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Abstract Conjugated linoleic acids (CLA) are dietary fatty
acids. Whereas cis-9,trans-11-(c9,t11)-CLA can be found in
meat and dairy products, trans-9,trans-11-(t9,t11)-CLA is a
constituent of vegetable oils. Previous studies showed that
these two isomers activate different nuclear receptors and,
thus, expression of genes related to lipid metabolism. Here
we show that these CLA isomers are differentially elongated
and desaturated in primary monocyte-derived macrophages
isolated from healthy volunteers by using gas chromatography-
mass spectrometry (GC-MS). We further demonstrate that
¢9,t11-CLA incorporates in phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) species and activates de
novo glycerophospholipid synthesis by quantitative electro-
spray ionization-tandem mass spectrometry (ESI-MS/MS).
¢9,t11-CLA leads to strong shifts of the species profiles to
PC 18:2/18:2 and PE 18:2/18:2, which are due to de novo
synthesis and fatty acid remodeling. In contrast, t9,t11-
CLA is preferentially bound to neutral lipids, including tri-
glycerides and cholesterol esters.ll Taken together our
results show that ¢9,{11-CLA and ¢9,t11-CLA have differen-
tial effects on PC and PE metabolism. Moreover, these data
demonstrate that the structure of fatty acids not only deter-
mines their incorporation into lipid classes but also modu-
lates the Kkinetics of lipid metabolism, particularly PC
synthesis.—Ecker, ]., G. Liebisch, M. Scherer, and G. Schmitz.
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Dietary fatty acids (FA) are reported to have numerous
pleiotropic effects on cellular metabolism and function,
including modulation of gene expression through activa-
tion of nuclear receptors and alteration of membrane
phospholipid composition (1).

Conjugated linoleic acid (CLA) refers to a group of po-
sitional and geometrical (cis/trans) isomers of linoleic acid
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(¢9,c12FA 18:2). Many CLA isomers have been described;
however, the major isomer occurring in meat and dairy
products is ¢9,t11-CLA (2-4). It is produced in the rumen
through microbial biohydrogenation of linoleic acid and
in tissues by delta-9 desaturation of rumen-derived trans-
vaccenic acid (¢11-FA 18:1) (5). In contrast, t9,t1I-CLA is
the predominant isomer found in dietary oils, as it is gen-
erated during partial hydrogenation of vegetable oils and
oil refining (6, 7). Several data from in vitro and animal
studies show that dietary CLAs are beneficial and influ-
ence the progression of several diseases, including cardio-
vascular and inflammatory diseases and cancer (8-11).

We have previously reported that two isomers in particu-
lar, ¢9,t11- and t9,t11-CLA, have specific and even con-
trasting effects on gene expression associated with lipid
metabolism of human macrophages (12, 13). Concerning
CLA metabolism, it has been shown that ¢9,¢11-CLLA incor-
porates into phospholipids of leukemia cells and can be
found in plasma and cellular lipids of healthy men supple-
mented with a diet enriched with this CLA isomer (14,
15). However, so far the effects of ¢9,¢1I-CLA on individ-
ual phospholipid classes, phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), phosphatidylserine (PS), and
its cellular distribution are not precisely described, and
data on the metabolism of the t9,¢1I-CLA isomer are com-
pletely unavailable.

Therefore we investigated ¢9,t11-CLA and t9,t11-CLA
metabolism by quantitative lipid mass spectrometry. As a
cellular model, human primary monocyte-derived macro-
phages were chosen because these cells are highly active
with respect to fatty acid and phospholipid metabolism
(16). Moreover macrophages, which are multifunctional
cells present in all tissues of the human body, play impor-
tant roles in several metabolic diseases, including athero-

Abbreviations:  CE, cholesteryl ester; CFA, conjugated fatty acid;
CLA, conjugated linoleic acid; FC, free cholesterol; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine;
TG, triglyceride.
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sclerosis and obesity (17). We found that these two CLA
isomers differentially affect macrophage phospholipid
metabolism. ¢9,t11-CLLA in contrast to t9,t11-CLLA activates
PC and PE synthesis and incorporates into these mem-
brane lipids.

EXPERIMENTAL PROCEDURES

Reagents and materials

t9,t1I-CLA and ¢9,t11-CLA were purchased from Cayman
Chemicals. 13Cg—serine, Djethanolamine, and Dg-choline were
obtained from Cambridge Isotope Laboratories.

Monocyte isolation and cell culture

Primary human monocytes were obtained from healthy do-
nors by leukapheresis and counterflow elutriation as described
previously (16). For metabolic labeling studies, cells were incu-
bated with 50 wg/ml of [13C3]serine, [D,]ethanolamine, and
[Dgy]choline chloride.

Fatty acid analysis

Fatty acid analysis was performed as described previously with
slight modifications (16). Briefly, fatty acid methyl esters (FAME)
were generated with acetyl-chloride and methanol over night at
room temperature and extracted with hexane. Total FA analysis
was carried out using a Shimadzu 2010 GC-MS system. FAMEs
were separated by a BPX70 column (10 m length, 0.10 mm diam-
eter, 0.20 pm film thickness) from SGE using helium as carrier
gas. The initial oven temperature was 50°C, which was pro-
grammed to increase with 40°C per min to 155°C, with 6°C per
min to 210°C, and with 15°C per min to finally reach 250°C. The
FA species and their positional and cis/trans isomers were charac-
terized in scan mode and quantified by single-ion monitoring
(SIM) mode detecting the specific fragments of saturated and
unsaturated FAs (saturated: m/z 74; monounsaturated: m/z 55;
diunsaturated: m/z 67; polyunsaturated: m/z 79). As an internal
standard, nonnaturally occurring C13:0 was used.

Lipid extraction

Lipids were extracted according to the procedure described
by Bligh and Dyer in the presence of not naturally occurring lipid
species as internal standards (18). The chloroform phase was
dried in a vacuum centrifuge and dissolved as described below
for quantitative lipid analysis.

Lipid analysis

Lipids were quantified by electrospray ionization tandem mass
spectrometry (ESI-MS/MS) in positive ion mode as described
previously (19). In brief, samples were analyzed by direct flow
injection using a HTS PAL autosampler, an Agilent 1100 binary
pump, and triple quadrupole mass spectrometer (Quattro Ul-
tima, Micromass). A precursor ion scan of m/z 184 specific for
phosphocholine-containing lipids was used for PC (20). Dg-
choline labeled lipids were analyzed by precursor ion scan of m/z
193. Neutral loss scans of m/z 141 and m/z 185 were used for PE
and PS, respectively. Analogous, neutral loss scans were used for
stable isotope labeled D,;PE (m/z 145), "CyPE (m/z 143) and
13CS—PS (m/z 188). Free cholesterol (FC) and cholesteryl ester
(CE) were quantified using a fragment ion of m/z 369 after selec-
tive derivatization of FC using acetyl chloride (21). Correction
of isotopic overlap of lipid species and data analysis by self-
programmed Excel macros were performed for all lipid classes.
For all lipid classes, nonnaturally occurring lipid species were
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used as internal standards. Quantification was performed by stan-
dard addition calibration to cell homogenates using a number of
naturally occurring lipid species for each lipid class.

Product ion spectra were generated in negative ion mode us-
ing a hybrid triple quadrupole linear ion trap mass spectrometer
API 4000 Q-Trap (Applied Biosystems, Darmstadt, Germany) in
the enhanced product ion spectrum mode at a scan speed of
1000 amu/s.

Thin-layer chromatography

PC, PE, triglycerides, and free fatty acids (FFA) were separated
as described previously (22, 23). For GC-MS analysis of distinct
lipid classes, the appropriate bands were scraped, homogenized
in methanol, and subsequently used for FAME derivatization.

Statistical analysis
The level of significance for the difference between data sets
was assessed using Student’s independent #test (*P< 0.01).

RESULTS

CLA metabolism: elongation and desaturation to
conjugated fatty acids

First we characterized kinetics of cellular CLA uptake.
Primary monocyte-derived macrophages isolated from
healthy volunteers were treated with 10 pM and 30 pM
CLA for 4 h and 24 h. Intracellular CLA concentrations
were quantified by GC-MS. Both CLA isomers showed a
time- and concentration-dependent uptake with a slightly
faster uptake of ¢9,¢11- compared with ¢9,¢1I-CLA (Table 1).

Next we asked whether ¢9,¢t11- and ¢9,t11-CLA are fur-
ther metabolized to other fatty acids within the cells. Us-
ing GC-MS, we screened for new metabolites at different
incubation and concentration times. Potential metabolites
were identified by retention time analogies and their frag-
ment patterns as standards for these metabolites are not
available. In cells supplemented with ¢9,t11-CLA, we found
metabolites fitting to conjugated fatty acids (CFA) 18:3
generated by desaturation and CFA 20:4 obtained through
further elongation and desaturation (Table 1). Interest-
ingly, we did not observe any desaturated CFAs originated
from ¢9,t11-CLA; we found only the elongated metabolites
CFA 20:2 and CFA 22:2. Of the incorporated ¢9,¢t11-CLA
and 19,t11-CLA, 11% and 7%, respectively, were metabo-
lized after 24 h to CFAs in macrophages.

¢9,t11-CLA strongly affects cellular PC and PE species
composition

To test whether ¢9,¢11-CLA or t9,t11-CLLA modulate the
species pattern of the individual glycerophospholipid
classes, primary cells were supplied with single CLA iso-
mers and PC, PE and PS species profiles were investigated
by ESI-MS/MS. When cells were treated with ¢9,¢11-CLA
for 4 h we found a striking shift to PC 36:4, which was not
observed when macrophages were treated with ¢9,¢11-
CLA or linoleic acid (Fig. 1A). As for PC, ¢9,t11-CLA
incubation led to a shift to PE 36:4 (Fig. 1B), again ¢9,¢11-
CLA or linoleic acid had no effects on PE 36:4. The PS
species profile was neither affected by ¢9,¢11-CLA nor by
t9,t11-CLA (Fig. 1C).
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The fatty acyl compositions of PC/PE 36:4 were deter-
mined from product ion spectra in negative ion mode us-
ing fragmentation pattern described previously (24-27).
We found that PC 18:2/18:2 and PE 18:2/18:2 primarily
contribute to PC 36:4 and PE 36:4, because the major
product ions detected were FA 18:2 (m/z 279), LPC 18:2
(m/z 504), and LPE 18:2 (m/z 476), respectively (Fig. 2A,
B). However, we also observed a minor contribution of an
acyl combination 16:0/20:4 (Fig. 2A, B).

Taken together our data show that specifically ¢9,¢11-
CLA strongly affects cellular PC and PE species pattern by
inducing a shift toward PC 18:2/18:2 and PE 18:2/18:2.

¢9,t11-CLA activates cellular de novo PC and PE synthesis

To analyze if the CLA isomers influence cellular glyc-
erophospholipid biosynthesis, primary macrophages were
supplied with stable isotope labeled choline (D), ethanol-
amine (D,), and serine ("°Cy). Glycerophospholipid syn-
thesis was quantified by ESI-MS/MS (supplementary Fig.
I) (19). ¢9,¢t11-CLA, but not t9,¢t11-CLA, enhanced de novo
PC (Dy-PC) and PE (D,PE) synthesis via the Kennedy
pathway (Fig. 3A, B). PS synthesis (¥C4-PS) and decarbox-
ylation of PS to yield PE (’Co-PE) was not altered or re-
ducedby c9,t11-, 19,11 I-CLA, orlinoleicacid (supplementary
Fig. II-A, B).

Analysis of Dg-PC and D,-PE profile showed that the spe-
cies pattern of newly synthesized PC and PE changed in a
similar way to the corresponding, unlabeled PC and PE
species pattern (Fig. 3C, D). After 4 h ¢9,¢11-CLA increased
Dg-PC 36:4 by 4-fold and D,-PE 36:4 by 10-fold compared
with control and linoleic acid-treated cells. Calculation of
the total PC 36:4 species shift comparing linoleic acid-
treated with ¢9,¢1 I-CLA-treated cells revealed an increased
proportion of 20% for Dg-PC 36:4 compared with 5.5% for
PC 36:4. Taking into account that only 15% of total PC was
labeled after 4 h, 39% of the PC 36:4 shift originated from
de novo synthesis, and 61% was derived from FA remodel-
ing. D,-PE 36:4 increased by 15.3% and PE 36:4 by 4.8%
when comparing ¢9,¢11-CLA with linoleic acid-treated
cells. Because only 7% of total PE was labeled after 4 h, the
majority of the total PE 36:4 shift was therefore derived
from fatty acid remodeled PE (80%) compared with newly
synthesized D,-PE (20%).

In summary, ¢9,t11-CLA increases cellular PC and PE
synthesis and induces shifts to PC 36:4 and PE 36:4,
which are due to both de novo synthesis and fatty acid
remodeling.

¢9,t11-CLA incorporates into glycerophospholipids, while
t9,t11-CLA is preferentially bound to neutral lipids

We hypothesized that particularly ¢9,¢11-CLA incorpo-
rates in macrophage phospholipids and leads to an in-
crease of PC 18:2/18:2 and PE 18:2/18:2. To test this
hypothesis, lipid classes were separated by thin-layer chro-
matography (TLC) and analyzed regarding fatty acid com-
position by GC-MS. When cells were treated with CLA
isomers, we detected ¢9,¢t11-CLA, but not t9,t11-CLA, in
PC and PE fractions (Fig. 4A, B), which confirms our hy-
pothesis that ¢9,¢11-CLA incorporates into these cellular
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Fig. 1. ¢9,t11-CLA, but not 9,11 I-CLA induces a shift to PC 36:4 and PE 36:4. A: PC species profile for un-

treated cells and cells treated with 10 pM CLA or linoleic acid for 4 h and quantified by ESI-MS/MS (PC 36:4
upon ¢9,t11-CLA treatment: P< 0.001). B: PE species profile for untreated cells and cells treated with 10 pM
CLA or linoleic acid for 4 h and quantified by ESI-MS/MS (PE 36:4 upon ¢9,t11-CLA treatment: < 0.001).
C: PS species profile for untreated cells and cells treated with 10 pM CLA or linoleic acid for 4 h and quanti-
fied by ESI-MS/MS. Values are mean + SD of one representative experiment from three, each performed in
triplicate. CLA, conjugated linoleic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine.

phospholipids. ¢9,t11-CLA contributed as equally as lino-
leic acid to the fatty acid composition of PC and PE. We
did not detect ¢9,¢11- or t9,t11-CLA in the PS fraction (data
not shown) or any CFA (Table 1) in PC, PE, or PS.

Because t9,t11-CLA was not found in the glycerophos-
pholipid fraction, we asked whether this CLA isomer is
bound to neutral lipids, including triglycerides and cho-
lesterol esters. TLC and subsequent GC-MS analysis of cel-
lular triglycerides demonstrated that ¢9,¢1 -CLA contributes
15%, whereas ¢9,(11-CLA contributes only 6% to the fatty
acid composition of the triglycerides (Fig. 4C). Cellular
cholesteryl ester (CE) species composition was analyzed by
ESI-MS/MS, which revealed a 12-fold increase of CE 18:2
species for the ¢9,(1I-CLA treatments and a 4-fold increase
for the ¢9,t11-CLA-supplemented cells (Fig. 4D). Finally,
we explored whether the CLA isomers are available as free
fatty acids in the cells and found about equal proportions
of unesterified ¢9,t11- and t9,t11-CLA (Fig. 4E).

CLA isomers differentially affect phospholipid metabolism

In conclusion, our results show that ¢9,t11- and t9,t11-
CLA differentially contribute to cellular lipid composition.
¢9,111-CLA preferentially incorporates into PC and PE lip-
ids, while the ¢9,t11-CLA isomer preferentially binds to
neutral lipids.

DISCUSSION

Although several groups have reported that ¢9,¢(11-CLA
is metabolized in cells and incorporated into plasma and
tissue lipids (15, 28), only a few studies investigated its ef-
fects on cellular lipids. Metabolism of ¢9,¢11-CLA and its
contribution to cellular lipids is completely unexplored.

Here we demonstrate that ¢9,t11-CLA and ¢9,111-CLA
are differentially metabolized to CFAs. We found that
¢9,t11-CLA is desaturated and elongated to CFA 20:4
(supplementary Fig. III), which is supported by results
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from other groups showing that this CLA isomer in par-
ticular is well metabolized up to CFA 20:3 and 20:4 (14,
29, 30). In contrast, the ¢9,t11-CLA isomer is only elon-
gated to CFA 20:2 and CFA 22:2, but it is not desaturated.
Because Agatha et al. showed that ¢9,¢11-CLA is delta-b
and delta-6 desaturated in leukemia cells (14), we hy-
pothesize that ¢9,¢11-CLA is resistant for further desatura-
tion due to the fransdouble bond at position 9. This

2690 Journal of Lipid Research Volume 51, 2010

conclusion is supported by experiments with human skin
fibroblasts demonstrating that the trans-fatty acids elaidic
acid (t9FA 18:1) and linoelaidic acid (¢9,¢12-FA 18:2) in
contrast to the cisfatty acids oleic acid (¢9FA 18:1) and
linoleic acid (¢9,¢I12-FA 18:2) inhibit delta-b and delta-6
desaturation (31, 32).

Our results further show that ¢9,t11-CLA leads to a shift
toward PC and PE 18:2/18:2 (Figs. 1, 2). As we could de-
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tect ¢9,t11-CLA in the PC and PE fractions (Fig. 4A, B), we
assume that at least one acyl chain of PC/PE 18:2/18:2 is
c9,t11-CLA. This finding might also contribute to the re-
ported anti-inflammatory effects of ¢9,¢11-CLA, such as in-
hibition of eicosanoid release (5). Due toits incorporation,
¢9,t11-CLA might displace n-6 fatty acids like arachidonic
acid in membrane phospholipids as precursor of eicos-
anoid production (1). Interestingly, our results further
demonstrate that ¢9,¢11-CLA is not incorporated into cel-
lular phospholipids. However, an un-expected finding is
that 19,11 I-CLA leads to a shift to newly synthesized PE 40:7
(Fig. 3D). Because analysis of a product ion spectrum re-
veals that primarily PE 18:1/22:6 contributes to PE 40:7
(data not shown) and as we could not detect ¢9,¢1 1-CLA in

the PE fraction (Fig. 4B), we conclude that this shift might
not be due to incorporation of this CLA isomer in PE 40:7.
Our results further demonstrate that ¢9,¢11-CLA is prefer-
entially bound to neutral lipids, including triglycerides
(TG) and cholesterol esters, proposing that a frans-double
bond at position 9 favors incorporation into neutral lipids
rather than into phospholipids.

Detailed metabolic profiling demonstrated that
¢9,t11-CLA activates cellular PC and PE de novo biosyn-
thesis, we did not find an increased mRNA expression
of genes related to PC and PE synthesis upon CLA treat-
ment (supplementary Fig. IV). A major reason for this
finding might be that ¢9,t11-CLA, due to its incorpora-
tion, fuels and, therefore, drives PC and PE synthesis.

CLA isomers differentially affect phospholipid metabolism 2691



50 PC - FA composition . Control
£ 40 [ ©9,t11-CLA
w I 19,t11-CLA
% .8 [ Linoleic acid
2 45
T 10 4
B . I
o I T [

0 J] ; D‘lﬂ ' . r anmn -nlnn ;

N- 6 Al g k=) b 3 P \ k=) q,'.b‘
‘;\ P:‘ ?j\ \%_.,\\\'\ \%_.\\c\ l\%_?’\o \\\,G o Qk\(\ oA A ?\,‘?,
[N NPT N R BT T

%1 B PE - FA composition
2 il
& 30 inall i
£ 10
S 8
T 6
2N
21 ||l il H

G I [ ] [T inln W0 N agen dilo

By &° ,\5 ,\g, o2 =) ) P e, 0,6\ 0%\ ok
AR R Y -.\\ 2T O AT T AT o
?%\e’ (,P-\?’ ?P\% @ o o : %
2 501 c TG - FA composition
L
- 40 -
2
$ 304
o
T 20 A
5 10
a2 0 n]H ! niall ‘” IHIH Raall .hl.ﬁ ; IIIi | g
0 ;0 Al O ,ca\ 1\ ) 0 P =)
S S S PRI Lt R INEE
TN TS Sl 2 el
@ CE species profile
44D
B
S 30
2
3 20
=
N | [
E [ Til Tl ‘I Iﬂllﬂ ‘ | all Binll of.n &n0-n &man
O 0 A 0 A 2 A s 5 B
I & &- Eh - - Q- Q- : X
S 2 T A A - S cﬁ’:ﬁ' cﬁrﬂ'
@ 40 4
< E FFAs
T 30
©
o
@ 20 4
=
2" Jl i i
o
oL adan D0L 00 LA HDAT MDA .. & @ dain
O o 0 SN ;0 ) ,6\ P o )
T BT AT BT B A& \\,\,0\— \\\G\' o
Q?"\ (,P:\ o Q- ?P.’L

Fig. 4. Fatty acid composition of phospholipids (PC, PE) and neutral lipids (TG, CE), and cellular free
fatty acids. A: FA composition of PC for untreated cells and cells treated with 10 pM CLA or linoleic acid for
4 h, separated by TLC, methylated to generate FAMEs, and analyzed by GC-MS. B: FA composition of PE for
untreated cells and cells treated with 10 pM CLA or linoleic acid for 4 h, separated by TLC, methylated to
generate FAMEs, and analyzed by GC-MS. C: FA composition of TGs for untreated cells and cells treated with
10 pM CLA or linoleic acid for 4 h, separated by TLC, methylated to generate FAMEs, and analyzed by GC-
MS. D: CE species profile of untreated cells and cells treated with 10 pM CLA or linoleic acid for 4 h and ana-
lyzed by ESI-MS/MS. E: FFA in untreated cells and cells treated with 10 pM CLA or linoleic acid for 4 h,
separated by TLC, methylated to generate FAMEs, and analyzed by GC-MS. Values are mean + SD of one
representative experiment from three, each performed in triplicate. CLA, conjugated linoleic acid; FA, fatty
acid; FFA, free fatty acid; FAME, FA methyl ester; PC, phosphatidylcholine; PE, phosphatidylethanolamine.

However, another explanation for this finding might be (CCT) is rapidly translocated from a soluble, inactive
a metabolic activation of enzymes necessary for phos- form to a membrane-associated, active form (33). Trans-
pholipid (PL) synthesis. Upon induction the key enzyme location of this enzyme is triggered by membrane curva-

of PC synthesis, choline-phosphate cytidyltransferase ture stress (34).
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PUFA acyl chains and double bonds dramatically alter
physical properties of cellular membranes (35). While acyl
chains of unconjugated PUFAs can freely rotate after the
double bonds, the conjugated double-bond system charac-
teristic for all CLAs leads to a planar, rigid structure. ¢9,¢11-
CLA is a relatively straight molecule, whereas ¢9,¢11-CLA
structure is bended due to the cisdouble bond (supple-
mentary Fig. V-A, B). These differential structural features
of the supplied CLA isomers may very well explain the
observed PC synthesis rates (Fig. 2A) using the above-
described model for CCT activation by membrane curvature
stress. It is also supported by data from Yin et al. showing
that incorporation of ¢9,t11-CLA into phospholipids sub-
stantially alters physical membrane properties and func-
tion (36, 37). However, another possible explanation for
the enhanced PL synthesis rates might be that ¢9,¢1I-CLA
treatment enhances PC and PE synthesis by increasing the
diacylglycerol (DAG) content necessary for the last step of
the Kennedy pathway (supplementary Fig. I).

To summarize, our results show that geometrical iso-
mers of CLA have different effects on macrophage lipid
metabolism. ¢9,t11-CLA activates cellular PC and PE syn-
thesis and incorporates into these lipids, which might con-
tribute to the reported biological effects of this isomer.
Our data are a good example to demonstrate that phos-
pholipid species composition strongly depends on exoge-
nous fatty acid supply. Moreover, these findings are a
valuable contribution to better understand fundamentals
of cellular membrane biology, such as the relation between
fatty acid structure and its effects on glycerophospholipid
metabolism Bl

The authors thank Jolante Aiwanger, Doreen Miiller, Simone
Peschel, and Barbara Tille for outstanding technical assistance.
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