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Abstract

Aims: Non-enzymatic autoxidation of polyunsaturated fatty acids (PUFAs), generating numerous toxic by-products implicated in
neurodegeneration, aging, and other pathologies, is a key process in ferroptosis. Lipid peroxidation (LPO) can be inhibited by deuterated
polyunsaturated fatty acids (D-PUFA), as the rate-limiting step of abstraction of bis-allylic hydrogen atoms is slowed down by replacing the
bis-allylic hydrogens with deuteriums. Here, we aimed to assess the protective effect of monounsaturated fatty acids (MUFA), which do not
undergo LPO, as compared to that of various D-PUFAs, in a liposomal model of LPO.

Methods: To detect LPO induced by ferrous ions in liposomes, we used the LPO fluorescent probe C11-Bodipy (581/591), in addition to
measuring conjugated diene and malondialdehyde accumulation.

Results: By applying the C11-Bodipy (581/591) probe, we found that both 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and
1-stearoyl-2-(11,11-d,-linoleoyl)-phosphatidylcholine (D2-Lin-PC) protect non-deuterated 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine
(H-Lin-PC) liposomes from LPO. Similarly, both POPC and 1-stearoyl-2-(11,11,14,14-D4-linolenyl)-phosphatidylcholine (D4-Lnn-PC) protect
1-stearoyl-2-linolenyl-phosphatidylcholine (H-Lnn-PC), and so does 1-stearoyl-2-(6,6,9,9,12,12,15,15,18,18-d10-docosahexaenoyl)-sn-glycero-
3-phosphatidylcholine (D10-DHA-PC). The conjugated diene and malondialdehyde probes also showed similar protective effects of POPC and
D-PUFA on LPO in H-Lnn-PC.

Conclusion: Obviously, the presence of non-oxidizable lipids, such as POPC, similar to the deuterated lipids D2-Lin-PC, D4-Lnn-PC, and
D10-DHA-PC, leads to a sharp decrease in the length of lateral propagation of chain reactions in lipid membranes, but they do not
participate in LPO themselves.

Keywords: Conjugated dienes, deuterated polyunsaturated fatty acids, monounsaturated fatty acids, ipid peroxidation, reactive oxygen
species, liposomes

1. Introduction

Many cellular pathologies are associated with oxidative stress. Peroxidation of membrane lipids!'~! affects a variety of functions
including transport along cellular membranes, mitochondrial bioenergetics, vesicular traffic, and autophagy/mitophagy
processes!* 13, Although antioxidants can effectively inhibit ferroptosis in cell culture, administration of antioxidants is usually of little
help in vivo because living systems tightly control the antioxidant levels, which cannot be exceeded. Antioxidants cannot stop the
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lipid peroxidation (LPO) chain for stoichiometric reasons!!!l. Besides, excessive amounts of small molecule antioxidants may lead to
undesirable pro-oxidant effects.

An alternative approach is the administration of deuterated polyunsaturated fatty acids (D-PUFA), which have been shown to slow
down the peroxidation process both in vitro and in vivol'*!°l. The protective effect of D-PUFA relies on the higher energy of hydrogen
abstraction from bis-allylic C-D bonds compared to C-H bonds; however, the detailed mechanism of the protection is still not fully
understood!'®!’l Importantly, the major physicochemical properties of D-PUFA are identical to those of protiated polyunsaturated
fatty acids (H-PUFA), which makes their processing and incorporation identical to that of normal H-PUFAs, and ensures their non-
toxic nature.

In the present study, we compared the protective effect of D-PUFA with that of oleic acid, a monounsaturated fatty acid (MUFA). Oleic
acid, which contains one double bond at the W9 position, does not undergo the LPO reaction due to the absence of bis-allylic
hydrogen atoms, which play a major role in the peroxidation of PUFAs!'®l. Of note, nonenzymatic oxidation of PUFAs in phospholipids
proceeds according to the same basic mechanisms as oxidation of free (nonesterified) PUFAs!'”.. It has earlier been shown that adding
MUFA to liposomes inhibits LPO of PUFA?%:21l, Furthermore, the presence of oleic acid in the intestinal mucosa has been shown to
inhibit LPO?. Importantly, MUFA strongly suppress ferroptosis, while PUFA sensitize cells to ferroptosis!>*34l. As shown previously,
the oxidation of liposomes from 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLnnPC) is slowed down by the introduction of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) into the system, and a dose-dependence of the protective effect is observed when
varying the ratio of DOPC and the fully saturated lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)?!l. On the other hand, in
experiments with mutant yeast particularly sensitive to oxidative stress, D-PUFA exhibited a protective effect, while oleate did not!'°.
In the present work, we continued the study of the protective effect of D-PUFA on the system of liposomes upon initiation of
peroxidation by iron**l. We used the convenient fluorescent reporter of ROS formation, C11-Bodipy (581/591), as well as diene
conjugates and thiobarbituric acid reactive substances (TBARS) readouts. The “antioxidant”-like protective effect of D-PUFA observed
in this system was similar to that of oleic acid-based lipids, i.e. both D-PUFA and MUFA do not sustain LPO.

2. Materials and Methods

2.1 Materials

1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (H-Lin-PC), 1-stearoyl-2-linolenyl-phosphatidylcholine (H-Lnn-PC),
1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (H-DHA-PC), and 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) were
from Avanti Polar Lipids, USA. 1-stearoyl-2-(11,11,14,14-D4-linolenyl)-phosphatidylcholine (D4-Lnn-PC), 1-stearoyl-2-
(6,6,9,9,12,12,15,15,18,18-D10-docosahexaenoyl)-sn-glycero-3-phosphatidylcholine (D;,-DHA-PC), 1-stearoyl-2-(11-D-linoleyl)-sn-
glycero-3-phosphatidylcholine (HD-Lin-PC), and 1-stearoyl-2-(11,11-D2-linoleyl)-sn-glycero-3-phosphatidylcholine (D,-Lin-PC) were
manufactured by Retrotope. C11-BODIPY (581/591) was from Molecular Probes. Other chemicals were from Sigma-Aldrich.

2.2 Preparation of liposomes

Empty and dye-loaded large unilamellar vesicles (LUV) were prepared by the extrusion method as described previously!'°l.

2.3 C11-BODIPY (581/591) assay

The spectra of C11-BODIPY (581/591) were measured with a CM2203 spectrofluorometer (SOLAR, Minsk, Belarus). The kinetics of
C11-BODIPY (581/591) fluorescence were measured with a Panorama Fluorat 02 spectrofluorometer (Lumex, Saint Petersburg, Russia)
at 25 °C.

2.4 Conjugated diene assay

The amount of conjugated dienes was estimated from the absorbance at 234 nm with a CM 2203 spectrophotometer (SOLAR, Belarus)
as described previously!'*l, The data points represented the mean * S.D. of at least three independent experiments.

2.5 TBARS assay

0.5 mL of liposome suspension (lipid concentration of 300 ug/mL) was incubated under oxidizing conditions (5 uM FeSO,) at room
temperature for 10 min. Then 0.5 mL of thiobarbituric acid (0.7%) and 5 uL of HC1 (14 M) were sequentially added. The mixture was
boiled in a water bath at 100 °C for 30 min. Absorption was measured at 530 nm using a Solar CM2203 spectrophotometer (SOLAR,
Belarus). The experiments were repeated three times.

3. Results

It has been shown previously that the C11-Bodipy dye (581/591) can be successfully used to assess the degree of LPO both in
liposomes!®*l and in cellular membranes!'®3%37]. One of its advantages is that when the surrounding lipid is oxidized, its fluorescence
increases in the green region (520-560 nm), while decreasing in the orange region (580-620 nm). Figure 1 shows typical emission
spectra of C11-Bodipy at 490 nm excitation (panel A) and 540 nm excitation (panel B) in a system of liposomes subjected to LPO during
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20 minutes in the presence of ferrous ions. We used liposomes of different compositions with variable levels of deuterated linoleic
acid: 100% H-Lin-PC (black curve), 80% H-Lin-PC and 20% D2-Lin-PC (pink curve), 50% H-Lin-PC and 50% D2-Lin-PC (green curve), 100%
D2-Lin-PC (blue curve), and 100% H-Lin-PC with 100 UM antioxidant trolox (cyan curve). Red curves in Figure 1 are 100% H-Lin-PC
controls without ferrous ions. It can be seen that the green channel of C11-Bodipy fluorescence measurement (panel A) was more
sensitive to changes in the level of LPO, since it had a larger range of changes and the sensitivity of the fluorescence signal to trolox
was higher compared to the orange channel (panel B). However, the signal from the orange channel at 540-nm excitation was
significantly higher, ensuring more reliable detection of weak signals. Figure 1 shows the significant protective effect of D2-Lin-PC in
both the green channel and the orange channel. This protective effect was studied in detail in the subsequent kinetic experiments
with excitation-emission wavelengths of 490/520 nm and 540/594 nm.
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Figure 1. Emission spectra of C11-Bodipy (581/591) in lipid vesicles measured after 20-min incubation with 5 pM FeSO, with the excitation at 490 nm (panel A) and at 540 nm
(panel B). The following lipid compositions were used: 100% H-Lin-PC (black curve), 80% H-Lin-PC and 20% D2-Lin-PC (pink curve), 50% H-Lin-PC and 50% D2-Lin-PC (green
curve), 100% D2-Lin-PC (blue curve), 100 % H-Lin-PC with the addition of 100 pM antioxidant trolox (cyan curve). Red curves are controls of 100 % H-Lin-PC without ferrous
ions. The buffer contained 100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.4. Lipid concentration, 10 ug/ml. The concentration of C11-Bodipy (581/591) was 0.4 pM.
H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine; D2-Lin-PC: 1-stearoyl-2-(11,11-d,-linoleoyl)-phosphatidylcholine; MES: 2-(N-morpholino)ethanesulfonic acid.

Panels A and B of Figure 2 show typical kinetics of C11-Bodipy fluorescence at 595 nm (panel A, exc. 540 nm) and at 520 nm (panel B,
exc. 490 nm) for liposomes from pure H-Lin-PC (black curve), D2-Lin-PC (blue curve), POPC (dark yellow curve), 80% H-Lin-PC/20%
D2-Lin-PC (pink curve), and 80% H-Lin-PC/20% POPC (yellow curve). 5 uM FeSO, was added at 120 s for the induction of LPO (the red
curve is a control without FeSO,). In the case of H-Lin-PC liposomes, the addition of ferrous ions resulted in a significant decrease in
orange and an increase in green C11-Bodipy fluorescence on a minute time scale (black curve). C11-Bodipy fluorescence showed
negligible changes in the case of D2-Lin-PC (blue curve) and POPC (dark yellow curve) liposomes, indicating that no peroxidation
occurred in these lipids over this time scale. Comparison of the pink and yellow curves indicates a significantly higher degree of
liposome oxidation in the case of 80% H-Lin-PC/20% D2-Lin-PC compared to 80% H-Lin-PC/20% POPC. Panels C and D of Figure 2 show
statistical analysis of data, indicating significant differences between them, both in green (C) and orange (D) channels. We also tested
liposomes made from HD-Lin-PC, having one deuterium atom at the C11 position, and found the level of LPO to be similar to that of
D2-Lin-PC (9" pair of bars in Figure 2C,D). However, the level of oxidation in the case of 80% H-Lin-PC/20% HD-Lin-PC was significantly
higher than in the case of 80% H-Lin-PC/20% D2-Lin-PC (second pair of bars in Figure 2C,D). The same series of protection strength
(POPC > HD-Lin-PC > D2-Lin-PC) was observed at 50% content of these lipids in H-Lin-PC (5!"-7%" pairs of bars in Figure 2C,D). Figure 3
shows data on the accumulation of diene conjugates by liposomes of different compositions, which was recorded by an increase in
absorption at 234 nm. The higher rate of LPO of 80% H-Lin-PC/20% D2-Lin-PC compared to 80% H-Lin-PC/20% POPC, was also observed
using the diene conjugate measurements, but the difference was small and statistically insignificant.

Figure 2 displays the effect of 1-stearoyl-2-(6,6,9,9,12,12,15,15,18,18-d10-docosahexaenoyl)-sn-glycero-3-phosphatidylcholine
(D10-DHA-PC) on the level of LPO in a mixture with H-Lin-PC. The protective effect of 20% D10-DHA-PC was similar to that of 20%
D2-Lin-PC (dark cyan curve in Figure 2A,B). The diene conjugate data presented in Figure 3 and Table 1 showed similar protective
effects of 20% deuterated lipids on the peroxidation of H-Lin-PC-containing liposomes in the following mixtures: 20% D10-DHA-PC/80%
H-Lin-PC and 20% D2-Lin-PC/80% H-Lin-PC.
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Figure 2. Kinetics of lipid peroxidation in liposomes with various concentrations of deuterated linoleic acid in lipids. A and B. Fluorescence of 0.4 pM C11-Bodipy (581/591) at
595 nm (Exc. 540 nm, panel A) or at 520 nm (Exc. 490 nm, panel B) in the following lipid mixtures: 100% H-Lin-PC (black curve), 80% H-Lin-PC and 20% D2-Lin-PC (pink curve),
80% H-Lin-PC and 20% POPC (yellow curve), 100% D2-Lin-PC (blue curve), 100 % POPC (dark yellow curve), 80% H-Lin-PC and 20% D10-DHA-PC (dark cyan curve),
100% D10-DHA-PC (dark red curve). Red curve is a control of 100 % H-Lin-PC without ferrous ions. C and D. Statistical analysis of the signals at t = 800 s of green (C) and
orange (D) channels after the addition of ferrous ions for lipid mixtures shown in panel A and B plus 100 % HD-Lin-PC using Student’s test. H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-
glycero-3-phosphocholine; D2-Lin-PC: 1-stearoyl-2-(11,11-d,-linoleoyl)-phosphatidylcholine; D10-DHA-PC: 1-stearoyl-2-(6,6,9,9,12,12,15,15,18,18-d10-docosahexaenoyl)-sn-
glycero-3-phosphatidylcholine.
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Figure 3. Kinetics of accumulation of diene conjugates in 100% H-Lin-PC (black curve), 80% H-Lin-PC and 20% D2-Lin-PC (pink curve), 80% H-Lin-PC and 20% POPC (yellow
curve), 100% D2-Lin-PC (blue curve), 80% H-Lin-PC and 20% D10-DHA-PC (dark cyan curve), 100% D10-DHA-PC (dark red curve). Other experimental conditions were as in the
legend to Figure 1. H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine; POPC: 1-palmitoyl-2-oleoyl-phosphatidylcholine; D2-Lin-PC: 1-stearoyl-2-(11,11-d,-linoleoyl)-
phosphatidylcholine; D10-DHA-PC: 1-stearoyl-2-(6,6,9,9,12,12,15,15,18,18-d10-docosahexaenoyl)-sn-glycero-3-phosphatidylcholine.
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Table 1. Slopes of curves of accumulation of diene conjugates shown in Figure 3.

Lipid compositions Slope in min™’

1. H-Lin-PC 0.00266 + 0.000021

2. 80% H-Lin-PC/20% HD-Lin-PC 0.00172 + 0.000095
3. 80% H-Lin-PC/20% D2-Lin-PC 0.00128 + 0.000015
4. 80% H-Lin-PC/20% D10-DHA-PC 0.00121 + 0.000072
5. 80% H-Lin-PC/20% POPC 0.000984 + 0.000024
6. D2-Lin-PC 0.000562 + 0.000012
7. D10-DHA-PC 0.00082 + 0.0000072
8. DPhPC 0.000646 + 0.0000041

H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine; D2-Lin-PC: 1-stearoyl-2-(11,11-d2-linoleoyl)-phosphatidylcholine; D10-DHA-PC: 1-stearoyl-2-
(6,6,9,9,12,12,15,15,18,18-d10-docosahexaenoyl)-sn-glycero-3-phosphatidylcholine; DPhPC: 1,2-diphytanoyl-sn-glycero-3-phosphocholine.

Figure 4 shows a series of results using mixtures of linolenic acid-based lipids having two bis-allylic positions at C11 and C14. Similar
to the data shown in Figure 2 for linoleic acid-based lipids, the addition of ferrous ions to H-Lnn-PC resulted in a significant decrease
in orange (black curve in panel A) and an increase in green C11-Bodipy fluorescence (black curve in panel B) within a matter of
minutes (black curve). The C11-Bodipy fluorescence in D4-Lnn-PC liposomes (blue curves in Figure 4A,B) followed the control curve
without the addition of FeSO, (red curves), suggesting the suppression of lipid peroxidation upon deuteration of bis-allylic C11 and
C14. The pink and yellow curves in Figure 4A,B show results of the experiments with 80% H-Lnn-PC/20% D4-Lnn-PC and 80%
H-Lnn-PC/20% POPC to H-Lin-PC liposomes. The addition of POPC provided a stronger protection to the liposomes (Figure 4B),
although the effect was small and the curves almost overlapped (Figure 4A). The green and dark green curves in Figure 4A,B show
results of the experiments with the addition of 50% H-Lnn-PC / 50% D4-Lnn-PC and 50% H-Lnn-PC/50% POPC to H-Lin-PC liposomes.
The protective effect of POPC considerably exceeded that of D4-Lnn-PC at the increased concentration. Panel C shows statistical
analysis of these data and of the data with 20% H-Lnn-PC/80% D4-Lnn-PC and 20% H-Lnn-PC/80% POPC liposomes. The diene
conjugate data presented in Figure 4D and Table 2 also revealed the higher rate of peroxidation of 50% H-Lnn-PC/50% D2-Lin-PC
compared to 50% H-Lnn-PC/50% POPC; however, the difference was small and statistically insignificant.
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Figure 4. Kinetics of lipid peroxidation in liposomes with different concentration of deuterated linolenic acid in lipids. A and B. Fluorescence of 0.4 pM C11-Bodipy (581/591)

at 595 nm (Exc. 540 nm, panel A) or at 520 nm (Exc. 490 nm, panel B) in the following lipid mixtures: 100% H-Lnn-PC (black curve), 80% H-Lnn-PC and 20% D4-Lnn-PC (pink
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curve), 80% H-Lnn-PC and 20% POPC (yellow curve), 100% D4-Lnn-PC (blue curve), 100% POPC (dark yellow curve). Red curve is a control of 100% H-Lnn-PC without ferrous
jons. C. Statistical analysis of the signals at t = 800 s after the addition of ferrous ions using Student's test. D. Kinetics of accumulation of diene conjugates in 100% H-Lnn-PC
(black curve), 50% H-Lnn-PC and 50% D4-Lnn-PC (pink curve), 50% H-Lnn-PC and 50% POPC (yellow curve), 100% D4-Lnn-PC (blue curve). Other experimental conditions were
as in the legend to Figure 1. D4-Lnn-PC: 1-stearoyl-2-(11,11,14,14-D4-linolenyl)-phosphatidylcholine; H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine;
POPC: 1-palmitoyl-2-oleoyl-phosphatidylcholine.

Table 2. Slopes of curves of accumulation of diene conjugates shown in Figure 4D.

Lipid compositions Slope in min"

1. H-Lnn-PC 0.00112 £ 0.000014
2.50% H-Lnn-PC/50% D4-Lnn-PC 0.000773 + 0.0000099
3.50% H-Lnn-PC/50% POPC 0.000692 + 0.000023
4. D4-Lnn-PC 0.000501 + 0.0000050

H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine; D4-Lnn-PC: 1-stearoyl-2-(11,11,14,14-D4-linolenyl)-phosphatidylcholine; POPC: 1-palmitoyl-2-oleoyl-
phosphatidylcholine.

One of the end-products of peroxidation of PUFA is malondialdehyde (MDA), which forms a colored conjugate with thiobarbituric acid
(TBARS). Figure 5 presents data comparing the accumulation of TBARS in liposomes made on the basis of linolenic acid. Comparison of
bars 3 and 7 (20% D-PUFA or POPC), bars 4 and 8 (50% D-PUFA or POPC), and bars 5 and 9 (80% D-PUFA or POPC) suggests that the effects
of D-PUFA and POPC on TBARS accumulation are similar and statistically indistinguishable for H-Lnn-PC-based formulations. These
data are consistent with the finding, based on C11-Bodipy fluorescence analysis, that D-PUFAs strongly inhibit the rate of PUFA
peroxidation.
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Figure 5. Accumulation of malondialdehyde via colored product with thiobarbituric acid (TBARS) in liposomes of H-Lnn-PC/D4-Lnn-PC/POPC. The time of incubation with
5 pM FeSO, was 10 min. For experimental details see Methods. Statistical analysis of the signals using Student’s test. N.S., not significant. D4-Lnn-PC: 1-stearoyl-2-

(11,11,14,14-D4-linolenyl)-phosphatidylcholine; H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine; POPC: 1-palmitoyl-2-oleoyl-phosphatidylcholine.

In addition, we studied the effect of antioxidant trolox on the kinetics of LPO measured by the fluorescence of C11-Bodipy induced by
FeSO, for liposomes on the basis of linoleic acid (Figure 6A) and linolenic acid (Figure 6B). In both cases 100 UM trolox almost
completely suppressed the development of peroxidation (cyan curves in Figure 6A,B, respectively).

4, Discussion

The data obtained support the idea that the deuterated lipids D2-Lin-PC, D4-Lnn-PC, and D10-DHA-PC, as well as POPC, do not
participate in the process of LPO. Previously, the protective effect of lipid containing oleic acid was observed in a liposome system of
a mixture of DPPC, DOPC, and 1,2-dilinolenoyl-sn-glycero-3-phosphocholine?*-?!l. The authors noted that the “antioxidant”-like
protective effect of oleic acid in phospholipids was preserved when DOPC was used as a source of oleic acid.
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The inhibitory action of MUFA-containing lipids on ferroptosis!>»?], along with its suppression by antioxidants such as vitamin A®!
and D-PUFAPP*3%, supports the idea that ferroptosis is based on LPO, which is mechanistically similar in cellular and artificial lipid
membranes, although ferroptosis depends on the activity of certain enzymes.
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Figure 6. Kinetics of lipid peroxidation of liposomes with linoleic acid (panel A), and linolenic acid (panel B). Fluorescence of 0.4 uM C11-Bodipy (581/591) at 595 nm
(Ext 540 nm) was measured for H-PUFA (black curves), 100 % D-PUFA (blue curves) and H-PUFA with 100 uM trolox (cyan curves). Red curves are controls without the addition
of ferrous ions. Other experimental conditions were as in the legend to Figure 1. H-Lin-PC: 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine; H-PUFA: protiated

polyunsaturated fatty acids; D-PUFA: deuterated polyunsaturated fatty acids; D2-Lin-PC: 1-stearoyl-2-(11,11-d,-linoleoyl)-phosphatidylcholine.

To explain the strong dependence of non-deuterated membrane H-PUFA oxidation on D-PUFA content, a simplified model of a 2D
facet surface populated with a selected density of D-PUFA cells (which would “stop” the chain propagation with varying probability)
among oxidizable H-PUFA cells has been proposed!'®35l. The model considers a two-dimensional grid with a random distribution of
oxidizable and non-oxidizable cells. The "propagation of chain reaction" proceeds from a central cell in accordance with whether
there is an oxidizable lipid nearby (one step ahead in the propagation), or a non-oxidizable lipid nearby (a chain break in the
reaction). A Monte-Carlo simulation was developed and showed that with an increase in the proportion of non-oxidizable cells, the
length of the oxidation chain track decreased, and at a certain small proportion (about 5%), the oxidation chain was terminated. This
means that at sufficiently small proportion of non-oxidizable lipid (POPC or D-PUFA), the oxidation chain is terminated after just a few
steps of the process due to an encounter with three neighboring non-oxidizable cells that surround the current cell. Clearly, such a
model is an extreme simplification of a real process of LPO, but it provides a qualitative answer to the question of why the presence of
non-oxidizable lipids can have a strong protective effect.

Various metrics exist for assessing the extent of LPO. Firsov and co-authors used the leakage of fluorophore molecules from
liposomes as a measure of membrane integrity®>l. It was demonstrated that this metric is very similar to the UV absorbance
measurement at 234 nm, which, by detecting conjugated dienes, evaluates the extent of bulk LPO in PUFA-containing bilayers. While
it is arguable which bilayer damage would lead to the liposome membrane failing to contain the molecules trapped inside, the
formation of conjugated dienes represents one of the initial steps of the PUFA oxidative damage, immediately following the hydrogen
abstraction off a bis-allylic site. In the current work, we assessed different end-points. While C11-BODIPY (581/591) data report on the
formation of lipid peroxyl radicals, where the full length of the PUFA backbone would be expected to be intact, the aldehydes
detected by TBARS represent a downstream process likely concomitant with the PUFA backbone fragmentation. Therefore, the data
obtained here and by Firsov et al.l’] should not be expected to fully match. In a similar way, the industrial methods of seed oil quality
control rely on Peroxidation Value (PoV, measurements of peroxides) and Anisidine Value (AV, detection of carbonyls), and the quality
assessment relies on both values (PoV may be low because there is no oxidation, or because the peroxides disappear as they are
converted into carbonyls).

Liposomes model the lipid bilayer but lack any associated biochemistry, like availability of ROS and antioxidants, repair enzymes,
cleanup and waste disposal systems, replenishment of damaged elements, etc. It is therefore likely that the observations reported
herein may not directly correlate with cell culture or animal studies and can serve only as a very rough qualitative guide to relative
oxidation proclivity of the PUFA-containing membranes.

The major consequence of LPO is the formation of a smorgasbord of toxic reactive carbonyl compounds such as HNE, HHE and MDA,
which are not radicals and hence cannot be neutralized by most antioxidants. These diffuse away, cross-linking molecules in
membranes and aqueous compartments alike, making up a very substantial part of an LPO-associated damage!’l. The monitoring


https://doi.org/10.70401/fos.2026.0016

Ferroptosis Oxid Stress. 2026;2:202519 | https://doi.org/10.70401/f0s.2026.0016 Page 8 of 10

methods used in this paper - C11-BODIPY (581/591) (detects lipid peroxide species) and TBARS (a low-resolution method unable to
distinguish between various carbonyls) - would not report on this aspect of LPO. D-PUFAs were previously shown to reduce the levels
of reactive carbonyls!'!], and can therefore be recommended as a reliable tool for reducing the LPO-inflicted damage in the natural, in
vivo setting.

Finally, supplementing dietary MUFAs to decrease LPO in vivo is impractical. MUFAs are produced by organisms, and so adding them
to the diet will not result in a dramatic change in their availability. More importantly, the PUFA composition of the key lipid
membranes, such as in the eyes or neurons, is precisely maintained, and changing the dietary intake will not change the PUFA
ratios!*!l. Membranes of human neurons contain DHA and ARA in an approximate ratio of 55 to 45%, while DHA, at 80%, is the dominant
PUFA in the retinal*?l. PUFA composition of blood vessels walls, mitochondria, heart, and other compartments is also tightly
controlled. The pre-defined PUFA composition rules out the use of more oxidation-resistant FAs, such as SFA or MUFA, as a way of
reducing membrane peroxidation. As antioxidants are inefficient for stoichiometric and other reasons, D-PUFAs emerge as the only
available method of allaying LPO.

5. Limitations

The main limitation of this study is the reliance on models other than whole organism. This is an important mechanistic step towards
an efficient drug. However, practical applications will require animal model experiments to establish to what extent dosing of MUFAs
or D-PUFAs can control the MUFA/PUFA composition in key lipid membranes. The animal studies, currently at the planning stage, will
involve different models (cancer and neurology) and will be dosed with different combinations of MUFA-D-PUFA oils to establish the
therapeutic window for the optimal LPO inhibition, depending on the target organ pathology.

6. Conclusion

Non-oxidizable lipids with less than two double bonds, such as POPC, similar to the deuterated lipids D2-Lin-PC, D4-Lnn-PC, and
D10-DHA-PC, inhibit the lateral propagation of the chain reaction of LPO in lipid membranes. They do not participate in LPO
themselves. This fact makes D-PUFAs an attractive alternative to antioxidants in addressing various pathologies known to involve
lipid peroxidation.
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