
REVIEW
 CURRENT
OPINION Very long-chain saturated fatty acids and diabetes

and cardiovascular disease
www.co-lipidology.com
a b
Rozenn N. Lemaitre and Irena B. King
Purpose of review

In contrast to other saturated fatty acids, very long-chain saturated fatty acids (VLSFAs) have received
limited attention The purpose of this review is to summarize the associations of VLSFAs, including arachidic
acid, behenic acid, and lignoceric acid, with cardiovascular disease outcomes and type 2 diabetes; to
discuss the findings implications; and to call for future studies of the VLSFAs.

Recent findings

Increased levels of circulating VLSFAs have been found associated with lower risks of incident heart failure,
atrial fibrillation, coronary heart disease, mortality, sudden cardiac arrest, type 2 diabetes, and with better
aging. The VLSFA associations are paralleled by associations of plasma ceramide and sphingomyelin
species carrying a VLSFA with lower risks of heart failure, atrial fibrillation, and mortality, suggesting
VLSFAs affect the biological activity of ceramides and sphingomyelins thereby impacting health. For
diabetes, there is no such parallel and the associations of VLSFAs with diabetes may be confounded or
mediated by triglyceride and circulating palmitic acid, possible biomarkers of de novo lipogenesis.

Summary

In many ways, the epidemiology has preceded our knowledge of VLSFAs biology. We hope this review
will spur interest from the research community in further studying these potentially beneficial fatty acids.
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In this review, we define very long-chain saturated
fatty acids (VLSFAs) as saturated fatty acids with 20
carbons or more. The VLSFAs are simple aliphatic
(straight) chain fatty acids that differ from the most
abundant saturated fatty acids, palmitic acid (16 : 0)
and stearic acid (18 : 0), by their chemistry, biologi-
cal properties, and dietary sources in addition to
their length. This review will focus on arachidic acid
(20 : 0), behenic acid (22 : 0), and lignoceric acid
(24 : 0), three VLSFAs that can be measured in the
circulation. Longer VLSFAs (26–38 carbons) are pri-
marily present in the skin, brain, and Meibomian
glands [1] and not considered here.

Circulating VLSFAs originate both from the diet
and endogenous metabolism. Low amounts of
VLSFAs are found in some nuts and seeds and their
oils [2]. Peanuts, macadamia nuts and canola oil have
the most total VLSFA, with peanuts highest in 22 : 0
and 24 : 0 and canola oil highest in 20 : 0. Among the
main commercial oils, sunflower oil has noticeably
more 22 : 0 [2,3]. Other commercial oils, including
corn, olive, soy, safflower, contain low amounts of
20 : 0. Short-term feeding trials have shown that
raise circulating levels of VLSFAs. In addition, peanut
intake is associated with circulating VLSFAs in pro-
spective cohorts [6,7

&

] suggesting usual peanut intake
influences VLSFA levels. The VLSFAs can also be
synthesized endogenously from 18 : 0 (Fig. 1). 18 : 0
itself may originate from 16 : 0, the main end product
of the fatty acid synthase and the main saturate in the
diet. The synthesis of VLSFAs occurs in the endoplas-
mic reticulum by action of several elongases in the
elongation of very long chain fatty acids (ELOVL)
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KEY POINTS

� VLSFAs in the circulation are associated with lower
risks of heart failure, atrial fibrillation, coronary heart
disease, mortality, sudden cardiac arrest, type 2
diabetes, and with healthy aging.

� The VLSFA associations with heart failure, atrial
fibrillation, and mortality may be due to ceramides and
sphingomyelins carrying a VLSFA.

� The VLSFA associations with type 2 diabetes suggest
different explanations and could be due to confounding
or mediation by de novo lipogenesis.
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family of enzymes (Fig. 1) [8]. The relative contribu-
tion of diet and metabolism to levels of circulating
VLSFAs is not known and may differ for the different
VLSFA given diminishing absorption with increasing
chain length of saturated fatty acids.
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FIGURE 1. Endogenous production of Very long chain
saturated fatty acids (VLSFAs). VLSFAs are produced from 18:0
by elongases in the ELOVL (elongation of very long chain fatty
acids) family of enzymes. Seven ELOVL enzymes exist in humans
and overlap in the elongation steps they can catalyze. The 18:0
can come from 16:0 or from the diet. The VLSFAs are in low
abundance unlike 18:0 and 16:0, and only a small proportion
of 18 :0 is elongated to 20:0 and longer saturates.
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The VLSFAs have not been extensively studied
and until recently were mostly known for their role
in hereditary peroxisomal disorders and their use in
special food formulations (such as Olestra). How-
ever, in 2014 we reported that increased erythrocyte
levels of VLSFAs were associated with a reduction in
risk of sudden cardiac arrest [9] and in the following
years, VLSFAs have emerged as fatty acids associated
with reduced risks of diabetes, heart disease mortal-
ity and aging (reviewed below). The purpose of
this review is to summarize the epidemiologic
evidence, highlighting findings from prospective
studies, and discuss the implications of the VLSFA
associations.

The assessment of overall VLSFA dietary intake
would be a challenge and is rarely done, therefore we
focus on studies that used circulating levels of
VLSFAs, an objective measure of combined diet
and metabolism.
VERY LONG-CHAIN SATURATED FATTY
ACIDS AND TYPE 2 DIABETES

The Fatty Acids and Outcomes Research Consortium
(FORCE), a consortium of about 35 world-wide pro-
spective studies, has made major contributions to
our knowledge of the association of circulating fatty
acids with incident type 2 diabetes. For each project,
an analytical plan is provided to the cohorts, and
analysts conduct analysis of their own cohort data.
Aggregate results from these harmonized analyses
are then pooled by a lead analyst. FORCE has pro-
vided valuable information on circulating fatty
acids and incident diabetes, including n3 Polyun-
saturated fatty acids (PUFAs) [10], n6 PUFAs [11],
dairy fatty acids [12] and fatty acids from de novo
lipogenesis [13]. In addition, in a report focusing on
VLSFAs that included 12 cohorts with these fatty
acids, Fretts et al. reported associations of each
VLSFA with lower risk of incident type 2 diabetes;
for example, participants with levels of 24 : 0 in the
90th percentile were at 25% (95% CI: 17 to 31%)
lower risk of incident type 2 diabetes than those
with levels of 24 : 0 in the 10th percentile, after
adjustment for demographics, lifestyle factors and
adiposity measures [14

&

]. The FORCE findings,
obtained with 12 prospective studies with data on
VLSFAs from the USA, Europe, Iceland, Australia,
and Taiwan are more robust and generalizable than
would be achieved with a single cohort. Recently,
these findings were replicated in the Nurses’ Health
Study and the Health Professionals Follow-Up Study
cohorts [7

&

]. As noted in an earlier report from one of
the contributing studies [6], the associations of
VLSFAs with diabetes in the FORCE paper were
greatly attenuated by adjustment for triglycerides
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levels and levels of 16 : 0. We discuss possible impli-
cations in the discussion section.

In the Chinese Guangzhou Nutrition and Health
Study cohort, with 216 incident type 2 diabetes, levels
of erythrocyte 20 : 0 were found associated with an
elevated risk of incident diabetes [15]; however, 16 : 0
was also associated with an unexpected, reduced risk;
these findings suggest the possibility of fundamental
differences, dietary or metabolic, from other popula-
tions includingtheTaiwan-basedChin-ShanCommu-
nity Cardiovascular Cohort Study (CCCC) that
contributed to the FORCE report. In addition, in a
recent case-control study in Wuhan, China, with 900
cases of type 2 diabetes, total plasma VLSFAs were
associated with reduced risk of type 2 diabetes, and
as observed elsewhere, the associations were attenu-
ated by adjustment for triglycerides [16

&

]. The cross-
sectional design of this recent Chinese study does not
inform the directionality of the VLSFA-diabetes asso-
ciations and results need to be replicated in further
studies of VLSFAs and diabetes in Asian populations.

Among the studies that contributed to FORCE, the
European Prospective Investigation into Cancer
(EPIC)-Interact study, a large case-control study of
diabetes nested in the EPIC cohorts, stands out for
its broad geographic representation of 8 European
countries and contribution to the field of diabetes
[17]. EPIC-Interact includes about 12,400 cases of inci-
dent type 2 diabetes and a random sample of 16,150
controls without diabetes. To measure plasma phos-
pholipid fatty acids in over 28K samples, a high-
throughput method was developed and validated
[18]. In an early report, the investigators observed
VLSFAs were associated with lower risk of incident
diabetes, whereas saturated fatty acids with 18 carbons
or less were associated with higher risk [19]. In another
recent report from the EPIC study, Fumiaki et al.
reduced data on 27 fatty acids to principal compo-
nents. The 1st component, characterized by high con-
centrations of linoleic acid, odd-chain fatty acids and
VLSFAs, and low concentration of palmitic acid, was
associated with lower risk of incident diabetes [20].
While the principal components were derived agnos-
tically, the association of the 1st component with
reduced risk of incident diabetes effectively resumes
known fatty acid-diabetes associations. Interestingly,
removal of VLSFAs from the 1st component had the
most effect on attenuating the association with diabe-
teshighlightingthepotential importanceof these fatty
acids to type 2 diabetes risk.
VERY LONG-CHAIN SATURATED FATTY
ACIDS AND CARDIOVASCULAR DISEASE

VLSFAs have been associated with reduced risk of
several cardiovascular outcomes. In this regard, the
78 www.co-lipidology.com
Cardiovascular Health Study (CHS), a cohort of older
adults in the USA with large numbers of cardiovascu-
lar events and where plasma phospholipid fatty acids
have been measured with good precision at baseline
and twice more during follow-up, has provided much
needed epidemiological information on the VLSFAs.
In the CHS cohort, 20 : 0 constitutes on average 0.5%
of total plasma phospholipid fatty acids, whereas
22 : 0 constitutes 1.7% and 24 : 0 1.4% [21]. This
contrasts with the most abundant long-chain satu-
rated fatty acids, 16 : 0 and 18 : 0 that account for
25.4% and 13.4% of total fatty acids respectively in
CHS. Adjacent VLSFAs on the elongation pathway
(Fig. 1) show high intercorrelations (0.64 between
20 : 0 and 22 : 0, and 0.89 between 22 : 0 and 24 : 0)
suggesting coordinated elongation. In CHS,
increased levels of plasma phospholipid VLSFAs are
associated with decreased risks of incident heart fail-
ure [21], incident atrial fibrillation [22], as well as
decreased risk of mortality [23].
Heart failure

The CHS study of VLSFAs and heart failure included
1304 incident heart failure events during an average
11 years of follow-up [21]. Among those with ejec-
tion fraction data, 489 had heart failure with pre-
served ejection fraction and 310 had reduced
ejection fraction. In time-dependent analyses of
serial measurements, each VLSFA was associated
with reduced risk of heart failure. For example,
compared to the lowest quartile of the fatty acid
distribution, plasma phospholipid levels of 24 : 0 in
the highest quartile were associated with 33% (95%
confidence interval, CI: 19–45%) reduction in risk of
incident heart failure. The associations were inde-
pendent of demographics, lifestyle factors, other
fatty acids, and medical conditions, including coro-
nary heart disease, atrial fibrillation, and diabetes.
The associations appeared similar for heart failure
with preserved or reduced ejection fraction
although confidence intervals were large. Unlike
the VLSFA-diabetes associations mentioned above,
the VLSFA-heart failure associations were indepen-
dent of circulating levels of 16 : 0 and fasting triglyc-
erides.

In an older case-control study nested in the
Physicians’ Health Study, plasma phospholipid lev-
els of 20 : 0 and 22 : 0 were not associated with inci-
dent heart failure [24]. The levels of 20 : 0 and 22 : 0
were on average 2 to 3 times lower than in CHS and
measured with less precision. 24 : 0 was not mea-
sured. Lower levels and single measurement may
have affected the power to detect VLSFA-associa-
tions. Further studies are needed to replicate the
CHS findings.
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Atrial fibrillation is a common arrhythmia that
affect the synchronicity of the heart rhythm
between the atria and the heart ventricles. The
typical quivering of the atrial results in blood pools
that can promote the formation of blood clots and
increase the risk of stroke [23]. In the CHS study of
VLSFAs and atrial fibrillation, 707 incident atrial
fibrillation events were identified among partici-
pants without coronary heart disease during the
follow-up. High levels of each VLSFA were associated
with reduced risk of incident atrial fibrillation. The
associations were independent of other risk factors
for atrial fibrillation including heart failure and
diabetes and of other fatty acids including 16 : 0.
For example, plasma phospholipid levels of 24 : 0 in
the highest quartile compared to the lowest one
were associated with 32% (95% CI: 15–45%) reduc-
tion in risk of incident atrial fibrillation. These
striking associations need replication.
Coronary heart disease

The associations of total plasma and erythrocyte
VLFSAs with CHD risk were examined in case-con-
trol studies nested in the Nurses’ Health Study and
the Health Professionals Follow-up Study cohorts
[25]. The study included 794 total cases, defined as
nonfatal myocardial infarction or CHD death. In
multivariable pooled analyses, summed levels of
plasma VLSFAs were associated with reduced risk
of incident CHD (52% decreased risk comparing
highest to lowest quintile, 95% CI: 28 to 68%).
When using erythrocyte VLSFAs, only 20 : 0 was
associated with reduced risk possibly due to greater
measurement error in erythrocyte than plasma
measurements. Similarly, in a case-control study
nested in the PREDIMED trial (Prevención con
Dieta Mediterránea), that included 136 cases of
CHD (defined as angina or MI), erythrocyte mem-
brane 24 : 0 and 22 : 0 were associated with lower
risk of incident CHD [26]. These two studies suggest
VLSFAs are associated with lower risk of atheroscle-
rotic events.
Sudden cardiac arrest

In a case-control study in the greater Seattle area
that included 265 cases of sudden cardiac arrest and
415 controls from the same community, increased
levels of erythrocyte VLSFAs in bloods collected at
the time of the cardiac arrest were associated with
reduced risk of sudden cardiac arrest [9] (for example
1 SD higher 22 : 0 was associated with 29% lower risk
[12–43%]). These findings need to be replicated in a
prospective study.
0957-9672 Copyright � 2021 The Author(s). Published by Wolters Kluwe
VERY LONG-CHAIN SATURATED FATTY
ACIDS AND HEALTHY AGING AND
MORTALITY

In addition to heart disease phenotypes, circulating
VLSFAs are associated with lower mortality and
better aging.
Mortality

In the CHS cohort, high levels of plasma phospho-
lipid 22 : 0 and 24 : 0 were associated with reduced
risk of mortality, cardiovascular disease (CVD) mor-
tality as well as non-CVD mortality independent of
demographics, lifestyle risk factors, medical condi-
tions, and self-reported health status [23]. In a study
of Framingham Offspring Cohort participants with-
out prevalent CVD, 4 erythrocyte fatty acids pre-
dicted mortality during 11 years follow-up: high
levels of 22 : 0, 14 : 0 (myristic acid) and the omega3
index (sum of docosahexaenoic acid and eicosapen-
taenoic acid) were associated with reduced risk, and
16 : 1n7 (palmitoleic acid) with increased mortality
[27

&

]. Although predictive models are agnostic and
based solely on correlations, the selection of 22 : 0 is
in general agreement with the report from Fretts
[23], and these two studies suggest overall health
benefits of the VLSFAs.
Cognition and aging

In addition to associations with lower mortality,
circulating VLSFAs may be associated with better
aging. In the Atherosclerosis Risk in Communities
(ARIC) cohort, higher proportions of plasma phos-
pholipid VLSFAs in midlife were associated with less
20-y decline in a word fluency test suggesting possi-
ble protection from cognitive decline [28]. Recently,
we investigated the relationship of VLSFAs to
healthy aging among the CHS participants who
had aged successfully up to the time of the fatty
acid measurement (free of chronic disease including
cardiovascular disease, cancer, lung disease and
severe kidney disease, and free of physical dysfunc-
tion and cognitive decline). Compared with the
lowest quintile, levels of 24 : 0 in the highest quintile
of the fatty acid distribution were associated with
16% (5–27%) lower risk of an unhealthy event dur-
ing follow-up (median 6.4 years), after adjustment
for demographics, lifestyle factors, and clinical con-
ditions [29

&

]. Findings were very similar for 22 : 0,
while 20 : 0 showed no association with this end
point. Adjustment for markers of lipogenesis (fast-
ing triglyceride and circulating 16 : 0) did not
change the findings suggesting lipogenesis was
not a major driver of these associations.
r Health, Inc. www.co-lipidology.com 79
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DISCUSSION

Observational (epidemiological) studies cannot in
and out of themselves provide proof of causality or
mechanisms. Here we discuss possible implications
of the associations of circulating VLSFAs.
Measurement of circulating very long-chain
saturated fatty acids

In-vivo VLSFAs are primarily incorporated into car-
rier molecules and are acylated to sphingolipids,
phosphoglycerolipids, triacylglycerols, or sterol
esters. Small amounts of VLSFAs also circulate as
nonesterified fatty acid attached to albumin [30].
However, in the cohorts mentioned here, fatty acids
were released from the carrier backbone and quan-
titated by gas chromatography after transformation
to fatty acid methyl ester. This classic method has
the advantages of correctly identifying the fatty
acids, generally with high precision, even if they
are in low abundance. The disadvantage is the infor-
mation about the lipid backbone is lost. We think it
is necessary to identify the lipid carrier(s) of the
VLSFAs to move beyond associations toward mech-
anistic understanding.
Genome-wide association study of
circulating very long-chain saturated fatty
acids

In a meta-analysis of genome-wide association
results in the Cohorts for Heart and Aging Research
in Genomic Epidemiology (CHARGE) consortium
and in populations of Chinese ancestry, circulating
VLSFAs were associated with genetic variation in
two sphingolipid-related enzymes, SPTLC3 (Serine
Palmitoyl Transferase Long Chain Base Subunit 3)
and CERS4 (Ceramide Synthase 4) [31,32]. SPTLC3
is the first and rate-limiting enzyme in the de novo
biosynthesis of ceramide and produces the sphin-
goı̈d backbone. CERS4 attaches a fatty acid to the
backbone. Ceramides can then be used for the de
novo synthesis of sphingomyelins and complex
sphingolipids. The genetics findings suggest circu-
lating plasma VLSFA levels may reflect in part their
utilization in ceramides and other sphingolipids.
Coordinated synthesis of 24 : 0 by ELOVL1 and
ceramide synthesis by CERS2 has also been sug-
gested [33].
Ceramides and sphingomyelins with very
long-chain saturated fatty acids

Sphingolipids are a large family of lipids with mul-
tiple biological activities [34,35]. They usually
include one saturated or monounsaturated fatty
80 www.co-lipidology.com
acid acylated to the lipid backbone and there is
evidence that the length of the saturated fatty acid
influences the biological activity of ceramides
[36,37]. Additionally, epidemiological findings sug-
gest VLSFAs impart different properties to ceramides
and sphingomyelins than 16 : 0 resulting in better
health outcomes (reviewed below).

In the CHS cohort, plasma ceramides and sphin-
gomyelins with a VLSFA are associated with reduced
risks of incident atrial fibrillation [38

&

] and incident
heart failure [39

&

]. In contrast, ceramides and sphin-
gomyelins with 16 : 0 are associated with higher risks
of atrial fibrillation and heart failure. Ceramide
plays a role in apoptosis [40] and apoptosis in the
context of heart remodeling and fibrosis is part of
the pathophysiology of both heart failure and atrial
fibrillation [41,42]. We speculate this may explain
the association of ceramide with 16 : 0 with higher
risks of both outcomes; and should ceramides with
VLSFAs actually protect from apoptosis, it may
explain their association with lower risks of both
heart failure and atrial fibrillation. Parallel associa-
tion of sphingomyelin and ceramide species may
reflect the generation of ceramides from sphingo-
myelins by sphingomyelinases [43]. And at least for
the outcomes of heart failure and atrial fibrillation,
the sphingomyelin associations may explain at least
in part the associations of plasma phospholipid
VLSFAs with these outcomes.

Differences in associations between ceramide
with 16 : 0 and ceramide with 24 : 0 has led inves-
tigators to use the ratio of these ceramides to predict
outcomes, assuming the relative proportion of
these ceramides determine the health effects. In
patients with stable coronary artery disease and
those with an acute coronary event, the ratio cer-
amide-16 : 0/ceramide-24 : 0 was found associated
with cardiovascular death [44]. Associations of
ceramides and sphingomyelins with mortality were
also observed in the population-based CHS cohort.
Fretts et al. recently reported a reduced risk of total
mortality with increased levels of plasma ceramides
with 22 : 0 and 24 : 0 and with sphingomyelins with
a VLSFA; and increased mortality with ceramide and
sphingomyelin with 16 : 0 [45].
Ceramides and diabetes

While some of the associations of plasma phospho-
lipid VLSFAs were paralleled by associations of
ceramides and sphingomyelins with VLSFAs, this
does not appear to be the case for the outcome of
incident type 2 diabetes. All circulating ceramides,
including those with a VLSFA, are associated with
increased risk of incident diabetes in the Strong
Heart Family Study, a cohort study among American
Volume 33 � Number 1 � February 2022
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Indians [46], in the Hispanic Community Health
Study/Study of Latinos (HCHS/SOL) cohort [47], as
well as in the CHS cohort [48]. Circulating ceramides
are also cross-sectionally associated with fasting
insulin and fasting glucose in multivariable analyses
[49,50], in agreement with a large body of experi-
mental studies on ceramides and insulin resistance
[51]. Therefore, the associations of circulating
VLSFAs with lower diabetes risk do not seem to be
explained by the presence of VLSFAs in ceramides
and sphingomyelins.
VLSFAs and de-novo lipogenesis

Several studies reported that circulating VLSFAs
were inversely associated with plasma triglyceride
levels and plasma phospholipid levels of 16 : 0 in
multivariable, cross-sectional analyses [6,14

&

,52].
16 : 0 is the primary output of fatty acid synthetase
and circulating levels, together with triglycerides
may be markers of de novo lipogenesis. The associ-
ations of VLSFAs with type 2 diabetes in the FORCE
consortium were greatly attenuated after adjust-
ment for triglycerides and 16 : 0 suggesting one of
several possibilities; the associations of VLSFAs with
diabetes may be confounded by triglycerides and
16 : 0; or increased levels of VLSFAs are biomarkers of
reduced lipogenesis which leads to lower diabetes
risk; or VLSFAs are more directly involved in reduc-
ing lipogenesis.
CONCLUSION

We and others have shown beneficial associations
of circulating VLSFAs on heart disease, diabetes,
mortality, and aging. It is clear that VLSFAs (20–24
carbons) need to be distinguished from other sat-
urated fatty acids for their potential health bene-
fits. The epidemiologic studies raised many
questions and knowledge of the VLSFAs biology
is limited. Further studies are needed to under-
stand how the endogenous production of VLSFAs
is regulated, the influence of dietary intake on
circulating and tissue levels, the extent to which
VLSFAs are incorporated into lipids other than
sphingolipids, and to understand the influence
of VLSFAs on sphingolipid metabolism, membrane
function and potentially on de novo lipogenesis.
We hope this review will promote interest in these
unique saturated fatty acids and the lipids that
carry them.
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