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Abstract Cardiolipin (CL) is a unique phospholipid (PL)
found in the mitochondria of mammalian cells. CL remod-
eling is accompanied by turnover of its fatty acid acyl groups.
Abnormalities in CL remodeling have been found in Barth’s
syndrome, diabetes, and obesity. The objective of this study
was to determine nonessential fatty acid turnover in CL and
phosphatidylethanolamine (PE) in the rat heart in vivo.
Sprague-Dawley rats were fed either a regular chow or a
high-fat diet for 15 weeks, and consumed 6% deuterium-
enriched drinking water as a tracer for 14 days. CL and PE
were extracted from cardiac tissue and isolated by TLC.
Fatty acids from CL, PE, and plasma were analyzed by GC/
MS for deuterium incorporation. Results showed oleate and
vaccenate turnover were the highest in CL whereas palmi-
tate and stearate turnover were low. Among the nonessential
fatty acids in PE, turnover of stearate and vaccenate were
the highest. The high turnover rate in vaccenate was unex-
pected, because vaccenate previously had no known meta-
bolic or physiologic function.Bll In conclusion, the similarly
high turnover rates of both oleate and vaccenate readily sug-
gest that remodeling is an important functional aspect of PL
metabolism in CL.—P. N. Wahjudj, |J. Yee, S. R. Martinez, J.
Zhang, M. Teitell, L. Nikolaenko, R. Swerdloff, C. Wang,
and W. N. Paul Lee. Turnover of nonessential fatty acids in
cardiolipin from the rat heart. J. Lipid Res. 2011. 52:
2226-2233.
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Cardiolipin (CL) is a polyglycerol phospholipid (PL)
that is found almost exclusively in mitochondrial and bac-
terial lipids. Its molecular composition consists of three
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glycerols and four acyl groups, forming a dimeric struc-
ture with a glycerol linker between two phosphotidyl
groups, providing a pair of snl and sn2 positions per CL
molecule. In mammals, CL fatty acid composition is domi-
nated by linolenic acid on the snl positions whereas the
sn2 positions are occupied by monounsaturated, di-unsat-
urated, and polyunsaturated fatty acids (1-4). A symmetri-
cal tetra-acyl CL has also been identified with linolenic
acid at the two sn/ and sn2 positions (5, 6). CL is a specific
marker of mitochondria where it appears to play multiple
roles related to energy transformation, apoptosis, and
membrane integrity (7-12).

It has been proposed that synthesis of CL is via conver-
sion of phosphatidic acid into cytidinediphosphate-diacyl-
glycerol (CDP-DAG) in the mitochondria, which then
forms phosphatidylglycerolphosphate (PGP). PGP is con-
verted to phosphatidylglycerol which then reacts with an-
other molecule of CDP-DAG in presence of CL synthase to
form CL (13-17). In order for CL to achieve its specific
acyl composition, synthesized CL undergoes acyl chain re-
modeling with monolysocardiolipin (MLCL) as an inter-
mediate. There are two proposed mechanisms for
remodeling of CL from MLCL. The first proposed path-
way incorporates acyl-CoAs in the presence of monolyso-
cardiolipin acyltransferase (MLCL AT) (18-20). Another
proposed pathway, referred to as transacylation, has been
reported in which acyl groups are directly transferred from
phospholipids into MLCL (21-23).

Fatty acids are either incorporated into the nascent CL
backbone via CDP-DAG during its biosynthesis or its subse-
quent remodeling by MLCL AT. Specific composition of
acyl groups within the snl and sn2 positions may be final-
ized through the process of transacylation. The fatty acids

Abbreviations: CDP-DAG, cytidinediphosphate-diacylglycerol; CL,
cardiolipin; D,O, deuterium-enriched water; FNS, fraction of new syn-
thesis; HFD, high-fat diet; MLCL, monolysocardiolipin; MLCL AT,
monolysocardiolipin acyltransferase; PC, ; PE, phosphatidyletha-
nolamine; PGP, phosphatidylglycerolphosphate; PL, phospholipid;
RCD, regular chow diet; SIM, selective ion monitoring.
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in CL turn over at different rates during remodeling. The
turnover of linoleic acid is higher than that of nonessen-
tial fatty acids; and the turnover of either acyl group is
higher than the turnover of glycerol phosphate (24). Even
though CL is a structural lipid, a critical component of the
mitochondria inner membrane, the dynamics of fatty acid
turnover in CL suggests that the remodeling process is
very active and may play a functional role in the regulation
of mitochondrial metabolism.

The turnover of nonessential fatty acids was previously
investigated using a bolus injection of "Cacetate intrap-
eritoneally (24). In that study, "C-acetate was incorP -
rated into nonessential fatty acids, and the decay of ‘c
activity in cardiolipin was used as a measure of the nones-
sential fatty acids turnover. However, that study did not
distinguish the turnover of the individual nonessential
fatty acids. Recently, deuterium-enriched water (D,O) has
been used for the study of de novo lipogenesis (25, 26).
The incorporation of deuterium into each of the nones-
sential fatty acids allows the determination of fraction of
new synthesis for that fatty acid over the period of study. In
this report, turnover of nonessential saturated acyl groups
in comparison to the monounsaturated acyl groups in CL
from animals fed a high fat diet and a regular chow diet
was studied. D,O was used as the tracer and deuterium
incorporation into palmitate, stearate, oleate, and vac-
cenate in plasma, phosphotidylethanolamine (PE), and
CL from the heart was analyzed. The amount of deute-
rium incorporated reflects the relative turnover rates of
these fatty acids, and the turnover rates of cardiac CL fatty
acids from animals fed RCD and HFD were compared.

MATERIALS AND METHODS

Materials

Fatty acid methyl ester standards for palmitate, stearate, oleate,
vaccenate, and derivatizing agent methanolic hydrochloride
(0.5N) were obtained from Supelco. Bovine cardiolipin sodium
salt as the CL standard and 1,2-diheptadecanoyl-sn-glycero-3-
phosphoethanolamine as the PE standard were obtained from
Sigma.

Animals experimental design

Animal handling and experimentation were in accordance
with the recommendation of American Veterinary Medical Asso-
ciation and were approved by the Animal Care and Use review
committee at the Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center. Six-week old male Sprague-Daw-
ley rats were purchased from Charles River Laboratories, Inc.
(Wilmington, MA) and housed individually in temperature and
humidity controlled rooms providing exposure to 12 h light and
dark cycles. An adaptation period of 2 weeks preceded the initia-
tion of the experiment. The rats were randomly placed into two
treatment groups: regular chow diet (RCD) and high-fat diet
(HFD) for 15 weeks (n =5 in each group). The RCD provided
16% energy from fat, 27% from protein, and 56% from carbohy-
drates. The HFD provided 71% energy from fat, 18% energy
from protein, and 11% from carbohydrates (Dyets Inc.). To de-
termine lipogenesis in different treatment groups, a deuterated
water method and mass isotopomer distribution analysis was
used. The deuterium enrichment protocol was conducted as

follows: At the beginning of 18" week of the experiment, the ani-
mals were anesthetized and given an intraperitoneal injection of
deuterium oxide (D,O) (Cambridge Isotope) equal to 4% of
lean body weight determined by DEXA scan. This was followed
by 14 days of a 6% D,O in drinking water for both the control
and HFD groups. Because the HFD was provided as a liquid diet,
D,O was added to the diet to an enrichment of 6% to ensure
constant deuterium enrichment in body water. The period of 14
days was chosen to allow de novo lipogenesis to reach steady state
(26). At the completion of the study, the rats were weighed and
euthanized by an overdose of pentobarbital after an overnight
fast. On the day of euthanization, the means and standard devia-
tions of the animal weights were 587 + 27 g for the RCD group
and 627 + 26 g for the HFD group. The blood was collected from
the aorta ventralis and centrifuged (4°C, 3,200 rpm, 10 min), and
serum was frozen at —20°C for until analysis. Heart tissue was
snap-frozen in liquid nitrogen and stored at —80°C until
analysis.

Isolation of fatty acids from CL and PE of the heart

Total lipid extractions from cardiac tissue samples were car-
ried out according to the method reported by Folch et al. (27).
Total lipids were fractionated by TLC (Silica 60A, 20 x 20 x 0.5
cm) with a mobile phase system reported by Corcelli et al. (28).
CL and PE fractions were identified according to the position of
CL and PE standards. Extraction of the PLs from the isolated
TLC spots was carried with chloroform:methanol (2:1, 500 pL).
Dried PLs were hydrolyzed to isolate the fatty acids according to
methods reported by Aveldano and Horrocks (29).

Isolation of fatty acids from serum

Serum samples (50pl) were saponified overnight at 70°C with
100 ml of 30% KOH (w/v) and 100 ml of 200-proof ethanol. The
aqueous phase was acidified with HCI, followed by fatty acid ex-
traction with petroleum ether. Samples were dried under a nitro-
gen stream.

GC/MS analysis

Fatty acid samples were treated with methanolic HCI (0.5N,
500 pL) at 70°C for one h to form its methyl ester derivatives.
Dried methyl ester fatty acids were extracted with hexane then
analyzed by GC/MS in triplicates. GC/MS setup for the analysis
followed the reported protocol of Yee, et al. (30). Palmitate,
stearate, oleate, vaccenate, and linoleate were separated on the
gas chromatograph with a Bpx70 column (30-m length, 250-pm
diameter, 0.25-pm film thickness) from SGE, Inc. (Austin, TX).
The GC conditions were as follows: helium flow rate, 1 ml/min;
initial oven temperature, 150°C, which was programmed to in-
crease at 3°C/min to 221°C. After a 1 min hold, the temperature
gradient was changed to 20°C/min until reaching the final tem-
perature of 235°C. The expected retention times for palmitate,
stearate, oleate, vaccenate, and linoleate under these conditions
were as follows: 5.79, 8.47, 9.0, 9.14, and 10.14 min, respectively.
Mass spectra of fatty acids were acquired using electron impact
ionization in both scan and selective ion monitoring (SIM)
modes. Palmitate ion clusters monitored in SIM mode for the
quantitation of isotopomers of were m/z 269-276 with m+0 at m/z
270. The clusters corresponding to stearate were m/z 298-302
with m+0 at m/z 298. For oleate and vaccenate, the clusters were
m/z 263—-274, with m+0 at m/z 264 for oleate and vaccenate.

Spectral data analysis

Distribution of the mass isotopomers, deuterium enrichment
and fraction of new synthesis were determined from the spectral
data using a linear regression approach previously described by
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Lee et al. (25, 26) that corrects for the contribution of derivatiz-
ing agent and "C natural abundance to the mass isotopomer dis-
tribution of the compound of interest. The resulting mass
isotopomer distribution was expressed in molar fractions (m,,
mj, my, ms, etc.) corresponding to the fraction of molecules that
contain 0, 1, 2, 3, ..., m, H substitutions. The sum of all m,s is
equal to 1. Because the spectra of oleate and vaccenate do not
follow a binomial distribution, the average mass approach was
used to determine new synthesis (31). The change in average
mass due to deuterium incorporation was first calculated. Then
the change in average mass was divided by the deuterium enrich-
ment to determine the fraction of new synthesis. Mass shift was
calculated as shown below where m,, is the molar fraction of the
isotopomer containing n number of deuterium atoms:

4
S nxm,

A Mass shift = | *=4——

2m,
n=0

4
S axm,
n=0

4
S,
n=0

sample FAMEs tan dard

SigmaPlot 11.0 was used to carry out statistical analysis and
prepare data for graphical presentation.

Deuterium incorporation and fraction of new synthesis

The amount of deuterium incorporated into the individual
fatty acid is given by the mass shift or delta mass. It is a function
of the rate of synthesis, dilution by unlabeled fatty acid from the
diet, and the turnover rate of fatty acid in the period of observa-
tion. When the turnover rate of the fatty acid (e.g., palmitate) is
rapid relative to the period of deuterated water treatment (14
days), the amount of deuterium incorporated is considered to be
at steady state, and the fraction of new synthesis approximates
the turnover rate (as stated by Lee et al. (26). Fraction of new
synthesis in samples obtained on day 14 was calculated based on
the previously reported method for each fatty acid. Deuterium
enrichment (p) in water was first determined using consecutive
mass isotopomer ratio in palmitate (26, 32). Once the enrich-
ment in water was determined for each animal, the delta mass for
theoretical (100%) new fraction was given by pxn, where n is the
number of exchangeable hydrogen in the fatty acid (e.g., n = 21
in palmitate) (25, 33, 34). The fraction of new synthesis for the
period of deuterated water treatment was given by the observed
delta mass divided by the theoretical delta mass. An example of
the various calculations is provided in the following. In Table 1,
spectral data of unlabeled palmitate and palmitate from experi-
mental samples of an animal on HFD are presented. The spectral
data were processed to remove the contribution of PG giving the
corresponding mass isotopomer distributions, which were used
to calculate delta mass (Smn), p»> and fractional new synthesis.

RNA extraction and real-time PCR for gene
expression studies

Total RNA was extracted from rat heart tissue using Trizol re-
agent (Invitrogen). cDNA was synthesized by reverse transcrip-
tion using the Superscript III first strand cDNA synthesis kit
(Invitrogen). Real-time PCR was performed in duplicates for each
sample in each gene using LightCycle®480 SYBR Green real time
PCR kit (Roche) with denaturation 95°C; 15 s, annealing 60°C;
30 s, extension 72°C; 30 s for 40 cycles. The primer sequences
used were as follows: Acyl-CoA lysocardiolipin acyltransferase
(ALCAT) forward 5'—3” CAGAAGGAACTGACCTCACAGAAAA,
reverse 5’ —3 GTG GTT CTTGGG TGT AATACA TAC TCA,
product size 123 bp. Phosphatidylglycerophosphate synthetase
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(PGPS), forward 5'—3" AGAGGTGAACGG CTTCTTTGG, re-
verse 5'—3" CACTGTAGAACTGTCGCTCAATGTG, 69 bp. Car-
diolipin synthase (CLS), forward 5'—3" TGGATGGATTTATT-
GCTCGAAA reverse 5'—3" TGGGACTGGAATAAGATCTGCAT,
134 bp. Glycerol-3-phosphate acyltransferase 1 (GPAT-1), for-
ward 5" =3 TCAGAATACAGCCTTGGCCGATGT reverse 5 —3’
AGCGTTGCGGATCTGAAGAAGGTA, 89 bp. Tubulin forward
5'—3" GACAATGAGGCCATCTATGACATCT, reverse 5'—3" CT-
GAGGGAAGCAGTG ATGGAA, bp 116. Results of each gene
of interest were normalized to tubulin. Results are presented as
the fold change of the HFD group compared with the RCD
group, = SEM.

RESULTS

PE and CL fatty acid profiles

The fatty acid profiles of PE and CL fractions were de-
termined using GCin scan mode (Table 2). The fatty acid
profiles of CL and PE were distinct from each other, con-
firming that isolation of CL and PE fractions by thin-layer
chromatography was achieved. In the total ion chromato-
gram of the PE fatty acid profile, stearate was observed as
the most abundant, with low components of palmitate,
oleate, and vaccenate. Linoleate were detected at low lev-
els in the PE fatty acid profile. The CL fatty acid profile was
dominated by linoleate with minor components of palmi-
tate, stearate, oleate, and vaccenate identified. The rela-
tive distribution of these nonessential fatty acids in CL is
consistent with previous reports on the unique fatty acid
profile of CL provided in Table 2.

Deuterium enrichment and fraction of
new synthesis (FNS)

Isotopomers of palmitate (C16:0), stearate (C18:0),
oleate (C18:1n-9), and vaccenate (C18:1n-7) were ana-
lyzed in SIM mode. Incorporation of deuterium resulted
in an increased isotopomer molar fraction of m;, my,
mg, ...m, (n=number of deuterium substitution), which was
also represented as a increment in the average molecular
weight (delta mass) of the fatty acid. The average mass
shift of each fatty acid as the result of deuterium incorpo-
ration during de novo lipogenesis is presented in Fig. 1.
The amount of deuterium incorporated into the indi-
vidual fatty acid is a function of the rate of synthesis, dilu-
tion by unlabeled fatty acid from the diet, and the
turnover rate of fatty acid in the period of observation.
When the turnover rate of the fatty acid (e.g., palmitate)
is rapid relative to the period of deuterated water treat-
ment (14 days), the amount of deuterium incorporated
is considered to be at steady state, and the fraction of
new synthesis approximates the turnover rate.? During
fatty acid synthesis in the liver, palmitate is the first prod-
uct of de novo lipogenesis, which is the precursor of
stearate and oleate. The amount of deuterium incorpo-
rated into these fatty acids followed a predicted pattern

*The approach to steady state is a multi-exponential function de-
pending on the number of pools. It is often approximated by that of a
single exponential. For that reason, a single measurement of the FNS
along the exponential curve underestimates the true turnover rate

(26).
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TABLE 1. Sample calculation (triplicate) of plasma DyO enrichment, delta mass and fraction of new synthesis
of plasma palmitate from one of the animals on the high fat diet
m/z 270 m/z271 m/z 272 m/z273 m/z 274

blank 100 18.96 2.12 0.18 0.02

Sample 1 100 23.09 4.84 1.31 0.35

Sample 2 100 23.10 4.84 1.30 0.35

Sample 3 100 23.11 4.83 1.31 0.35

m0 ml m2 m3 Smn or Amass
blank 1 0 0 0 0
Sample 1 0.9352 0.0386 0.0181 0.0063 0.1011
Sample 2 0.9351 0.0387 0.0180 0.0062 0.1012
Sample 3 0.9350 0.0388 0.0180 0.0064 0.1014
Smn or Amass m2/ml P’ N FSR’

Sample 1 0.1011 0.4688 0.0448 21 0.1075
Sample 2 0.1012 0.4667 0.0446 21 0.1081
Sample 3 0.1014 0.4638 0.0443 21 0.1090

“p/q=(m2/ml)/((N-1)/2) and P= (p/q)/(p/q+1)

" FSR = Amass/ (N*p)

of precursor/product relationship. The order of deute-
rium enrichment (delta mass) in these nonessential fatty
acids from plasma was palmitate>stearate>oleate (Fig. 1)
regardless of dietary fat intake. Vaccenate (C18:1n-7) is
the product of chain elongation of palmitoleate which is
produced from palmitate by desaturation. The deute-
rium enrichment in vaccenate was found to be the high-
est among the nonessential fatty acids suggesting a high
turnover rate with less dilution from preformed vac-
cenate compared with palmitate. Deuterium incorpora-
tion into nonessential fatty acids of plasma, PE, and CL
in animals fed the HFD was less than those from animals
fed on the RCD. The lower enrichment in plasma fatty
acids from animals fed HFD is due to the dilution by di-
etary fat and in part to the suppression of de novo lipo-
genesis (35). Deuterium incorporation in nonessential
fatty acids of phospholipids did not follow the pattern of
precursor-product relationship as in plasma fatty acids
(Fig. 1), and the changes in delta mass were generally
less than those of plasma fatty acids, suggesting the up-

take of these fatty acids from plasma during synthesis or
remodeling of phospholipids.

The fraction of new synthesis over 14 days (Table 3) was
calculated based on the previously reported method for
each fatty acid. When the time to sampling (or the dura-
tion of DyO treatment) is much longer than the synthesis
rate in fraction per day, the condition approaches steady
state and the fraction of new synthesis is the fractional con-
tribution of new synthesis to the fatty acid pool at steady
state. In the RCD group, de novo lipogenesis (FNS) of
palmitate contributed 16.0% to the plasma palmitate pool
at steady state. Similarly, the contribution of de novo lipo-
genesis was 13.0% to the stearate pool, 3.4% to the oleate
pool, and 22.4% to the vaccenate pool. The lower enrich-
ment in plasma fatty acids from animals fed the HFD trans-
lates into significantly lower FNS in all nonessential fatty
acids (Table 3) with FNS of palmitate being 9.6%, stearate
9.0%, oleate 2.4%, and vaccenate 16.0%.

Assuming plasma fatty acids to be the source of acyl-
groups of cardiac phospholipids, FNS of acyl groups in

TABLE 2. CL and PE fatty acid profiles from both diet groups (n =5 each group) as compared with previously reported values

Sprague Dawley Rats

Fatty acid RCD HFD Wistar Rats” (weaned) CDF-344 rats” (4 months)
Fatty Acids in Phosphatidylethanolamine (% of total)
Palmitate 17.05 + 1.59 13.83 £ 0.94 not reported 17.84
Stearate 71.04 + 2.66 69.20 + 1.58 not reported 60.34
Oleate 4.86 +0.75 5.80 £ 4.12 not reported 6.03
Vaccenate 1.55 +0.97 3.33 +4.44 not reported n/a
Linoleate 5.51 +2.23 5.72 +1.96 not reported 15.79
Fatty Acids in Cardiolipin (% of total)

Palmitate 7.04 + 3.52 7.68 +2.03 2.02 0.75
Stearate 13.41 + 7.67 12.86 + 2.63 0.50 0.80
Oleate 2.45 +.055 6.39 = 3.05 3.40 4.73
Vaccenate 3.32+£0.48 4.15+0.58 13.98 not reported
Linoleate 68.90 + 10.58 68.92 + 6.63 80.10 93.72

Percentages of the five identifiable fatty acids were calculated as the individual peak area ratio to the sum of peak areas of the five fatty acids.
“ Data obtained from weaned male Wistar rat, quantified by GC equipped with flame ionization detector (FID) detector (1). PE values were

not reported.

" Data obtained from 4-month-old male CDF-344 rats, quantified by GC equipped with FID detector (4). Vaccenate value was not listed.
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Fig. 1. Average mass shifts of fatty acids in (A) plasma, (B) PE,
and (C) CL due to the incorporation of deuterium during de novo
synthesis from animals fed a regular chow diet (RCD, solid bars)
and animals fed a high-fat diet (HFD, textured bars). The mass
shift for palmitate is represented bars in dark gray, stearate in white,
oleate in light gray, and vaccenate in black.

cardiac phospholipids were expected to be less than or
equal to those found in plasma fatty acids when the turn-
over of acyl groups is less (slower) than that of the corre-
sponding plasma fatty acid. This was observed in all
nonessential fatty acids in PE and in CL (Table 3). The
ratio of FNS in a fatty acid from CL or PE to the FNS of the
respective fatty acids in plasma represents relative turn-
over of these fatty acids in CL and PE by synthesis or re-
modeling during the 14 day period. These ratios are

2230 Journal of Lipid Research Volume 52, 2011

presented as the PE/plasma and CL/plasma ratios (Table 3).
In PE, the remodeling with stearate was very rapid, and its
enrichment approached 90.6% of plasma stearate in RCD
fed animals. The remodeling of vaccenate was similarly
rapid, approaching 100% in 14 days. In contrast, the re-
modeling with palmitate and oleate in PE were only mod-
erate being 70.8% and 60.1%, respectively. Interestingly,
the pattern of remodeling in CL was distinctly different
from that of PE. In CL, remodeling with vaccenate was
most rapid at 95.0%, comparable to the remodeling of
oleate at 96.4%. The remodeling of saturated fatty acids,
palmitate and stearate (C16:0 and C18:0) were low at 7.5%
and 18.5%, respectively. In animals fed the HFD, remodel-
ing was suppressed in PE and in CL as evident by the
suppressed vaccenate turnover rate, suggesting dietary
influences on PE and CL synthesis or remodeling.

Gene expression studies by real-time PCR

To investigate whether any of the enzymes involved in
cardiolipin synthesis and remodeling were influenced by
the dietary change at the level of gene expression, we per-
formed gene expression analysis using reverse transcrip-
tion of mRNA extracted from the heart and real-time PCR.
Gene expression data is listed as fold change of the RCD
group + SEM. Because the turnover of fatty acids in PE and
CL are regulated by genes responsible for phosphatidic
acid synthesis and acylation and transacylation, the follow-
ing genes were studied with the corresponding results: AL-
CAT, HFD group fold-change is 0.85 + 0.27 that of the
RCD group; PGPS, 1.02 + 0.28-fold-change; CLS, 1.10 +
0.18-fold-change; GPATI, 0.91 + 0.38-fold-change.

DISCUSSION

Cardiolipin is a unique phospholipid found in the mito-
chondrial membrane. It is composed of two phosphatidyl
groups joined by a glycerol bridge. CL interacts with mem-
brane proteins enabling numerous mitochondrial func-
tions such as oxidative phosphorylation, transport of ATP/
ADP, and apoptosis (36). The molecular species of CL
vary from tissue to tissue (37). The fatty acid composition
of CL depends on the synthesis of phosphatidic acid, and
the acylation and deacylation or transacylation cycle (re-
modeling), which is affected by the nutritional and physi-
ological state. Disorders of CL remodeling have been
reported in many clinical conditions as in low fat diet, ag-
ing, obesity, diabetes, heart failure, and in a rare genetic
disease (Barth syndrome) (1, 4, 38-41).

The turnover’ of essential and nonessential fatty acids
of cardiolipin in rat liver was previously studied by
Landriscina et al. (24) using 1-"*C linoleate and "*C-acetate.
The isotopes were administered as separate intraperitoneal

*The turnover rate or replacement rate refers to the contribution of
a metabolic process such as de novo lipogenesis to the maintenance of
a steady state level of a substrate. At steady state, the FNS is the turnover
rate. For example, the FNS of plasma palmitate is 16%, meaning that
16% of the palmitate is derived from de novo lipogenesis. The remain-
der of palmitate is either from a dietary source or from lipolysis of fat.
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TABLE 3. FNS of palmitate, stearate, oleate, and vaccenate in plasma, PE, and CL of both diet groups
FNS Palmitate (%) FNS Stearate (%) FNS Oleate (%) FNS Vaccenate (%)
Plasma RCD 16.02 + 2.06 13.00 + 1.87 3.46 £ 0.25 22.35+ 2.3
HFD 9.58 +1.13“ 8.95 + 1.10" 2.38 + 1.25 16.00 + 1.25“
PE RCD 11.08 + 1.26 10.95 + 0.53 2.06 £0.11 2474+ 2.18
HFD 5.32 +0.26" 6.65 +0.19“ 0.44 + 0.02° 13.87 + 0.68"
PE/Plasma ratio RCD 70.83 +4.97° 90.58 + 11.76 60.09 + 3.20° 113.41 +10.10
HFD 57.94 + 5.74° 78.66 = 9.95 44.30 = 15.00° 88.18 = 4.95"
CL RCD 1.15+0.17 2.22 +(0.24 3.42 + 0.61 26.00 + 1.60"
HFD 1.71 £ 0.79 2.93 + 0.40 0.55 + 0.28 12.27 + 0.68
CL/Plasma ratio RCD 7.54 + 1.14° 18.53 + 3.51" 96.43 + 11.90 95.00 + 6.16
HFD 18.79 = 8.43" 35.16 =+ 7.68" 47.22 + 35.25 60.88 + 4.32"

Determination of the FNS was based on deuterium incorporation into each fatty acid and calculated plasma
deuterium enrichment. FNS is the molecular fraction of the newly synthesized fatty acid, and is expressed as the
mean percent + SEM. The PE/Plasma and CL/Plasma ratios are also expressed as percent + the SEM. The boldface

type indicates summary of results that are discussed in the text of the manuscript.
“ FNS is statistically different in animals fed HFD compared with animals fed RCD (P< 0.05).
" PE/Plasma and CL/Plasma ratios are statistically different in animals fed HFD compared with animals fed

RCD (P< 0.05).

‘ PE/Plasma FNS ratio of palmitate and oleate are statistically different from that of vaccenate (P< 0.05).
 CL/Plasma FNS ratio of palmitate and stearate are statistically different from that of vaccenate (P < 0.05).

boluses, animals were sacrificed at predetermined inter-
vals, and radioactivitly in liver cardiolipin was determined.
The decay curve of ‘CHinoleate specific activity was used
to determine the half-life (turnover) of linoleate in CL,
and the decay curve of "c radioactivity in “C-acetate ex-
periment, the turnover of nonessential fatty acids. The ra-
dioactivity in individual fatty acids was not determined, but
the half-ife of linoleate as well as nonessential fatty acids
was found to be about 2 1/2 days. The turnover of nones-
sential fatty acids was found to be slightly slower than the
turnover of these fatty acids in other phospholipids. The
turnover of glycerol in CL was also studied using 2-3H-glyc-
erol, and the half-life of the tritium (3H) decay curve of
liver CL was found to be much longer than those for He-
linoleate or '‘C-acetate. The disparate turnover rate be-
tween acyl groups and glycerol in CL suggests an active
process of acylation and deacylation or remodeling instead
of new synthesis. However, the Landriscina study has two
limitations. First, the radioactivity decay curves can be in-
fluenced by the synthesis and/or turnover of these fatty
acids in the plasma pool, and second, the different nones-
sential fatty acids were not separated. Therefore, no spe-
cific information regarding the turnover of nonessential
fatty acids could be estimated from the study.

In the current study, we used deuterium supplied as
D,yO to label the individual nonessential fatty acids. The
FNS of these fatty acids in plasma, PE, and CL were deter-
mined from the mass shift and deuterium enrichment in
water. Even though the exact turnover could not be deter-
mined from a single time point of FNS (see footnote 1),
the relative contribution from newly synthesized fatty acids
to the various pools reflects the turnover rate over the time
interval, and the relative contribution of the individual
fatty acids from plasma to PE and CL remodeling can be
compared (Table 3). In PE, we found that the relative
turnover (PE/Plasma ratio) of stearate and vaccenate were
the highest. In contrast, in CL, the turnover (CL/Plasma
ratio) of oleate and vaccenate were the highest, and palmi-
tate and stearate were the lowest (or minimal). The high

turnover rate of oleate and vaccenate in CL, and stearate
and vaccenate in PE, suggest possible substrate specificity
of PL acylation and transacylation enzymes. Therefore, PL.
remodeling is probably an important functional aspect of
PL metabolism in general. The turnover of nonessential
fatty acids in PE and CL from animals fed the HFD was
lower than those in lipids from animals fed the RCD. Such
findings suggest possible downregulation of the acylation
and reacylation processes by HFD or the expansion of
these fatty acid pools in PE and CL.

Fatty acid turnover in CL can occur during its biosynthe-
sis or remodeling. Acylation is the primary process in phos-
phatidic acid synthesis during new synthesis. Remodeling
of CL is known to occur via deacylation-acylation in the
sn2 position. The deacylation step has been proposed to
be mediated by phospholipase A2, resulting in formation
of MLCL, which is reacylated by two proposed enzymatic
reactions converting MLCL back to CL. In the first acyla-
tion reaction, acylation occurs via MLCL AT, which utilizes
acyl-CoA as a substrate (18-20). Studies of MLCL AT en-
zyme have shown higher incorporation of linoleate-CoA
and oleate-CoA than palmitate-CoA into CL. The activity
of MLCL AT toward vaccenate has not been investigated.
Decrease in enzyme activities toward the CoAs was also re-
ported in presence of PE, lyso-PE, phosphotidylcholine
(PC), and lyso-PC suggesting substrate competition at
both acyl-donor and acyl-acceptor levels for MLCL AT.
The second reaction for CL remodeling occurs via the
transfer of acyl group of PC and PE into MLCL (21-23).
The transacylation was linoleoyl-specific for a PC donor in
comparison to oleyl and arachidonoyl based on a rat liver
study by Xu et al. (21). The specificity is reduced for acyl-
transfer from PE although preference toward linoleoyl was
maintained.

The low fraction of new synthesis of palmitate and stear-
ate in CL (Fig. 1 and Table 3) suggests that the two fatty
acids were probably introduced to CL during its synthe-
sis but not significantly involved in regeneration of
MLCL into CL. These results were expected because
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MLCL acylation was reported to incorporate linoleoyl-
CoA and oleyl-CoA more than palmitate-CoA as substrates
of MLCL AT (18), whereas the transacylation approach
was specific toward linoleoyl transfer (21). An unexpected
result was observed in the acylation of CL by vaccenate, a
fatty acid that has been identified in CL previously (1-3).
Although we have not elucidated the mechanism of vac-
cenate incorporation into CL, the high FNS of vaccenate
over the FNS of palmitate and stearate in CL can best be
explained by vaccenate being involved in remodeling of
preexisting CL. Since the fraction of new synthesis of
oleate, vaccenate and stearate of cardiac PE are similar to
those in plasma fatty acids (Table 3), it is likely that cardiac
phospholipids derive their fatty acids from the plasma
pool. Therefore, the deuterated vaccenate must have orig-
inated from plasma vaccenate, and was incorporated into
CL either directly as vaccenate-CoA by MLCL AT or indi-
rectly from transacylation of phospholipids such as PE
and/or PC containing the deuterated vaccenate. Oleate
has also been reported as a substrate for acylation of MLCL
in CL remodeling with comparable activity of MLCL AT
toward oleate and linoleate (18). The high CL/Plasma ra-
tios indicating high turnover for oleate and vaccenate sup-
port the possibility that oleate and vaccenate are both
substrates for the MLCL AT enzyme.

The fatty acid profile of CL is known to be comprised
mostly of linoleate in contrast to that of PE, which contains
a high concentration of stearate. The molecular species of
CL are diverse in the combination of saturated and unsat-
urated fatty acids of different chain lengths in the four acyl
groups. “Shotgun” lipidomics studies have yielded infor-
mation on CL molecular species and features of remodel-
ing (42, 43). For example, two major molecular species
have been found in CL of heart, liver, and muscle tissues.
The major molecular species are: 18:2, 18:2, 18:2, 18:2- CL,
and 18:2, 18:2, 18:2, 18:1- CL in the approximate ratio of 5
to 2 accounting for over half of the CL content in these
tissues (44). Therefore, the turnover of C18:1 (oleate or
vaccenate) can substantially alter the ratio of these two
molecular species. The distinction between the two C18:1,
oleate (C18:1n-9) and vaccenate (C18:1n-7), was often not
made in previous reports (38, 39, 44-46). This may be due
to their identical molecular weights and the difficulty in
the separation of the two C18:1 species by chromato-
graphic methods. In one report that did differentiate be-
tween oleate and vaccenate, there were slight differences
in the reported levels of fatty acids (Table 2). These differ-
ences in vaccenate levels in CL could be attributed to the
differences in the animal species, age, diet treatment, and
experimental procedure such as method of sample prepa-
ration and detection.

The role of vaccenate in metabolism and physiology has
yet to be fully explored. Utilizing tracer-based metabolom-
ics, we found rapid incorporation of the stable isotope
tracer into CL vaccenate. The high deuterium enrichment
in vaccenate as compared with those of palmitate or stear-
ate confirms its participation as one of the substrates for
MLCL acylation during CL remodeling. Our analysis
showed that the vaccenate enrichment from de novo syn-
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thesis in plasma, PE, and CL was greater compared with
palmitate and stearate. The concentration of vaccenate
has been known to be low in lipid species except in bacte-
rial lipids such as cardiolipin. Although both oleate and
vaccenate are 18-carbon monounsaturated fatty acids, vac-
cenate is produced through the 16-carbon desaturation
pathway. (Palmitate is desaturated into palmitoleate,
which undergoes subsequent chain elongation to form
vaccenate) (30). Therefore, unlike oleate, vaccenate syn-
thesis is not dependent on that of stearate, as observed in
the higher FNS vaccenate compared with FNS stearate and
FNS oleate. The high synthesis rate of vaccenate suggests
rapid conversion of palmitoleate into vaccenate, with a
possible rate-limiting step in the desaturation of palmitate
into palmitoleate. Such a high rate of turnover suggests
vaccenate to be a metabolically active substrate, and the
synthesis of palmitoleate and its conversion to vaccenate to
be an important regulatory mechanism in mitochondrial
metabolism. Although HFD affected vaccenate turnover, it
did not affect enzymes involved in cardiolipin synthesis
and remodeling at the level of gene expression. However,
it remains possible these metabolic processes are affected
by HFD at multiple levels posttranscriptionally. Nonethe-
less, our present finding that vaccenate turnover was af-
fected by HFD suggests that vaccenate may play an
important role in the regulation of mitochondrial func-
tion by regulating the composition of CL species through
CL remodeling. Bl
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