHS assessments of plasma fatty acids.
Corresponding CVs in NHS erythrocyte measurements were 7.2%,
10.6%,and 11.2%. For the HPFS samples, the mean intra-assay CVs for
quality controls in plasma samples were 9.3% for arachidic acid, 11.2%
for behenic acid, and 13.4% for lignoceric acid. Corresponding CVs in
HPFS erythrocyte measurements were 12.2%, 14.6%, and 18.2%. CVs
for other fatty acids ranged from 3% to 16% for SFAs and MUFAs,
3% to 6% for PUFAs, and 10% to 15% for trans fatty acids (TFAs).
Concentrations of individual circulating fatty acids were expressed as
a percentage of total fatty acids in plasma or erythrocyte membranes
and we used the circulating biomarkers of arachidic acid, behenic acid,
lignoceric acid, and the sum of these 3 fatty acids as the exposures of
interest (19).

Ascertainment of T2D cases

Incident cases of T2D were identified by self-reports on the mail
questionnaires and confirmed by a supplementary questionnaire
inquiring after diagnosis date, symptoms, blood glucose concentrations,
and medication use. Self-reported diagnosis of T2D was confirmed using
the following criteria from the National Diabetes Data Group up until
1998 (20): 1) manifestation of classic symptoms such as excessive thirst,
polyuria, weight loss, and hunger, in conjunction with elevated fasting
glucose concentrations >140 mg/dL (7.77 mmol/L) or nonfasting
glucose concentrations >200 mg/dL (11.1 mmol/L); 2) asymptomatic
but elevated plasma glucose on 2 separate occasions or abnormal
glucose-tolerance test results; or 3) receiving any hypoglycemic
treatment for diabetes. After 1998, a fasting glucose concentration
>126 mg/dL (6.99 mmol/L) was adopted per the new diagnostic
criteria of the American Diabetes Association. This supplementary
questionnaire has been validated in previous studies with >97%
questionnaire-confirmed cases reconfirmed through medical record
review by a blinded study physician (21, 22). In another validation
study, medical record review documented that 129 of 130 participants
who reported a negative screening of diabetes had fasting plasma
glucose concentrations <126 mg/dL (23). This low level of false negative
diabetes status was probably due to the fact that all participants were
health professionals with ready access to health care.
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Covariate assessment

In the biennial follow-up questionnaires, we inquired about information
on risk factors for chronic diseases, such as body weight, cigarette smok-
ing, physical activity, and medication use. Among the NHS participants,
we ascertained menopausal status, postmenopausal hormone use, and
oral contraceptive use in the questionnaires. Diet was assessed using
FFQs including 131 items administered in 1984, 1986, and every 4 y
thereafter in both cohorts. To measure diet quality, we used the 2010
Alternative Healthy Eating Index (AHEI) (24).

Statistical analyses

We used a Cox proportional hazards regression to model the
associations of interest, and person-time was counted from the time of
blood draw until T2D diagnosis, death, or censoring at return of the
last questionnaire through 2012, whichever came first. For this analysis,
we categorized participants into quartiles of arachidic acid, behenic
acid, and lignoceric acid, and their sum, respectively. To examine linear
trend, we assigned the median intake within each quartile and modeled
this variable continuously. Fatty acids were also evaluated continuously
to estimate associations per 1-SD change of fatty acids. To increase
statistical power, we used data from both CVD cases and controls. To
evaluate potential heterogeneity of associations between CVD cases and
controls, we examined the significance of interaction terms of VLCSFAs
(per SD change) and case-control status of the original CVD studies, and
all the interaction terms were not statistically significant (P > 0.05),
suggesting that the main associations were unlikely dependent on CVD
case-control status.

The basic model was adjusted for age and BMI. The multivariate
model was further adjusted for race/ethnicity (white, nonwhite),
physical activity (metabolic equivalents per week), smoking (never,
former, current), alcohol use (in g/d), family history of diabetes, parental
history of myocardial infarction, menopausal status, postmenopausal
hormone use (in the NHS), baseline diagnosis of hypertension,
hypercholesterolemia, glycemic load, AHEI, and total energy intake.
The full multivariate model also adjusted for biomarkers of linoleic acid
(18:2), biomarkers of dairy intake [pentadecylic acid (15:0), margaric
acid (17:0), and trans-palmitoleic acid (16:1n-7)], and elaidic acid
(trans-18:1) and linoleaidic acid (trans-18:2). The associations for each
VLCSFA and T2D risk were modeled separately for each cohort, and
the composite HRs were estimated by pooling the data from both
cohorts and analyzing the data using a Cox model stratified by
sex.

Spearman partial correlation coefficients adjusted for age and BMI
among CVD controls were used to evaluate correlations between
plasma and erythrocyte VLCSFAs and dietary and lifestyle variables
averaged for the 2 FFQ cycles closest to the date of blood draw: 1986
and 1990 for the NHS and 1990 and 1994 for the HPFS. We used
linear regression to estimate the variation of VLCSFAs explained by the
dietary and lifestyle predictors. We also conducted a sensitivity analysis
to address the potential issue of reverse causation by excluding cases
that occurred in the first 2 or 4 y after blood sampling. In addition,
we performed an analysis restricted to CVD control participants. We
also conducted a sensitivity analysis where we further adjusted the
full multivariable model for intakes of the main dietary sources of
VLCSFAs, including peanuts, peanut butter, dairy fat, and vegetable
fat.

All P values were 2-sided, and 95% ClIs were calculated for HRs.
Data were analyzed with the Statistical Analysis Systems software
package, version 9.4 (SAS Institute, Inc.).

Results

During 39,941 person-years of follow-up, we documented 243
confirmed cases of T2D in the analysis of plasma VLCSFAs (136
in the NHS and 107 in the HPFS) and 245 cases in the analysis
of erythrocyte VLCSFAs (133 in the NHS and 112 in the HPFS).
Baseline characteristics of NHS and HPFS participants are
shown in Table 1. In the NHS, the mean plasma concentrations
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TABLE 1 Baseline characteristics of 1392 women and 1462
men with plasma fatty acid measurements in the Nurses' Health
Study (1990) and Health Professionals Follow-Up Study (1994)"

Women Men
(n=1392) (n=1462)
Age, y 60.4 +6.4 65.0+86
Age range, y 43-70 47-81
Race/ethnicity, %
Caucasian 99.3 93.6
African American 0.3 0.1
Asian/other 0.4 6.3
Weight status, %
Normal (BMI <25) 55.4 421
Overweight (BMI 25 to <30) 315 471
Obese (BMI >30) 13.1 10.8
BMI, kg/m? 253445 258 +33
Smoking status, %
Current smoker 18.3 8.2
Past smoker 40.2 49.4
Never smoker 415 42.5
Physical activity, MET-h/wk 16.4+194 36.4+39.0
Medical history
Hypertension, % 225 251
Hypercholesterolemia, % 359 26.8
Family history of diabetes, % 26.9 22.9
Dietary factors
Total energy, kcal/d 1765 + 507 2046 + 622
Peanuts, g/d 22+59 49+109
Peanut butter, g/d 40+84 28+£6.1
Fruits, servings/d 174+12 18+15
Vegetables, servings/d 39+22 41+£23
Unprocessed meats, servings/d 09+05 09+06
Processed meats, servings/d 02+03 03+04
Coffee, mL/d 369 + 377 469 + 410
Alcohol, g/d 57 +103 122 +16.2
AHEI 489 +103 48.6 +10.4
Plasma fatty acids, % of total fatty acids
Arachidic acid 0.20£0.1 0.18 £ 0.1
Behenic acid 052402 046 +02
Lignoceric acid 040402 038+02
Erythrocyte fatty acids, % of total fatty acids
Arachidic acid 0.44 + 01 0.39+01
Behenic acid 151+04 158+03
Lignoceric acid 312+09 3.88+08

"Values are means + SDs for continuous variables and percentages for categorical
variables. BMI in kg/m?. AHEI, Alternative Healthy Eating Index; MET, metabolic
equivalent.

of arachidic acid, behenic acid, and lignoceric acid were 0.20%,
0.52%, and 0.40%, respectively. In the HPFS the mean plasma
concentrations of arachidic acid, behenic acid, and lignoceric
acid were 0.18%, 0.46%, and 0.38 %, respectively. Overall, the
concentrations of VLCSFAs in erythrocytes were higher than
their plasma counterparts.

Baseline characteristics according to quartiles of each
VLCSFA are shown in Supplemental Tables 1 and 2 (for the
NHS and HPFS, respectively). Each VLCSFA and their sum
were positively associated with physical activity, and inversely
associated with BMI, hypertension, hypercholesterolemia, and
family history of diabetes. Within each cohort, Spearman partial
correlation coefficients (r,) ranged between 0.68 and 0.92
among plasma VLCSFAs. The correlations among erythrocyte



VLCSFAs ranged from 0.31 to 0.83. Each VLCSFA was
moderately, negatively correlated with biomarkers of myristic
acid (14:0) and palmitic acid (16:0), and positively correlated
with stearic acid. Weak correlations were found for VLCSFAs
with trans-elaidic acid, trans-palmitoleic acid, EPA, and DHA
(Supplemental Tables 3 and 4).

Table 2 shows the HRs of T2D by quartiles of plasma
VLCSFA concentrations. In the fully adjusted multivariate
model, comparing the highest with the lowest quartiles of
plasma VLCSFAs, the pooled HRs (95% Cls) were 0.51
(0.35, 0.75; P-trend < 0.001) for arachidic acid; 0.43 (0.28,
0.64; P-trend < 0.001) for behenic acid; 0.40 (0.27, 0.61; P-
trend < 0.001) for lignoceric acid; and 0.41 (0.27, 0.61; P-
trend < 0.001) for the sum of the 3 VLCSFAs. We observed
similar associations for each VLCSFA when examined as per-
SD change. The pooled HRs (95% ClIs) of T2D for each SD
increase were 0.74 (0.64, 0.85) for arachidic acid; 0.72 (0.62,
0.82) for behenic acid; 0.68 (0.58, 0.79) for lignoceric acid; and
0.69 (0.60, 0.80) for the sum of the 3 VLCSFAs.

Table 3 shows the associations for erythrocyte VLCSFAs.
In the fully adjusted multivariate model, comparing the
highest with the lowest quartiles of erythrocyte biomarker
concentrations, the pooled HRs (95% ClIs) of T2D were 0.58
(0.39, 0.87; P-trend = 0.01) for arachidic acid; 0.51 (0.34,
0.76; P-trend = 0.001) for behenic acid; 0.95 (0.61, 1.46; P-
trend = 0.95) for lignoceric acid; and 0.79 (0.52, 1.21; P-
trend = 0.94) for the sum of the 3 VLCSFAs. The associations
were similar for each VLCSFA examined continuously as per-
SD change. The pooled HRs (95% ClIs) of T2D for each SD
increase in erythrocyte VLCSFAs were 0.80 (0.69, 0.92) for
arachidic acid; 0.74 (0.64, 0.86) for behenic acid; 0.99 (0.84,
1.17) for lignoceric acid; and 0.90 (0.77, 1.05) for the sum of
the 3 VLCSFAs.

Cross-sectional Spearman partial correlations between each
plasma VLCSFA biomarker and dietary and lifestyle variables
were calculated in both the NHS and HPFS (Figure 1). In
the NHS, biomarkers of behenic acid and lignoceric acid
and the sum of VLCSFAs were positively correlated with
intakes of peanuts, peanut butter, coffee, total fat, PUFAs,
and vegetables. Behenic acid was positively correlated with
dietary intakes of palmitic/stearic acid. Lignoceric acid was
positively correlated with dietary palmitic acid. In the HPFS,
behenic acid, lignoceric acid, and the sum of VLCSFAs were
positively correlated with intakes of peanut butter and potato
chips and with physical activity. Each fatty acid and their sum
were positively correlated with intakes of total fat, dairy fat,
vegetable fat, PUFAs, and dietary palmitic acid and stearic acid.
Fish and vegetable intake was inversely correlated with behenic
acid concentrations, whereas the correlations were positive for
intakes of French fries and processed meat. Similar results were
observed for erythrocyte VLCSFAs and intakes of peanut butter,
total dairy, and coffee, as well as correlations between behenic
acid and dietary palmitic/stearic acid, total fat, dairy fat, and
animal fat in the NHS and HPFS (Supplemental Figure 1).
Despite the statistical significance, all correlations were weak
(Irs] < 0.19), and the dietary and lifestyle predictors explained
only a small proportion of overall variation of VLCSFAs, with
the percentage ranging from 1.53% to 1.61%.

In a sensitivity analysis, we excluded T2D cases diagnosed
within the first 2 or 4 y after blood draw and the associations
between each VLCSFA and T2D risk largely persisted, with
wider CIs because of there being fewer cases included (data
not shown). In another sensitivity analysis conducted among
CVD controls only, the inverse associations for each plasma

VLCSFA biomarker and T2D risk persisted but they lost
statistical significance owing to the diminished statistical power.
Comparing the highest with the lowest quartiles, the pooled
HRs (95% Cls) of T2D were 0.75 (0.41, 1.41; P-trend = 0.30)
for arachidic acid; 0.58 (0.30, 1.13; P-trend = 0.08) for behenic
acid; 0.63 (0.34, 1.19; P-trend = 0.10) for lignoceric acid; and
0.66 (0.35,1.27; P-trend = 0.13) for the sum of the 3 VLCSFAs.
In another sensitivity analysis, we also adjusted for intakes of
the main dietary sources of VLCSFAs, including peanuts, peanut
butter, dairy fat, and vegetable fat, and the results were largely
unchanged (data not shown).

Discussion

Plasma concentrations of arachidic acid, behenic acid, lignoceric
acid, and the sum of these VLCSFAs were significantly
associated with a lower risk of T2D after multivariate
adjustment of covariates in 2 cohorts of US men and women.
For erythrocyte biomarkers, only arachidic acid and behenic
acid were significantly associated with a lower risk of T2D.
Cross-sectionally, we observed weak yet significant positive
correlations between plasma and erythrocyte concentrations
of VLCSFAs and various dietary factors, including intakes of
peanuts and peanut butter, coffee, and dietary fats. In addition,
plasma VLCSFAs were also positively correlated with physical
activity levels.

Our findings of inverse associations between plasma concen-
trations of VLCSFAs and diabetes risk are in line with previous
studies. In the EPIC-InterAct study, inverse associations with
T2D risk were observed for all 3 plasma VLCSFA biomarkers:
HRs (95% Cls) of T2D per SD change were 0.78 (0.68, 0.88)
for arachidic acid, 0.81 (0.71, 0.93) for behenic acid, and
0.75 (0.64, 0.88) for lignoceric acid (11). In the CHS, inverse
associations were also found between plasma concentrations
of VLCSFAs and T2D risk; the HRs (95% ClIs) comparing
the highest with the lowest quartiles were 0.53 (0.37, 0.77)
for arachidic acid; 0.67 (0.47, 0.94) for behenic acid, and
0.63 (0.45, 0.89) for lignoceric acid (9). In contrast, findings
regarding erythrocyte VLCSFAs are mixed. Similar to our
findings, in the EPIC-Potsdam study, erythrocyte concentrations
of arachidic acid were inversely associated with T2D risk (RR
for highest vs. lowest quintiles: 0.66; 95% CI: 0.47, 0.94),
although a significant positive association was observed for
lignoceric acid (RR for highest vs. lowest quintiles: 1.56; 95%
CI: 1.11, 2.21) (10). In a case-control study in the Hunter
Community Study, concentrations of lignoceric acid in whole
blood were associated with a reduced T2D risk but other
VLCSFAs were not measured (25). Lastly, a pooled analysis
from 12 cohorts (VLCSFA contents measured in total plasma or
plasma phospholipids in 7 studies) reported inverse associations
of each VLCSFA measured in various blood compartments,
including total plasma, plasma phospholipids, and erythrocyte
fractions, with T2D risk. The pooled HRs (95% ClIs) for
IQR difference were 0.78 (0.70, 0.87) for arachidic acid,
0.84 (0.77, 0.91) for behenic acid, and 0.75 (0.69, 0.83) for
lignoceric acid. In this analysis, no significant heterogeneity by
blood compartments was observed (18). Taken together, these
data suggest that VLCSFAs, especially those in plasma, were
consistently associated with a lower risk of T2D. Of note, the
VLCSFAs in plasma were also inversely associated with other
cardiometabolic outcomes, including ischemic heart disease in
the case-control studies in the NHS and HPFS (6), sudden
cardiac arrest (8), and atrial fibrillation (7).
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TABLE 2 Risk of incident type 2 diabetes according to circulating plasma FA biomarkers of arachidic acid, behenic acid, and
lignoceric acid among 1392 women in the NHS (n = 136 cases) and 1462 men in the HPFS (n = 107 cases)

Cohort-specific FA quartiles

FA 1 2 3 4 Pfor trend®
Arachidic acid, NHS

% of total FA, mean + SD' 0.14 4+ 0.02 0.1840.01 0.22 £0.01 0.27 +£0.03

Cases/person-years 53/6178 38/6021 22/5976 23/5583

Age- and BMI-adjusted HR Reference 0.91(0.59, 1.39) 0.53(0.32, 0.88) 0.61(0.37, 1.00) 0.01

Multivariable HR 12 Reference 0.88(0.57, 1.36) 0.57(0.34, 0.95) 0.59(0.35, 0.98) 0.02

Multivariable HR 23 Reference 0.81(0.52,1.25) 0.53(0.32, 0.89) 0.53(0.31, 0.89) 0.01
Arachidic acid, HPFS

% of total FA, mean # SD' 0.134+0.02 0.17 £0.01 0.20 £0.01 0.25+0.03

Cases/person-years 48/4179 31/4071 19/3919 18/4014

Age- and BMI-adjusted HR Reference 0.68(0.43, 1.08) 0.49(0.29, 0.85) 0.46 (0.26, 0.79) 0.002

Multivariable HR 17 Reference 0.67(0.42, 1.07) 0.46(0.26, 0.79) 0.42(0.24,0.74) 0.001

Multivariable HR 23 Reference 0.67(0.42,1.08) 0.47(0.27,0.81) 0.46 (0.26, 0.81) 0.002
Arachidic acid, pooled* Reference 0.80(0.58, 1.10) 0.59(0.41, 0.84) 0.51(0.35, 0.75) <0.001
Behenic acid, NHS

% of total FA, mean + SD' 0.32 +£0.07 0.46 £0.03 0.57 £0.04 0.76 +0.10

Cases/person-years 50/5859 44/6301 26/6018 16/5579

Age- and BMI-adjusted HR Reference 1.10(0.72,1.67) 0.64(0.39, 1.04) 0.42(0.24,0.75) 0.001

Multivariable HR 12 Reference 1.10(0.72, 1.67) 0.68(0.41,1.11) 0.42 (0.24, 0.76) 0.001

Multivariable HR 2° Reference 1.08(0.71, 1.65) 0.61(0.37,1.01) 0.37(0.21,0.67) <0.001
Behenic acid, HPFS

% of total FA, mean + SD' 0.27 £0.07 0.42 £0.04 0.55 £ 0.03 0.734+0.10

Cases/person-years 44/4018 33/4200 22/4011 17/3954

Age- and BMI-adjusted HR Reference 0.74(0.46,1.17) 0.57(0.34, 0.96) 0.47(0.27,0.84) 0.01

Multivariable HR 17 Reference 0.72(0.45, 1.16) 0.51(0.30, 0.86) 0.45(0.25, 0.81) 0.002

Multivariable HR 2° Reference 0.80(0.50, 1.28) 0.57(0.33, 0.98) 0.51(0.28, 0.93) 0.01
Behenic acid, pooled* Reference 0.92(0.68, 1.26) 0.57(0.40, 0.81) 0.43(0.28, 0.64) <0.001
Lignoceric acid, NHS

% of total FA, mean + SD' 0.22 +0.05 0.34 £0.03 0.44 £0.03 0.63+0.10

Cases/person-years 57/6217 43/5902 21/6009 15/5630

Age- and BMI-adjusted HR Reference 0.99(0.66, 1.48) 0.47(0.29,0.79) 0.38(0.22, 0.68) <0.001

Multivariable HR 17 Reference 0.99(0.66, 1.49) 0.51(0.30, 0.84) 0.39(0.21, 0.69) <0.001

Multivariable HR 23 Reference 0.94(0.62, 1.42) 0.45(0.27,0.76) 0.34(0.19, 0.61) <0.001
Lignoceric acid, HPFS

% of total FA, mean # SD' 0.22+0.05 0.35+0.03 0.46 +0.03 0.62 +0.09

Cases/person-years 51/4069 26/4154 23/4090 16/3871

Age- and BMI-adjusted HR Reference 0.52(0.32, 0.84) 0.51(0.31, 0.85) 0.41(0.23,0.73) 0.001

Multivariable HR 12 Reference 0.56 (0.34, 0.93) 0.51(0.30, 0.84) 0.44(0.24,0.78) 0.002

Multivariable HR 23 Reference 0.60(0.36, 1.00) 0.58(0.34, 0.97) 0.47(0.26, 0.86) 0.01
Lignoceric acid, pooled* Reference 0.74 (0.54, 1.00) 0.47(0.33, 0.68) 0.40(0.27, 0.61) <0.001
Sum (arachidic acid + behenic acid + lignoceric acid), NHS

% of total FA, mean # SD' 0.70+0.14 1.00 £ 0.06 1.22 +0.08 1.63 +0.20

Cases/person-years 56/6046 40/6235 26/5879 14/5597

Age- and BMI-adjusted HR Reference 0.89(0.59, 1.34) 0.59(0.37, 0.95) 0.35(0.19, 0.62) <0.001

Multivariable HR 12 Reference 0.94(0.62, 1.42) 0.63(0.39, 1.02) 0.35(0.19, 0.63) <0.001

Multivariable HR 2° Reference 0.93(0.61, 1.42) 0.57(0.35, 0.92) 0.31(0.17,0.57) <0.001
Sum (arachidic acid + behenic acid + lignoceric acid), HPFS

% of total FA, mean # SD' 0.63+0.13 0.94 +0.08 1.20 £+ 0.07 1.57 +£0.20

Cases/person-years 49/4053 28/4156 21/4078 18/3896

Age- and BMI-adjusted HR Reference 0.56 (0.35, 0.90) 0.51(0.30, 0.86) 0.46 (0.26, 0.80) 0.003

Multivariable HR 12 Reference 0.60(0.37,0.81) 0.50(0.29, 0.85) 0.46 (0.26, 0.80) 0.002

Multivariable HR 2° Reference 0.63(0.39, 1.03) 0.55(0.32, 0.95) 0.50(0.28, 0.88) 0.01
Sum (arachidic acid + behenic acid + lignoceric acid), pooled* Reference 0.73(0.54, 1.00) 0.54(0.37,0.77) 0.41(0.27,0.61) <0.001

"Values are means + SDs or HRs (95% Cls). FA, fatty acid; HPFS, Health Professionals Follow-Up Study; NHS, Nurses’ Health Study.

2Model adjusted for age, BMI, race (white, nonwhite), smoking status (never, former, current, missing), physical activity (metabolic equivalents/wk), alcohol (g/d), family history
of diabetes (yes, no, missing), parental history of myocardial infarction (yes, no, missing), hypercholesterolemia (yes, no), hypertension (yes, no), menopausal status in NHS
(pre, post), postmenopausal hormone use in NHS (no, yes, missing), Alternative Healthy Eating Index, glycemic load (continuous), and total energy (kcal/d).

3Included multivariate model 1 covariates and further adjusted for plasma concentrations of trans-elaidic acid, trans-linoleaidic acid, and the sum of pentadecylic acid, margaric
acid, and trans-palmitoleic acid.

“Pooled estimates and P values were calculated by combining the participant data from both cohorts and further adjusting multivariate model 1 by sex.

5P for trend was calculated by assigning the median values to each quartile and modeling the median values as a continuous variable.
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TABLE 3 Risk of incident type 2 diabetes according to circulating erythrocyte FA biomarkers of arachidic acid, behenic acid, and
lignoceric acid among 1314 women in the NHS (n = 133 cases) and 1517 men in the HPFS (n = 112 cases)’

Cohort, specific FA quartiles

FA 1 2 3 4 Pfor trend®
Arachidic acid, NHS

% of total FA, mean + SD 0.35+0.03 0.42+0.01 0.47 +0.01 0.55+0.05

Cases/person-years 53/5848 39/5681 28/5304 13/5543

Age- and BMI-adjusted HR Reference 0.72(0.47,1.09) 0.56 (0.36, 0.89) 0.30(0.16, 0.56) <0.001

Multivariable HR 12 Reference 0.81(0.53, 1.23) 0.60(0.38,0.97) 0.32(0.17, 0.60) <0.001

Multivariable HR 23 Reference 0.85(0.55, 1.31) 0.61(0.38, 0.98) 0.31(0.17, 0.58) <0.001
Arachidic acid, HPFS

% of total FA, mean + SD 0.32 £0.03 0.36 +0.01 0.39+0.01 0.45+0.04

Cases/person-years 33/4393 27/4231 30/4109 30/4116

Age- and BMI-adjusted HR Reference 0.96 (0.57, 1.60) 1.00(0.60, 1.65) 1.11(0.67, 1.82) 071

Multivariable HR 12 Reference 0.87(0.52, 1.47) 0.89(0.54, 1.50) 1.09(0.65, 1.83) 0.78

Multivariable HR 23 Reference 0.90(0.53, 1.52) 0.92 (0.54, 1.55) 1.08(0.63, 1.85) 0.82
Arachidic acid, pooled* Reference 0.87(0.62,1.23) 0.93(0.66, 1.33) 0.58(0.39, 0.87) 0.01
Behenic acid, NHS

% of total FA, mean + SD 1.06 +0.18 1.42 4 0.07 1.65 4 0.07 1.9840.18

Cases/person-years 46/5824 33/5488 31/5610 23/5453

Age- and BMI-adjusted HR Reference 0.93(0.59, 1.46) 0.88(0.55, 1.40) 0.62(0.38, 1.03) 0.08

Multivariable HR 12 Reference 1.05(0.67, 1.67) 0.97 (0.61, 1.56) 0.65(0.38, 1.08) 0.13

Multivariable HR 23 Reference 0.68(0.41,1.13) 0.60(0.35, 1.01) 0.35(0.19, 0.65) 0.001
Behenic acid, HPFS

% of total FA, mean + SD 1.22+£0.14 1.50 & 0.06 1.67 4 0.05 1.944+0.16

Cases/person-years 41/4099 28/4352 26/4084 25/4304

Age- and BMI-adjusted HR Reference 0.66 (0.41, 1.06) 0.68(0.41,1.11) 0.56(0.33, 0.93) 0.03

Multivariable HR 12 Reference 0.61(0.38, 1.00) 0.59 (0.36, 0.98) 0.50(0.30, 0.85) 0.01

Multivariable HR 23 Reference 0.68(0.42,1.13) 0.67(0.40, 1.14) 0.60(0.34, 1.06) 0.07
Behenic acid, pooled* Reference 0.84(0.59, 1.18) 0.69(0.47, 1.00) 0.51(0.34,0.76) 0.001
Lignoceric acid, NHS

% of total FA, mean + SD 2.03+0.36 281+0.16 338+0.18 4314052

Cases/person-years 38/5877 22/5640 37/5396 36/5463

Age- and BMI-adjusted HR Reference 0.58 (0.34, 0.98) 1.25(0.79, 1.98) 0.99(0.63, 1.57) 0.50

Multivariable HR 12 Reference 0.61(0.36, 1.05) 1.39(0.87,2.21) 1.02 (0.64, 1.63) 0.45

Multivariable HR 23 Reference 0.46(0.26, 0.82) 0.97(0.57, 1.65) 0.65(0.37, 1.16) 0.50
Lignoceric acid, HPFS

% of total FA, mean =+ SD 2.84 +£042 372+0.16 4214014 487 +0.33

Cases/person-years 33/4210 23/3985 37/4371 27/4274

Age- and BMI-adjusted HR Reference 0.80(0.47, 1.36) 1.03(0.64, 1.66) 0.78(0.47,1.31) 0.51

Multivariable HR 12 Reference 0.80(0.47, 1.37) 0.95(0.59, 1.54) 0.69(0.41,1.16) 0.24

Multivariable HR 23 Reference 0.93(0.53, 1.62) 1.29(0.76, 2.19) 1.04(0.57,1.90) 0.68
Lignoceric acid, pooled* Reference 1.07(0.75, 1.55) 1.18(0.80, 1.75) 0.95(0.61, 1.46) 0.95
Sum (arachidic acid + behenic acid + lignoceric acid), NHS

% of total FA, mean + SD 352 +054 468 +0.23 548 +£0.25 6.71 £0.65

Cases/person-years 40/5682 27/5705 32/5534 34/5455

Age- and BMI-adjusted HR Reference 0.68(0.42,1.12) 0.99(0.62, 1.58) 0.90(0.57, 1.42) 0.92

Multivariable HR 12 Reference 0.77(0.47,1.27) 1.10(0.68, 1.77) 0.94(0.58, 1.50) 0.95

Multivariable HR 23 Reference 0.54(0.32, 0.93) 0.72(0.42,1.25) 0.56 (0.32, 0.98) 0.13
Sum (arachidic acid + behenic acid + lignoceric acid), HPFS

% of total FA, mean + SD 4.47 +0.56 559+ 0.21 6.25+0.19 7.15+0.46

Cases/person-years 33/4175 28/4031 30/4310 29/4325

Age- and BMI-adjusted HR Reference 0.96 (0.58, 1.59) 0.92(0.56, 1.52) 0.79(0.47,1.32) 0.38

Multivariable HR 12 Reference 0.96 (0.58, 1.61) 0.83(0.50, 1.37) 0.72(0.43,1.22) 0.19

Multivariable HR 23 Reference 1.14(0.67, 1.94) 1.10(0.63, 1.90) 1.07 (0.59, 1.94) 0.82
Sum (arachidic acid + behenic acid + lignoceric acid), pooled* Reference 1.09(0.76, 1.56) 1.09(0.74, 1.59) 0.79(0.52,1.21) 0.94

"Values are means + SDs or HRs (95% Cls). FA, fatty acid; HPFS, Health Professionals Follow-Up Study; NHS, Nurses’ Health Study.

2Model adjusted for age, BMI, race (white, nonwhite), smoking status (never, former, current, missing), physical activity (metabolic equivalents/wk), alcohol (g/d), family history
of diabetes (yes, no, missing), parental history of myocardial infarction (yes, no, missing), hypercholesterolemia (yes, no), hypertension (yes, no), menopausal status in NHS
(pre, post), postmenopausal hormone use in NHS (no, yes, missing), Alternative Healthy Eating Index, glycemic load (continuous), and total energy (kcal/d).

3Included multivariate model 1 covariates and further adjusted for erythrocyte concentrations of trans-elaidic acid, trans-linoleaidic acid, and the sum of pentadecylic acid,
margaric acid, and trans-palmitoleic acid.

“Pooled estimates and P values were calculated by combining the participant data from both cohorts and further adjusting multivariate model 1 by sex.

5pfor trend was calculated by assigning the median values to each quartile and modeling the median values as a continuous variable.
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FIGURE 1 Spearman partial correlations between circulating plasma fatty acid biomarkers of arachidic acid (A), behenic acid (B), lignoceric
acid (C), and the sum of very-long-chain SFAs (D) and dietary factors at baseline among 692 participants in the NHS and 672 participants in the
HPFS. Correlations were adjusted for age, total energy intake, and BMI. Fatty acid concentrations were assessed from the plasma fractions of
HPFS and NHS participants. Dietary and nutrient factors were assessed using the mean of self-reported responses in 1990 and 1994 in the
HPFS (black bars) and 1986 and 1990 in the NHS (gray bars). HPFS, Health Professionals Follow-Up Study; MET, metabolic equivalent; NHS,

Nurses’ Health Study.

In the current study, the associations for plasma VLCSFAs
are in general stronger than for those in erythrocyte membranes.
The reason underlying the weaker associations for erythrocyte
VLCSFAs is unknown, although this may be ascribed to
factors such as the uptake and release of these fatty acids
from erythrocyte membranes to plasma, which can influence
their bioavailability and biological functions in metabolic
processes at target tissues. Evidence from feeding trials where
patients were randomly assigned to supplementation with long-
chain PUFAs showed that fatty acid uptake into erythrocyte
cell membranes depends on chain length and duration of
supplementation (26, 27). Fatty acid chain length also affects
their rate of release from cell membrane phospholipids into
plasma through phospholipase A2 (28). Fatty acids with
shorter chain lengths are released more readily (28, 29),
which may partially explain the resemblance of associations
for arachidic acid and behenic acid, but not lignoceric acid,
between erythrocyte membranes and plasma. In addition, it
should be also noted that CVs for erythrocyte measurements
were higher than for plasma (especially for lignoceric acid), and
thus measurement error may contribute to the nonsignificant
associations observed for lignoceric acid and the sum of
VLCSFAs, which is largely driven by lignoceric acid.
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The current study is among the first to explore dietary
and lifestyle predictors of VLCSFAs. We observed significant
correlations between plasma behenic acid and lignoceric acid
and intakes of peanuts and peanut butter, probably because
these foods contain arachidic acid and behenic acid (4). These
data are consistent with those from feeding trials, where peanut
intake led to higher plasma concentrations of behenic acid,
lignoceric acid, and cerotic acid (26:0) after 2-8 h of intake
(30). Positive associations between nut and seed intake and
VLCSFA concentrations in plasma were also found in the EPIC-
InterAct study (11), although whether such an observation was
driven by peanut intake is unclear. In the current study, we
also observed significant positive correlations with intakes of
vegetable fat and potato chips, which may be explained by
the fact that canola oil contains arachidic acid and behenic
acid and this oil is commonly used in the manufacture of
potato chips (4). The positive correlations between dairy fat
intake and arachidic acid and behenic acid in the HPFS could
be possibly explained by the fact that dairy fat is among the
food sources of all 3 VLCSFAs (4). In the EPIC-InterAct study,
intake of dairy products, milk, and butter was also positively
correlated with VLCSFA concentrations in plasma (11). The
positive correlation with coffee in the NHS is unexpected



because coffee does not contain these fatty acids, although
we cannot exclude the possibility that milk or cream added
to coffee may partially explain the associations. Of other
factors, alcohol intake was inversely associated with VLCSFAs
and physical activity was positively associated with these
fatty acids, although the biological explanations underlying
these correlations are unknown. Nonetheless, the correlations
between VLCSFAs and these dietary factors were quite weak,
and adjustment for these factors did not attenuate the strong
inverse associations of VLCSFAs.

The mechanistic pathways underlying the observed asso-
ciations for arachidic acid, behenic and lignoceric acid and
T2D risk are not well established. VLCSFAs may modulate
insulin sensitivity through multiple mechanisms. VLCSFAs are
constituents of ceramides when they are attached to sphingosine
(5, 31). The chain length of the fatty acid side groups
may determine the ceramides’ effects on insulin sensitivity in
peripheral tissues. For instance, ceramides that incorporate
SFAs such as palmitic acid and stearic acid are associated
with increased insulin resistance (32), and inhibition of glucose
uptake by decreasing the translocation of glucose transporters
1 and 4 (GLUT1 and GLUT4) to plasma membranes (33). In
contrast, ceramides with very-long-chain sphingolipid species
are inversely associated with hepatic insulin resistance in rodent
models (34, 35). These findings are supported by epidemiologic
evidence suggesting that the ratio of ceramides with side groups
18:0 to 16:0 is a strong predictor of T2D, whereas the ratio
of ceramides with acyl chains 18:0 to 24:0 or 24:1 was not
associated with T2D risk (36).

Another potential mechanism might be related with the
metabolism of these fatty acids. VLCSFAs undergo B-oxidation
in peroxisomes because mitochondria lack the very-long-chain
acyl-CoA synthetase (37). The resulting medium-chain acyl-
CoA B-oxidation products can act as precursors in the synthesis
of plasmalogens in peroxisomes and undergo further modifica-
tions in the endoplasmic reticulum (37, 38). Plasmalogens are
glycerophospholipid constituents of cell membranes and may
be preferentially oxidized to spare the oxidation of PUFAs and
other membrane components, and stop the propagation of lipid
peroxidation (38).

The third potential mechanism could be through the unique
regulation of B-oxidation of VLCSFAs which is modulated by
peroxisome proliferator—activated receptor (PPAR)S as opposed
to other fatty acids, which are modulated by PPAR« (39).
Potential interactions between VLCSFAs and PPARS gene
variants have been reported in the NHS and HPFS in relation
with ischemic heart disease (6). PPARS is widely expressed
in many tissues including muscle, liver, and adipose tissue
where it can regulate energy balance (39) and stimulate
B-oxidation, triglyceride, and glucose utilization in adipose
tissue (39, 40). PPARS agonists have shown improvements
in insulin sensitivity in oral-glucose-tolerance tests in mouse
models (41) and reverse metabolic abnormalities in obese men,
including fasting triglycerides, insulin, and LDL concentrations,
but the mechanisms are still unclear (42). PPARS activation
reduces the production of proinflammatory cytokines involved
in insulin resistance and improves the functions of pancreatic
B-cells (43).

Conversely, insulin sensitivity may result in the reduction
of VLCSFA production through the activation of mammalian
target of rapamycin complex 1 (mTORC1). mTORC1 plays
an important role in nutrient sensing and in the regulation
of multiple metabolic processes (44, 45). Elevated intakes of
glucose and amino acids, in addition to high concentrations

of proinflammatory cytokines, insulin, and insulin growth
factors, promote mTORC1 activity (44-46). Over-activation
of mTORCI further promotes insulin resistance in peripheral
tissues through inhibition of insulin signaling (47-51). Interest-
ingly, over-activation of mMTORCT1 also downregulates ELOVL1
expression and VLCSFA synthesis (52, 53). Despite these
pathways suggesting that VLCSFAs may just serve as markers
of existing insulin sensitivity, the robust associations observed in
the sensitivity analysis after we excluded the diabetes cases that
occurred during early follow-up argue against this possibility.
Nonetheless, more evidence from molecular epidemiologic
studies and basic science research is needed to further elucidate
the mechanisms underlying our observations.

This study has several strengths, including long duration
of follow-up, examination of both plasma and erythrocyte
VLCSFA concentrations, and the examination of diet/lifestyle
associations with VLCSFAs. Our study also has some limita-
tions. First, relatively large laboratory measurement errors for
erythrocyte VLCSFA assessments may lead to attenuation of the
true associations for erythrocyte VLCSFAs in this prospective
study. Second, the study participants were exclusively middle-
aged and older health professionals, and >95% of them are of
European ancestry. These facts may limit the generalizability
of the results to other populations. Third, owing to the
observational nature of these studies, the reported associations
will not necessarily entail causal interpretation. Although the
adjustment of multiple covariates may help better control for
confounding, we cannot exclude the role of residual and/or
unmeasured confounding in our findings.

In summary, in US men and women, plasma concentrations
of VLCSFAs are associated with a lower risk of T2D. These
associations are independent of established and potential
dietary and lifestyle risk factors of T2D, as well as dietary
sources of these fatty acids, and robust in various sensitivity
analyses. The inverse associations with other cardiometabolic
diseases observed in previous studies call for more re-
search to understand the mechanistic pathways behind these
associations.
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