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A B S T R A C T

Polyunsaturated fatty acids (PUFA) are particularly susceptible to free radical-induced lipid peroxidation (LPO).
Specific deuteration at bis-allylic positions of PUFA (D-PUFA) has been recently proposed as a way to inhibit the
LPO. Here, a high mass resolution untargeted lipidomic analysis protocol was applied to examine the changes in
the lipidome of keratinocytes supplemented with bis-allylic deuterated linoleic acid (D2-LA). Incorporation of D2-
LA occurs preferentially in membrane phospholipids such as phosphatidylcholine and phosphatidylethanolamine,
followed by triglycerides. However, the relative contribution of D2-LA among membrane lipids is highest in
cardiolipin (60%) followed by its precursor phosphatidylglycerol (50%). Cardiolipins are enriched in PUFA and
exclusively located in mitochondrial membranes, thus representing major targets for lipid peroxidation. These
findings indicate that D2-LA supplementation is linked to the preservation of mitochondrial function under
oxidative stress. Finally, our study highlights the suitability of high mass resolution lipidomic analysis to inves-
tigate lipid metabolism at the level of individual molecular species in stable isotope tracing experiments.
1. Introduction

Polyunsaturated fatty acids (PUFA) are essential components of
membrane lipids of eukaryotes. PUFA are particularly relevant to the
normal cellular function and bioenergetics, representing a significant
proportion of fatty acids esterified to membrane lipids of chloroplasts,
mitochondria, retina, and neurons (including synaptic vesicles) [1–5].
On the other hand, PUFA are highly susceptible to lipid peroxidation
(LPO) through redox imbalance (or oxidative stress), which is a common
feature of many human pathological conditions (e.g. atherosclerosis,
neurological and age-dependent diseases [2,6,7]). The risk of LPO is
linked to the formation of lipid radicals [8], thereby igniting a chain
reaction that may extensively damage cellular membranes. If not
controlled by potent antioxidant mechanisms, LPO can disrupt optimal
membrane fluidity and permeability, thereby impairing the function of
membrane-bound proteins and properties of cellular ion exchange
[9–11], respectively. Moreover, the downstream products of LPO, such as
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reactive carbonyls, are toxic to numerous biochemical pathways
[12–14].

Since hydrogen abstraction from bis-allylic positions of PUFA is the
rate-limiting step in lipid peroxidation [12], PUFA deuteration represents
a conceivable strategy to counteract the cellular damages caused by
excessive LPO. The rationale of PUFA deuteration is that hydrogen
abstraction can be attenuated or inhibited by substituting hydrogen
atoms at bis-allylic positions with deuterium (D-PUFA) [13] with the
effect further multiplied by the chain nature of the LPO [14]. The
effectiveness of D-PUFA treatment against LPO has been recently
demonstrated in multiple cellular and animal models [13–19], including
protection against light-induced lipid peroxidation [20]. Moreover, the
active role of D-PUFA against LPO has been confirmed with only a
modest contribution of D-PUFA in bilayer membranes (estimated at
<20% of total PUFA [14,21]). Nonetheless, the intracellular distribution
of D-PUFA at the level of the hundreds of individual lipid molecules
comprising the cellular lipidome was not yet evaluated. The relative
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distribution of D-PUFA into storage and/or membrane lipids will surely
complement the current understanding about the mechanisms of action
of D-PUFA supplementation.

Herein, the fates of bis-allylic deuterated linoleic acid (11,11 D2-LA)
supplementation in the lipidome of keratinocytes were investigated by
untargeted lipidomics using liquid chromatography coupled to high-
resolution mass-spectrometry (LC-HRMS). For comparison, D2-LA sup-
plementation to cells was studied in parallel to additions of vehicle
(BSA), oleic and linoleic acids. In addition, photosensitization experi-
ments using a mitochondrial photosensitizer (di-methyl methylene blue)
were performed to evaluate whether the supplementation with D2-LA is
able to protect mitochondria from oxidative stress.

2. Material and methods

2.1. Cell cultivation and lipid supplementation

Human nonmalignant immortalized keratinocytes HaCaT cells were
seeded in 6-well plates (104 cells/cm2) two days before the fatty acid
(FA) incubations. Dulbecco Modified Eagle Medium (DMEM; Sigma-
Aldrich, D5648), supplemented with FA-free bovine serum albumin
(BSA; Gibco™, 12657029) was employed for fatty acid delivery (6:1 ratio
for FA:BSA). For each experiment, 25 μMof FA (oleic, linoleic and D2-LA)
was added into the cell culture medium. DMEM with BSA was used as
control for vehicle and non-deuterated oleic and linoleic acids were used
as references for FA uptake. Twenty-four hours after BSA or FA-BSA in-
cubations, cells were treated with trypsin and their respective pellets
were maintained in ultra-freezer (�80 �C) until lipidomics analysis.

2.2. Lipid extraction and liquid chromatography tandem mass
spectrometry analysis

Cell pellets were homogenized in 600 μL of 10 mM phosphate buffer
(pH 7.4) containing 100 μMof deferoxamine mesylate as chelating agent.
The homogenates were divided into 500 μL for lipid extraction and 100
μL for total protein quantification using BCA protein assay, according to
manufacturer's instructions. The lipid extraction followed the protocol by
Yoshida et al. [22] with slight modifications. To the 500 μL homogenates,
100 μL of a mix containing internal standards (detailed in Table S1) was
added together with 300 μL of methanol. To these mixtures, 4 mL of
chloroform:ethyl acetate (4:1) were added and the samples were thor-
oughly vortexed for 1 min. Samples were then sonicated for 20 min in ice
bath and thereafter centrifuged (1500 g for 6 min at 4 �C). The lower
phase containing the total lipid extract (TLE) was transferred to a new
tube, evaporated to dryness under N2 gas, and re-dissolved in 100 μL of
isopropanol. The TLEs were measured by liquid chromatography (C18
column, reverse-phase) tandem electrospray time-of-flight mass spec-
trometry and the injection volume was set at 1 μL. For the untargeted
lipidomic analysis a high-resolution electrospray time-of-flight mass
spectrometer (ESI-TOFMS, Triple TOF 6600, Sciex) was used in tandem
with an ultra high-performance liquid chromatography system (UHPLC
Nexera, Shimadzu), as previously described [23]. One sample from each
treatment (BSA, oleic, linoleic and D2-LA) was randomly selected for lipid
identification by MS/MS experiments. The top 300 most abundant ions
fromMS/MS experiments in each negative and positive ionization modes
were manually annotated exclusively based on their fragmentation
pattern (except for free fatty acids and free cholesterol). Thereby a list of
exact masses and retention time for lipid species was generated and
compounds were quantified as peak area in MS1 (see Table S1). Peak
areas of lipid species were compared to those of the respective internal
standard class (semi-quantitative approach), and the molar concentration
for each lipid calculated and thereafter normalized by total protein
concentrations. Finally, a pooled sample containing a 30 μL aliquot of
TLE from each experimental sample was used as quality control. This
pooled sample was injected before and after a batch of 5 experimental
samples and the coefficient of variance (CV) was calculated.
2

2.3. Photosensitization with di-methyl methylene blue (DMMB) and cell
viability

Keratinocytes were seeded in 96-well plates with growth medium 48
h before the photosensitization experiments at a density of 1 � 104 cells
per well. The growth medium was removed 24 h prior to the experi-
ments, washed once with PBS and filled with an equal volume of the
supplemented medium containing 25 μM of FA (oleic, linoleic or D2-LA).
The supplemented DMEM medium containing FA was prepared accord-
ing to the protocol described above, with FA-free BSA used as control for
vehicle. Cells were washed with PBS and incubated with 10 nM DMMB
for 1 h in a 37 �C incubator under a moist atmosphere of 5% carbon
dioxide. DMMB treated cells were washed twice with PBS. Irradiation
was carried out with Ethik with red LED with a maximum emission
wavelength at 657 nm. To achieve 12 J cm�2, cells were irradiated for 9
min at an irradiance of 23.5 Wm.cm�2. Photosensitized and non-
photosensitized cells maintained in PBS were used as DMMB-free
controls.

Cell viability was estimated by measuring the reduction of resazurin
into resorufin as product [24]. Photosensitized and non-photosensitized
keratinocytes were washed with PBS and incubated with medium 1%
(v:v) FBS containing AquaBluer™ for 4 h in a 37 �C incubator under a
moist atmosphere of 5% carbon dioxide. Next, the plates were removed
from incubator, and values were read in a fluorescence plate reader at
540 nm exposition and 590 nm emission, using SpectraMax i3 (Molecular
Devices, USA). Cell viability for DMMB experiments (i.e.
non-photosensitized and photosensitized cells) was calculated by
normalizing the reads to the mean of their respective DMMB-free BSA
controls [25].

2.4. Statistical analyses

Lipids concentrations were converted into molar per total protein
content, and data are presented as mean � standard deviation. Prior to
statistical analysis, compounds displaying a CV>20%were excluded and
the lipidomic data were log-transformed to achieve normal distribution.
For univariate analysis, a one-way ANOVA was applied with a false
discovery rate (FDR; as control of Type-I error or false positives) followed
by a post-hoc Tukey's test to identify differences between treatments, and
a p value of <0.05 was adopted for significance. Statistical analyses were
conducted using Metaboanalyst (www.metaboanalyst.ca), following
protocols in Pang et al. [26]. Statistical analysis for cell viability in
photosensitization experiments was performed in GraphPrism.

3. Results

The m/z resemblance between oleic acid (18:1) and 11,11 D2-LA
(D18:2) is one of the major challenges in evaluating D-PUFA incorpora-
tion into cellular lipidome. Fortunately, untargeted lipidomics by LC-
HRMS allowed not only to distinguish MS/MS fragment ions derived
from D2-LA and oleic acid, which display a 3 mDa mass difference, but
also to quantify compounds of very similar masses with suitable baseline
separation (Fig. 1; Fig. S2). As an example, two phosphatidylcholine (PC)
linked to palmitate (16:0) and either D2-LA or oleic, both having am/z of
818.5917� 5mDA, were successfully identified not just based on them/z
difference between D2-LA and oleic acid, but also given the optimal
separation by liquid chromatography (i.e. distinct retention times of 9.18
and 9.61 min; Fig. 1A). Similarly, triglycerides (TG) from cells treated
with BSA or supplemented with D2-LA having a m/z 874.7858 � 5mDA,
but containing natural isotopes or 11,11 D2-LA, respectively, could be
unequivocally identified based on m/z of fragments in MS/MS experi-
ments and distinct retention times (Fig. 1D).

A total of 309 individual lipid species were identified, from these 206
comprising natural isotopes and 103 species containing D2-LA in their
structure (Table S1). The numerical contribution of D2-LA containing
species to the total number of lipids within a single class is shown in



Fig. 1. Identification of phosphatidylcholine (PC)
and triglyceride (TG) species containing D2-LA
(D18:2) and natural isotopes by LC-HRMS from a
sample supplemented with D2-LA (blue) and a BSA
control sample (red). Total ion chromatograms of
precursor ions m/z 818.59 (A) and m/z 874.78 (D)
showing baseline separation of PC and TG species,
respectively. B and C) Negative ionization mode MS/
MS chromatograms of PC (16:0/D18:2) and PC (16:0/
18:1), respectively, displaying fatty acid (FA) frag-
ments ions from D18:2 and 18:1. E and F) Positive
ionization mode MS/MS chromatograms of TG (16:1/
D18:2/D18:2) and TG (16:1/18:1/18:1), respectively,
displaying fragments of diacylglycerides (DG). Theo-
retical masses of FA (B and C) and DG (E and F) are
displayed and compared to experimental masses (er-
rors are indicated). Please see Fig. S1 for details in the
structures of these lipids. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Table S1. Of note, and although comprising only a small fraction of total
lipids, elongated products of D2-LA were observed as free fatty acids
(FFA) and n-acyl chains of sphingolipids with 20, 22 and 24 carbons
(Table S1; Fig. S3).

The addition of fatty acids (25 μM) to keratinocytes (D2-LA, oleic and
linoleic acids) did not stimulate major alterations in the concentrations of
lipid classes as compared to the vehicle (BSA), except for a trend of
increased concentrations in neutral lipids, particularly glycerolipids
(Fig. S3). Notably, D2-LA was incorporated into multiple lipid classes,
and D2-LA containing species represented in average ca. 23% of total
3

lipid concentrations (Fig. 2A and S3).
Among neutral lipids, D2-LA was mainly esterified to triglycerides

(TG), representing ca. 26% of total D2-LA incorporation, followed by
alkyl-diacylglycerols (ADG) and cholesteryl esters (CE) to a minor extent
(Fig. 2B). Among glycerophospholipids, phosphatidylcholine (PC) and
phopshatidylethanolamine (PE) displayed by far the highest content of
D2-LA, together representing ca. 60% of total D2-LA incorporation,
whereas phosphatidylinositol (PI), cardiolipin (CL) and phosphatidyl-
glycerol (PG) comprised only a small fraction of D2-LA (Fig. 2B).
Although contributing less than 5% of total incorporation, D2-LA was also
Fig. 2. Analysis of D2-LA incorporation into the
lipidome of keratinocytes. A) Total contribution of
D2-LA for the sum of lipids described and quantified in
this study. B) Quantitative data displaying the relative
abundance of D2-LA incorporation into several lipid
classes (please see text for abbreviations). C) Relative
data showing the highest contributions of D2-LA con-
taining species for lipid classes. Bars are color coded
as: glycerolipids (green), glycerophospholipids (blue),
sterols (yellow), free fatty acids (orange) and sphin-
golipids (red). Data is presented as the mean � stan-
dard deviation of triplicates. Please see text for
abbreviations. (For interpretation of the references to
color in this figure legend, the reader is referred to the
Web version of this article.)



Fig. 3. Relative contributions of fatty acids for selected glycerolipids and
glycerophospholipids from keratinocytes supplemented with D2-LA and
controls (BSA, oleic and linoleic acids). Fatty acids were categorized as (A)
saturated (SAT), (B) monounsaturated (MUFA) and (C) polyunsaturated (PUFA)
fatty acids. D2-LA was not included in PUFA percentage. Oleic (D) and linoleic
(E) acids are also displayed. Data is presented as the mean � standard deviation
of triplicates. Means not sharing a common letter above bars are significantly
different from each other, p < 0.05.
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observed in n-acyl chains of both sphingomyelins (SM) and ceramides
(Cer).

Apart from the quantitative data on D2-LA incorporation among lipid
classes, our findings revealed very distinct contributions of D2-LA con-
taining species to the total lipid concentrations within a specific class. For
example, among neutral lipids, D2-LA containing species represented 80
and 70% of all TG and ADG, respectively, whereas their contribution to
CE was only 12% (Fig. 2C). In glycerophospholipids, D2-LA containing
species represented 60 and 50% of total CL and PG concentrations, fol-
lowed by ca. 35% of PC and PI, and only 11% in PE (Fig. 2C). For other
lipid classes such as FFA and sphingolipids, D2-LA containing species
contributed less than 10% of total concentrations.

Interestingly, the analysis of the relative abundance of individual
fatty acids within a single lipid class allowed to investigate the effects of
D2-LA, OA and LA supplementation in the contribution of saturated
(SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids
within major glycerolipids and phosphoglycerolipids (Fig. 3). The results
revealed a consistently lower contribution of MUFA in major lipid classes
of D2-LA treated cells as compared to control and other treatments
(Fig. 3B). More specifically, our data showed that D2-LA consistently
substituted for oleic acid, rather than linoleic acid or any other PUFA
(Fig. 3).

The highest contribution of D2-LA containing species among CL and
PG, two membrane lipids exclusively found in mitochondria [27],
prompted the investigation of PUFA deuteration against photooxidative
damage targeting keratinocytes mitochondria. For this purpose, kerati-
nocytes were incubated with DMMB at 10 nM, to induce photooxidative
damage specifically in mitochondrial membranes during and after light
exposure [28]. As shown in Fig. 4, despite the variability in
non-photosensitized cells, irradiation with DMMB led to a considerable
decrease in cell viability of keratinocytes in both controls (BSA, oleic and
linoleic acids) and D2-LA treatments. More importantly, the results also
revealed that D2-LA addition was the only fatty acid treatment that
effectively protected cells against irradiation with DMMB, displaying
higher cell viability as compared to BSA (Fig. 4B).

4. Discussion

Our study provided data not only on species-specific incorporation of
D2-LA, but also its potential metabolic fates. For instance, D2-LA as FFA
and N-linked acyl chains of sphingolipids was found elongated with
addition of 2–6 carbons (Table S1; Fig. S3). Despite the latter evidence for
the action of elongases, products of D2-LA desaturation were not
apparent in the pools of glycerolipids or glycerophospholipids, as well as
shorter carbon chain products derived from fatty acid β-oxidation were
not detected by our methods. At least for cultured keratinocytes, D2-LA
appeared to function as a surrogate for oleic acid rather than PUFA in
several lipid classes (Fig. 3). Nonetheless, the likelihood of desaturases
activity on D2-LA cannot be ruled out for other cell types or at the whole
organism level. The possibility to monitor the fate of D-PUFA in hundreds
of lipid molecular species using LC/HRMS widens the opportunities for
designing specific PUFA deuteration as surrogates for the protection of
cellular lipidome against oxidative stress.

The goal of this study was to comprehensively access the dynamics of
D2-LA incorporation into the cellular lipidome of human keratinocytes.
Our data revealed that D2-LA containing lipids represented 23% of total
lipid concentrations, a ballpark reported to stop lipid peroxidation in
other studies [17,29]. The phospholipids PC and PE represented together
more than 60% of the total D2-LA incorporation, followed by TG species
with 26%. Certainly, these bulk quantitative figures in D2-LA supple-
mentation may change with other cell types and metabolic conditions.
Notably our findings revealed a very distinct contribution of D2-LA
containing lipid species within individual classes. The contributions of
D2-LA containing species to TG and ADG were estimated at 80 and 70%
of the total concentrations, respectively. While confined to lipid droplets,
both TG and ADG are likely protected from aqueous pro-oxidants and
4

chain reactions occurring at cellular membranes [23,30]. Alternatively,
as storage lipids, D2-LA can be readily hydrolyzed from TG and ADG
providing not just fuel for β-oxidation in events of nutrient deprivation



Fig. 4. Effects of irradiation using di-methyl methylene blue (DMMB) on
the cell viability of keratinocytes supplemented with D2-LA and controls
(n ¼ 8). Both non-photosensitized (A) and photosensitized (B) keratinocytes
were incubated with DMMB and cell viability estimated in percentage against
DMMB-free controls. Data is presented as the mean � standard deviation of
replicates. Means not sharing a common letter above bars are significantly
different from each other, p < 0.05. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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[31], but perhaps fatty acyl chains to repair damaged membranes un-
dergoing excessive lipid peroxidation [32].

Interestingly, among membrane lipids, the highest contributions of
D2-LA containing species to the total concentrations of a single class were
observed for CL and PG, two phospholipids uniquely located to mito-
chondria and particularly concentrated at their inner membranes [33,
34]. While displaying a high content of D2-LA and comprising together
more than 50% of all mitochondrial lipids, PC and PE, in contrast to CL
and PG, are not exclusively located at mitochondria [27]. PG is a pre-
cursor in the synthesis of CL, a dimeric phospholipid with four acyl
chains that make up 20% of the total phospholipids in mitochondrial
inner membranes [27]. The essential nature of CL for mitochondrial
function has been extensively demonstrated, including structural
(membrane curvature, formation/stabilization of protein complexes
[35–38]), bioenergetics (e.g. as proton wells [39,40]), dynamics (fis-
sion/fusion [41]) and signaling roles (apoptosis, mitophagy, inflamma-
tion [42–44]). Several diseases associated with mitochondrial
dysfunction are characterized by changes in the content of CL, including
Barth syndrome [45] and others such as diabetes and cardiovascular
diseases [46]. In addition, attention has been recently given to the role of
CL acyl chains remodeling, which consists in the enrichment of PUFA, as
important trait affecting mitochondrial morphology and function [47].
Since CL-linked PUFA peroxidation is putatively considered as key signal
for the apoptotic cascade [43,48], efficient repairing and remodeling of
CL acyl chains for protection under pathological conditions are critical
for normal cell physiology.

Although the therapeutic potential of D-PUFA has been previously
attributed to the preservation of mitochondrial function [19], the
mechanistic details of D-PUFA associated protection are yet to be fully
elucidated [49]. Nonetheless, D-PUFA have been shown to reduce both
the progression of light-triggered and dark lipid peroxidation reactions
[50]. In concert with the lipidomic data, D2-LA supplementation to ker-
atinocytes was the only fatty acid treatment to yield higher cell viability
relative to the vehicle BSA in photosensitization experiments with DMMB
– a photosensitizer targeted to damage mitochondrial membranes [28].

Collectively, the preferential enrichment of CL and PG with D2-LA as
compared to other membrane lipid classes (e.g. sphingolipids or PC and
PE) and the protection of D2-LA treated keratinocytes against photooxi-
dative damage targeted to mitochondria are consistent with the hy-
pothesis of D-PUFA assisted reduction in lipid peroxidation occurring at
the level of mitochondrial membranes [19]. Moreover, the availability of
D2-LA in the pools of ADG and TG may render cells with a large reservoir
of acyl chains for repairing damaged membranes [32]. Finally, our study
reinforces the suitability of applying untargeted lipidomic analysis using
LC/HRMS for stable isotope tracing experiments, especially when
D-PUFA containing lipids (with addition of few deuterium atoms) have
very similar masses as compared to their natural isotope counterparts.
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