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Abstract

The Lipid Metabolites and Pathway Strategy (LIPID MAPS) Consortium is a nationwide initiative
that has taken on the task of employing lipidomics to advance our understanding of lipid metabolism
at the molecular and mechanistic level in living organisms. An important step toward this goal is to
craft enabling analytical procedures to comprehensively measure all lipid species, to establish the
precise structural identity of the lipid molecules analyzed and to generate accurate quantitative
information. The LIPID MAPS Consortium has succeeded in the implementation of a complete
infrastructure that now provides the tools for the analysis of the global lipidome in cultured and
primary cells. Here we illustrate the advancement of a gas chromatography mass spectrometry (GC/
MS) procedure for the analysis of essential fatty acids in RAW 264.7 cells. Our method allows for
the specific identification and quantification of over thirty fatty acids present in cells in their free
form in a single analytical GC/MS run. Free fatty acids are selectively extracted in the presence of
deuterated internal standards that permit subsequent estimation of extraction efficiencies and
quantification with high accuracy. Mass spectrometer conditions were optimized for single ion
monitoring, which provides an extremely sensitive technology to measure fatty acids from biological
samples in trace amounts. These methods will be presented in the context of our broader effort to
analyze all fatty acids as well as their metabolites in inflammatory cells.

Introduction

There is an increasing appreciation of the essential roles of lipids in cellular metabolism and
signaling that has replaced the notion that lipids only function as an energy reservoir or
structural components for cells. As an integral building block of semi-permeable membranes,
lipids not only form barriers between cells and extracellular space and between intracellular
organelle compartments but they also affect directly the physical and functional properties of
membranes [1]. Lipids adjust membrane fluidity, support diverse cellular processes and furnish
the physical properties required for rapid membrane fission and fusion during vesicular
transport between compartments of the exocytic and endocytic pathways. Specialized lipids
serve as pigments, cofactors and detergents. As hormones and cellular messengers, lipids are
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involved also in many intracellular and intercellular signaling processes. An array of enzymes
including phospholipases, kinases and cyclooxygenases can act upon cellular lipids to produce
secondary messengers and bioactive metabolites that target the same cell in an autocrine
fashion or serve as a matrix for intercellular communication [2-4]. Generally, lipids are not
static but change dynamically during normal metabolism or in response to cellular stimuli.
Lipids turn over and are biosynthetically remodeled during cell cycle or undergo chemical
restructuring to new lipid species with altered properties that serve as bioactive mediators in
various signaling pathways. The rapid dynamic adds to the complexity of lipid metabolism.
Attempts to produce practical model systems integrating the pathways of all lipids and lipid
metabolites into a cellular metabolic network require a series of temporal snapshots of the
global lipidome. However, a comprehensive analysis of all cellular lipids has been challenging
due to their chemical and physical diversity as well as absence of reliable methods to extract
all the lipid species from biological samples. Furthermore, well characterized standards are
required to determine the structural identity and to establish quantitatively the amount of each
lipid species. The LIPID MAPS Consortium (www.lipidmaps.org) has addressed these issues
and has developed the infrastructure to carry out a systematic analysis of all cellular lipids
[5]. Systems biology approaches employed by the LIPID MAPS Consortium are designed to
quantify temporal and spatial changes in lipids during cell metabolism under normal and
pathophysiological conditions of inflammation and to integrate the lipids and metabolites into
a dynamic cellular network [6]. In this report, we will focus on the analysis of free fatty acid
profiles in macrophages.

Fatty acids represent an elemental class of lipids that are components of all membrane lipids
except the sterols, but even they exist also as cholesterol esters. They are integral to membrane
structure and represent an important determinant of membrane fluidity and function [7,8]. Acyl
chains determine the activities of membrane associated enzymes as well as receptors and
influence transport, endocytosis and exocytosis [9]. Fatty acids are also a major source of
energy and are efficient forms of energy storage in the mammalian organism. More recently,
fatty acids have been implicated in the pathology of various disorders including diabetes [10,
11], cystic fibrosis [12,13], asthma [14], allergy [15], cancer [16,17] and atherosclerosis [18].
Fatty acids also play an important role in innate immunity. It is now well established that the
endotoxic activity of lipopolysaccharide (LPS) from Gram-negative bacteria resides within the
O-acylated saturated fatty acids of the Lipid A moiety [19]. These acylated fatty acids are
critical to ligand recognition and activation of toll-like receptors (TLRS) on macrophages.
Moreover, previous studies demonstrated that saturated fatty acids in their free form directly
activate TLR4 while polyunsaturated fatty acids inhibit the immune response to LPS [20].
Given this wide physiological activity, enormous efforts are dedicated to develop
methodologies to reliably assess fatty acid composition and metabolism in biological tissues.

Fatty acids show large diversity in structure and physical properties ranging from relatively
simple long-chain saturated structures to more complex unsaturated, cyclic or branched
configurations. Functional oxygen substituents derived from biochemical oxidation of
polyunsaturated fatty acids such as hydroxyl, peroxide, epoxy or keto groups add further to the
heterogeneity. Historically, gas chromatography (GC) is the method of choice to separate this
composite mixture of fatty acids [21]. Many of the early analytical attempts used flame
ionization detector methods. The subsequent coupling of GC with mass spectroscopy (MS)
increased sensitivity and additionally provided structural information [22,23]. The
combination of GC/MS has become a prominent analytical technique to address structural
issues associated with fatty acids such as the number and position of double bonds, branching
sites, and the type and position of functional groups. For GC analysis, fatty acids must be
derivatized to alkyl derivatives to increase volatility. The derivatization procedure has the
potential to introduce unwanted oxidation or isomerization of some fatty acids. To prevent
such changes and to streamline sample preparation, liquid chromatography (LC) protocols

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2009 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quehenberger et al.

Page 3

were developed for the separation of free fatty acids in their non-derivatized form. Initially,
these procedures were coupled to UV-detectors. However, a major difficulty arose in the
quantitation of non-derivatized fatty acids due to the absence of chromophores that facilitate
their detection by UV absorption with reasonable sensitivity. This limitation severely restricts
the application and this methodology is not useful for the analysis of trace levels of fatty acids
in many biological, biomedical, food and environmental samples. Derivatization with suitable
chromophores improved the detection sensitivity but complicated sample preparation [24].
Recent advances in ionization techniques such as electrospray ionization and atmospheric
pressure chemical ionization establishes MS as an attractive option to facilitate fatty acid
analysis without derivatization. MS detection resolves the issue of detection sensitivity and
LC/MS has been employed for the analysis of free fatty acids without pre-column derivatization
[25,26]. These LC/MS methodologies provide a cost effective alternative to GC/MS and have
been used predominantly for the analysis of selected fatty acids in food samples. Similarly,
non-derivatization strategies are also used for structural studies of individual fatty acids but
are presently not in use to establish complete fatty acid profiles in biological samples.

As part of the LIPID MAPS Consortium, we developed a GC/MS method for the separation,
identification and quantitation of essential fatty acids in cultures of macrophages. The majority
of fatty acid in these cells exists as esters or amides in lipids. However, a small but significant
portion of the total fatty acids are present in pools of non-esterified or free fatty acids. Free
fatty acids, and in particular free arachidonic acid, have received enormous attention due to
the important roles as precursors of lipid-derived mediators in disease and inflammation [27].
Recently, we have developed comprehensive procedures to lipidomics analysis of eicosanoids,
including their numerous metabolites derived from an array of cyclooxygenases,
lipoxygenases, cytochrome P450 and non-enzymatic oxidation [28-30]. We used a similar
approach to monitor complete free fatty acid profiles in macrophages. We developed a stable
isotope dilution GC/MS method able to detect over thirty saturated and unsaturated fatty acids
in the macrophage in a single run. The methodology employs a rapid extraction procedure of
free fatty acids from cell cultures followed by a short derivatization step. We found that the
extraction was complete and validated the methodology with a detection limit in the fmol to
sub-fmol range. We used cultures of macrophages as a model system but the technique is
adaptable to other tissues.

Materials and Methods

Cell preparation and fatty acid extraction

RAW 264.7 macrophages were grown to 80% confluency in high glucose DMEM without
phenol red (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Hyclone,
Thermo Fisher Scientific, Waltham, MA) and 100 units/ml penicillin and 100 pg/mi
streptomycin (Invitrogen). The cells were maintained at 37 °C in a humidified 5% COo/air
environment. The cells were harvested by scraping into PBS and counted. For normalization
purpose, cellular DNA content was determined using the Quant-iT DNA assay kit according
to the manufacturer (Invitrogen). About 0.5x10° cells in a total volume of 250 pl PBS are used
for fatty acid analysis. To the cell suspension, 100 ul of a complete set of deuterated internal
standards containing each standard at 25 ng/100 pl ethanol was added. All solvents for
subsequent extraction and analysis were of highest purity and purchased from EMD Chemicals,
Inc. (Gibbstown, NJ) or Fisher Scientific (Pittsburgh, PA). For extraction of free fatty acids,
500 pl of methanol and 25 ul of 1 N HCI were added and a bi-phasic solution was formed by
addition of 1.5 ml of isooctane. This solution was vortexed for 30 sec and the phases were
separated by centrifugation at 3000 rpm for 2 min. The upper isooctane phase was removed
and the extraction was repeated once with an additional 1.5 ml of isooctane. The combined
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isooctane layers were evaporated to dryness (10 min, room temperature) using a vacuum
evaporator.

Fatty acid derivatization

The free fatty acids were analyzed as their pentafluorobenzyl (PFB) bromide derivatives in
negative ionization mode [31]. The extracted free fatty acids were taken up in 25 pl of 1%
diisopropylethylamine in acetonitrile and derivatized with 25 pul 1% PFB bromide (Sigma-
Aldrich, St. Louis, MO) in acetonitrile at room temperature for 20 min in capped glass tubes.
The solvent was removed by vacuum evaporator, the residue was dissolved in 50 ul isooctane
and 1 pl of the PFB esters was analyzed by GC electron capture MS (GC/EC/MS).

Internal standards and preparation of fatty acid standard curves

Fatty acid quantitation was achieved by the stable isotope dilution method. Two series of
standards were prepared from stocks of deuterated and unlabeled fatty acids. First, for each
fatty acid a deuterated analog was selected and purchased either from Cayman Chemical Co.
(Ann Arbor, MI), from CDN Isotopes Inc. (Pointe-Claire, Canada), or from Cambridge Isotope
Laboratories Inc. (Andover, MA). In some cases when a deuterated fatty acid was not
commercially available, we employed the deuterated analog with the closest chemical
characteristics. Presently, we use 15 deuterated standards to quantitate 31 fatty acids (a list of
the deuterated standards is given in Table 1). A stock is made in ethanol that contains each
deuterated standard fatty acid at 0.25 ng/ul. All samples and primary standards are spiked with
100 pl of the mixture (25 ng of each deuterated standard fatty acid). Second, standard curves
were prepared from dilution of stock solutions of unlabeled primary standards at exact
concentrations. The diluted sets of primary standards contained 31 fatty acids in the range of
0.15-500 ng to which 100 pl (25 ng/standard) of the internal standard mixture was added (Table
1). The PFB derivatives were prepared as described above. A standard curve was generated by
linear regression analysis of the ratio between primary standard peak area and internal standard
peak area plotted versus the amount of primary standard. Figure 2 shows an example of typical
standard curves. The fatty acid content in the biological sample was calculated from the
standard curve using the ratio between analyte peak area and internal standard peak area.

GC/MC analysis

GC/MC analysis was carried out on an Agilent 6890N gas chromatograph equipped with an
Agilent 7683 autosampler (Santa Clara CA). The fatty acid esters dissolved in 50 ul isooctance
were injected (1 pl) with a pulsed (25 psi) splitless injection mode onto a Zebron ZB-1 column
(15 m x 0.25 mm i.d., coated with 50 um 100% dimethylpolysiloxane; Phenomenex, Torrance,
CA). Helium (0.9 ml/min was used as a carrier gas. The GC oven temperature was programmed
from 150°C to 270°C at 10°C/min, ramped to 240°C at 40°C/min and held at 240°C for 1 min.
The injector and transfer line were kept at 250°C and 280°C respectively. Quantitative analysis
of fatty acids were performed using an Agilent 5973 mass selective detector. Methane (99.99%)
was used as the ionization gas with a source temperature of 150°C. Data were acquired in the
selected ion monitoring (SIM) mode, monitoring the [M-H]™ anions of the fatty acids. Selected
masses were arranged into 8 SIM groups according to elution times. The group assignments
and ion masses used for SIM are reported in Table 1.

Results and Discussion

Method optimization

Our predominant goal was to establish a procedure that maximizes the number of analytes that
can be accurately and precisely monitored in a single run. To achieve this, we first optimized
the chromatographic procedure and enhanced the resolution. A representative chromatographic
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separation of long chain saturated and unsaturated fatty acids (<C12) included in our routine
reference mixture is shown in Figure 1. The data show that a temperature gradient was
developed that achieves high peak resolution and peak capacity. All regio-isomers are well
separated, facilitating accurate peak alignment, identification and quantitation of each fatty
acid. Due to the large number of analytes (31 unlabeled and 15 deuterated fatty acids) that were
monitored inasingle run, data acquisition was divided into eight SIM groups based on retention
times. In each group, individual ion optics and SIM tuning parameters (10 ms dwell times)
were optimized to enhance specificity and sensitivity (Table 1). By fine tuning the
chromatographic method, MS parameters and group assignment of ions, we were able to
selectively monitor and distinguish all fatty acid species.

The linearity of the instrumental response was established with our composite standard solution
using the derivatization procedure described above. Calibration curves were established and
the slope, intercept and correlation coefficient were calculated (Figure 2). The instrumental
response was linear for all fatty acids over a range of 0.003 ng to 10 ng injected (Table 1).

Limit of detection

The limits of detection (LOD) were determined for each of the fatty acids by multiple analysis
(n=3) of dilutions of our composite reference mixture of 31 fatty acids and are summarized in
Table 1. They were calculated from the chromatograms of dilutions of the standard mixture
and defined by the signal to noise ratio S/N>3. The LOD for most fatty acids ranged from 0.1
pg to 1.0 pg. Only docosatrienoic acid showed an LOD that was higher. The variation in LOD
was due to differences in the ionization efficiency and sensitivity of the ions of the various
fatty acids. In general, a higher sensitivity was observed for shorter chain fatty acids. The LODs
achieved with our method is about one order of magnitude higher than was recently reported
for trimethylaminoethyl derivatives of fatty acids using LC/MS [32]. Our sensitivity is
comparable to the one documented previously for PFB derivatives of fatty acids using GC/MC
in the negative ion mode [31]. However, that study optimized instrument settings for sensitivity
targeting a single specific fatty acid. Such a setting is technically not practical for the purpose
of generating fatty acid profiles and simultaneous quantitation of a large number of fatty acids.
We, therefore, balanced our method to achieve high peak capacity while preserving sensitivity.

Analytical precision

The precision of the procedure was determined using designated calibration controls consisting
of a mixture of composite unlabeled standards and deuterated internal standards. The intra-day
precision was measured by repeating three independent tests on the same day and the inter-
day precision was established on three different days. The precision assays were carried out
with 5 ng of all 31 fatty acids using routine sample preparation procedures. The ratio of peak
areas between specific analyte and corresponding internal standard was used for computing
the relative standard deviation (RSD) for each triplicate analysis. As shown in Table 1, the
analytical precision for the various fatty acids expressed as the RSD ranged from 4% to 14%
for the intra-day and 7% to 17% for the inter-day replicates.

Application of the method to biological samples

The developed method was applied to establish a complete free fatty acid profile of RAW 264.7
cells, an established murine macrophage cell line. Shown in Figure 3 is a representative
chromatogram of free fatty acids detected as their [M-H]" ions. Even though not all fatty acids
were completely baseline resolved on the capillary column, they were distinguished by MS
based on the difference in m/z. The SIM group assignment and SIM parameters were optimized
to assure complete discrimination from other fatty acid ions that co-elute or have similar
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retention times (Table 1). This procedure yields not only complete fatty acid profiles but it also
produces reliable quantitative data of all major and trace free fatty acids. To assure accurate
peak identity and precise quantitative evaluation, a set of standards was always run before and
after the unknown sample. We analyzed three independent cultures of RAW macrophages and
identified thirty one fatty acids present in their free form (Table 2). The major free fatty acids
were palmitic acid, stearic acid and oleic acid. Together they comprise over 83% of all fatty
acids. Free myristic acid, linoleic acid and arachidonic acid were present at 3%, 2% and 2%
respectively. Other free fatty acids were detectable in trace amounts.

Conclusions

Macrophages play an essential role in many facets of immunity. They are integral to innate
immunity but they also represent an important cellular switch to activate adaptive immune
responses [33]. Ligation of surface receptors including TLRs induces a signaling program that
culminates in the transcription and activation of immune response genes [34]. Saturated fatty
acids have been shown to be potent activator of TLR4, while polyunsaturated fatty acid
neutralize the endotoxic effects of bacterial lipopolysaccharides [20]. The important role of
fatty acids at the interface between lipid metabolism and inflammation prompted us to establish
a comprehensive GC/MS procedure that is suitable for complete fatty acid profiling in
macrophages. Analysis of fatty acids with GC/MS has become routine and a number of
procedures are available. Our procedure takes into account the requirement of establishing
complete fatty acid profiles and providing quantitative data of all fatty acids. We have improved
the resolution to such an extent that we can detect over thirty fatty acids (31 endogenous fatty
acids and 15 internal controls) in a single run. We have extended the dynamic linear range so
we can accurately measure all major and minor fatty acids at physiological concentrations. Our
sensitivity allows the detection of trace amounts of fatty acids. This makes this protocol
ultimately suitable not only for profiling but also for precise quantification of fatty acids. The
relative short GC running time and streamlined extraction procedure make this protocol also
applicable for high throughput screening. We initially developed the method for the analysis
of free fatty acids in macrophages, however, it is readily adaptable to other cells and tissues.
With the appropriate modifications of the extraction procedure and with an additional
saponification step, the method can be expanded from free fatty acids to the analysis of total
cellular fatty acids as well. This versatility makes this protocol widely applicable.
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Figure 1.

GC/MS chromatogram of a mixture of fatty acid-PBF derivative standards with negative
chemical ionization and SIM detection. Shown is a composite chromatogram of all SIM groups.
The fatty acids are referenced in the following order: (1), 12:0; (2), 14:0; (3), 15:0; (4), 16:1;
(5), 16:0; (6), 17:1; (7), 17:0; (8), 018:3; (9), 18:4; (10), v18:3; (11), 18:2; (12), 18:1; (13),
18:0; (14), 20:4; (15), 20:5; (16), 11,14,17-20:3; (17), bishomo-20:3; (18), 20:2; (19),
5,8,11-20:3; (20), 20:0; (21), 22:6; (22), 22:4; (23), 22:5; (24), 22:2; (25), 22:3; (26), 22:1;
(27), 22:0; (28), 23:0; (29), 24:1; (30), 24:0, (31), 26:0.
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H20:4/P20:4 ratio

Figure 2.
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Representative fatty acid calibration curve of saturated and unsaturated fatty acids. Fatty acid
standard curves were prepared for each fatty acid by injection of 1 ul of calibration standard
mixture containing 0.15 ng to 500 ng of each fatty acid (0.003 ng/ul to 10 ng/pul). For regression
analysis, the ratio of unlabeled fatty acid/deuterated fatty acid (H18:0/P18:0, H20:4/P20:4) was
calculated as described under “Materials and Methods” and plotted against the absolute amount
of unlabeled fatty acid (H18:0, H20:4) in the standard mixture. Inset shows part of the calibration
curve at low analyte concentration range. Linear regression parameters were computed and
used for quantitative analyses of endogenous fatty acids.
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Figure 3.

GC/MS chromatogram of cellular free fatty acids extracted from RAW macrophages. The fatty
acids were extracted, derivatized and analyzed as described under “Materials and Methods™.
No internal standard was added to this representative sample to clearly illustrate the profile of
endogenous free fatty acids. For quantification, a mixture of deuterated internal standards was
added to the sample prior to the extraction step. The free fatty acid content in the biological
sample was calculated from the standard curve using the ratio between analyte peak area and
corresponding internal standard peak area. The fatty acids in the chromatogram are referenced
as described under Figure 1.
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