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ABSTRACT

The odd-chain fatty acids (OCFAs) pentadecanoic acid (15:0) and heptadecanoic acid (17:0), which account for only a small proportion of total

saturated fatty acids in milk fat and ruminant meat, are accepted biomarkers of dairy fat intake. However, they can also be synthesized

endogenously, for example, from gut-derived propionic acid (3:0). A number of studies have shown an inverse association between OCFA

concentrations in human plasma phospholipids or RBCs and risk of type 2 diabetes and cardiovascular disease. We propose a possible

involvement in metabolic regulation from the assumption that there is a link between 15:0 and 17:0 and the metabolism of other short-chain,

medium-chain, and longer-chain OCFAs. The OCFAs 15:0 and 17:0 can be elongated to very-long-chain FAs (VLCFAs) such as tricosanoic acid

(23:0) and pentacosanoic acid (25:0) in glycosphingolipids, particularly found in brain tissue, or can be derived from these VLCFAs. Their chains

can be shortened, yielding propionyl-coenzyme A (CoA). Propionyl-CoA, by succinyl-CoA, can replenish the citric acid cycle (CAC) with

anaplerotic intermediates and, thus, improve mitochondrial energy metabolism. Mitochondrial function is compromised in a number of

disorders and may be impaired with increasing age. Optimizing anaplerotic intermediate availability for the CAC may help to cope with

demands in times of increased metabolic stress and with aging. OCFAs may serve as substrates for synthesis of both odd-numbered VLCFAs

and propionyl-CoA or store away excess propionic acid. Adv Nutr 2016;7:730–4.
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Introduction
Both pentadecanoic acid (15:0) and heptadecanoic acid
(17:0), which originate from rumen microbial fermenta-
tion, are minor SFAs in ruminant fat (1). Their concentra-
tions in conventionally produced cow milk are on average
1.2% and 0.54% of total FAs, respectively. Concentrations
in organically produced milk are somewhat higher (2).
Both 15:0 and 17:0 are accepted biomarkers for dairy fat
intake (3), because their concentrations in human plasma
and RBCs increase with higher intake of dairy fat (4–7).
For instance, in the EPIC (European Prospective Investi-
gation into Cancer and Nutrition)-InterAct case-cohort
study, concentrations of 15:0 and 17:0 in plasma phos-
pholipids were on average 0.21% and 0.41% of total
FAs, respectively (5). Interestingly, although 17:0 is pre-
sent in plasma at approximately twice the concentration
of 15:0 [reviewed in (8)] or even more in RBCs (4), the
association with dairy fat intake is stronger for 15:0
than for 17:0 (4, 6, 7).

Because odd-chain FAs (OCFAs)3 were detected not only
in human plasma and RBCs but also in liver, buccal, and ad-
ipose tissues (9), it is conceivable that 15:0 and 17:0 are in-
corporated into most if not all human tissues. Data from
animal studies are supportive of this hypothesis (10). Inter-
estingly, OCFAs are also found in plasma phospholipids of
humans on a vegan diet, albeit less than in omnivores and
vegetarians (7). Of note, concentrations of 17:0 in RBCs of
vegans were as high as in dairy fat consumers (11).

Interest in 15:0 and 17:0 grew as cohort studies (12–14)
and case-control studies (4, 15, 16) found an inverse associ-
ation between OCFA concentration (15:0, 17:0, or both
combined) in plasma phospholipids or RBCs and the risk
of cardiovascular disease (CVD). Likewise, an inverse associ-
ation was found with risk of type 2 diabetes (T2D) in cohort
studies (17–20) and case-control studies (5, 21, 22), which
was significant in all cases except one (19). Thus, there is
reason to consider a physiologic function of these OCFAs be-
yond their role as dietary constituents and specific biomarkers
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of dairy intake. The purpose of this review is to list potential
sources and to present somewhat provocative new ideas
about their potential function and metabolic fate to stimu-
late future research.

Possible Routes of Endogenous Synthesis
The observations that RBCs of vegans, vegetarians, and om-
nivores contain comparable concentrations of OCFAs (11)
and that 17:0 is present in higher concentration than 15:0
in human plasma (8) suggest that there must be other sources
of these OCFAs than ruminant fat.

Synthesis by elongation of shorter-chain OCFAs
The first possibility is synthesis from propionic acid (3:0) or
other OCFAs shorter than 15:0. Fermentation of dietary fi-
ber by the colonic microbiota is the primary source of
SCFAs in humans, that is, acetic acid (2:0), propionic acid,
and butyric acid (4:0). Most gut microbial propionic acid
is absorbed and mostly metabolized by the liver (23). Data
from rodents show that feeding dietary fiber results in a
measurable increase of both SCFAs, including propionic
acid, and also of 15:0 and 17:0 in plasma phospholipids
(24). In the EPIC study, the OCFA concentrations in plasma
phospholipids were also significantly associated with the in-
take of fruits and vegetables naturally rich in fibers (5).

Beyond bacterial synthesis in the gut, endogenous pro-
pionic acid can originate from degradation of amino acids
such as methionine, valine, isoleucine, and threonine.
Shorter-chain OCFAs may also arise from peroxisomal oxida-
tion of the cholesterol side chain during bile acid formation
(25) and from peroxisomal a-decarboxylation, followed by
successive b-oxidative degradation of the branched-chain FA
phytanic acid (3,7,11,15-tetramethyl hexadecanoic acid) (26)
(Figure 1). Phytanic acid is derived from phytol, the chloro-
phyll side-chain that is released during rumen microbial fer-
mentation (27). Dairy fat is its major dietary source (7).

The first evidence for an endogenous synthesis of 15:0 and
17:0 from (labeled) propionic acid was provided in subjects
with the rare genetic disorders propionic acidemia (PA) and
methylmalonic acidemia (28). Normally, propionic acid is
converted to propionyl-CoA and enters the citric acid cycle
(CAC) at the level of succinyl-CoA. However, deficiencies of
propionyl-CoA carboxylase or methylmalonyl-CoA mutase,
respectively, block this pathway, leading to unusually high con-
centrations of 15:0 and 17:0 in a number of tissues (29, 30).

That other OCFAs shorter than 15:0 are both elongated
and shortened by b-oxidation was proven in mice; feeding
a heptanoic acid (7:0)-enriched diet increased both various
longer-chain OCFAs, including 17:0, in liver and skeletal
muscle (31) and also shorter-chain OCFAs in plasma and
brain, that is, propionic acid and pentanoic acid (5:0)
(32). Interestingly, labeled acetic acid also gave rise to OCFAs
in the rat brain (33).

Synthesis by chain-shortening of VLCFAs
The OCFAs 15:0 and 17:0 may also be derived from even-
numbered hydroxylated very-long-chain FAs (VLCFAs).

2-Hydroxylated FAs (2-hFAs) are SFAs with a hydroxyl
group at the C-2 position. Obligatory first step in the deg-
radation of 2-hFAs is the removal of the a-carbon by perox-
isomal a-oxidation (34). It may be assumed that partial
peroxisomal b-oxidation of the ensuing odd-numbered
VLCFAs, for example, 23:0 or 25:0, yields 15:0 and 17:0
(35). The 2-hFAs are important components of mamma-
lian glycosphingolipids, that is, cerebrosides, sulfatides, and
gangliosides of nervous tissue, mainly the brain (34, 36,
37). The proportion of 2-hFAs in human brain cerebrosides
is #70% (36), with 2-hydroxy tetracosanoic acid being the
most abundant 2-hFA in humans (36) and other species
(37). 2-hFAs are also found in many other tissues such as
epidermis and kidney (34) and the small intestine (38).

Other potential sources
Another source of 15:0 may be phytosphingosine, also called
dihydrosphingosine, a sphingoid base of glycosphingolipids.
Phytosphingosine is degraded to 2-hydroxy hexadecanoic
acid, which is finally a-oxidized to produce 15:0 (39). In
fact, glycosphingolipids of the rat small intestine mucosa
contain far more phytosphingosine than sphingosine (38).
However, the concentration in human tissues is not known.
15:0 may also be formed from hexadecanoic acid (16:0) after
intermediate hydroxylation. This was observed in cultured
differentiating adipocytes (40), as outlined before (8). The
relevance of this pathway in vivo is unknown.

Conceivable Biological Functions of the OCFAs
15:0 and 17:0
When different 13C-labeled FAs were administered in equi-
molar concentrations to mice, appearance of labeled 17:0 in
tissues was higher and disappearance was delayed compared
with 16:0, octadecanoic acid (18:0), and octanoic acid (8:0)
(41). In line with this, 15:0 and 17:0 were less preferred for
b-oxidation than even-numbered FAs (42). The metabolic
benefit of the OCFAs 15:0 and 17:0 may be 2- or even 3-
fold, namely 1) serving as a substrate for the synthesis of
odd-numbered VLCFAs for glycosphingolipids in the brain
and elsewhere, 2) providing anaplerotic intermediates for
the CAC by conversion to propionyl-CoA and further on
to succinyl-CoA (Figure 1), and 3) removing excess pro-
pionic acid from the circulation.

Synthesis of odd-numbered VLCFAs
As described in the Synthesis by chain-shortening of VLCFAs
section, 15:0 and 17:0 may be the result of degradation of
odd-numbered VLCFAs. So why not, in turn, be starting ma-
terial for their synthesis? Propionic acid (33, 43) and, more
importantly, OCFAs of intermediate-chain length (43) were
used for synthesis of odd-numbered VLCFAs in rat brain.
Apparently, the elongation systems act on 16-, 17- and
18-carbon FAs (43). To date, the contribution of 15:0 and 17:0
elongation to overall odd-numbered VLCFA synthesis is not
clear. Moreover, it remains elusive which cells, tissues, and or-
gans beside the brain, surely first and foremost the gut, would
take advantage of such possibility. The fact that 23:0 and 25:0
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account for 10% of total nonhydroxylated and their 2-hFA
equivalents even for 25% of total hydroxylated FAs in adult
human brain glycosphingolipids (36) indicate considerable
physiologic relevance of OCFAs. Human plasma sphingomy-
elins contain ;7% 23:0 (44).

Providing anaplerotic intermediates for the CAC
The CAC is the final common pathway for the oxidation of
the fuel molecules glucose, FAs, and amino acids for energy
production in mitochondria. Intermediates of the CAC are
used for biosyntheses (cataplerotic pathways) and need to
be replenished (anaplerotic pathways) to keep up CAC func-
tion. Anaplerotic substrates may enter the CAC at the level of
a-ketoglutarate, succinyl-CoA, and oxaloacetate. b-Oxidation
of OCFAs, for example, 7:0 or 17:0, yields 1 propionyl-CoA
beside 1 or several acetyl-CoA molecules. Propionyl-CoA
can be converted to methylmalonyl-CoA and further to
succinyl-CoA for the CAC (Figure 1).

As mentioned, mitochondrial function is compromised
in a number of disorders. PA and methylmalonic acidemia,
whereby enzyme defects produce a deficit of succinyl-CoA
(45), are associated with ultrastructural mitochondrial
abnormalities (46) and disturbed mitochondrial energy
production (45, 46). LCFA oxidation disorders are also
associated with impaired mitochondrial energy produc-
tion (47, 48). In brain ischemia, large amounts of glutamate
are released, and glutamate synthesis depletes stores of
a-ketoglutarate (32). If defects in substrate utilization lead
to energy deficits, then providing anaplerotic intermediates
to the CAC would be a strategy to improve mitochondrial
metabolism (31). Treatment with triheptanoin, odd-numbered
TGs that contain 7:0, compared with even-numbered medium-
chain TGs that contain 8:0 and decanoic acid (10:0), improved

symptoms of cardiomyopathy and skeletal muscle damage
in patients with LCFA oxidation disorders (47, 48). In a
mouse model exposed to ischemic stroke, triheptanoin pre-
treatment maintained brain mitochondrial function (32). In
methyl-CpG binding protein 2 knockout mice, having a dis-
turbed CAC function, triheptanoin treatment improved mi-
tochondria architecture and metabolic variables, including
glucose tolerance (31). We herein hypothesize that such ben-
eficial effects are also conceivable for 15:0 and 17:0 when
chain-shortened and converted to anaplerotic substrates.

It may be questioned if an increased supply of OCFAs may
benefit healthy subjects (47). Indeed, triheptanoin produced
little benefit inwild-type compared with methyl-CpG binding
protein 2 knockout mice (31). However, the risk of CVD is
associated with advancing age (49). Likewise, T2D is more
common in older subjects. Aging goes along with impaired
mitochondrial function (49, 50). Dysfunctional mitochondria
were observed in a wide range of CVDs, and alterations inmi-
tochondrial function are considered to be a major contribut-
ing factor (49, 50). It is generally accepted that mitochondrial
dysfunction is related to insulin resistance and T2D, but ob-
servations also argue against a causal involvement (51–53).
No matter if mitochondrial dysfunction is the contributor
or the consequence of insulin resistance, targeting it might
be an effective way to improve insulin signaling in skeletal
muscle and to restore glucose homoeostasis (51, 52).

Removal of excess propionic acid from the circulation
Certain rare gastrointestinal disorders can lead to PAwith, how-
ever, still poorly understood implications for neurologic disorders
(54).With normal propionyl-CoAcarboxylase andmethylmalonyl-
CoAmutase activities, this may provide succinyl-CoA in excess of
requirements and shut down the first half of the CAC, thus

FIGURE 1 Odd-chain FAs 15:0 and 17:0,
their potential exogenous and endogenous
origin, and their involvement in metabolic
pathways. Only flux into and exchange
between pools are depicted. AC-CoA,
acetyl-CoA; CE, cholesteryl ester; CIT, citrate;
FUM, fumarate; ICIT, isocitrate; MAL, malate;
MMA-CoA, methylmalonyl-CoA; OAA,
oxaloacetate; PL, phospholipid; Prop-CoA,
propionyl-CoA; SUCC, succinate; SUCC-CoA,
succinyl-CoA; a-KG, a-ketoglutarate.
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causing mitochondrial dysfunction as well (54). In healthy sub-
jects too, propionic acid concentrations in plasma and tissues
will vary day to day and hour to hour. Increased synthesis of
15:0 and 17:0 as a consequence of increased propionic acid avail-
ability, as suggested from an inulin-fed mouse model (24), may
help to fine-tune the flow of propionic acid into the CAC and
to divert excess propionic acid into neutral pools.

Conclusion
The robust inverse association of 15:0 and/or 17:0 concen-
trations in plasma phospholipids or RBCs with CVD and
T2D risk is quite impressive. The latter is observed in vari-
ous European populations with different dietary back-
grounds (5). This review brings forward hypotheses about
the possible sources of 15:0 and 17:0 and their potential in-
volvement in metabolic pathways. They may be used for
synthesis of odd-numbered VLCFAs, provide anaplerotic in-
termediates for the CAC, or store away excess propionic
acid. Whether one or all of the suggested metabolic roles ap-
ply and whether there is a link to CVD and T2D risk needs
to be addressed in appropriate experimental studies. Dairy
OCFAs can enlarge the pool of 15:0 and 17:0 in body tissues.
The reason why 17:0 is found in tissues at higher concentra-
tions than any other shorter or longer OCFA may be its
intermediate-chain length between 16:0 and 18:0. It may
thus easily fit into lipid structures of phospholipids, glyco-
sphingolipids, cholesteryl esters, and TGs.
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