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The biological functions of fatty acids and the lipids in which they are esterified are determined by their
chain length, double bond position and geometry and other structural motifs such as the presence of
methyl branches. Unusual isomeric features in fatty acids of human foods such as conjugated double
bonds or chain branching found in dairy products, some seeds and nuts, and marine foods potentially
have important effects on human health. Recent advancements in identifying fatty acids with unusual
double bond positions and pinpointing the position of methyl branches have empowered the study of
their biological functions. We present recent advances in fatty acid structural elucidation by mass spec-
trometry in comparison with the more traditional methods. The double bond position can be determined
by purely instrumental methods, specifically solvent-mediated covalent adduct chemical ionization
(SM-CACI) and ozone induced dissociation (OzID), with charge inversion methods showing promise. Prior
derivatization using the Paterno—Buchi (PB) reaction to yield stable structures that, upon collisional acti-
vation, yield the double bond position has emerged. The chemical ionization (Cl) based three ion moni-
toring (MRM) method has been developed to simultaneously identify and quantify low-level branched
chain fatty acids (BCFAs), unattainable by electron ionization (El) based methods. Accurate identification
and quantification of unusual fatty acid isomers has led to research progress in the discovery of bio-
markers for cancer, diabetes, nonalcoholic fatty liver disease (NAFLD) and atherosclerosis. Modulation of
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eicosanoids, weight loss and the health significance of BCFAs are also presented. This review clearly
shows that the improvement of analytical capacity is critical in the study of fatty acid biological functions,
and stronger coupling of the methods discussed here with fatty acid mechanistic research is promising in

rsc.li/food-function generating more refined outcomes.
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1. Introduction

Fatty acids are the major components of all cell membranes
and serve as precursors of a wide array of signaling molecules.
Although most human clinical fatty acid studies focus on
10-20 common structures,’ a vast array of hydrocarbon fatty
acid structures are found in nature, and each may have highly
specific physiological effects.>™ Fatty acids of human foods
have predominantly cis double bonds which are methylene-
interrupted when two or more are present, and are straight
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chain. Unusual fatty acids are isomeric to common fatty acids,
such as the well-known example of dairy products with conju-
gated linoleic acids and branched chain fatty acids, which are
isomeric to linoleic acid and straight chain fatty acids, respect-
ively.” Various edible although underutilized seeds such as
melon, bitter melon and pomegranate seeds contain conju-
gated linolenic acids isomeric to both a-linolenic acid and
y-linolenic acid.” Pine and ginkgo nuts are rich in unusual
polyunsaturated fatty acids (PUFAs), pinolenic acid, sciadonic
acid and juniperonic acid, just to name a few.® The fatty acid
double bond position, double bond geometry and methyl
branching are major fatty acid structural motifs that determine
their physiological functions. Analysis of food fatty acids can
be particularly challenging, especially for foods originating
from ruminants’ or marine environments.®

The most common method for fatty acid analysis is by gas
chromatography/mass spectrometry (GC/MS) analysis of fatty
acid methyl esters (FAMEs) derived by derivatization of any
lipid.® All fatty acyl groups esterified to any of the dozen or so
lipid classes present in a typical food are converted to one
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form, FAMEs, similar to the digestive process that converts to
non-esterified fatty acids. Although to the analytical chemist
this may seem like an undesirable structural modification and
compromise, it is the most effective means to reveal the under-
lying details of the biology specific to mammalian fatty acid
biochemistry."°

The analysis of fatty acid isomers, especially double bond
positional isomers and branched structures, has long been an
analytical challenge. Capillary GC coupled with either flame
ionization detectors (FIDs) or MS is incapable of identifying fatty
acid methyl esters (FAMEs) with varying double bond positions,
though it can resolve cis-trans (Z/E) isomers. The conventional
means for structural identification of metabolites is to obtain
purified standards that can be analyzed side-by-side with
unknowns to generate matched spectra. Although this approach
applies to fatty acids of major abundance, conventional fragmen-
tation methods do not enable the identification of double bond
positions: in GC/MS based analysis of fatty acid methyl esters
(FAMEs), electron ionization causes double bond migration; in
collisional activation, fragments characteristic of double bond
positions are not obtained."* Moreover, the number of FAME
isomers for any empirical formula far exceeds the number of
chemical standards that are available commercially, let alone
can be practically maintained in a single laboratory. Consider for
instance the number of isomers of methyl octadecenoate, rep-
resented by the chemical shorthand 18:1, where 18 is the
number of carbons and 1 is the number of double bonds. This
empirical formula is easily obtained from the molecular weight
in MS-1. However, the double bond position can be in any of the
16 positions, from the 2-3 position to the 17-18 position. It may
be cis (Z) or trans (E), and thus the number of double bond
isomers is 32. Considering only single methyl chain branches,
the number of chain branches extends to another 16 positions
(all but COOH and CHj), providing then for 32 x 16 = 512
isomers. Di- and tri-methyls and ethyl branching are also
known, adding further potential isomers. Substantial numbers
of these isomers are likely to be in food mixtures, especially
those that have been treated by hydrogenation or by harsh pro-
cessing. Similar considerations apply to FAMEs with 2-6 double
bonds, common in foods, with the number of isomers rising
exponentially with the number of double bonds.

This analysis clearly shows that general approaches are
needed for de novo structural analysis of FAMEs. By “de novo”,
we refer to methods that reveal the structure of a FAME
unequivocally with no need for genuine chemical standards.
An ideal method will be rapid and produce strong diagnostic
ions so that it can be applied to FAMEs of minor and trace
abundance, as these may have important biological effects.
Offline de novo methods have been in use since the early days
of GC, first as methods such as ozone (O3) decomposition
methods with subsequent GC analysis, and later by specialized
derivatives (e.g. picolinyl or 4,4-dimethyl oxazoline (DMOX))
that are amenable to de novo sequencing by GC/MS where the
MS is a nominal resolution quadrupole.'*

These methods demonstrated the key importance of fatty
acid isomers but at the cost of substantial, concentrated effort,
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often devoted to obtaining a sufficient quantity of analytes to
yield useful signals.

Because of the cumbersome and limited nature of existing
methods, our laboratory developed two general de novo
sequencing methods for FAMEs that identify almost all double
bond and chain branching isomers.

Early lipidomics based on the introduction of intact, unmo-
dified lipids typically by electrospray or atmospheric pressure
chemical ionization routinely ignored fatty acid isomers, a
practice that limited its applicability. Since about 2015, liquid
chromatography (LC)-based lipidomics has focused on de novo
methods for establishing structures in acyl chains, and has at
this writing reached a stage where most isomers can be identi-
fied by one or the other methods'*™® though some require
offline preparation.'®’ LC and GC methods tend to be
complementary.

Here, we aim to illustrate the biological functions of some
unusual fatty acids isomeric to some common fatty acids,
stressing the importance of employing some state-of-the-art
techniques for their accurate identification, streamlining the
investigation of their biological and biochemical functions,
and focusing on GC methods.

2. Analytical challenges of
differentiating fatty acid isomerism
2.1 Traditional gas chromatography (GC) methods

GC-FID is the most widely used method for FAME analysis;
however, structure identification relies on retention time
matching of authentic standards. Thus, their accuracy is
directly related to column specifications such as length/
polarity and the availability of authentic standards. Polar
columns such as CP-Sil 88 and BPX-70 are superior in separ-
ating FAME isomers, which provides GC a clear advantage in
fatty acid analysis compared to LC. Under specially designed
GC conditions, such as a 200 m ionic GC column for the ana-
lysis of cis and trans fatty acid isomers in fried foods, high sep-
aration efficiency can be observed for most fatty acid
isomers.'® However, coelution is still common for complex
samples and MS analysis must be employed for accurate
identifications.

GC-electron ionization (EI) MS data can be compared to
comprehensive libraries, resulting in more confident identifi-
cations relative to GC-FID. The NIST EIMS library is a highly
accessible and useful database which archives 0.3 million com-
pounds. Unfortunately, GC-EIMS direct analysis of FAMEs
similarly cannot differentiate double bond isomers. Notably,
however, it can rule out many hypothetical structures based on
the retention time, molecular weight, and common
fragmentation.

Chemical ionization (CI) MS is also a traditional method
for FAMEs. The most common CI method is a simple gas
phase proton transfer, known as a “soft” ionization method
because it transfers little excess energy to generate in-chain
fragmentations, serving a high abundance of the molecular

This journal is © The Royal Society of Chemistry 2024
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ion. Therefore, the method is more suitable for the analysis of
low-level fatty acids. Conversion of fatty acids into pentafluoro-
benzyl esters and analyzed by negative CI usually significantly
reduces noise compared to positive CI because of suppression
of all species that do not efficiently capture electrons, thereby
leading to high sensitivity. Nevertheless, none of these tra-
ditional GC methods can differentiate fatty acid isomers
without special derivatization treatments.

2.2 Derivatization methods for GC-EIMS analysis

Christie has reviewed methods for structural analysis of
FAMEs by GC-EIMS."® We outline some of the more commonly
used methods here.

2.2.1 DMOX. Fatty acid derivatization into DMOX esters for
fatty acid structural elucidation is still a widely employed
method due to its compatibility with GC-EIMS. Two main
reasons drive the appeal of DMOX to many researchers. First,
GC-EIMS is widely available and relatively low cost/minimum
maintenance; second, the spectra of fatty acid DMOX deriva-
tives can be matched against an EIMS comprehensive library,
such as the NIST database, streamlining the fatty acid identifi-
cation process.

Some of the limitations of DMOX derivatization and EIMS
analysis include labor-intensive sample pretreatment and low
sensitivity of diagnostic ions. In addition, fragments from
DMOX derivatives do not yield unambiguous assignment of
straight chain and branched chain structures. Importantly,
DMOX and similar esterification regimes are challenging for
minor-abundance fatty acids in complex mixtures because
retention times of specialized esters change, sometimes unex-
pectedly compared to FAMEs, and thus matching FA-DMOX vs.
FAME was difficult. Finally, the DMOX reaction itself, if not
carefully executed, can cause double bond migration.

2.2.2 Picolinyl esters. Fatty acid picolinyl esters, upon
EIMS activation, yield rich fragments including those that pin-
point double bond positions and methyl branch positions,
making them more informative than the DMOX derivatization
strategy. Picolinyl esters generally require column tempera-
tures of about 50 °C higher than methyl esters, which makes
the analysis of very long chain fatty acids (C > 22) proble-
matic.'® Similar to DMOX, the picolinyl ester workflow
requires complicated sample preparation and does not yield
high-abundance diagnostic ions indicative of double bond
positions or methyl branch positions.*°

2.2.3 Dimethyl disulfide. Derivatizing FAME double bond
(s) with dimethyl disulfide (DMDS) represents a convenient
method to pinpoint double bond positions, with relatively
high-abundance diagnostic ions specific to the erstwhile
double bond positions. As a result, this method is more suit-
able for the discrimination of fatty acid double bond pos-
itional isomers in low abundance compared to DMOX or pico-
linyl ester approaches.

However, there are a few limitations of the DMDS method.
First, it requires a very complicated sample derivatization pro-
cedure involving the use and cleanup of iodine (I,). Second,
the GC temperatures for DMDS analysis can be as high as
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320 °C, exceeding the maximum temperature limit for most
polar GC columns with high resolution. Third, the spectra of
DMDS derivatives contain hundreds of ions, making the
screening of diagnostic ions rather difficult especially for
unusual polyunsaturated fatty acids.*"**

2.3 Emerging high-sensitivity, double bond derivatizing
methods

2.3.1 Solvent-mediated covalent adduct chemical ioniza-
tion (GC-MS). Solvent-mediated (SM) covalent adduct chemical
ionization (CACI) is a state-of-the-art technique which enables
structural elucidation of fatty acids in their FAME forms, and
therefore greatly simplifies the sample preparation steps and is
compatible with polar GC columns with a high resolving
power. The technique takes advantage of a series of spon-
taneous reactions between acetonitrile and double bond(s) in
a FAME hydrocarbon chain in the chemical ionization source,
and upon collision induced dissociation (CID) yields diagnos-
tic ions which are representative of the double bond posi-
tions.® The adduction reaction between the double bond in a
fatty acid chain and the (1-methyleneimino)-1-ethenylium
(MIE = 54; CH,=C=N'=CH,) reactive ion is presented in
Fig. 1. Depending on the number and position of double
bonds, further CID activation usually results in vinylic or
allylic cleavage on both sides of the erstwhile double bond
position. The fragmentation rules for various FAME varieties
have been worked out in several publications, with monoenes,
dienes, polyenes with >3 homoallylic double bonds, conju-
gated FAMEs and polyenes with non-methylene-interrupted
double bonds having i spectral
interpretations.’””>372¢

SM-CACI enables de novo identification of common and
unusual FAMEs without the need for authentic standards. For
instance, Fig. 2 presents three isomers of 18:1 and 20:1,
respectively. In this example, unusual A5 18:1 and 20:1 can be
readily distinguished from their n-9 and n-7 counterparts in
sea urchin gonads (edible parts), even without commercial
standards.”® 18:1n-13 has an o diagnostic ion at m/z 196
corresponding to an allylic cleavage at the far side of the car-
boxyl group. Here the number 141 is the mass of homolytic
cleavage, and when the masses of the reactive ion (1-methyl-
eneimino)-1-ethenylium (MIE = 54; CH,=C=N'=CH,) and
one hydrogen gain are accounted for, m/z 196 is observed on
the SM-CACI-MS, spectrum (Fig. 2a). Similarly, a C,-C; clea-
vage characteristic of monoenes with a A5 double bond leads
to an @ diagnostic ion at m/z 276, having transferred a H' to
the neutral leaving group during CID. Both n-9 and n-7

nuances mn

R Cllon R R
N NN
sou;ne \E’/\/\/ ciD \E/ Y
N=C f
—NEc— e "
~ a diagnostic ion

Fig. 1 CACI reaction forming a nitrogen containing ring and collision
induced dissociation (CID) resulting in diagnostic ions pinpointing the

erstwhile double bond position.
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Fig. 2 CACI-MS/MS spectra of unusual A5 18:1 and 20:1; all [M + 54] -
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isomers of 18:1 and 20:1 yield their diagnostic ion pairs allylic
to both sides of the double bond, making their de novo identi-
fication the most straightforward (Fig. 2b, c, e and f). The
SM-CACI-MS, spectra for the identification of polyunsaturated
FAMEs and other unusual FAMEs by SM-CACI can be found in
a series of previous publications.”””**>*

The SM-CACI technique is currently the only online derivati-
zation mass spectrometric method coupled with a GC system,
eliminating fatty acid manual derivatization. Importantly, it is
the only method which allows the separation of FAMEs on the
GC column before making FAME derivatives, making it highly
compatible with any analytical method established on a
GC-FID, and thus requiring no further offline chemistry.
Briefly, the SM-CACI technique has the following advantages
compared to conventional derivatization methods such as
picolinyl ester: (A) no need to develop special chromatography
for new esters, ie., higher temperatures. (B) Sample prepa-
ration is simple, and the preparation of FAMEs is the only pro-
cedure required. (C) Locating double bond positions of low-
abundance fatty acids is possible due to its high diagnostic ion
abundance and little other intrachain fragmentation.

2.3.2 Ozone induced dissociation (LC-MS). Ozone induced
dissociation (OzID), first established by Blanksby and co-
workers, has been extremely useful for the discrimination of
phospholipid double bond positional isomers. It is also invalu-
able for fatty acid isomer identification when an LC system is
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employed for their separation. Recently, a workflow involving
the first derivatization of fatty acids into their N-(4-amino-
methylphenyl)pyridinium (AMPP) derivatives followed by OzID
activation was developed as a highly sensitive tool for fatty acid
profiling and double bond position assignments.>”

OzID generates very few intrachain fragments and high
diagnostic ion abundance, enabling straightforward double
bond position assignments. However, this online technique
must be implemented on a customized MS instrument, com-
promising its easy access. An offline version was attempted by
others®® but as it does not enable mass selection before ozono-
lysis, it requires either pure samples or compatible mixtures.
Offline ozonolysis of mixtures gives rise to extremely compli-
cated spectra with ozonolyzed fragments originating from all
fatty acids present in the original sample. LC, however, has a
major advantage that sample preparation can be simpler for
fatty acids, consisting of simple hydrolysis, and has no limit-
ations for volatilization of low or high mass fatty acids.
Generally, LC equipment is considerably more costly than GC,
and GC chromatographic resolution can be greater.

2.3.3 Paterno-Biichi reaction (LC-MS). Paterno-Biichi reac-
tion mass spectrometric analysis of lipid double bond posi-
tions was first developed by Xia and coworkers, serving as an
alternative to OzID. It is also compatible with LC and generates
very few intrachain fragments with high diagnostic ion abun-
dance, enabling straightforward double bond position assign-

This journal is © The Royal Society of Chemistry 2024
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ments. The method has quickly become the most popular
workflow for glycerolipid double bond position assignments.
It has been adopted and adapted for various analyses, mainly
due to its relatively simple derivatization apparatus - a UV
lamp. It can be conveniently employed as a sample pre-treat-
ment step or implemented into the LC-MS workflow as an
online derivatization approach, as demonstrated by Xia
et al.**? and others.**

Fig. 3 presents the formation of the PB reaction adduct with
2-acetylpyridine as the derivatizing reagent. In the presence of
UV light, a double bond on the acyl chain of a lipid molecule
reacts with a ketone containing reagent, for instance, 2-acetyl-
pyridine, acetone, etc., and forms an oxygen containing ring
called oxetane. Upon CID activation, site-specific cleavage at
the erstwhile double bond position can be observed, and the
fragments are used as the tool to pinpoint the double bond
location. The resulting derivative is remarkably stable and thus
can be manually admitted to the MS by infusion.

Considering its simple derivatization hardware require-
ments, the PB-MS/MS workflow is promising as a routine
method to elucidate fatty acid isomeric features. Early work by
Murphy et al. showed that the PB-MS/MS workflow did not
result in highly interpretable spectra for polyunsaturated fatty
acids, analyzed by their free form as negative ions.** However,
further refining of the derivatization process yields highly
interpretable PB-MS/MS spectra for polyenes including docosa-
hexaenoic acid (DHA). Simply put, this was achieved either by
double derivatization of the carboxyl group (N,N-diethyl-1,2-
ethanediamine) and the double bond by PB (acetone),®® or
using a nitrogen containing PB reagent such as acetylpyri-
dine,* or otherwise promoting the formation of a lithium
adduct.*® These methods allow fatty acids to be analyzed in
the positive mode. While the CACI-MS/MS workflow tends to
have greater sensitivity and simpler data analysis thanks to its
compatibility with high resolution GC, the PB-MS/MS workflow
possesses straightforward fragmentation patterns and simple
mass spectra with high diagnostic ion abundances, offsetting
LC’s normally lower separation capacity.

The PB-MS/MS workflow was implemented for a specialized
application, for quantitative analysis of deuteration levels at
bis allylic positions of polyunsaturated fatty acids. In this par-
ticular case, GC-CACI-MS/MS was not possible due to the pres-
ence of companion ions (+1 Da or +2 Da) of the CACI diagnos-
tic ions."”*” This special case of analysis of a unique pharma-
ceutical-like species illustrates the importance of detailed
mass spectral interpretation and mechanism for new analytes.

Rw R
PB .
hv o cib R
v N
. T
N \_/
\_7/

Fig. 3 Formation of a Paterno—Bulchi reaction adduct with 2-acetylpyr-
idine as the derivatizing reagent and formation of an aldehyde diagnos-
tic ion.
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2.3.4 Other double bond derivatizing methods. There are
also some other emerging derivatization methods similarly
reacting with a double bond in a fatty acyl chain, yielding
high-abundance diagnostic ions for convenient, highly sensi-
tive and de novo identification of unsaturated fatty acid double
bond variants, summarized in Fig. 4 along with the others.
Among these is N-tosylaziridine derivatization, which replaces
a double bond with a nitrogen containing cyclo-ring linked to
some sulfur containing moieties. Similar to the CACI-MS/MS
workflow, the positive charge remains with the nitrogen atom.
During CID activation, bonds of the nitrogen containing cyclo-
ring are all labile and tend to dissociate. Depending on which
of the labile bonds is broken, two diagnostic ions indicating
the erstwhile double bond position can be observed.'®

Epoxidation is another double bond derivatizing strategy.
Epoxidation can be induced by the meta-chloroperoxybenzoic
acid (m-CPBA) reaction with double bond(s) in a fatty acyl
chain at room temperature.*® These two double bond derivatiz-
ing methods do not require any additional devices such as a
UV lamp in the PB reaction or modifications to the MS instru-
ment seen with CACI and OzID. However, they require sample
offline pre-treatment, hampering their throughput compared
to the online versions of CACI, PB and OzID methods. Fig. 4
summarizes the emerging double bond derivatizing MS
methods and their compatible chromatographic coupling,
which can be used to interrogate fatty acid structural
information.

2.3.5 Charge switching chemistry. Charge switching chem-
istry, or ion/ion charge inversion chemistry was developed by
McLuckey and coworkers, an innovative method for the release
of fatty acyl chains from a glycerolipid molecule or for analysis
of fatty acids themselves. Without structural modifications or
adduction, fatty acids can only be analyzed in the negative
mode. Previously, fatty acyl chains released from a glycerolipid
molecule would be detected in the negative ion mode, which
yields spectra dominated by H,O and CO, neutral loss frag-
ments with little structural information. Charge switching
chemistry takes advantage of the reaction between tris-phenan-
throline magnesium dications (+2 charge) and fatty acid
anions (—1 charge) resulting in a cation (+1 charge), shown in

Online reaction: ¥
Lc-Ms

e

WVJ&L Mﬂf\/\)f\[&/' m\/\/i\/ PP

Epoxidation

Ozonolysis N-Tosylaziridine

GC-MS ;‘//C
N=
PPy B
™ Covalent Adduct Chemical lonization

Fig. 4 Emerging double bond derivatizing MS methods for fatty acid
identification.
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Fig. 5. This is a two-step reaction, ie., (1) ion/ion reaction
yielding a complex with two phenanthroline ligands and (2)
dipolar direct current (DDC) - CID removal of one of the two
remaining phenanthroline ligands. Upon ion trap CID acti-
vation of the resulting fatty acid (single) phenanthroline mag-
nesium ligand (Fig. 5), the cation yields a spectrum with rich
fragmentation, at typically all carbon-carbon bond sites. A dis-
tinct difference in intensity near the double bond site or some-
times the presence of doublets at some cleavage sites indicates
the location of the double bond(s). As the degree of unsatura-
tion increases, the spectra become complicated.’® Compared
to the double bond derivatizing methods such as CACI, OzID,
PB, N-tosylaziridine and epoxidation, the charge switching
chemistry mass spectrometric method requires relatively in-
depth expertise of the method for data interpretation. A more
practical approach to exploit the merits of charge switching
chemistry MS to identify fatty acid isomers involves the use of
library matching, which has also been demonstrated.*’
Information covering most of the charge switching chemistry
advancements can be found in a previous review.*!

2.3.6 Photodissociation and electron impact excitation of
ions from organics (EIEIO). Besides various state-of-the-art
derivatization and adduction methods capable of pinpointing
double bond positions, there is an alternative strategy which
seeks solution from innovative dissociation technologies built
within the MS instrument, substituting it for CID or other con-
ventional dissociation mechanisms. UV photodissociation uti-
lizes short wavelength UVC to induce light-based dissociation
of fatty acids and other lipids. In a pioneering study by Klein
and Brodbelt, the structure of phosphatidylcholine (PC) was
elucidated including the double bond positions.*> Blanksby
and coworkers adapted the principle and further demon-
strated that with some suitable derivatizing reagents which are
superior in absorbing the UV energy, monoene double bond
positions could be revealed by manifestation of the fragmenta-
tion of an allylic bond to a double bond. Isomeric polyenes
such as 18:3n-3 and 18:3n-6 could be readily distinguished by
their clearly different spectra, however, straightforward localiz-
ation of double bond positions is complicated by some
rearrangement mechanisms around the double bond
cleavages.®’

Electron impact excitation of ions from organics (EIEIO), as
an emerging ion fragmentation method, was developed
recently. Its dissociation is also characterized by rich ion for-
mation along the fatty acyl chain and a sharp decrease in ion
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abundance along the hydrocarbon chain indicates the pres-
ence of a double bond. This fragmentation pattern is reminis-
cent of the picolinyl ester-GC-EIMS method, with fragmenta-
tion conspicuously attenuated at the stronger double bond
position. EIEIO was shown to elucidate structural elements,
e.g., double bond positions and cis/trans configurations of
phosphatidylcholines, triglycerides and sphingomyelins.**™*°
Research is warranted to confirm that EIEIO is equally
effective in determining fatty acid isomer compositions com-
pared to methods further developed.

2.4 Identification of branched chain fatty acids (BCFAs)

2.4.1 Traditional picolinyl ester method by EIMS. BCFAs
are common in certain foods,*”*® bacteria,*® as well as in
some human tissue, notably skin.’® Unlike for the double
bond position, GC-EIMS provides information about branch
points, though often the data are ambiguous.” Derivatization
of fatty acids into picolinyl esters and analyzed by conventional
GC-EIMS is the earliest method for effective identification of
saturated BCFAs from their straight chain counterparts. Dating
back to the 1980s, Harvey used picolinyl esters as derivatives to
determine the monomethyl branch position along a fatty acid
picolinyl ester chain.”® Later Hierro et al identified the
anteiso-17:0 BCFA in ginkgo nuts taking advantage of the
robust analytical capability of picolinyl esters.>* Fig. 6 shows
the positions of cleavage leading to high-abundance diagnostic
ions, i.e. m/z 318 and m/z 346 for the identification of iso-17:0
and m/z 304 and m/z 332 for the identification of the anteiso-
17:0 BCFA derivatized into picolinyl esters. Using anteiso-17:0
for illustration, there is no cleavage between the two respective
cleavage positions due to the presence of a methyl branch at
the butan-2-yl terminal position (negligible levels of m/z 318 in
its spectrum).

2.4.2 Direct FAME analysis by EIMS/MS. Inspired by the
work of Zirroli and Murphy,”® Ran-Ressler et al. demonstrated
that when tandem MS was available, a similar fragmentation
pattern could be observed for anteiso-17:0 and other BCFA in
their direct FAME form.”" Fig. 7 presents the pair of high-
abundance diagnostic ions m/z 227 and m/z 255 for the
straightforward identification of anteiso-17:0 by GC-EIMS/MS.
Identical to what is observed for the picolinyl ester analysis by
GC-EIMS, the 14 Da (CH,) interruption is missing between m/z
227 and mj/z 255 (negligible levels of m/z 241) for EIMS/MS
analysis.
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Fig. 5 Two-step formation of fatty acid phenanthroline magnesium ligands.
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Fig. 6 Diagnostic ions for the identification of iso-17:0 and anteiso-17:0 BCFAs derivatized into picolinyl esters by GC-EIMS.
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Fig. 7 EIMS/MS spectrum and diagnostic ions for the identification of
the anteiso-17:0 FAME. Source: Ran-Ressler et al.>!/Elsevier/CC BY 4.0.
The fragmentation patterns and intensities of diagnostic ions near the
methyl branch position are similar to the picolinyl ester derivatization
method (cf. 2.4.1).

2.4.3 Three ion monitoring (MRM) of low-level BCFAs.
While picolinyl ester analysis by EIMS and direct FAME ana-
lysis by EIMS/MS are both effective methods of localizing
methyl branch positions, the former requires laborious deriva-
tization efforts and special chromatography as mentioned
above, and the latter has a compromised sensitivity due to
strong fragmentation in both hard EI ionization and collision-
ally activated dissociation stages. We recently developed a
chemical ionization (CI) based methodology termed “three ion
monitoring” as a routine analytical workflow for samples con-
taining BCFAs of various chain lengths. The CI method works
directly towards FAMEs, and can identify and quantify trace-
level BCFAs due to a sensitivity boost by a soft CI ionization
method and an MRM data collecting mode.>* Fig. 8 shows that
BCFA iso form, anteiso form and straight form can be readily
distinguished by the relative abundance of [M-43]" and [M-57]"
ions. Thanks to the uniform response factors of branched
chain FAMEs and straight chain FAMEs yielded by this CI
method, quantitative analysis can be conducted without the
need for rare BCFA standards.””
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Fig. 8 Is0-24:0 is characterized by high [M-43]" (blue trace) in contrast
to high [M-57]" (brown trace) in anteiso-24:0. Straight chain 24:0 has
both ions at similar levels. Reprinted with permission from Wang et al.>*
Copyright 2020 American Chemical Society.
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2.4.4 De novo analysis of monounsaturated BCFAs. Having
introduced a couple of effective methods of saturated BCFA
identification, the complete structural elucidation of mono-
unsaturated BCFAs was a very challenging task due to the
existence of two positional variants along their hydrocarbon
chain, i.e., the uncertain positions of a methyl branch and a
double bond. Monounsaturated BCFAs are uniquely found in
human surface lipids (sebaceous gland excretion) and their
unambiguous identification is important for the study of
human skin functionality and dermatology, such as the func-
tion of the fatty acid desaturase 2 (FADS2) gene in skin integ-
rity and health.”® We recently developed a two-pronged
approach to address this challenge. CACI-MS/MS analysis
would establish the point of unsaturation while the methyl
branch structure is unresponsive to the method. Another ana-
lysis, EIMS/MS, could discriminate straight, iso and anteiso
monounsaturated BCFA methyl esters (BCFAMEs) by a modi-
fied method compared to saturated BCFAMEs, due to the
influence exerted by the double bond on the EIMS/MS
spectra. Ratios of [M-32]"/[M-43]" are exploited to differentiate
straight and iso structures while a strong [M-29]" indicates
the presence of a methyl branch at the antepenultimate posi-
tion (anteiso).>*

2.4.5 Charge switching chemistry for cyclopropane fatty
acids and BCFAs. Charge switching chemistry was proven to be
a useful tool to characterize cyclopropane and methyl branch
structures in fatty acids and fatty acyl chains of a glycerolipid.
A few subtle differences in ions could be exploited to dis-
tinguish a cyclopropane and a double bond at the same posi-
tion along a hydrocarbon chain. Although it has not been con-
firmed, a list of expected mass values of neutral loss for
varying cyclopropane positions could be used for cyclopropane
fatty acid identifications.’® With respect to BCFAs, charge
switching chemistry has limited resolving capability of the
anteiso BCFA from iso to straight chains, but not between iso
and straight chains. However, it is still a major advancement
in BCFA fingerprinting within a larger glycerolipid molecule,
allowing top-down lipid structural analysis."*

Traditional ESI-based lipidomics with little to no fatty acyl
structure elucidation has been widely applied to investigate
biomarkers of health and disease. The methods described
here for fatty acid and fatty acyl identification now enable full
structural analysis of an ever-widening array of intact lipids as
well as complex fatty acid structures. In parallel, these tech-
niques have been applied to the discovery of novel fatty acid
structures and/or unusual fatty acid isomers indicative of
disease states. We briefly review recent results that depend on
the unambiguous detection of unusual isomers in disease
states to illustrate the power of these techniques.

Food Funct, 2024, 15,1071-1088 | 1077


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo03716a

Open Access Article. Published on 18 December 2023. Downloaded on 2/23/2026 10:59:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

3. Fatty acid isomerism in cancer
3.1 Anti-cancer effects of fatty acids

Cancer can be thought of as runaway cell replication. The syn-
thesis of fatty acids including PUFAs is a major structural
requirement for cell proliferation, though abnormalities in
fatty acid biosynthetic genes can lead to unusual structures.’”
Metabolism is altered toward glycolytic production of energy
(ATP) and away from the electron transport chain, a phenom-
enon known as the Warburg effect.’® Various unsaturated fatty
acid isomers have been studied in relation to cancer where
food fatty acids modify carcinogenesis or appear to be a
product of cancer cells.

3.1.1 Conjugated linoleic acids. Conjugated linoleic acids
(CLAs) are a group of fatty acids with a conjugated double
bond system, with rumenic acid (9Z,11E-18:2) naturally found
in dairy food. However, supplements of CLAs are synthesized
by isomerization of linoleic acid which contains a mixture of
various CLA isomers with 9Z,11E-18:2 and 10E,12Z-18:2 domi-
nating. A wide range of animal and in vitro studies have
suggested the anti-cancer effects of CLAs, including
breast,**™®" colon,**® stomach,®®®” prostate®>°*7° and liver
cancers.”! However, there is significant controversy about
which of the CLA isomers exert these anti-cancer effects. For
example, 9Z,11F but not the 10E,12Z-18:2 isomer of CLA has a
positive effect on prostate cancer;’® on the other hand,
another study showed that the 10F,122-18:2 isomer has a cyto-
toxic effect on rat hepatoma.””

Evidence from human clinical trials is scarce. One study
found that the administration of CLA to breast cancer patients
had some inhibitory effects on fatty acid synthesis. However,
not all the measured parameters pointed to such a correlation
and a mere number of 23 participants were enrolled, rendering
its finding questionable.”® Another study showed some ben-
eficial effects of CLA supplementation on inflammatory factors
and matrix metalloproteinase (MMP) enzymes in a small
cohort of rectal cancer patients.””

As of now, there is insufficient human trial data confirming
any therapeutic effects of CLAs on various cancers. Some
stronger correlation of CLAs with anticarcinogenic properties,
e.g., against colorectal cancer was attributed to dairy intake
where CLAs may only serve as a biomarker;”® however, another
study did not find any correlation between CLA rich dairy food
and breast cancer incidence.”

3.1.2 Conjugated linolenic acids (CLnAs). Similar to the
CLA situation, the suggested anticarcinogenic properties of
CLnAs are also largely based on animal and in vitro studies.
Dietary seed oils rich in conjugated linolenic acids (CLnAs)
from bitter melon and pomegranate, although with the major
CLnAs being isomers, were both found to inhibit colon
cancer.”>”® Cancer cell death and tumor growth inhibition
were observed for a-eleostearic acid (9Z,11E,13E-18:3)7 and
jacaric acid (8Z,10E,12Z-18:3) was found to induce leukemia
and adenocarcinoma (DLD-1) cell death.”®”® The absence of
clinical trials investigating the effects of CLnAs against cancer
development prevents the conclusion of its effectiveness. One
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human study showed that punicic acid (9Z,11E,132-18:3) could
be metabolically converted into rumenic acid (9Z,11E-18:3),
which might partially explain the mechanisms of CLnA in sup-
pressing cancer growth.*

3.1.3 Ximenynic acid. Ximenynic acid is an 18 carbon
enynic acid predominantly found in the seed oils of the
Santalaceae, Olacaceae, and Opiliaceae families. Ximenynic
acid inhibited the growth of HepG2 cells by suppressing
COX-1 gene expression.®! The health effects of ximenynic acid
are very limited, and more on its positive roles in regulating
insulin resistance and diabetes will be discussed in section
“4.1 Diabetes”.

3.2 Shift of fatty acid pathways in cancer cells

3.2.1 Isomeric 18:1(A11) as cancer cell markers. The
advent of precision lipidomics around the localization of lipid
double bond positions has contributed to the advancement of
research in various fields, including the study of cancers. In
2016, Xia’s group demonstrated the ability of an emerging
double bond derivatizing MS method to distinguish normal
and cancerous mouse breast tissues by the abundance of 18:1
(A11).*° Although the method could not show whether 18:1
(112) or 18:1(11E) was elevated in cancerous mouse breast
tissues, it prompted a wave of studies investigating the corre-
lation between isomeric lipid species and cancers. Human
breast cancer tissues were analyzed by the same research
group and showed significant differences in the concen-
trations of isomeric phospholipids containing 18:1(A9) and
18:1(A11) fatty acyl chains.®” Another group of researchers
used a different double bond derivatizing method to interro-
gate phospholipids containing 18:1(A9) and 18:1(A11) fatty
acyl chains, also from human breast cancer tissues and
human breast healthy tissues.®® Although these studies did
not result in completely consistent findings, probably due to
very small sample sizes (n < 10), some isomers, e.g. PC
18:1-18:1 had consistently higher 18:1(A11) for cancerous
tissues among the one mouse and two human breast cancer
tissue studies.*>*>*> A more comprehensive study then com-
pared human breast cancer tissues, human plasma from type-
2 diabetes patients and human lung cancer tissues to their
healthy counterparts. The study concluded that double bond
positional isomers led to the differentiation of human breast
cancer tissues and human plasma from type-2 diabetes
patients from their normal samples; when sn-isomers were
also taken into account, human lung cancer tissues could also
be screened.”

3.2.2 Sapienic acid. Sapienic acid (16:1n-10) is almost
uniquely found in human skin surface lipids. As a product of
the 6-desaturase enzyme FADS2, its biosynthesis competes
with n-6 and n-3 PUFA biosynthesis, especially y-linolenic acid
(18:3n-6) and stearidonic acid (18:4n-3).%* As predicted from
those in vitro results,® sapienic acid was detected in cancer
cells including murine hepatocellular carcinomas (HCCs), and
primary human liver and lung carcinomas, indicating that pal-
mitic acid (16:0) was outcompeting PUFAs for membrane fatty
acid biosynthesis during rapid proliferation.®® Based on this
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extraordinary finding, another research group showed that two
human prostatic adenocarcinoma cell lines of different aggres-
siveness preferentially synthesized sapienic acid.’” The
researchers found that sapienic acid and its C18 elongated
product at 6-8% and 3-6% (wt/wt of total fatty acids), respect-
ively. As a result, sapienic acid has become a spotlight in the
cancer research field, providing insights into the developmen-
tal mechanisms of cancer cells and a breakthrough point for
biomarker discovery in the prognosis of various diseases.
These high levels of fatty acids with unusual double bond posi-
tions highlight their prospect in all aspects of cancer research.
Recently, Xia’s group used the double bond derivatizing
method they developed to investigate n-10 fatty acids in
human breast cancer cells. Due to the excellent isomers resol-
ving power of their method, they unambiguously demon-
strated that sapienic acid and other n-10 fatty acids were sig-
nificantly enriched in more than a dozen aminophospholipid
species from a breast cancer cell line than a normal breast cell
line, corroborating the findings by previous researchers.®®
These studies surely open up a new line of cancer research,
serving as proof of concepts with preliminary data due to their
limited numbers of samples (n < 10).

3.2.3 Fatty acid desaturase (FADS) abnormalities in cancer
and fatty acid changes. The intriguing changes of fatty acid
composition in cancer biomasses are correlated with the
changes of activities by some genes, for example, those respon-
sible for introducing double bonds to specific locations, i.e.,
stearoyl-CoA desaturase (SCD) and fatty acid desaturase 2
(FADS2). The functionality of the FADS2 gene is deranged in
many cancers.”” In MCF7 human breast cancer cells, FADS2
activity is absent, suppressing the biosynthesis of the normal
eicosanoid precursor arachidonic acid.®® The absence of
FADS2 unmasked the synthesis of various unusual fatty acids
via the FADS1 directed pathways in vitro. In vivo, 3 of 9 human
breast tumor samples contained sciadonic acid 20:3
(52,11Z,14Z2), a fatty acid synthesized by FADS1 desaturation of
20:2n-6 and rarely found in any normal human tissues.”® With
the assistance of isomer-resolved lipidomics, ie. OzID,
Blanksby’s group found a wide range of unusual fatty acids
including n-8, n-10, and n-12 monounsaturates biosynthesized
by FADS2 in prostate cancer cell lines and tissues. These
unusual fatty acids such as 18:1n-10 could be further desatu-
rated by FADS1 mediated pathways to form 18:2n-10 by insert-
ing a A5 double bond.’*

4. Fatty acid isomerism in non-
cancerous diseases
4.1 Diabetes

The probe of diabetes lipid biomarkers has been a constant
endeavor, with isomer-resolving or double bond derivatizing
methods exhibiting great promise. OzID is one of the first
methods developed and thus its inventors investigated this
issue dating back to 2012. In the study, the researchers identi-
fied that some TAG species, especially those with n-7 and n-9
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double bond positions had significantly different relative
abundances between normal and diabetic plasma samples.’?
Xia’s group found that the ratios of C=C isomers enjoyed less
variations between individuals, and could possibly serve as a
better tool than their individual abundances. They showed
that one type of phosphatidylethanolamine, PE 16:0_18:1
could be used as a biomarker for type-2 diabetes when their
A9 and A11 isomers were resolved and quantified.®* In their
continued work, they concluded that discriminations of
plasma samples from normal and diabetic patients could be
made by analyzing a dozen C=C location isomers or, alterna-
tively, 22 sn-position isomers.**

Recently, ximenynic acid was found to be beneficial for dia-
betes by regulating the liver inflammation related interference
to the insulin signaling pathway and intestinal microbiota in
rats. Pro-inflammatory factors including IL-6, IL-18 and TNF-a,
and the JNK/NF-«B inflammatory signaling pathway were all
inhibited. While the PI3K/AKT insulin signaling pathway was
promoted by ximenynic acid rich sandalwood seed oil.***

4.2 Nonalcoholic fatty liver disease (NAFLD)

Some studies found a link between the ratios of C=C isomers
and nonalcoholic fatty liver disease (NAFLD). Specifically, the
ratios of 18:1n-9/18:1n-7 and 18:3n-3/18:3n-6 could discrimi-
nate control and NAFLD mouse liver samples.*” In contrast to
serving as biomarkers for NAFLD, another study showed the
preventive effects of 18:3n-6 against it owing to the fatty acid’s
roles in lipid metabolism and autophagy.®”

4.3 Atherosclerosis

Research into unusual fatty acid isomer roles or their relative
abundance in atherosclerosis has been mainly focused on
CLA. For reference, den Hartigh extensively reviewed this
area.’® In brief, the review analyzed the findings of various
animal studies and confirmed the positive efficacy of CLA
against atherosclerosis. In a recent publication, the same
group demonstrated the underlying mechanisms of CLA’s
atheroprotective effects, attributed to increasing high-density
lipoprotein (HDL) particle concentration, HDL anti-inflamma-
tory potential, and promoting beneficial effects on cholesterol
efflux.””

5. Eicosanoid modulation

5.1 Sciadonic acid and arachidonic acid

Sciadonic acid, or 20:3(5Z,11Z,14Z), is an unusual fatty acid
isomer of 20:3(82,11Z,14Z), which is a precursor of arachidonic
acid, 20:4(5Z,82,112,14Z). Sciadonic acid has long been known
to replace circulating arachidonic acid.’® There has been inter-
est in using sciadonic acid to modulate eicosanoid production
and thus modulate many physiological responses including
the immune system. Research has been focused on the inter-
actions between sciadonic acid and prostaglandin E, (PGE,).
Supplementation of sciadonic acid decreased the production
of a pro-inflammatory mediator, PGE,, by 4-29% in mouse
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macrophages, presumably due to the inhibition of inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2).”°
In a follow-up, the same authors corroborated their initial
findings in a murine microglial BV-2 cell model, and extended
the eicosanoid modulatory effects to two other non-methylene-
interrupted fatty acids, ie 18:3(5Z,9Z,12Z) and 20:3
(72,112,142).®° Using an epithelial cell line, some scholars
found that during pathogenic yeast infection, sciadonic acid
supplementation could inhibit the production of PGE, without
changing the production of w-3 fatty acid metabolites which
could counteract the normal inflammatory process necessary
to combat infections."**

6. Weight loss and conjugated fatty
acids
6.1 Conjugated linoleic acids

Besides anticancer effects, another research front line of CLAs
is around weight loss. Park and coworkers examined the
effects of CLAs on mice body composition, and found a
reduction in fat deposition and an increase in lipolysis in adi-
pocytes.’** Also, they tested the respective effects of common
isomeric CLAs, i.e., 9Z,11E-18:2 and 10E,122Z-18:2, and found
that only 10E,12Z-18:2 could reduce body fat in mice. The
weight loss effect was found to be linked to heparin-releasable
lipoprotein lipase (HR-LPL) activity.'®® In a continued study by
the same authors, they showed that only 10E,122-18:2 and its
alcohol form could inhibit the HR-LPL activity among a wide
range of structural variants.'®* Due to the scarcity of human
clinical trials and even fewer reporting positive outcomes, one
review by Fuke et al. did not explicitly indicate CLA’s efficacy
on human weight loss.'®> However, another review by den
Hartigh suggested a positive link between 10E,12Z-18:2 and
obesity, based on the evidence from preclinical trials and a few
clinical trials finding either fat mass reduction or weight
loss.”®

6.2 Conjugated linolenic acids

The weight-losing effects of CLnA (18:3) may share a similar
chemical and physiological mechanism with a CLA (18:2).
Calendic acid (8E,10E,122-18:3) shares the same 10E,12Z struc-
ture with 10E,12Z-18:2, with an additional ¢rans double bond
at the C8 position. Calendic acid was found to have some
weaker effects towards body fat reduction than 10E,12Z-
18:2."°° The CLnA was found to reduce perirenal and epididy-
mal adipose tissue weight to a greater extent than the CLA.*”
However, jacaric acid (8Z,10E,12Z-18:3) which also contains
the 10E,12Z structure, was found to have no effects on body fat
reduction.'®®

7. BCFAs and health

BCFAs have been found in microbial lipids at high levels a
long time ago, but are also present in other organisms includ-
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ing the nematode Caenorhabditis elegans (C. elegans) and
mammals.'” Ruminant fats, along with some seafood and
Asian fermented foods, are BCFA-rich food sources for
mammals, which have been well documented in a previous
review.''® BCFAs from the diet undergo de novo syntheses in
organisms from bacteria to mammals and exhibit diverse
health effects. Among various BCFA isomerism, the mono-
methyl BCFA (mmBCFA), especially long-chain ones, attracted
the most attention in recent decades, due to their close invol-
vements in metabolic regulation, anti-inflammation, anti-
cancer, weight control, as well as neuroprotection and cardio-
protection, as summarized in previous reviews."''™"'* Thus,
here we aim to emphasize the significance of BCFAs in two
important but not well reviewed aspects: the essential role in
C. elegans development and the special support to human skin
functions.

7.1 BCFAs are essential for C. elegans

The nematode C. elegans is a common model used in human
nutritional studies for evaluating diet-related aging and long-
evity, obesity and the molecular basis of nutrition.'** It was
found in 2004 that mmBCFA C15iso and C17iso were essen-
tial for C. elegans growth and development, since suppressing
their biosynthesis via ELO-5 and ELO-6 could arrest C. elegans
larva development, and this situation could be reversed by
giving BCFA supplements."”® Another study showed that
C17iso and its downstream metabolite glycosphingolipid
could restore the C. elegans larva development by activating
intestinal and neural mTORC1 under dietary amino acid
deficiency.''® C17iso was also found to be incorporated into
phospholipids to ensure the membrane integrity of the endo-
plasmic reticulum for lipid droplet growth in C. elegans.*'”
Besides, the existence of the branched side chain in
mmBCFA contributes to the much lower melting point com-
pared to the normal straight chain fatty acid with the same
carbon number and saturation degree, which increases the
membrane fluidity in multiple organisms. A study demon-
strated decreased membrane fluidity induced by high-glucose
stress in C. elegans, and showed that mmBCFA could rescue
C. elegans in a high-glucose environment, suggesting the criti-
cal role of mmBCFAs in adaption to elevated glucose
conditions."*®

7.2 BCFAs support human skin function

Previous research identified BCFAs in human blood, adipose
tissues, brain and skin."'>''® Notably, BCFA isomerism
showed both great richness and diversity, especially in skin,
and connective tissues including skin sebaceous glands (SGs)
and eyelid meibomian glands (MGs), as well as their secretion
products such as vernix caseosa covering the newborn skin. An
early paper established that the human skin fatty acid profile
is unique compared to that of internal organs in the desatura-
tion degree and fatty acid isomerism: more than 97.1% of
human skin fatty acids are saturated or monounsaturated; and
among them, saturated and monounsaturated BCFAs (SBCFAs
and MUBCFASs) account for 5.4% and 6.6% of total fatty acids,
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Table 1 Summarized functions of unusual fatty acid isomers
Unusual fatty acid isomers ~ Biological functions Type of study References
Conjugated linoleic acid Anticancer (breast cancer) Clinical McGowan et al.>®
(cLa) Anticancer (breast cancer) Cell lines Rakib et al.®
Anticancer (breast cancer) Animal Futakuchi et al.®!
Anticancer (colon cancer) Animal (1) Bassaganya-Riera
et al.®?
(2) Shiraishi et al.®®
Anticancer (colon cancer) Cell lines (1) Lau et al.®®
(2) Soel et al.**
Anticancer (stomach cancer) Animal (1) Chen et al.*®
(2) Ha et al.”’
Anticancer (prostate cancer) Cell lines (1) Lau et al.®®
(2) Kim et al.®®
(3) Song et al.”®
Anticancer (prostate cancer) Animal Cesano et al.®®
Anticancer (liver cancer) Animal Yamasaki et al.”*
Anticancer (rectal cancer) Clinical Mohammadzadeh
etal”?
Atheroprotective Animal Vaisar et al.””
Atheroprotective — Review by den Hartigh®®
Weight loss or fat mass reduction Animal (1) Park et al.'*
(2) Park et al.**
Weight loss or fat mass reduction — Review by den Hartigh®®
Conjugated linolenic acid  Anticancer (colon cancer) Animal (1) Kohno et al.”®
(CLnA) (2) Kohno et al.”®
Anticancer (ferroptotic cell death) Cell lines Beatty et al.”’
Anticancer (leukemia cell death) Cell lines Liu et al.”®
Anticancer (adenocarcinoma cell death) Cell lines Shinohara et al.”®
Conversion into rumenic acid Clinical Yuan et al.*®
Weight loss or fat mass reduction Animal (1) Chardigny et al.*°®
(2) Koba et al.*”
Ximenynic acid Anticancer (inhibits the growth of HepG2 cells) Cell lines Cai et al.®'
Diabetes (ameliorate insulin resistance) Animal (1) Gao et al.”?
(2) Zhang et al.®*
18:1n-7 or 18:1(A11) Biomarker for mouse breast cancer tissues Animal Ma et al.”®

Sapienic acid or 16:1n-10

18:1n-10
Sciadonic acid or 20:3
(52,11Z,142)

y-Linolenic acid or 18:3n-6
Branched chain fatty acid
(BCFA)

respectively, and accumulate mainly in wax esters (WEs) of
In particular, MUBCFAs with both double bond
and methyl side chains were detected and presumed to assist
with human sebum fluidity so as to support normal skin func-
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skin lipids.

Biomarker for human breast cancer tissues

Biomarker for human breast cancer tissues, human plasma from
type-2 diabetes patients
Biomarker for type-2 diabetes

Biomarker for nonalcoholic fatty liver disease (NAFLD)
Biomarker for mouse liver cancer, human liver cancer and lung
cancer

Biomarker for human prostatic adenocarcinoma

Biomarker for human breast cancer cells

Biomarker for prostate cancer cell lines and tissues

Biomarker for prostate cancer cell lines and tissues

Biomarker for human breast cancer

Replace circulating arachidonic acid

Eicosanoid modulation

Inhibit nonalcoholic fatty liver disease (NAFLD)
Essential role in C. elegans development

Biomarkers for acne
Biomarkers for meibomian gland dysfunction (MGD)

Intestinal health
Intestinal health

temperatures.”®

This journal is © The Royal Society of Chemistry 2024

Human tissues
Human tissues
Human plasma

Animal

Animal and human
tissues

Cell lines

Cell lines

Cell lines

Cell lines

Human tissues
Cell lines

Cell lines

Cell lines
C. elegans culture

Clinical
Clinical

Cell lines
Animal

(1) Zhang et al.®
(2) Kuo et al.?
Cao et al.”®

(1) Stahlman et al.®>
(2) Zhang et al.®
Xu et al.>®
Vriens et al.*®
Ferreri et al.®’

Lin et al.®®

Young et al.”!
Young et al.”*

Park et al.”®

Tanaka et al.®

(1) Chen et al.”®

(2) Chen et al.**®

(3) Ells et al.***
Liang et al.®®

(1) Kniazeva et al.'*®
(2) zhu et al.™*®

(3) zhang et al.''”
(4) Vieira et al.''®
Okoro et al."*°

(1) Joffre et al.**

(2) Joffre et al.**
Yan et al."*”
Ran-Ressler et al.'*®

tion, such as enhancing tolerance to extreme environmental

Several clinical studies have associated the unique skin
BCFA profile with human skin function or disease pathogen-
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esis. For example, a cross-sectional analytical study conducted
in Nigeria in 2021 observed significantly lower levels of the
anteiso-even chain BCFA with 12-18 carbons and higher levels
of the normal straight chain SFA with 15-17 carbons in the
facial sebum lipid profile of the acne group compared to the
non-acne group.'*° Another earlier study also found the oppo-
site change tendency of the BCFA and straight chain FA with
aging: the abundance of sebum WE iso-16:1 decreased from
infancy to around 20-year-old, and then increased until around
50-year-old, whereas straight chain 16:1 followed a completely
reversed course.’” A pilot study designed for applying skin
sebum lipidomics in neurodegenerative disease discovery
showed that both even chain and odd chain BCFAs in sebum
were negatively correlated with the BMIs in both healthy and
Alzheimer’s disease/Parkinson’s disease subjects.'**

Meibum is a lipid-based substance synthesized in the meibo-
mian glands of the human eyelids, excreted on to surface of the
tear film to reduce evaporation. Abnormalities in meibomian
gland function cause dry eye. A series of studies showed that
meibum BCFA from C16-C26 in both iso- and anteiso-forms
were significantly increased, while SFAs especially C16 and C18
were decreased, in meibomian gland dysfunction (MGD)
patients.””® The accumulation of BCFAs in MGD appeared to be
compensation for tear film fluidity as an adaption to tear loss."**

Vernix caseosa, or vernix in short, is secreted by newborn SG
during the 3™ trimester of gestation, covering the skin of a
full-term baby during delivery, and providing as high as 29%
of BCFAs for the fetus GI tract."”>'*® The function of vernix
BCFAs has been summarized thoroughly in previous
reviews."''® In short, vernix BCFAs exhibited the ability to
alleviate intestinal inflammation in both in vitro and in vivo
models,"*”'*® which indicated its potential in modulating a
newborn immune system, though more research is warranted
to expand this area. All the aforementioned functions of
unusual fatty acid isomers are summarized in Table 1.

8. Conclusion

Unusual fatty acid isomers can be derived from specific
human foods such as dairy, seeds, nuts and seafood. However,
research on these fatty acids is relatively limited partly due to
their similarity to their common isomeric counterparts and
the inability to differentiate them on a de novo basis. The
double bond position and methyl branch structure are key fea-
tures for fatty acids imparting their biological functions. The
interplay of advances in lipidomics and lipid functionality has
led to their co-development through technological and theore-
tical iterations. Mass spectrometric methods capable of localiz-
ing double bond positions and methyl branch positions
provide the necessary support for the functional discovery of
unusual fatty acid isomers, which represent mechanism-
related biomarkers for cancer, diabetes, nonalcoholic fatty
liver disease (NAFLD) and atherosclerosis; modulation of eico-
sanoids; effects of weight loss and fat mass reduction; the
essentiality of BCFAs to the growth of C. elegans; and BCFA'’s
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roles in the integrity and health of skin and gut. As methods
become more widely adopted, the biological effects of unusual
isomeric fatty acids will emerge, with implications for foods
and disease states. Adoption of these structure specific or equi-
valent analytical workflows will enable a new era in fatty acid
and glycerolipid biology similar to the adoption of gas
chromatography.
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