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ARTICLE INFO ABSTRACT

Keywords: Cardiolipins (CLs) are primarily expressed in the inner mitochondrial membrane where they play essential roles
Phospholipid in membrane architecture and mitochondrial functions. CLs have a unique structure characterized by four acyl
Mass spectrometry chains with different stoichiometries such as chain length and degree of saturation. CL composition changes with
&iﬁfhon dria disease and age, but it is largely unknown how dynamic changes affect mitochondrial function. Here, we

compared CL profiles in different mouse tissues across different age groups using liquid chromatography and
triple quadrupole mass spectrometry. A key finding was that CLs in the brain differ significantly from those in
peripheral organs, with a tendency towards longer-chain variants. We hypothesized that these differences may be
influenced by the availability of fatty acids (FA), which in the brain could be affected by the blood-brain barrier.
In support of this notion, we found that FA concentrations varied in the different compartments. In addition, we
found that CL profiles changed during aging. In cultivated macrophages supplemented with different FAs, we
tested how altered CL profiles may affect both, mitochondrial morphology and function such as cristae density,
and mitochondrial membrane potential and respiration, respectively. Finally, we validated our in vitro results in
vivo by altering the CL profile in mice by using palmitic acid and oleic acid enriched diets. Our study highlights a
dynamic adaptation of CL profiles in response to FA availability and aging and emphasizes its functional
importance for mitochondrial function. Furthermore, FA supplementation may be a promising therapeutic
strategy to address disease- and age-related mitochondrial malfunctions.

Dietary fat
Lipid saturation

1. Introduction Interestingly, the stoichiometry of constituted CLs shows a great plas-
ticity varying, for instance, with health status and age.

Cardiolipins (CLs) are unique phospholipids found almost exclu- The unique structure of CL also leads to unusual biophysical prop-
sively in the inner mitochondrial membrane (IMM) of eukaryotic cells erties with a conical shape and curvature [2]. They are critical for
constituting up to 20 % of the IMM's total phospholipid mass [1]. Unlike maintaining mitochondrial architecture including morphology and sta-
other phospholipids, CLs have a dimeric structure with two phosphate bility of mitochondrial cristae [3]. In addition, accumulating evidence
groups attached to glycerol and four acyl chains instead of two indicates that CLs play a central role in regulating mitochondrial
commonly found in phosphatidylcholines. This peculiar composition metabolic processes. For example, CLs interact with membrane-bound
allows the constitution of a number of possible lipid variants. proteins of the respiratory chain, thus influencing electron flux
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through the respiratory chain and indirectly the maintenance of the
proton gradient across the IMM, itself the main driving force for
oxidative phosphorylation (OXPHOS) [4,5]. CLs also influence signaling
pathways ruling apoptosis, both, indirectly and directly as scavengers
for reactive oxygen species and via interaction with cytochrome ¢ and
other pro-apoptotic factors, respectively [6,7]. Recently, CLs emerged as
essential constituents of mitochondrial quality control and dynamics
machineries that regulate mitochondrial fission and fusion processes
[8].

Metabolism of CLs include two biological key pathways. De novo
synthesis starts with the formation of cytidine diphosphate (CDP)
diacylglycerol by consuming cytidine triphosphate [9]. This is followed
by the synthesis of phosphatidylglycerol phosphate from CDP-
diacylglycerol and glycerol-3-phosphate, releasing cytidine mono-
phosphate. Then, dephosphorylation leads to the formation of phos-
phatidylglycerol, which subsequently condensates with another CDP-
diacylglycerol to form the CL backbone [10,11]. Remodeling of CLs is
a process in which the acyl residues are exchanged via transacylases such
as tafazzin. Mutations in the tafazzin gene are known to cause Barth
syndrome presenting with muscle weakness, cardiomyopathy, and
neutropenia, thus giving disruption of CL metabolism clinical relevance
[12-14].

Here, we set out to study how organ- and age-related changes in CL
composition affect mitochondrial morphology and function and
cellular/organismal viability. Indeed, organs show different FA avail-
ability and need due to blood perfusion and function. Conversely, aging
is characterized by a general loss of physiological integrity, progressive
functional decline, and increased mortality risk. Molecular hallmarks of
aging include genetic, epigenetic, and proteomic alterations [15] pro-
gressively leading to mitochondrial dysfunction such as respiratory
chain impairment [16,17]. Recent evidence indicates that also the lip-
idome is subject to dynamic changes in the course of life [18]. Based on
these observations, we hypothesized that changes in the CL profile may
underlie observed organ dysfunctions with age. To test this hypothesis,
we adapted a recently established, highly sensitive liquid chromatog-
raphy coupled to triple quadrupole mass spectrometry (LC-MS/MS)
method under alkaline conditions to reliably detect and quantify CLs
[19]. The major presence of CLs in the IMM guarantees that CLs isolated
from any sample can be reliably attributed to mitochondria. With a
precursor ion scan detecting a common fragment from the glycerol
backbone of all CLs, we got an overview about a broad range of different
CL variants. Multiple reaction monitoring (MRM) was used for exact
quantification. We were able to reveal tissue- and condition-specific
dependencies of CL composition with regard to the functional conse-
quences. Also, we controlled the FA supply in supplementation experi-
ments with cultured cells and mice to modify the CL profile actively,
since the FA supply is closely related to the CL profile [20-22].

2. Methods
2.1. Mouse samples

A colony of C57BL/6J/UKJ wildtype mice was maintained in the
Central Experimental Animal Facility (ZET) of the Jena University
Hospital (Jena, Germany). All animals were kept under barrier condi-
tions with a controlled 14-h light/10-h dark cycle and food and water ad
libitum according to the ARRIVE guidelines. For aging experiments, only
male mice were used, bred under above conditions and maintained at 22
+ 2°C and a relative humidity of 55 + 10 % as described previously
[23]. Palmitic acid (PA) or oleic acid (OA) enriched diets were given to
4-week-old male C57BL/6 J wildtype mice as previously described [24].
A standard diet (ND) for 16 weeks was used as control. All procedures
involving animals were performed according to state and federal laws
after approval by the local state authorities (UKJ-17/036 and 02-024/
15).
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2.2. Cell culture

The mouse macrophage cell line J774A.1 (ATCC TIB-67) was grown
in DMEM - low glucose (0.9-1.1 g/L, D5546; Sigma-Aldrich, St. Louis,
MA), supplemented with 10 % fetal bovine serum (FBS, 10500-064;
Gibco, Invitrogen, Carlsbad, CA), 100 U/mL penicillin and 100 pg/mL
streptomycin (17-602E; Lonza Group, Basel, Switzerland). The cells
were cultured at 37 °C in a humidified atmosphere containing 5 % CO.
Primary rat vascular smooth muscle cells (VSMC) were kindly provided
by Bodo Levkau (University Hospital Diisseldorf, Germany) and cultured
under similar conditions with high glucose (4.5 g/L) and addition of 1
mM sodium pyruvate to the culture medium.

2.3. FA supplementation in cell culture

For FA supplementation in cultured cells, we used the FAs 16:1
(Cay10009871, Biomol, Hamburg, Germany) and 18:2 (L1376, Sigma-
Aldrich, St. Louis, MA). FAs were dissolved in ethanol (100 mM stock
solution). The cells were grown in DMEM (low glucose) supplemented
with 2 % FBS, 100 U/mL penicillin and 100 pg/mL streptomycin. FAs
were added twice a day for five days to reach the target concentration of
125 pM (0.125 % maximum ethanol concentration). One medium ex-
change was performed on the third day.

2.4. Lipid extraction

Cells were suspended in 1 mL phosphate buffered saline (PBS). Or-
gans were frozen in liquid nitrogen, crushed with a mortar and the
powder was then dissolved in 1 mL PBS. The samples as well as 10 pL of
the CL internal standards at a concentration of 500 pM (4 x 18:2d5 CL
and 4 x 14:0 CL, 791108C and 750332P Avanti Polar Lipids Inc.,
Alabaster, AL, USA) as well as the FA internal standards in a concen-
tration of 100 pM (17:0 d3 FA and 20:0 d3 FA, 27870, cayman, Ann
Arbor, MI, USA) were pipetted into glass centrifuge tubes (Corning,
Wiesbaden, Germany). 1 mL of methanol (Diagonal, Miinster, Ger-
many), 2 mL of chloroform (Carl Roth, Karlsruhe, Germany), and 300 pL
of 18.5 % HCI (Carl Roth, Karlsruhe, Germany) were added. The mixture
was vigorously vortexed for 10 min and centrifuged (3,000 rcf for 3 min
at room temperature). After transferring the lower organic phase into a
fresh glass centrifuge tube, another 2 mL of chloroform were added to
the remaining methanol-saturated aqueous phase. The sample was
vortexed and centrifuged a second time and the organic phases were
combined in a glass vial. The solvent was evaporated under vacuum, and
the extracted lipids were dissolved in 100 pL of a mixture of chloroform
and methanol (50 % chloroform, 50 % methanol). The samples were
analyzed by LC-MS/MS. For serum samples, we added 200 pL methanol
and 10 pL each of the 100 pM FA 17:0 d3 and FA 20:0 d3 internal
standards to 20 pL serum. After an overnight incubation at —80 °C,
proteins were precipitated by centrifugation at 4,500 rcf and 4 °C. The
supernatant was kept at —20 °C until LC-MS/MS analysis.

2.5. Identification and quantification of CLs and FAs

For CL analysis, we used a method previously described with few
modifications [19]. Briefly, 10 pL sample volume was applied onto a
Hamilton PRP1 2,1 x 100 mm column (CS-Chromatographie Service
GmbH, Langerwehe, Germany) with 5 pm particle size using the Agilent
series 1200 HPLC system (Agilent Technologies, Darmstadt, Germany).
Separation of analytes was performed with 10 % solvent A (acetonitrile)
and 90 % solvent B (0.5 % ammonium water) with an initial flow rate of
200 pL/min, switching to 100 % solvent A after sample injection. The
flow rate increased to 400 pL/min between 5 and 7 min and switched to
10 % solvent A after 12 min and to 200 pL/min flow rate between 14 and
15 min. The program stopped after 17 min. The measurements were
performed in a Sciex API 2000 triple quadrupole mass spectrometer (AB
Sciex GmbH, Darmstadt, Germany) with negative electrospray
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ionization (ESI). For CL identification, a precursor ion scan was per-
formed for the fragment m/z 153 (glycerol 1,2 cyclic phosphate ion)
with Q1 scanning between m/z 1200-1600. Quantification was per-
formed in the MRM mode for ions carrying two negative charges with
the detection of free fatty acid fragments as described [19]. The drying
gas temperature of the ESI source was 450 °C and the nebulizer voltage
was —4.5 kV. Curtain (CUR) and collision (CAD) gases were set to 40 psi
(2.76 bar) and 2 psi (0.14 bar) respectively, and nebulizing (GS1) and
drying (GS2) gases were set to 40 psi (2.76 bar) and 70 psi (4.83 bar),
respectively. The declustering (DP), focusing (FP), entrance (EP), colli-
sion cell entrance (CEP) and collision cell exit potentials (CXP) of the
doubly ionized CL were set at —50 V, =300V, -4V, —30 Vand —10 V.
The collision energy (CE) was set at —42 V and the dwell time at 70 ms.
FAs were analyzed using an isocratic HPLC program. The mobile phase
consisted of 90 % solvent A (methanol) and 10 % solvent B (0.5 %
ammonium water). The program ran for 10 min at a flow rate of 400 pL/
min. The declustering (DP), focusing (FP), entrance (EP), collision cell
entrance (CEP) and collision cell exit potentials (CXP) were set to —40 V,
—370V, -8V, —20 Vand —10 V, respectively. The collision energy (CE)
was also set at —10 V and the dwell time at 30 msec. FAs were analyzed
by pseudo-fragmentation with identical values for Q1 and Q3, corre-
sponding to the molecular weight of the respective FA ions. Standard
curves were generated by adding increasing concentrations of CLs up to
300 pmol and FAs up to 100 pmol. Linearity of the standard curves and
correlation coefficients were obtained by linear regression analyses (>
> 0.99). Data analyses were performed using Analyst 1.6.3 (AB Sciex
GmbH, Darmstadt, Germany).

2.6. ROS assay

50,000 cells per well were incubated in 100 pL HBSS (Gibco Thermo
Fisher, Waltham, MA, USA) with 10 uM 2',7"-dichlorodihydrofluorescein
diacetate (HoDCFDA, D399, Invitrogen Thermo Fisher, Carlsbad, CA,
USA) for 30 min in a 96 well plate (Greiner, Kremsmiinster, Austria). The
cell-permeable HoDCFDA is a chemically reduced form of fluorescein
that is used as an indicator primarily of hydroxyl radicals, peroxyl
radicals, and other reactive oxygen species (ROS) in living cells. After
cleavage of the acetate groups by intracellular esterases and oxidation,
the non-fluorescent HoDCFDA is converted into the highly fluorescent
2/,7'-dichlorofluorescein (DCF). The supernatant was removed and the
adhered cells were resuspended with 100 pL. HBSS. The measurement
was performed after 90 min with a Tecan Infinite F200 plate reader
(Tecan, Crailsheim, Germany) with a filter excitation of 485 nm and an
emission of 535 nm.

2.7. Mitochondrial membrane potential measurement

1.0 x 10° cells were incubated in 1 mL medium with 2 pM JC-1 dye
(420200, Merck, Darmstadt, Germany) for 15 min. The positive control
was treated with 1 pL. 50 mM of the protonophore CCCP (555-60-2,
Thermo Scientific Chemicals, Carlsbad, CA, USA) for 6 min. The cells
were then washed, centrifuged and resuspended in 300 pL PBS. For each
measurement, 25 pL were applied to the BD Accuri C6 flow cytometer
(Becton-Dickinson, Karlsruhe, Germany). The mean areas of PE and
FITC signals were divided (PE-A/FITC-A). The resultant values of non-
treated control cells were set to 100 %. Changes were depicted as rela-
tive values (% difference).

2.8. Transmission electron microscopy

Small pellets of cells were fixed with 2.5 % v/v glutaraldehyde in 0.1
M sodium cacodylate buffer (pH 7.4) for 24 h at room temperature. After
washing 3 times for 15 min with 0.1 M sodium cacodylate buffer (pH
7.4), the pellets were post-fixed with 2 % w/v osmiumtetroxide for 1 h at
room temperature. During the following dehydration in ascending
ethanol series, post-staining with 1 % w/v uranylacetate was performed.
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Afterwards, the pellets were embedded in epoxy resin (Araldite) and
sectioned using a Leica Ultracut S (Leica, Wetzlar, Germany). Finally,
ultrathin sections were mounted on filmed Cu grids, post-stained with
lead citrate, and studied in a transmission electron microscope (EM 900,
Zeiss, Oberkochen, Germany) at 80 kV and magnifications of 3,000 to
20,000x. For image recording, a 2 K slow scan CCD camera (TRS,
Moorenweis, Germany) was used. For quantitative analysis, the cristae
density was determined by normalizing the total length of the cristae in
a mitochondrion to its area, resulting in pm ™! as the unit.

2.9. Respirometry

Cellular oxygen consumption was measured at 37 °C using a Clark-
type oxygen electrode (Strathkelvin, North Lanarkshire, Scotland) as
previously described, with minor modifications [25,26]. Briefly, J774
control and treated (FA 16:1 and FA 18:2) cells were centrifuged for 5
min at 25 °C at 400 rcf to remove the medium and subsequently
resuspended in PBS. Cells were counted using the trypan blue exclusion
method and aliquoted. For respirometry, aliquots were centrifuged
again for 5 min at 25 °C at 400 rcf and resuspended in respiration me-
dium (100 mM KCl, 50 mM MOPS, 1 mM EGTA, 5 mM KH5POy4, and 1
mg/mL of fatty-acid-free bovine serum albumin at pH 7.4) shortly before
the experiment. A total of 0.5 x 10° cells were added to 0.5 mL of
respiration medium in the oxygraph chamber to first measure endoge-
nous whole-cell respiration. Next, digitonin (20 pg; D141, Sigma-
Aldrich, St. Louis, MA, USA) was added to permeabilize the cells, fol-
lowed by the sequential addition of different substances (purchased
from Merck, Darmstadt, Germany, and Thermo Scientific Chemicals,
Carlsbad, CA) in the following order and at the indicated concentrations:
pyruvate (5 mM), glutamate (5 mM), malate (2 mM), adenosine 5'-
diphosphate sodium salt (ADP, 2 mM) for achieving maximal phos-
phorylating respiration (state 3), 2,4-dinitrophenol (0.1 mM) for
achieving maximal uncoupled respiration.

2.10. Statistics

GraphPad Prism 7.0 was used for statistical significance testing. Data
were tested for normal distribution using the Shapiro-Wilk test. Two
groups were tested for statistical significance using the two-sample
Student's t-test. Multiple groups were tested for statistical significance
using a one-way ANOVA with Tukey's multiple comparison test. Outliers
were identified using the interquartile range (IQR) method, and values
exceeding 1.5 x IQR were excluded from the analysis.

3. Results

For CL quantification, we adapted a method originally described by
Gang Xu and colleagues with some modifications as outlined in the
methods section [19]. The calibration curves were linear over the tested
concentration range of 1-300 pmol with R% > 0.99 (Fig. 1A). With the
established LC separation method under alkaline conditions, we first
carried out precursor ion scan measurements of lipid extracts that
originated from different tissue types. For this, we used the common CL
fragment of m/z 153, which derives from the glycerol backbone of CL.
Heart and liver as well as other peripheral organs such as spleen, kidney
and skeletal muscle exhibited a similar CL profile. These were charac-
terized by a prominent peak with an m/z value of 1448, reflecting a CL
with four 18:2-FA residues (Fig. 1B,C). Additionally, we conducted
precursor ion scans to search for the specific m/z values of CLs with
alternative FA composition. These scans revealed a high proportion of
18:2 FA residues in other CL variants of peripheral tissues with usually
two to three 18:2 acyl chains. In contrast, brain tissue displayed a
distinct profile with a higher diversity of different CL variants (Fig. 1D).
We found a high proportion of 18:1-FA residues, but also high levels of
longer chain polyunsaturated FAs such as 20:4-FA and 22:6-FA, result-
ing in CL profiles with a higher molecular weight reflected by a right
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Fig. 1. (A) Standard curves for the quantification of 4 x 18:1-CL and 4 x 18:2-
CL. The standards were analyzed at 1, 3, 5, 10, 30, 50, 100 and 300 pmol. Peak
areas were plotted against the known amounts, fitted using linear regression
and normalized to the maximal value (300 pmol = 100 %) for display. The
resulting calibration curves were linear over the tested range with coefficients
of determination R? = 0.9956 and R? = 0.9965. (B-F): Precursor ion scan of the
fragment m/z 153 following lipid extraction. Representative illustration of five
independent experiments of (B) mouse heart tissue, (C) mouse liver tissue, (D)
mouse brain tissue, (E) cultivated J774A.1 mouse macrophages and cultivated
rat vascular smooth muscle cells (VSMC, F).
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shift of signals in the mass histogram. We also performed experiments
with the mouse macrophage cell line J774A.1 incubated under standard
conditions. A precursor ion scan of the fragment m/z 153 revealed a CL
profile differing from all analyzed ex vivo mouse tissues with a tendency
towards lower molecular masses reflecting a composition with shorter
FA-chains (Fig. 1E). Indeed, LC-MS/MS measurements demonstrated a
dominant proportion of 16:1-FA and 18:1-FA as side chains. Addition-
ally, we analyzed primary cultured rat vascular smooth muscle cells
(VSMCs, Fig. 1F). Surprisingly, the overall CL profile of VSMCs were
similar to that observed in J774A.1 cells, indicating that cell culture
conditions rather than cell specificity may determine the CL profile.

We then wanted to investigate the underlying reasons for these dif-
ferences. The observed unique CL pattern in brain, separated from sys-
temic circulation by the blood-brain barrier, prompted us to compare
the supply with FAs with other peripheral tissues. Actually, the brain,
generally rich in FAs, exhibited its own FA profile, which deviated
significantly from that in other peripheral organs such as heart and liver.
Notably, 18:2-FA, the most common FA residue in peripheral CL,
reached a significantly lower concentration in the brain compared to
heart or liver (Fig. 2A). Conversely, the amounts of 18:1-FA, 20:4-FA and
22:6-FA were significantly higher compared to the other tissues inves-
tigated (Fig. 2B-D). These FAs were common acyl chains in the CL of
brain. Notably, our approach without prior acid hydrolysis is limited to
the detection of free fatty acids only.

Specific quantification of the most abundant CLs in peripheral tissue
using LC-MS/MS in MRM mode revealed that 4 x 18:2-CL, dominant in
peripheral tissue, was nearly absent in the brain, which was also the case
for 3 x 18:2/1 x 20:3-CL and 3 x 18:2/1 x 22:6-CL variants (Fig. 2E-G).
While there were no qualitative differences between CLs of heart and
liver, the concentration of individual molecular CL species tended to be
lower in liver tissue. In contrast to all investigated 18:2-CL forms, the
concentration of 2 x 18:1/2 x 20:4 CL was much higher in brain than in
other investigated peripheral tissues, reflecting their increased presence
in the brain (Fig. 2H).

Next, we examined the FA content in fetal calf serum (FBS) and
compared it to adult human serum. FBS is routinely used for continuous
cultivation of cells and under most experimental cell culture conditions
the only source of FA. We found in FBS markedly lower levels of 18:2-FA
compared to human serum (Fig. 2I). Thus, we considered the lack of
18:2-FA in FBS a critical determinant for the unique CL-profile observed
in cultivated cells. The level of 18:1-FA was also significantly lower
compared to human serum, but still at a much higher level than the 18:2-
FA, in line with the high content of CLs with 18:1 acyl residue in cultured
cells (Fig. 2J). Conversely, the concentration of the long-chain FAs 20:4-
FA and 22:6-FA were much lower in human serum than in FBS (Fig. 2K,
L). These observations led us to conclude that the CL-profile was
strongly affected by FA availability.

To detect age-dependent changes in the CL profile, we compared
samples from aged mice (29 months) with young mice (8 weeks). We
focused on skeletal muscle, heart and liver tissue and determined first
the proportion of 4 x 18:2-CL in the total amount for a qualitative
assessment. A considerable decrease in the proportion was observed in
all three tissue types with age (Fig. 3A-C). The amount of the dominant
CL in the peripheral tissues thus decreased significantly with age. On the
other hand, we found increased concentrations of CLs with a non-C18
acyl chain, including both shorter-chain variants with C16 acyl chains
and longer-chain variants with C20 or C22 acyl chains (Fig. 3D-F). This
indicates that aging is associated with a higher diversity of different CL
variants across tissues.

Furthermore, we established a cell culture model that enabled the
active modification of the CL profile by adding specific FAs in the same
J774A.1 macrophage cell line. Previous studies using cultured cells
suggested significant effects upon addition of FAs on the CL profile
[27,28]. To maintain a constant FA level due to rapid cellular uptake, we
added FAs twice per day for five consecutive days of incubation. Suc-
cessful incorporation was confirmed by LC-MS/MS measurements using
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Fig. 2. Concentration of different FAs and CLs in organ systems and serum. (A-D) Comparison of 18:2-FA (A), 18:1-FA (B), 20:4-FA (C) and 22:6-FA (D) concen-
trations in heart, liver and brain tissue as indicated. (E-H) Comparison of the three most common CLs in the heart (E-G) and the most common CL in the brain (H). (I-
L) Comparison of the concentration of FAs in fetal bovine serum (FBS) and human serum. Data are shown as mean + SD, of 4-5 organs derived from different
individual mice (A-H) or 5 different FBS and human serum samples (I-L). Statistical analysis was performed for two groups using two-sample Student's t-test and for
multiple groups using the one-way ANOVA test followed by Tukey's multiple comparison test, with *p < 0.05, **p < 0.01, ***p < 0.001.

precursor ion scans of the common CL fragment m/z 153 (Fig. 4A).
Control cells were incubated with 2 % FBS for the same period and
exhibited the usual cell culture CL profile (Fig. 1D). The addition of 16:1-
FA caused a shift towards lower molecular weight CLs with 16:1-FA
integrated in their structure. There was also a noticeable shift towards
higher molecular weight CLs after addition of 18:2-FA, indicating effi-
cient incorporation of 18:2-FA into the CL structure. We illustrated the

occurring CL shift also with quantitative measurements. The 18:2-FA
substituted cells showed a constant increase of the 4 x 18:2-CL over
the incubation period (Fig. 4B). After 5 days of supplementation, we
measured constant high values of 4 x 18:2-CL. We then performed
several functional assays to compare the mitochondrial functional state
under altered CL profiles. Transmission electron microscopy imaging
was conducted for morphological assessment. The control group and
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Fig. 3. Comparison of tissue samples from young mice aged 2-3 months with old mice aged 28-29 months. (A-C) Proportion of 4 x 18:2-CL on the total CL content.
(D-F) Proportion of CLs with at least one non-C18 acyl residue on the total CL content. Data are shown as mean + SD of 5 organs derived from different individual
mice. Statistical analysis was performed using two-sample Student's t-test, with *p < 0.05, **p < 0.01, ***p < 0.001. The seven most commonly found CL-variants 4
x 18:2-CL, 3 x 18:2/1 x 18:1-CL, 3 x 18:2/1 x 16:1-CL, 2 x 18:2/1 x 18:1/1 x 16:1-CL, 3 x 18:2/1 x 20:2-CL, 3 x 18:2/1 x 20:3-CL and 3 x 18:2/1 x 22:6-CL

were included in the analyses.

16:1-FA treated cells did not differ significantly, while the 18:2-FA-
substituted cells had an increased cristae density (Fig. 4C). Cristae are
characteristic invaginations of the inner mitochondrial membrane that
increase membrane surface area, providing space for enzymatic pro-
cesses [29]. A reactive oxygen species (ROS) assay revealed no signifi-
cant differences in ROS levels between the experimental groups, except
for the positive control treated with 10 or 100 pM H202, which exhibited
increased ROS levels (Fig. 4D). A large proportion of intracellular ROS is
produced as a by-product of mitochondrial activity during oxidative
phosphorylation [30], but this production did not appear to be affected
by the altered CL profile. We also measured mitochondrial membrane
potential (MMP) using the fluorescent dye JC-1. The MMP is the product
of proton pumping by a subset of respiratory chain complexes and its use
as driving force for OXPHOS, thus reflecting mitochondrial activity [31].
Treatment of cells of the control group with the uncoupler carbonyl
cyanide m-chlorophenyl hydrazine (CCCP) disrupted the membrane
gradient, resulting in a lower MMP (Fig. 4E). The MMP did not differ
significantly from the control group after 16:1-FA treatment, which
aligns with the already high 16:1-FA content in FBS-incubated cells. In

contrast, incubation with 18:2-FA led to a significant increase in MMP.
Determination of the respiratory capacity (oxygen consumption) resul-
ted in no significant differences in whole cell respiration rate in J774A.1
cells that were treated for 5 days with 125 pM 16:1-FA and 18:2-FA
twice daily compared to non-treated controls (Fig. 4F). Similar results
were obtained after cell permeabilization with digitonin and addition of
complex I-linked substrates. However, maximal phosphorylating respi-
ration after addition of 2 mM ADP (state 3) and uncoupled respiration
after addition of 2,4-dinitrophenol were significantly reduced in both,
16:1-FA and 18:2-FA treated J774A.1 cells, indicating an impact of FA
treatment on maximal and uncoupled respiration.

Finally, we set out to modulate the CL profile in vivo by maintaining
mice on different diets, i.e., 16:0-FA- or 18:1-FA-enriched diets for
twelve weeks or controls on standard chow. Analysis of the FA levels in
liver samples revealed a noticeable increase in the supplemented FAs
compared to the control group (Fig. 5A,B). Yet, such in vivo supple-
mentation of 18:1-FA in mice was shown to increase levels of pro-
resolving lipid mediators and, as a consequence, increased resolution
of periodontal inflammation [24]. We compared the levels of all
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Fig. 4. Cultivated J774A.1 mouse macrophages supplemented with 16:1-FA or 18:2-FA as indicated. (A) Representative illustration of precursor ion scans of the
fragment m/z 153 of one out of three independent experiments. (B) Amount of 4 x 18:2-CL in J774A.1 cell samples supplemented with 18:2-FA for 7 days. Data are
shown as mean + SD of two independent experiments. (C) Representative electron microscopy images of mitochondria in J774A.1 mouse macrophages. For
quantification, 20-22 mitochondria were randomly selected from at least ten cells per condition. Data are shown as mean + SD, n = 20-22, ***p < 0.001, scale bar:
500 nm. (D) Reactive oxygen species (ROS) assay. Hydrogen peroxide (H202) was used as positive control. Data are shown as mean + SD of three independent
experiments. Statistical analysis was performed using the one-way ANOVA test followed by Tukey's multiple comparison test, with *p < 0.05, **p < 0.01. (E)
Mitochondrial membrane potential determined by the fluorescent dye JC-1. Shown are relative values compared to controls, which were set to 100 %. A positive
control was generated by using the uncoupler carbonyl cyanide m-chlorophenyl hydrazine (CCCP). Data are shown as mean + SD of three independent experiments.
Statistical analysis was performed using the one-way ANOVA test followed by Tukey's multiple comparison test, with *p < 0.05, **p < 0.01. (F) Oxygen consumption
rates of J774 control and treated (16:1-FA, 18:2-FA) cells under different conditions. Data are shown as mean + SEM of n = 4 individual experiments. Endo — oxygen
consumption of intact cells, Digi — digitonin for cell permeabilisation, Substrates — complex I linked: pyruvate 5 mM + glutamate 5 mM + 2 mM malate in absence of
ADP for non-phosphorylating respiration, ADP - 2 mM for inducing maximal respiration, DNP - 2,4-dinitrophenol for inducing uncoupled respiration, one-way

ANOVA and Tukey's multiple comparison test were performed with *p < 0.05, **p < 0.01.

analyzed CL in the three groups using principal component (PC) analysis
(Fig. 5C). The results showed an overlap between the 16:0-FA supple-
mented group and the control group, but distinct differences in the 18:1-
FA supplemented mice. This suggests that supplementation with 16:0-
FA did not alter the CL profile, consistent with the general observation
that saturated FAs are rarely found in CL. In contrast, the CL profile of
the 18:1-FA supplemented mice differed significantly, which was in line
with the common presence of 18:1-FA residues in tissues lacking 18:2-
FA. We further specified the changes in the CL profile using LC-MS/
MS in the MRM mode. The 3 x 18:2/1 x 16:1-CL variant was less
expressed following 18:1-FA supplementation (Fig. 5D). Conversely, the
levels of CL variants with a high content of 18:1-FA residues were
significantly increased (Fig. S5E,F). Supplementation with 16:0-FA did
not affect the CL profile (Fig. 5G-I).

4. Discussion

In this study, we examined the distribution of CLs across various
tissues. The quantitative differences between the peripheral organs were
likely caused by different cellular amounts of mitochondria. There is
evidence that the level of CL is directly linked to the number of mito-
chondria [32] with both tissues, heart and liver, being mitochondria-
rich, though heart muscle has an especially high mitochondrial con-
tent [33]. We found the most notable qualitative differences in the brain,
which is a tissue with distinct metabolic properties. Among the FAs
analyzed, only 18:2-FA exhibited a significant decrease, possibly due to
the blood brain barrier isolating the brain tissue from systemic circula-
tion. Although essential linoleic acid is taken up by the brain from cir-
culation, palmitic, stearic and oleic acids are not. They are formed
locally by de novo synthesis, indicating a unique role of FA trans-
portation and synthesis in the brain [34]. Our observations in cell cul-
ture also revealed significant deviations in CL composition, associated
with a lower level of 18:2-FA in FBS compared to human serum.
Markedly, the CL profiles of J774A.1 cells, representing a classic
immortalized cell line, and VSMCs, representing primary non-
immortalized cells, did not differ significantly from each other. This
indicates that the cell type or degree of immortalization is not a major
determinant of the cardiolipin profile under cell culture conditions, but
rather the consequence of FA availability provided through media sup-
plements such as FBS. Previous research suggested that the ratio of 18:2-
FA to 18:1-FA as part of other phospholipids is critical in determining
the CL profile. Higher levels of 18:2-FA promote their incorporation into
CL, whereas increased 18:1-FA levels favor the formation of alternative
CL variants [35]. Our findings are consistent with these observations on
the level of FAs, directly reflected in the FA profiles and CL variants. The
unique FA profile of FBS and its impact on CL expression emphasize the
need to carefully evaluate the FA composition of cell culture media. To
more accurately model peripheral mitochondrial phenotypes, using
human serum instead of FBS or maintaining a stable level of 18:2-FA,
may prove beneficial.

An interesting aspect of our study is that we identified aging as a
factor that influences CL composition across all examined tissues. Other

studies have reported a decline in the total CL content with age in
different compartments, associated with functional impairment [36,37].
Our findings also demonstrate a significant alteration in the qualitative
composition of CLs, characterized by a marked decrease in CL with 18:2-
FA residues. This shift is accompanied by a significant increase in CLs
containing both, shorter (C16) and longer (C20 or C22) FA side chains.
This fits with the observations in other studies, e.g., in heart tissue,
where a decrease in the 4 x 18:2-CL and an increase in longer unsatu-
rated FA residues have been demonstrated in absolute values [38].
Similar alterations may have a link to pathological conditions in this
organ [39,40]. The decrease in 18:2-FA residues could impair mito-
chondrial function, with 4 x 18:2-CL potentially playing an important
role in stimulating essential processes such as mitochondrial respiration
[22,41]. On the other hand, the higher proportion of other FAs, such as
22:6-FA, could negatively impact the activity of key mitochondrial en-
zymes and processes [42].

Our cell culture experiments demonstrated the significant influence
of altered FA supply on the CL profile for cells in culture. By maintaining
high and constant FA concentrations with two supplementations per
day, we induced maximal changes in the CL profile. However, even
higher FA concentrations resulted in reduced cell viability. Transmission
electron microscopy revealed no significant differences in mitochondrial
structure between cells treated with 16:1-FA and the control group,
which is consistent with the already high proportion of 16:1-FA in the
standard CL profile of cell cultures. In contrast, the addition of 18:2-FA
exerted an increase in mitochondrial cristae, which may enhance the
functional capacity of the respiratory chain. The observed increase in
mitochondrial membrane potential following 18:2-FA supplementation
is indicative for a major influence of 18:2-FA containing CL on mito-
chondrial activity, likely contributing to improved cellular health
[31,43]. Interestingly, there was no difference in ROS production be-
tween the control group and cells treated with FAs, despite an increase
in the MMP. Mitochondria are considered as the main source of ROS in
cells, and there is a strong positive correlation of the MMP and ROS
production [44]. The absence of a positive correlation suggests that
18:2-containing CL may also play a role in regulating ROS balance, e.g.,
increasing cells' antioxidative capacity or preventing excessive ROS
production and cell damage.

The mouse model experiments validated our cell culture findings and
provided further insights into the dynamics of CL profile changes in vivo.
Here, we focused on liver samples, but it would be useful to extend these
analyses to other organ systems. The liver's role as a storage organ for
lipids and fatty acids, including triglycerides, implies dynamic storage
and release processes, and these dynamics might be even more pro-
nounced in other organs. Nevertheless, our results showed a noticeable
increase in the supplemented fatty acid in comparison to the control
group. Future studies should consider measuring serum FA levels to
assess systemic circulation. Remarkably, supplementation with 16:0-FA
did not alter the CL profile, suggesting that saturated fatty acids are not
preferential substrates for CL synthesis and remodeling under physio-
logical conditions. However, increased 16:0-FA residues have been re-
ported in pathological conditions such as Barth syndrome [12].
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Fig. 5. FA levels and CL profiles in liver samples of FA-supplemented mice as indicated. (A-B) Concentration of 16:0-FA and 18:1-FA in liver samples from mice on a
16:0-FA or 18:1-FA diet compared with control mice receiving normal chow. (C) Principal component (PC) analysis performed with the web-based platform
MetaboAnalyst [47]. (D-F) Comparison of CL concentrations in liver samples from mice on a 18:1-FA diet compared with control mice receiving normal chow. (G-I)
Comparison of respective CL concentrations in liver samples from mice on a 16:0-FA diet compared with control mice receiving normal chow. Data are shown as
mean =+ SD of 4-5 individual mice per group. Statistical analysis was performed for two groups using two-sample Student's t-test and for multiple groups using the
one-way ANOVA test followed by Tukey's multiple comparison test, with *p < 0.05, **p < 0.01.

Supplementation with 18:1-FA, an unsaturated FA often present in CL,
resulted in a moderately significant increase in CL variants containing
high amounts of 18:1-FA and 18:2-FA, while the amount of 3 x 18:2/1
x 16:1-CL decreased significantly, indicating a potential replacement of
16:1-FA residues by 18:1-FA. The addition of other fatty acids, e.g., long-
chain unsaturated fatty acids, could further influence the CL profile and
mitochondrial function, as previously demonstrated [42]. This could
have implications for modulating the activity of the respiratory chain.
Dietary manipulation of FA composition presents a potential strategy to

alter the CL profile with functional impact on mitochondria. Further
studies are required to determine the applicability to humans. Such an
approach may also offer therapeutic potential for reversing age-related
mitochondrial dysfunction, with 18:2-FA being a particularly prom-
ising candidate, specifically with its increasing effects on the
tetralinoleoyl-CL and its effect on the mitochondrial activity [41].
Future investigations are necessary to validate these findings.

Finally, changes in CL acyl chain composition can have profound
implications for mitochondrial function. CL is indispensable for
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maintaining cristae architecture and stabilizing respiratory chain
supercomplexes, thereby enhancing oxidative phosphorylation, i.e., ATP
synthesis [45]. It also anchors key proteins such as ATP synthase and the
ADP/ATP carrier, directly affecting energy transduction. Moreover,
remodeling of cardiolipin has been linked to elevated mitochondrial
ROS production and sensitization towards apoptosis via CL peroxidation
and cytochrome c release [8]. Importantly, there is increasing evidence
for CL being involved in mitochondrial dynamics, quality control
mechanisms like mitophagy and membrane contact site signaling [46].
Our data provide a biochemical basis for future investigations into how
altered cardiolipin composition may affect mitochondrial structure and
function.

Taken together, with the comparison of tissues from different origin
and age, we highlight the dynamic changes of CL composition regarding
its important role for the mitochondrial membrane architecture and the
activity status. We identified the FA composition as a crucial factor to
actively induce alterations in the CL profile. This opens up interesting
treatment strategies for age-dependent improvement of mitochondrial
function.
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