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Abstract Tracing compositional changes of fatty
acids (FAs) is frequently used as a means of moni-
toring metabolic alterations in perturbed biological
states. Given that more than half of FAs in the
mammalian lipidome are unsaturated, quantitation
of FAs at a carbon-carbon double bond (C¼C) loca-
tion level is necessary. The use of 2-acetylpiridine (2-
acpy) as the charge-tagging PB reagent led to a limit
of identification in the subnanomolar range for
mono- and polyunsaturated as well as conjugated
FAs. Conjugated free FAs of low abundance such as
FA 18:2 (n-7, n-9) and FA 18:2 (n-6, n-8) were quanti-
fied at concentrations of 0.61 ± 0.05 and 0.05 ± 0.01 mg
per 100 g in yak milk powder, respectively. This
workflow also enabled deep profiling of eight satu-
rated and 37 unsaturated total FAs across a span of
four orders of magnitude in concentration, including
ten groups of C¼C location isomers in pooled human
plasma. A pilot survey on total FAs in plasma from
patients with type 2 diabetes revealed that the rela-
tive compositions of FA 16:1 (n-10) and FA 18:1 (n-10)
were significantly elevated compared with that of
normal controls. In this work, we have developed a
workflow for global quantitation of FAs, including
C¼C location isomers, via charge-tagging Paternò-
Büchi (PB) derivatization and liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS).
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charge-tagging • 2-acetylpiridine

Fatty acids (FAs), existing either as free fatty acids
(FFA) or building blocks of complex lipids, exert
important functions such as energy source (1), mem-
brane components (2), and precursors of signaling
molecules in biological systems (3). The distribution of
different molecular species of FAs in cell is tightly
regulated to maintain normal cell function; dysregula-
tion of FA homeostasis, such as an excessive degree of
lipid saturation, impairs membrane integrity and causes
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lipotoxicity (4). In the de novo synthesis of unsaturated
FAs, several desaturases and elongases work together
and produce an array of C=C location isomers in
mammalian lipidome (5). While knowledge on the
exact functions of C=C location isomers is limited (6),
increasing evidence suggests that alterations in the
composition of C=C location isomers are highly sensi-
tive to metabolic changes in cancer and other types of
diseases (7, 8). Thus, profiling of FAs at C=C location
level is desirable for both fundamental studies and
biomedical applications where perturbed lipid meta-
bolism is of research interest.

To date, gas chromatography hyphenated with
electron ionization mass spectrometry (GC/EI-MS) is
still widely used for profiling FAs, albeit in the form of
fatty acid methyl esters (FAMEs) (9). Identification of
FAs relies on matching the retention time of GC-
separated FAMEs to those of the standards (10, 11),
which inevitably limits its utility in the discovery of
unknown FA species. FA derivatization via 4,4-
dimethyloxazoline (DMOX) or pyrrolidides improves
GC/EI-MS for the identification of C=C location;
however, they have limitations for the analysis of
polyunsaturated FAs (PUFAs) because not all C=C
related fragments are generated (12, 13). Brenna and
coworkers demonstrated coupling acetonitrile (ACN)
chemical ionization (CI) with collision-induced disso-
ciation (CID) for independent structural analysis of
unsaturated FAMEs (14, 15). The development of
electrospray ionization (ESI)-tandem mass spectrom-
etry (MS/MS) has enabled large-scale profiling of
FFAs and different classes of complex lipids either
with or without hyphenation with liquid chromatog-
raphy (16). However, the location of C=C in FAs is
typically not obtained from these approaches. Alter-
native ion activation methods, which can provide
detailed structural information, have been developed,
including charge-remote fragmentation (17, 18), ozone-
induced dissociation (OzID) (19), ultraviolet photodis-
sociation (UVPD) (20, 21), ion/ion reactions (22), etc. On
J. Lipid Res. (2021) 62 100110 1
chemistry and Molecular Biology.
s.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.jlr.2021.100110

Delta:1_given name
Delta:1_surname
mailto:xiayu@mail.tsinghua.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlr.2021.100110&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jlr.2021.100110


the other hand, the combination of functional group-
specific derivatization and MS2 CID greatly expands
the capability of detailed structural analysis of lipids
on commercial MS platforms. Notable methods
include epoxidation (23, 24), converting C=C to hy-
droperoxides via singlet oxygen (25), and the Paternò-
Büchi (PB) reaction (26). The PB-MS/MS approach has
been adopted by several groups and applied to com-
mon lipid analysis workflows, including shotgun (27),
direct analysis (28), LC-MS (29), and MS imaging (30).
Briefly, during the PB reaction, electronically excited
carbonyl compound adds on to a C=C under UV/
visible light irradiation (31), forming a four-membered
oxetane ring at moderate yield. When subjected to ion
activation (CID or UVPD (32)), the oxetane ring is
preferentially dissociated, generating C=C diagnostic
ions key to independent identification of C=C location
and quantitation of C=C location isomers from mix-
tures (27). A schematic representation of the PB reac-
tion and the diagnostic ions generated from
subsequent PB-MS/MS is shown in Fig. 1A.

Acetone PB reaction was initially demonstrated for
pinpointing C=C location in various monounsaturated
FAs (MUFAs) and PUFAs from complex mixtures
(33, 34). This method, however, showed relatively low
sensitivity due to the need to perform MS2 CID of the
lithium adduct ions of the PB products in positive ion
Fig. 1. A: Schematic presentation of the charge-tagging PB
reaction and C=C diagnostic ions formed from PB-MS2 CID.
Different orientations of the PB reagent relative to the C=C
produce two types of PB products, P1 and P2. For PB-MS2 CID
only C=C diagnostic ions are shown, one containing methyl end
(n-xfO) while the other containing carboxylic group (n-xFO). Su-
perscript n-x denotes the location of C=C counting from the
methyl terminus. Subscript “O” defines that the fragment
contains olefin functional group at the cleavage site. B: A list of
acetylpyridine derivatives tested as the charge-tagging PB re-
agents for FA analysis.
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mode. Xu et al. (35) recently showed a two-step deriva-
tization strategy to enhance the analysis of FAs, in
which the acetone PB reaction was followed by deri-
vatizing the carboxylic group with N, N-diethyl-1,2-
ethanediamine. Alternatively, Heiles and coworkers
showed that the PB derivatization and charge-tagging
could be achieved in one step by using a PB reagent
containing a functional group readily to be protonated
via ESI, such as 3-acetylpyridine (3-acpy) (36). Our
group recently demonstrated 2-acetylpyrindine
(2-acpy) as a highly efficient charge-tagging PB re-
agent for the analysis of cholesterol esters (CEs) at sub-
nM range of limit of identification (LOI) (37).

The above findings motivated us to develop a sensi-
tive and readily adaptable workflow for quantitation of
FAs at C=C location level via charge-tagging PB deriv-
atization. From eight PB reagents being screened, 2-
acpy was chosen as the best reagent considering its
commercial availability, relatively high signal
enhancement, and low LOI (0.5 nM for FA standards).
An LC-MS workflow was thus established for in-depth
quantitation of both saturated and unsaturated FAs. It
consisted of two offline derivatization steps, namely
N-[4-(aminomethyl)phenyl]pyridinium (AMPP) deriva-
tization for quantitation of FAs at fatty acyl chain level
(17) and 2-acpy derivatization for quantitation of un-
saturated FAs at C=C location level. The above work-
flow enabled quantitation of several low-abundance
C=C location isomers, such as conjugated FA 18:2 (n-7,
n-9) in yak milk powder and FA 16:1 (n-10) in pooled
human plasma. This workflow was further applied for
monitoring the change of FA profiles in plasma sam-
ples from type 2 diabetes (T2D) patients relative to
normal control.
MATERIALS AND METHODS

Lipid nomenclature
To facilitate tracing unsaturated FAs derived from the

same desaturation process but different elongation steps in
biological samples, the position of C=C in an aliphatic chain is
defined by the n-x nomenclature, counting from the methyl
terminus. For example, FA 18:2 (n-6, n-9) denotes a fatty acid
containing 18 carbons with two C=C bonds at sixth and sev-
enth and ninth and tenth carbons from the methyl terminus
of the acyl chain. The Z/E stereo-configurations of C=C
could not be assigned from PB-MS/MS and thus were not
indicated for FAs from biological samples.
Materials and chemicals
All organic solvents and reagents were purchased

commercially and used without further purification. FA
standards and AMP+ MaxSpec Kit were purchased from
Cayman Chemical (Ann Arbor, MI). Charge-tagging PB re-
agents, including 2-, 3-, and 4-acpy, 1-(5-(fluoro)pyridin-2-yl)
ethanone (5-F-2-acpy), 1-(5-(trifluoromethyl)pyridin-2-yl)etha-
none (5-CF3-2-acpy), and 2-benzoylpyridine (bzpy) were
purchased from Bidepharm (Shanghai, China). 3-Acetyl-1-



methylpyridinium (CH3-py) was purchased from Sigma-
Aldrich (St. Louis, MO). Pooled normal human plasma with
anticoagulant lithium heparin added was obtained from
Innovative Research, Inc. (Novi, MI). Plasma samples from
T2D patients and normal control were supplied by the spec-
imen bank of Dongfeng Hospital of Hubei University of
Medicine. The human studies abided by the Declaration of
Helsinki principles. All the procedures related to these sam-
ples were compliant with relevant ethical regulations
approved by the Ethical Review Board of Tsinghua University
(IRB No. 2017007). Yak milk powder was purchased from
market (Liaoyuan Dairy LTD, Gansu, China). HPLC grade
ACN, methanol (MeOH), and isopropanol (IPA) were pur-
chased from Fisher Scientific Company (Ottawa, ON,
Canada).
Lipid extraction and sample preparation
Total lipids were extracted from 50 μl human plasma with

[D4] FA 18:0 (25 nmol) added as internal standard (IS) ac-
cording to a modified Folch method (29). The plasma sample
was placed in a 10 ml-centrifuge tube containing 1 ml water,
1 ml MeOH, and 2 ml chloroform. The sample was vortexed
for 5 min and centrifuged at 12,000 rpm for 10 min. The
bottom layer was collected. The same amount of chloroform
was added and the extraction process was repeated once. The
chloroform layers were combined and dried under nitrogen
flow. The extracted lipids were then saponified in 500 μl
MeOH:15% KOH (50/50, v/v) at 37 ◦C for 30 min. The solution
was acidified with 1 M HCl (1 ml). The hydrolyzed lipids were
extracted twice with 1.5 ml isooctane each time. The organic
layer was collected, dried under nitrogen, and redissolved in
an aliquot of 500 μl MeOH for further derivatization. FFAs in
100 mg yak milk powder (with 25 nmol IS added) were
extracted using H2O/MeOH/isooctane procedure (9, 34).
Briefly, the milk sample was dissolved in a solution containing
1.25 ml Dulbecco's phosphate-buffered saline (dPBS), 1.5 ml
MeOH, and 50 μl 1 M HCl. After an addition of 2.5 ml isooc-
tane, the sample was vortexed for 5 min and centrifuged at
12,000 rpm for 10 min. After collecting the upper layer, the
extraction process was repeated once. The organic layers were
combined, dried under nitrogen gas, and redissolved in 500 μl
MeOH. FFAs in 100 μl human plasma (with 0.5 nmol IS added)
were processed following the same procedure and redissolved
in 100 μl MeOH.
AMPP derivatization
AMPP derivatization followed the procedure provided by

the vendor (AMP+ MaxSpec Kit). Lipid extracts (25 μl MeOH
solution) were dried by nitrogen flow, then dissolved in a
solution containing 10 μl 4:1 ACN/DMF, 10 μl 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (640 mM in
H2O), 5 μl N-hydroxybenzotriazole (HOBt) (20 mM in 99:1
ACN/DMF), and 15 μl AMPP (20 mM in ACN), and incubated
at 60 ◦C for 30 min. After cooling to room temperature, the
solution was added with 600 μl water. AMPP derivatized
sample was extracted twice by 600 μl methyl tert-butyl ether
(MTBE) and dried under nitrogen stream. The derivatized
sample was resuspended in 125 μl MeOH for LC-MS/MS
analysis. Because FA 16:0 and FA 18:0 are ubiquitously pre-
sent in the background, relative quantitation of FA 16:0 and
18:0 in blank samples was performed, and then they were
subtracted for relative quantitation of these two FAs in bio-
logical samples (supplemental Fig. S1).
Offline PB derivatization
The PB derivatization was performed using a home-made

flow microreactor (38). FA standards (5 μM each) or FA ex-
tracts dried from 50 μl solution and 10 mM PB reagent were
dissolved in 100 μl ACN. The solution was injected into the
flow microreactor for 10–25 s UV irradiation (∼254 nm).
About 50 μl reaction solution was collected; the excess reagent
was washed by 600 μl HCl solution (10 mM). The PB derivat-
ized sample was extracted twice by 600 μl isooctane and dried
under nitrogen flow. The PB derivatized sample was resus-
pended in 50 μl MeOH before subsequent RPLC-MS/MS an-
alyses. Because the synthetic standards for most of C=C
location isomers detected from biological samples were not
available, relative quantitation of isomer composition was
performed. First, the peak intensities of the C=C diagnostic
ions, namely n-xFO and n-xfO, were summed as ∑ In−x . Then,
the relative composition of the n-x C=C isomer was calculated
as ∑ In−x /(∑ In−x +∑ In−y +∑ In−z…), in which n-y and n-z
represented other detected C=C location isomers from the
same PB-MS2 CID spectrum. For FA 18:2 in yak milk powder,
the synthetic standards of the isomers were available; there-
fore, each isomer was quantified from the calibration curves.

LC-MS/MS analyses
Reversed-phase (RP) LC-MS/MS analyses were conducted

on a Shimadzu LC-20AD system (Kyoto, Japan) hyphenated
with an X500R QTOF mass spectrometer (Sciex, Toronto,
Canada). The injection volume was 2 μl per run. A C18 column
(150 mm × 3.0 mm, 2.7 μm, Sigma-Aldrich, MO) was used for
separation. The mobile phase A contained H2O:ACN (40:60,
v/v, added with 20 mM ammonium formate) and mobile
phase B contained IPA:ACN (40:60, v/v, added with 0.2%
HCOOH). The flow rate was set at 0.45 ml/min. The chro-
matographic gradient was as follows: 30% B at 0–0.75 min,
30%–45% B at 0.75–2 min, 45%–52% B at 2–2.5 min, 52%–58%
B at 2.5–4 min, 58%–66% B at 4–5.5 min, 66%–70% B at
5.5–7 min, 70%–75% B at 7–9 min, 75%–97% B at 9–10 min,
97% B at 10–13 min, 30% B at 13.1–15 min. The MS parameters
were optimized as follows: ESI voltage, 4500 V; curtain gas, 35
psi; interface heater temperature, 450 ◦C; nebulizing gas 1 and
gas 2, 30 psi; declustering potential, 100 V, CID energy for
MS/MS, 18–25 eV; and CID energy for MRM, 50 eV.

RESULTS

Screening charge-tagging PB reagents
A series of carbonyl compounds containing pyridine

ring were tested as charge-tagging PB reagents (struc-
tures listed in Fig. 1B). FA 18:1(n-9Z) was used as a model
compound (5 μM in ACN) while the concentration of
each PB reagent was kept in large excess (10 mM in
ACN). We found that 15 s UV irradiation was adequate
to drive the reaction to a steady state. The reaction so-
lution was then subjected to LC-MS/MS for product
analysis. Figure 2A represents a typical extracted ion
chromatogram (EIC) of the reaction products due to
one PB reagent addition to FA 18:1(n-9Z) using 2-acpy as
an example ([FA+2-acpy+H]+, m/z 404.3). Besides the
major components (76% of total peak area) eluted
around 6.3 min, there are several smaller peaks, sug-
gesting the presence of side reaction products. In the
MS2 CID spectrum of the major peaks (Fig. 2B), the
Profiling of fatty acids at double bond location level 3



Fig. 2. A: EICs of 5 μM intact FA 18:1(n-9Z) ([FA-H]−, m/z 281.3,
green trace) and 2-acpy modified FA ([FA+2-acpy+H]+, m/z
404.3, orange trace). B: PB-MS2 CID of FA 18:1(n-9Z) (m/z 404.3
eluted from 6.2 min to 6.4 min). C: PB-MS2 CID of the PB
product from 2-acpy and FA 20:4(n-6Z, n-9Z, n-12Z, n-15Z) (m/z
426.3 eluted from 4.9 min to 6.0 min).
expected C=C diagnostic ions are present, i.e., n-9fO (m/z
232.21) and n-9FO (m/z 262.18), proving that they are
derived from the PB products, P1 and P2 (generic
structures shown in Fig. 1A). MS2 CID of the peaks
eluted before the PB products (3.0–6.0 min) produced a
dominant water loss peak (m/z 386.3), while MS2 CID of
the peaks eluted later than the PB products
(8.0–8.3 min) only produced a fragment peak corre-
sponding to the protonated PB reagent (m/z 122.1).
These side reaction products are likely formed from
the competing Norrish Type II reactions, and they
share the same mass as the PB products (9, 38). The CID
spectra and possible structures of these side reaction
products are provided in supplemental Fig. S2.

The performance of each reagent for the analysis of
unsaturated FA was evaluated based on two criteria: the
enhancement of ion signal of the derivatized FA rela-
tive to intact FA in MS1 and the capability in generating
abundant C=C diagnostic ions from PB-MS2 CID.
Enhancement factor x was calculated by dividing the
EIC peak area of the PB products in positive mode (e.g.,
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for 2-acpy, the peaks eluted from 6.1 to 6.3 min, orange
trace in Fig. 2A) by that of the intact FA in negative ion
mode (the peak eluted around 8.4 min, green trace,
Fig. 2A). Among all tested reagents, 5-CF3-2-acpy,
3-acpy, 2-acpy, and 3-bzpy showed much higher signal
enhancement than the rest, with x around 90 and
moderate extent of Norrish Type II side reactions
(10%–30%) (supplemental Table S1). Regarding forming
C=C diagnostic ions, only n-xfO type of diagnostic ions
were generated from 3-acpy and 3-bzpy from PB-MS2

CID, while both n-xfO and n-xFO ions were produced
from 5-CF3-2-acpy and 2-acpy (supplemental Fig. S3).
The absence of n-xFO was found unfavorable for un-
ambiguous identification of conjugated FAs as dis-
cussed in the later section. Considering that 2-acpy is
more economic than 5-CF3-2-acpy, which was custom-
made, 2-acpy was chosen as the charge-tagging PB re-
agent for further development of the FA analysis
workflow.

Under the optimized reaction condition, i.e., 10 mM
2-acpy and 15 s of irradiation, the LOI for FA 18:1(n-9Z)
was achieved at 0.5 nM (0.3 pg for each injection) from
LC-MS/MS based on detecting the diagnostic ions three
times above the noise level (supplemental Figs. S4 and
S5). As to the analysis of PUFA, MS2 CID of [PBFA
20:4+H]+ (m/z 426.3) produced four pairs of C=C
diagnostic ions, allowing pinpointing C=C at n-6, 9, 12,
and 15, respectively (Fig. 2C). The yield of PB reaction at
different double bond position in FA 20:4 was similar
based on the EIC peak area of individual PB products
(supplemental Fig. S6). Consistent to our previous
findings, the yield of the 2-acpy PB reaction of 18:1(n-
9E) as well as the PB-MS2 CID spectrum was almost
identical to those of FA 18:1(n-9Z) (supplemental
Fig. S7). Thus, PB-MS/MS cannot distinguish the cis-
versus trans-configuration of a C=C due to fast photo-
isomerization of the C=C during the reaction (39). We
also explored MS2 CID of the charged PB products in
negative ion mode, i.e., [FA+2-acpy-H]−; however,
neutral loss of reagent was the dominant fragment
peak with little C=C diagnostic ions being formed
(supplemental Fig. S8). When a fixed-charge PB reagent
such as CH3-py was used, no C=C diagnostic ions were
observed in the MS2 CID spectrum under positive mode
(supplemental Fig. S8). The above findings suggest that
mobile proton is likely key to facilitate the cleavage of
oxetane ring and form C=C diagnostic ions.

RPLC-MS/MS workflow for relative quantitation of
FAs at C¼C location level

Nine FA standards varying in chain lengths (C14-24)
and degrees of unsaturation (1–6) were subjected to
2-acpy derivatization and subsequent RPLC-MS/MS
analysis. The retention time of 2-acpy tagged FAs
increased linearly with chain length for a given degree
of unsaturation (supplemental Fig. S9). Interestingly,
2-acpy derivatization of FAs provided improved



separation of C=C location isomers via RPLC. As shown
in Fig. 3A, B the EICs of n-xfO ions derived from PB-MS2

CID of FA 16:1(n-7Z), FA 16:1(n-9Z), and FA 16:1(n-10Z)
are almost baseline-separated. Small shoulder peaks in
Fig. 3B correspond to unresolved stereoisomers of the
PB products. As a comparison, only partial separation
of the C=C location isomers of the intact FAs ([FA-H]−,
m/z 253.2) was achieved (Fig. 3C). The order of elution
of these isomers stayed unchanged before or after
derivatization, with the isomers containing C=C closer
to the methyl terminus eluted earlier. This feature was
found useful in confirming the assignment of low
abundance isomers in mixture analysis.

The procedure for relative quantitation of C=C
location isomers was established using a set of solu-
tions containing FA 16:1(n-7Z) and FA 16:1(n-9Z) with
molar ratios ranging from 1:1 to 29:1 while the total
concentration was kept at 5 μM. Such a molar ratio
range is based on the natural distribution in mamma-
lian cells, where FA 16:1(n-7Z) is the major isomer
resulting from Δ9 desaturation of palmitic acid by
stearoyl-CoA desaturase (SCDs) (5).The summed ion
abundances of the n-xFO and n-xfO from each isomer
were calculated and the ratios of that from n-7 over n-
9 were plotted against the molar ratios of the two
isomers. Good linear relationship (R2 = 0.9938) was
Fig. 3. A: Fragmentation schemes of FA 16:1 C=C location
isomers (synthetic standards): n-7Z, n-9Z, and n-10Z; (B) EICs of
the diagnostic ions: n-7fO in yellow trace, n-9fO in red trace, and
n-10fO in blue trace. C: EICs of intact C=C location isomers ([FA
16:1-H]− at m/z 253.2).
achieved with a slope close to unity (0.9827) (black
dotted line in Fig. 4A). FA 16:1(n-10Z) is the desatura-
tion product of palmitic acid by FADS2 and its level
reflects FADS2 activity (8, 40). We thus developed a
relative quantitation procedure for FA 16:1(n-10Z) us-
ing a set of solutions containing FA 16:1(n-9Z) and FA
16:1(n-10Z). Good linearity (R2 = 0.994, slope = 0.9083)
in a wide dynamic range was also obtained for the
calibration curve (green dotted line in Fig. 4A). These
data suggest that a quick estimation of the composition
of C=C location isomers can be inferred from the
relative ion abundances of the C=C diagnostic ions for
the three isomers of FA 16:1.

Conjugated linoleic acids (CLA) are another major
type of C=C isomers of linoleic acid (LA or FA 18:2(n-
6Z, n-9Z)) found in dairy product (41). In ruminant fat,
FA 18:2(n-7E, n-9Z) occupies about 90% of total CLA,
followed by FA 18:2(n-6Z, n-8E) (42). The PB reactions
between 2-acpy with conjugated C=C demonstrated
regioselectivity, consistent to that observed from
acetone PB reactions (43). The PB products of FA
18:2(n-7E, n-9Z) consisted dominantly of P1 at n-9 and P2

at n-7; thus PB-MS2 CID generated only n-9fO (m/z
230.19) and n-7FO (m/z 288.20) (Fig. 4B, C). Similarly, PB-
MS2 CID of FA 18:2(n-6Z, n-8E) produced n-8fO (m/z
216.17) and n-6FO (m/z 302.21). As a comparison, PB-MS2

CID of FA 18:2(n-6Z, n-9Z) produced two pairs of
diagnostic ions n-6fO, n-6FO (m/z 190.16, 302.21) and n-9fO,
n-9FO (m/z 230.19, 262.18) (Fig. 4D). Therefore, distinct
fragment ions of each isomer, i.e., n-7FO (m/z 288.20) of
FA 18:2(n-7, n-9), n-8fO (m/z 216.17) of FA18:2(n-6, n-8),
and n-6fO (m/z 190.16) of FA 18:2(n-6, n-9) can be selected
for identification and quantitation. Indeed, calibration
curves were obtained with good linearity for FA
18:2(n-7, n-9)/FA 18:2(n-6, n-8) (R2 = 0.9987) and FA
18:2(n-6, n-9)/ FA 18:2(n-7, n-9) (R2 = 0.9997), respec-
tively (Fig. 4E). Because the yield of PB reaction for
CLA was lower than that of LA (supplemental Fig. S10),
the slope of the calibration curve of FA 18:2(n-6, n-9)/
FA 18:2(n-7, n-9) deviated from unity.

The yield of the PB reaction may vary from batch to
batch, and it is also affected by the chemical nature of a
C=C, such as conjugated versus isolated C=C; however,
these factors have no obvious effect on the quantitation
of isomer composition (27). We compared I(n-7FO +
n-7fO) / I(n-9FO + n-9fO) from an equal molar mixture of
the n-7 and n-9 isomers of FA 16:1 at four different
reaction time points: 5 s, 10 s, 15 s, and 20 s. Although the
reaction yields were quite different, the peak intensity
ratio showed little variation, with an average value of
0.94±0.01 from four reaction time points (supplemental
Fig. S11). The same phenomenon was observed for the
mixture of FA 18:2(n-6Z, n-9Z) and FA 18:2(n-7E, n-9Z),
in which the PB conversion of the isolated C=Cs was
about twice of that of the conjugated C=Cs
(supplemental Fig. S12).

The above relative quantitation methods allow
obtaining molar ratio composition of C=C location
Profiling of fatty acids at double bond location level 5



Fig. 4. A: Ratio plots of ion abundances of the diagnostic ions against molar ratios of corresponding C=C location isomers of FA
16:1: n-7/n-9 in black and n-9/n-10 in green. B: Fragmentation schemes of FA 18:2(n-7E, n-9Z), FA 18:2(n-6Z, n-8E), and FA 18:2(n-6Z, n-
9Z); (C) PB-MS2 CID of CLA: FA 18:2(n-7E, n-9Z); (D) PB-MS2 CID of LA: FA 18:2(n-6Z, n-9Z); (E) ratio plots of ion abundances of the
unique C=C diagnostic ions against molar ratios of the corresponding isomers of FA 18:2: FA 18:2(n-6, n-9)/FA 18:2(n-7, n-9) in orange
and FA 18:2(n-7, n-9)/FA 18:2(n-6, n-8) in blue. Error bars represent the standard deviation of the mean (N = 3).
isomers. To achieve concentration information of each
isomer, it is necessary to acquire total concentration of
the isomers. We thus performed AMPP derivatization
and used MRM transition from [AMPPFA]+ to m/z 183.1,
a characteristic AMPP fragment peak, to quantify both
saturated and unsaturated FAs at chain composition
level (17, 44). The calibration curves of FA 16:1 (n-7Z),
FA 18:1 (n-10Z), FA 18:2 (n-6Z, n-9Z), and FA 20:4 (n-6Z,
n-9Z, n-12Z, n-15Z) are provided in supplemental
Fig. S13 using [D4] FA 18:0 as the IS. Good linear rela-
tionship was obtained in a wide linear dynamic range
for different number of carbons, degree of unsatura-
tion, and C=C positions, consistent to a previous report
by Han and coworkers (17). When authentic standards
can be obtained, the concentration of each C=C isomer
can be determined by combining the two-step relative
quantitation procedure, while quantitation of satu-
rated FAs can be directly achieved from MRM of
[AMPPFA]+. Han and coauthors have demonstrated
relative quantitation of FA C=C location isomers via
multiple linear regression analysis of all fragment ions
generated fromMS2 CID of AMPP derivatized FAs (17).
As a comparison, PB-MS/MS method provides a
simpler means for relative quantitation of isomers,
especially when the synthetic standards are not avail-
able for performing multiple linear regression
analysis.
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Profiling FFAs at C¼C location level in yak milk
powder

Dairy products are important component of the
Western diet, and they contain diverse distribution of
FAs, which are frequent subjects of study for health
effects (45). We applied the developed workflow for the
analysis of FFA in yak milk powder. A total of 33 FFAs
were profiled at sum composition level; they consisted
of medium-chain (carbon number: 7–12), long-chain
(carbon number: 13–21), and very-long-chain FAs (car-
bon number >21) with up to 6 C=C bonds (Fig. 5A). FA
18:1, FA 16:0, FA 18:0, FA 18:2, and FA 14:0 were detected
as the more abundant FFAs, while unsaturated FFAs of
odd-carbon number chain, such as FA 15:1, FA 17:1, and
FA 19:1, were detected at 2–3 orders of magnitude lower
relative abundances than that of FA 16:0. The corre-
sponding data set is provided in supplemental Table S2,
including retention time and the m/z of precursor ions
in MRM transitions. Biosynthesis in rumen microbiome
is believed as the source of FAs of odd-carbon number
chain as well as conjugated C=C bonds (41). From PB-
MS/MS analysis, FA 15:1 was identified as FA 15:1(n-6)
(supplemental Table S3). For FA 17:1 and FA 19:1, the n-8
(81%) and n-10 (84%) isomers were the major compo-
nents, respectively (Fig. 5B). FA 18:2(n-6, n-9) was iden-
tified as the dominating isomer of FA 18:2; however,
two conjugated isomers, FA 18:2(n-7, n-9) (27%) and FA



Fig. 5. A: Relative quantitation of FFAs at sum composition level in yak milk powder. B: Relative compositions (%) of C=C location
isomers in eight groups of FAs. Error bars represent standard deviation of the mean (N = 3). C: Quantitation of three C=C location
isomers of FA 18:2 in yak milk powder. Numbers in parenthesis represent the concentration of each isomer in units of mg per 100 g
yak milk powder.
18:2(n-6, n-8) (2%), were also detected (Fig. 5C, PB-MS2

CID spectrum shown in supplemental Fig. S14). The
concentrations of FA 18:2(n-6, n-9), FA 18:2(n-7, n-9), and
FA 18:2(n-6, n-8) were quantified to be 1.68 ± 0.08, 0.61 ±
0.05, and 0.05 ± 0.01 mg per 100 g yak milk powder,
respectively. In total, 32 unsaturated FAs with C=C
position information and 14 saturated FAs were detec-
ted in yak milk powder. Compared with the identified
species by GC-MS analysis (46), nearly twice as many
unsaturated FAs with detailed C=C location informa-
tion were identified in this work. The increased anno-
tation capability is attributed to the sensitive and
independent identification of minor C=C location iso-
mers via PB-MS/MS.

Profiling FAs at C¼C location level in human
plasma

The above workflow was applied for the analysis of
total FAs in pooled human plasma. Relative quantita-
tion of eight saturated FAs and eighteen unsaturated
FAs was achieved at sum composition level based on
MRM of AMPP derivatized FAs (Fig. 6A). The corre-
sponding data set is provided in supplemental
Table S4, including retention time and the m/z of
precursor ions in MRM transitions. FA 18:1, FA 18:0,
and FA 18:2 were the most abundant FA, MUFA, and
PUFA, respectively. Offline derivatization by 2-acpy
and subsequent RPLC-MS2 CID led to the determina-
tion of 37 unsaturated FAs with confident assignment
on C=C location. A full list of the identified FAs is
documented in the supplemental Table S5. Among
these, ten groups of C=C location isomers were iden-
tified and quantified for relative composition,
including FA 14:1, FA 16:1, FA 18:1, FA 18:3, FA 20:1, FA
22:1, FA 22:5, and FA 24:5 (Fig. 6B). The major C=C
location isomers in the MUFAs are either directly or
indirectly generated from the SCD family (Δ9 desa-
turase). For instance, FA 16:1(n-7) and FA 18:1(n-9) can
be de novo synthesized from palmitic acid and stearic
acid by the SCD (Δ9 desaturase) in mammalian cell,
respectively (5). FA 16:1(n-7) is the precursor of the n-7
isomer family, i.e., FA 18:1(n-7) and FA 20:1(n-7), while
FA 18:1(n-9) is the precursor of other n-9 isomers
containing 20–24 carbons in mammalian cells (5). The
nonconical process of SCD can also produce FA 14:1(n-
5), elongation of which forms FA 16:1(n-5). FA 16:1(n-9)
was recently discovered to be formed via β-oxidation
of FA 18:1(n-9) in monocytes (47). FA 16:1(n-10) should
result from desaturation of FA 16:0 by FADS2(Δ6

desaturase) (48); its elongation product is FA 18:1(n-10)
(47). The relative composition of isomers should pro-
vide insights into the activation or deactivation of
corresponding pathways.

Because of the lack of synthetic standards for several
C=C location isomers detected in human plasma, only
relative composition is reported here. Four C=C loca-
tion isomers of FA 16:1 were analyzed for their relative
compositions (Fig. 6C and supplemental Fig. S15). The
most abundant isomer was FA 16:1(n-7), accounting for
83.9 ± 0.6%, followed by n-9 isomer (9.9 ± 0.1%), n-5 (3.7
± 0.1%), and n-10 (2.4 ± 0.6%). For FA 18:1, FA 18:1(n-9)
dominated (89.4 ± 0.1%), while the n-7 and the n-10
Profiling of fatty acids at double bond location level 7



Fig. 6. A: Relative quantitation of total FAs at sum composition level in pooled human plasma. B: Relative composition (%) of C=C
location isomers in eight groups of FAs. Error bars represent standard deviation of the mean (N = 3). C: Relative composition (%) of
C=C location isomers of FA 16:1 in pooled human plasma.
isomer contributed 10.1 ± 0.1%, and 0.5 ± 0.1%, respec-
tively. A full list of relative compositions of C=C loca-
tion isomers is placed in supplemental Table S5.

The FFAs in pooled human plasma were analyzed
following the same procedure. The summed concen-
tration of FFAs was about one-tenth of the total FAs.
Due to this reason, 23 FFAs were detected at sum
composition level, less than the number detected for
total FAs (30 species). However, the profile of FFAs was
very similar to that of the total FAs, with FA 18:1 being
the most abundant species, followed by FA 16:0
(supplemental Fig. S16). Twenty-eight unsaturated FFAs
were identified at the C=C location level with relative
isomer quantitation achieved for seven groups of iso-
mers (supplemental Table S6). Several low-abundance
isomers, which were detected from total FAs, such as
FA 20:1 (n-10) and FA 22:5 (n-6), were not detected above
noise level. The relative composition of C=C location
isomers in each FA group, however, did not show big
differences between FFA and total FA. For instance,
the n-7 isomer contributed to 86.7 ± 0.2% and 83.9 ±
0.6% in the free form and esterified form of FA 16:1,
respectively. The relative composition of the n-3 isomer
of FA 18:3 was found higher in the free form (88.7 ±
0.1%) than that from the esterified one (77% ± 1%).
Compared with a previous GC-MS report (11), the
established workflow shows an advantage of detecting
minor isomers (∼1% relative composition) such as FA
16:1(n-10) and FA 18:1(n-10) and PUFAs with very long
chains (24 carbons).
8 J. Lipid Res. (2021) 62 100110
Previous studies have attempted to link the change of
both FFAs and total FAs with T2D diagnosis and ther-
apy (49). The alteration of total FA profile at sum
composition level was observed among hundreds of
control, prediabetes, and diabetes sample (50). However,
plasma lipids are often subjected to large concentration
fluctuations due to diet and lifestyle (50), making it
difficult for the discovery of plasma lipid markers. In
previous studies, we found that the relative composi-
tions of C=C location isomers were much less affected
by interpersonal variations and the relative ratios of
C18:1 n-9/n-7 isomers from several PC, PE, and PI
molecules exhibited significant differences between
control and T2D samples (29, 51). In this work, we
compared the compositional changes of C=C location
isomers of total FAs in human plasma between T2D
patients (n = 6) and normal control (n = 6). From the
MRM analysis, FA 16:0, FA 17:1, and FA 18:0 showed
significant decreases in relative abundances in T2D
relative to normal control (supplemental Fig. S17, two-
tailed t test, *P < 0.05). This trend deviated from a
large cohort study (50) and reflected that the profiles of
plasma lipids were highly heterogeneous regarding to
the samples used. Interestingly, although no significant
change in relative abundances was found for FA 16:1
and FA 18:1 (Fig. 7A, B), the relative compositions of the
n-10 isomers were significantly higher in T2D patients
than that of normal control (two-tailed t test, **P < 0.01,
***P < 0.001, Fig. 7C, D). Except for the n-10 isomers,
there was no obvious trend in the relative



Fig. 7. Analysis of total FAs in human plasma samples,
normal control (N, n = 6) versus T2D (n = 6). Relative quan-
titation of (A) FA 16:1 and (B) FA 18:1 at sum composition level.
Relative composition (%) of n-10 C=C location isomers in (C)
FA 16:1 and (D) FA 18:1. Statistical difference between the two
groups was evaluated using the two-tailed student's t test
(**P < 0.01, ***P < 0.001). Error bars represent standard devi-
ation of the mean (n = 6).
compositional changes of the n-7 or n-9 isomers. As to
PUFAs such as FA 18:3 and FA 22:5, the relative com-
positions of n-3 or n-6 isomer showed no significant
change neither. Considering that the n-10 isomer is a
characteristic metabolite of FADS2, further studies are
needed to unravel the relationship between FADS2
activity and T2D.

DISCUSSION

In this work we have developed a sensitive workflow
for global quantitation of FA at the double bond
location level via an integration of two charge-
derivatization steps, efficient RPLC separation, and
structurally informative MS2 CID. This workflow shows
good tolerance to different matrixes, as demonstrated
by deep structural annotation and relative quantitation
of C=C location isomers from yak milk powder and
human plasma. A total of 46 (32 unsaturated) FFAs
from yak milk powder, 34 (28 unsaturated) FFAs, and
45 (37 unsaturated) total FAs from human plasma were
identified. Relative quantitation of C=C location iso-
mers was achieved for MUFAs (FA 14:1, 16:1, 17:1, 18:1,
19:1, 20:1, 22:1), PUFAs (FA18:3, 22:5, 24:5), and conjugated
FAs (FA 18:2(n-7, n-9) and FA 18:2(n-6, n-8)). Profiling
total FAs in plasma of T2D patients showed that the
relative compositions of the n-10 isomers of FA 16:1 and
FA 18:1 increased significantly relative to normal con-
trol. This information provides new insight into linking
FADS2 activity with T2D, which cannot be obtained
without performing quantitation at C=C location level.
Regarding the analytical performance, the developed
method shows advantages in identifying unknown FAs
where the synthetic standards are not available and
detecting minor C=C location isomers as compared
with GC-MS methods. Our method offers LOI in sub-
nM or sub-pg range for synthetic standards, which is
at least 10 times more sensitive than those reported
from GC-MS (52), OzID (19), UVPD (53), or epoxidation
followed by LC-MS/MS (54). This high sensitivity en-
ables relative quantitation of low-abundance C=C
location isomers, such as the n-5 (3.7 ± 0.1%) and n-10
(2.4 ± 0.6%) isomers of FA 16:1 besides the commonly
reported n-7 (83.9 ± 0.6%) and n-9 (9.9 ± 0.1%) isomers in
pooled human plasma. However, the developed method
cannot differentiate methyl branched FAs from the
straight-chain FAs as demonstrated by GC-MS (14) and
UVPD (53). Although the use of two RPLC-MS/MS runs
takes about 30 min analysis time for each sample, it
significantly reduces chemical interferences, thus
enabling confident identification and relative quanti-
tation of FAs of low abundances. The dual-
derivatization strategy should be readily adapted for
shotgun lipid analysis workflow to further improve the
speed of analysis. Overall, the developed FA analysis
workflow may serve as a powerful tool for deep
profiling of FAs in both fundamental and clinical
studies.
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