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Marina I. Giannotti,2,5,6 Osvaldo N. Oliveira Jr,7 Marı́a L. Fanani,8,9 and Sabina M. Maté1,11,*
SUMMARY

A deficiency in omega-3 fatty acids (u3 FAs) in the brain has been correlated with cognitive impairment,
learning deficiencies, and behavioral changes. In this study, we providedu3 FAs as a supplement to spon-
taneously hypertensive rats (SHR+ u3). Our focus was on examining the impact of dietary supplementa-
tion on the physicochemical properties of the brain-cell membranes. Significant increases in u3 levels in
the cerebral cortex of SHR+u3 were observed, leading to alterations in brain lipid membranes molecular
packing, elasticity, and lipid miscibility, resulting in an augmented phase disparity. Results from synthetic
lipid mixtures confirmed the disordering effect introduced by u3 lipids, showing its consequences on the
hydration levels of the monolayers and the organization of the membrane domains. These findings sug-
gest that dietaryu3 FAs influence the organization of brain membranes, providing insight into a potential
mechanism for the broad effects of dietary fat on brain health and disease.

INTRODUCTION

u3 FAs are polyunsaturated acids with a double bond (C=C) at the third carbon atom from the terminal methyl group of the hydrocarbon

chain. They cannot be synthesized de novo in humans, so they must be ingested with the diet or synthesized from dietary a-linolenic

acid.1 u3 FAs have been studied for their effects on various aspects of health, including brain function. There is evidence that dietary and

supplemental u3 FAs have a protective effect against cognitive impairment. Docosahexaenoic acid (DHA) is an u3 FA that accounts for

�20% of the total membrane FAs in the central nervous system and is essential for the formation of neuronal networks and regulation of

cell survival.2,3 A decrease in DHA content is associated with cognitive impairment, learning deficits, and other behavioral alterations.4

The effects ofu3 FAs on the brain are complex andmultifaceted, most of which are still not fully understood. Synaptic plasticity, neuroinflam-

mation, and changes in expression of genes linked to cognitive decline have been identified as potential targets of u3 FAs.1,4 DHA has been

observed to accumulate in neuronal membranes, contributing to neuronal survival and functional maintenance through translocation and

activation of Raf5 and Akt,6 which inhibits neuronal apoptosis.7 DHA-derived resolvin (Rv) D1, neuroprotectin D1 (NPD1), and maresin-1,

also known as specialized pro-resolving lipid mediators, have neuroprotective and anti-inflammatory effects and can block cognitive impair-

ment and prevent dementia.8,9

The physicochemical properties of brain cell membranes are believed to be influenced byu3 FAs in several ways. These FAsmay affect the

localization and activity of key proteins or key protein-lipid interactions in specific membrane domains and thereby affect signaling cascades,

cell functions and, ultimately, brain health.10 Studies into synthetic lipid mixtures showed that DHA influence acyl chain order and fluidity,

phase behavior, elastic compressibility, permeability, fusion, and flip-flop.11–16 Synthetic lipid mixtures can provide valuable insights into

the fundamental properties of membranes and help researchers understand membrane-related phenomena. However, they are not exact
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Figure 1. Experimental design and FAs composition of the standard rodent chow diet and the u3 FAs supplement

(A) SHR were separated into two groups, SHR control (SHR) and SHR treated (SHR+u3). Both groups were fed with standard rodent chow diet; the treated group

received u3 FAs orally every day during 16 weeks.

(B) Total FAs relative content of the standard rodent chow diet and the u3 FAs supplement.
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replicas of natural membranes—composed of hundreds to thousands of different lipid species and proteins—andmay have limitations when

capturing the full complexity and functionality of living systems.

The present work is aimed at expanding our understanding of the effects of u3 FAs on the physicochemical properties of brain mem-

branes. To perform these studies, we utilized a well-accepted animal model of essential hypertension, cognitive impairment, and dementia,

the spontaneously hypertensive rats (SHR).17 It has been shown that SHR have less polyunsaturated fatty acids, specifically DHA, in brainmem-

branes when compared to the control strain Wistar Kyoto rats.18 The approach relied on biochemical and biophysical measurements of

(i) brain lipid membranemodels, composed by cerebral cortex-total lipid extracts of SHR fed with a standard diet or a u3 FAs-supplemented

diet and (ii) synthetic lipid mixtures composed by commercial lipids, specifically phosphatidylcholine, sphingomyelin, and cholesterol (PC/

SM/Chol) + DHA (free or esterified within phosphatidylcholine).

Membrane elasticity and phase separation were studied using Langmuir monolayers and Brewster angle microscopy (BAM); in addition,

lipid-lipid interactions were explored by polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS). Finally, the topog-

raphy and nanomechanical properties of supported lipid bilayers (SLBs) were examined by atomic force microscopy (AFM)-force spectros-

copy (FS). Our results revealed thatu3 FAs play a role in stabilizing lateral phase separation in themembranes. They achieve this by enhancing

the physical differences between coexisting phases. These findings are significant as they contribute to a deeper understanding of the

complexity of cellular membranes and how alterations in their lipid composition, such as an increase in u3 FAs, can impact essential cellular

processes.

RESULTS AND DISCUSSION

The experimental methodology and animal grouping utilized to investigate the impact ofu3 FAs supplementation on the physical properties

of brain membranes are illustrated in Figure 1A. Panel B of the same figure demonstrates the FA composition of rodent feed and the dietary

u3 FAs supplement employed.

A significantly higher u3 FAs content was detected in the plasma and cerebral cortex of hypertensive rats after dietary

supplementation with u3 FAs

After 16 weeks of daily administration ofu3 FAs to SHR, the plasma of the SHR+u3 group exhibited elevated levels of eicosapentaenoic acid,

DHA and docosapentaenoic acid. This led to a significant increase in the overall content of u3 FAs, as seen in panel A in Figure 2, from 2.7G

0.2 in SHR to 6.0G 0.5 in SHR+u3. We also found an increased proportion of total u3 FAs detected in the cerebral cortex of SHR+u3 (9.4G

0.7), in comparison with SHR (7.7G 0.3) (Figure 2B). Note that the ratio of omega-6 to omega-3 FAs reduced significantly in both the plasma

(5.2G 0.4) and cerebral cortex (1.6G 0.2) of SHR+u3, compared to the control group (18.1G 1.0) in plasma and (2.0G 0.1) in cerebral cortex

(Figures 2C and 2D, respectively). These findings collectively demonstrate the effective incorporation of u3 FAs into brain membranes

through oral supplementation with physiologically relevant concentrations, initiated during the weaning period and sustained over four

months.

The composition of overall FAs was analyzed in the cerebral cortex of SHR, with a particular focus on u3 FAs. Therefore, we cannot deter-

mine whether they are present in their free or esterified form. Rapoport et al. demonstrated that the uptake of DHA in the brain occurs pri-

marily from the free form of FA, which is produced by hydrolysis from plasma lipoproteins and transported bound to albumin.19 Calculations

of the kinetics of binding and unbinding of unesterified FAs to serum albumin indicate that approximately 5% of FA is released from albumin

as blood passes through the brain.20 Once it has entered the brain, unesterified DHA is largely (>80%) and selectively delivered via an acyl-

CoA synthetase and acyltransferase to the stereospecific numbered sn-2 position of phospholipids. On the other hand, its precursors,
2 iScience 27, 110362, July 19, 2024



Figure 2. u3 FAs supplementation increases the u3 FAs total content and decreases u6/u3 ratio in plasma and cerebral cortex

u3 FAs total content in plasma (A) and cerebral cortex (B).u6/u3 ratio in plasma (C) and cerebral cortex (D). Data are expressed asmeanG SEM (of percentage of

total FAs). *indicates p < 0.05 vs. SHR; **indicates p < 0.01 vs. SHR, and ***indicates p < 0.001 vs. SHR, determined by Student’s t test.
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a-linolenic or eicosapentaenoic acid, are predominantly subjected to b-oxidation within mitochondria after transfer by carnitine acyltransfer-

ase from the brain’s acyl-CoA pool.21 These findings were considered when designing the experiments on synthetic lipid mixtures, as will be

mentioned later on.

u3 FAs supplementation enhances the elasticity of brain lipid monolayers

The impact of u3 FA supplementation on the overall FA composition of the cerebral cortex led us to explore their biophysical implications.

The experiments were conducted using lipidmonolayers of total lipid extracts from the cerebral cortex of SHR+u3 or SHR. These are referred

as brain lipid membranes.

The surface pressure-area isotherms in Figure 3A, show an expansion of SHR+ u3 monolayers to higher areas per lipid content compared

to SHR. Surface elasticity measurements evidenced a decrease in the Cs�1 values in SHR+ u3, relative to SHR, indicative of a more elastic

monolayer (Figure 3B). Cs�1 measured at 30 mN/m were 96G 4.8 mN/m for SHR and decreased to 76G 2.0 mN/m in SHR+ u3. A lipid reor-

ganization is observed at low surface pressures, which may reflect a phase transition from a liquid-expanded (Le) phase to a soft liquid-

condensed phase (Lc). It occurs at higher surface pressures for SHR+ u3 (7.0G 0.8 mN/m) than for SHR (5.0G 0.9 mN/m), evidencing a ther-

modynamic stabilization of the more expanded phase. This may be the consequence of a preferential partition of the u3 lipids into the Le

phase.22

u3 FAs supplementation enhances phase disparity of brain lipid monolayers

The surfacemorphology analysis of brain lipid monolayers revealed phase coexistence in both SHR and SHR+u3 (Figures 4A and 4B, respec-

tively). This is characterized by the presence of a thicker phase (light gray) forming circular domains immersed within a thinner phase (dark

gray). Results by Pusterla et al.23 for lipids extracted from purified myelin membranes of bovine spinal cord support the assignment of a

liquid-ordered (Lo) character to the thick phase and a Le character to the thinner continuous phase.We then focused on the stability of observ-

able membrane domains, quantified as the miscibility surface pressure. Phase coexistence persisted until a critical surface pressure was sur-

passed, approximately 7.8G 1mN/m for SHR and 14.6G 1mN/m for SHR+u3. Beyond this point—namedmiscibility surface pressure—both

phases seamlessly merged. From Figure 2, one may infer that the incorporation of u3 FAs into brain membranes leads to a reduction in lipid

miscibility. This observation suggests a larger compositional gap between both phases, within the SHR+ u3 group.24 Consequently, the

merging of these phases requires a higher degree of compression. The enhancement of phase separation by u3 lipids is consistent with re-

ports on the stabilization of B cells-raft in vivo, by diets rich in fish oil.25,26 It should be said, on the other hand, that to the best of our knowl-

edge, there have been no studies investigating the stability of membrane domains in the brain of the SHR animal model related to diet.
iScience 27, 110362, July 19, 2024 3



Figure 3. u3 FAs supplementation enhances the elasticity of brain like lipid monolayers

(A) Surface-pressure-area isotherms.

(B) Compressibility moduli (Cs
�1) corresponding to each isotherm. Measurements were performed in Hepes-saline Buffer, pH 7.4, at 20G 1�C. Phase transitions

are indicated with arrows in panels A and B.
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Phase separation in model membranes has been related to the magnitude of the difference in physical properties between coexisting

phases.27,28 To investigate whether such an effect was responsible for the stabilization of Lo domains within the SHR+u3 group, wemeasured

the average gray intensity for both phases in brain lipid monolayers. In SHR+ u3, higher disparities in the average gray intensity values be-

tween phases were observed compared to SHR, spanning the entire range of surface pressures where phase separation was detected

(Figures 4C and 4D, respectively). It should be recalled that the gray intensity in BAM experiments is influenced by both the refractive index

andmonolayer thickness.23,24 Hence, the measurements suggest a greater distinction between lipid phases in the SHR+u3 group compared

to the SHR group, reinforcing the conclusion of a larger compositional gap between phases. Larger differences in average gray intensity were

recorded for the Le phases between SHR and SHR+u3 (27 at 5mN/mand 11 at 7mN/m) than for the Lo phases (7 at 5mN/mand 5 at 7mN/m)
A

B

C D E

Figure 4. u3 FAs supplementation enhances phase disparity of brain lipid monolayers

BAM images of brain lipid monolayers during compression in (A) SHR and (B) SHR+ u3. Scale bar corresponds to 100 mm. All images were collected at 20�C and

pH 7.4. Gray level measurements: (C) SHR or (D) SHR+ u3. The red points indicate the gray level of the Lo and the black points of the Le phase. Data are

represented as mean G SEM. (E) Differences in average gray intensity values within Le or Lo phases between SHR and SHR+ u3.

4 iScience 27, 110362, July 19, 2024
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(Figure 4E). This larger effect on the Le phase and the small effect on the Lo phase in SHR+u3 suggest amodel in which dietaryu3 FAs impact

the properties of disordered phases29 in cerebral cortexmembranes. This contrasts with the alternative possibility that polyunsaturated lipids

infiltrate and disrupt ordered domains.30 However, we emphasize that we made no direct measurements of phases lipid composition, and

thus our experiments could not distinguish between the specific mechanisms of enhanced phase separation. There was also a noteworthy

reduction in the overall average gray intensity at 30 mN/m—a lateral pressure considered representative of the lipid packing in a cell mem-

brane31—for SHR+ u3 (35.4 G 1) compared to SHR (53.0 G 1). This is in line with the enhanced elasticity in Figure 3B, indicating a general

disordering effect of u3 FAs on brain lipid membranes.

u3 FAs supplementation increases the differences in lipid packing between phases in brain SLBs, stabilizing membrane

domains

The results obtained from BAM imaging suggested that u3 FAs supplementation was responsible for enhancing the difference in physical

properties between coexisting lipid phases in brain lipid monolayers. To further explore the impact of u3 FAs supplementation on phase

separation, we conducted AFM imaging and force spectroscopy measurements on SLBs, a model system that closely mimics the structure

of natural cell membranes.32 Experiments were performed on SLBs composed of cerebral cortex-total lipid extracts of SHR+ u3 and SHR

to assess their membrane topography and nanomechanical properties. Topographical images showedmembrane patches with phase segre-

gation in all samples (Figures 5A and 5D). In the SHR SLBs, three different phases were distinguished (Figure 5A): one with round-shaped

thicker domains and two continuous-like phases. The three distinguishable phases show slightly different thicknesses. The height difference

between them can be estimated from fitting the height distribution (Figure 5B), with Dh3-2 = 0.4 nm between the thicker and intermediate

phase, Dh2-1 = 0.8 nm between the intermediate and thinner phases, and therefore Dh1-3 = 1.2 nm between the thinner and thicker phases.

Although not many topographical studies can be found on lipid bilayers built from cerebral cortex-total lipid extracts, SLBs obtained from

naked mole-rat brain lipid extracts33 have been shown to have a two-tier raft structure, similar to what we observe for SHR SLBs. For the

SHR+ u3 we found SLBs also segregated in three different phases (Figure 5D), however, the thicker domains are extense, more heteroge-

neous, and less round in shape. We also distinguish a continuous phase and small irregular domains present in this continuous phase.

The height analysis gives a distribution that can be deconvoluted into 3 contributions (Figure 5E). This allows an estimation of the difference

in thickness between the coexisting phases to beDh3-2 = 0.3 nmbetween the thicker and intermediate phases andDh2-1 = 0.3 nmbetween the

intermediate domains and thinner phase, and therefore a difference in thickness between the thicker and thinner phases of Dh1-3 = 0.6 nm.

Although it can be observed qualitatively that the difference in phase heights is slightly smaller in the SHR +u3 than in the SRH case, the most

remarkable fact is the coexistence of three phases with a prevailing proportion of a phase with intermediate thickness in SHR, whereas this

phase tends to disappear in the SHR +u3, that show less amount of this intermediate phase and a higher proportion of the thicker and thinner

phases.

We thenperformed force-separation curves on previously imaged areas by approaching and retracting theAFMprobe at constant velocity

in a force map mode. By applying vertical load at constant velocity, we can assess the force at which the membrane is pierced by the AFM

probe, i.e., the breakthrough force (Fb).
34 Therefore, Fbmaps and adhesion forcemaps can be built to relate themembranemechanical prop-

erties with the different domain structures in the topographical images. After themembrane has been pierced by the AFM probe, sometimes

adhesion between the probe and the bilayer is reflected as deflection toward the sample at the contact point. This allows one to calculate the

adhesion force. The adhesionmaps (Figures 6C and 6D) show that the higher and lower adhesion forces correspond to the thicker and thinner

domains, respectively. The contrast in adhesion relates to the different compositions.35 The different phases exhibit diversemechanical prop-

erties, with the thicker one being the most resilient (higher Fb, Figures 6E–6I). For SHR SLBs, although Fb maps (Figure 6E) show a correlation

with the different phases observed in topography, the sampling of our experiments leads to a unimodal distribution with an average value of

1.9 G 0.5 nN (Figure 6G), although higher forces are seen for the small round thicker domains. For the SHR+ u3 SLBs, however, a bimodal

distribution of Fb is obtained with average values of 0.9 G 0.4 and 4.4 G 0.5 nN (Figure 6H), suggesting an increase in the lipid packing

disparity between the coexisting phases, and a decrease of the presence of an intermediate phase. This is also reflected in the Fb map (Fig-

ure 6F). In all cases, higher forces correspond to thicker domains and lower forces to the thinner ones.

In summary, brain SLBs of SHR and SHR+ u3 show a phase-segregated topography, but the coexisting phases in SHR+ u3 are nanome-

chanicallymore different among them (Figure 6I). These findings align with the average gray intensity values in cerebral brain lipidmonolayers

(see Figures 4C and 4D). Since Fb depends strongly on the bilayer chemical composition,36 onemay infer that dietaryu3 FAs incorporated into

the brain’s plasma membranes in SHR+ u3 enhance the difference in lipid packing between the coexisting phases.

Free DHA and DHA esterified within phosphatidylcholine enhance the elasticity of Langmuir monolayers in synthetic lipid

mixtures

Our findings regarding brain lipidmembranes of SHR, which contain hundreds to thousands of different lipid species, indicate that dietaryu3

FAs integrated into the plasmamembranes of the brain, enhancing their elasticity and leading to an increased lipid phase disparity. However,

the lipid complexity of these model systems and the myriad of potential cellular outcomes linked to feeding SHR with u3 FAs make it chal-

lenging to attribute our findings to the impact of incorporating u3 FAs into membrane lipids. To examine the relationship between u3 FAs

and phase separation directly, we delved into phase coexistence and lipid packing in well-defined synthetic lipid mixtures. We conducted

experiments usingmonolayers of a standard raft mixture consisting of PC, SM, and Chol37,38 in the presence of both free DHA andDHA ester-

ified within phosphatidylcholine (SDPC). We assayed both forms of DHA, free and SDPC, to gather insights that could apply to the conditions
iScience 27, 110362, July 19, 2024 5



Figure 5. u3 FAs supplementation changes the phase segregation patterns detected in AFM

AFM topography height analysis of brain SLBs composed of cerebral cortex-total lipid extracts of SHR and SHR+ u3.

(A) AFM topography image of SLB formed by SHR lipid extracts, where 3 different phases of different height are discernable. Scale bar corresponds to 500 nm.

(B) Histogram representing the number of events versus the measured height of the pixel values of the blue box in (A). Light blue shows the fitting corresponding

to all pixels in the blue box in (A). Red shows the Gaussian fitting for the values of the lowest phase—phase 1—marked in (A) by a red star. Green shows the

Gaussian fitting corresponding to the intermediate height phase—phase 2—marked in (A) by a green arrowhead. Dark blue shows the Gaussian fitting for

the highest height phase—phase 3—marked in (A) by a dark blue cross.

(C) Section profile of the white dotted line drawn in (A).

(D) AFM topography image of SLB formed by SHR+u3 lipid extracts, where 3 different phases of different height are discernable. Scale bar corresponds to 1 mm.

(E) Histogram representing the number of events versus the measured height of the pixel values in the region delimited by the blue dotted line in (D). Light blue

shows the fitting for all pixels in the region delimited by the blue dotted line in (D). Red shows the Gaussian fitting of the values of the lowest phase—phase 1—

marked in (D) by a red star. Green shows the Gaussian fitting corresponding to the intermediate height phase—phase 2—marked in (D) by a green arrowhead.

Dark blue shows the Gaussian fitting for the highest height phase—phase 3—marked in (D) by a dark blue cross.

(F) Section profile corresponding to the white dotted line drawn in (D).
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found in brain plasma membranes of SHR+ u3. Dietary u3 FAs are primarily esterified within membrane PC and phosphatidylethanolamine.

However, there are circumstances, such as during FAs uptake or under conditions where a phospholipase A2 is activated, in which a temporary

and localized increase in the free FA form can occur.15

The surface pressure-area isotherms in Figure 7A, show an expansion of the monolayers to higher areas when the u3 lipids were incorpo-

rated at 10-mole percent into the PC/SM/Chol mixture. In free DHA-containing films, the increase in molecular area occurred only at low sur-

face pressures, while the addition of SDPCproduced larger increments along thewhole isothermuntil monolayer collapse. This was expected

from the higher mean molecular area of the PC phospholipid compared to the free FA. The SDPC-containing films collapsed at lateral pres-

sures of 42.5G 1.0 mN/m, similar to the PC/SM/Chol monolayers, which collapsed at 43.3 G 1.0 mN/m. In contrast, with DHA, the collapse

surface pressure decreased to 39.0 G 0.8 mN/m, pointing to less stable monolayers in the presence of free FA. A decrease in Cs�1 was

observed for mixtures with DHA or SDPC (Figure 7B), indicative of more compressible monolayers in the presence of either lipid. Cs�1

measured at the biological relevant surface pressure of 30 mN/m were 90.0 G 6.0 mN/m for the ternary lipid films, and 64.3 G 0.7 mN/m
6 iScience 27, 110362, July 19, 2024



Figure 6. u3 FAs supplementation increases lipid packing disparity between phases in brain SLBs, stabilizing membrane domains

AFM topography and nanomechanical analysis of SLBs from cerebral cortex-total lipid extracts of SHR and SHR+ u3. Topographical images of SLBs from SHR

(A) and SHR+ u3 (B); adhesion maps of SLBs from SHR (C) and SHR+ u3 (D); breakthrough force maps of SLBs from SHR (E) and SHR+ u3 (F) and breakthrough

force distributions of SLBs from SHR (G) and SHR+ u3 (H), from representative samples. (I) Breakthrough force statistical analysis of all samples measured

(average GSD, n between 185 and 200). All measurements were done at room temperature and in 150 mM NaCl, 25 mM HEPES buffer, pH 7.6. Scale bar for

Figure in A corresponds to 200 nm. C and E are maps on the same area as Figure in A. Scale bar for Figure in B corresponds to 1 mm. D and F correspond to

maps in the 3 3 3 mm2 area marked of B.
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and 60.7 G 5.2 mN/m in monolayers containing 10% of DHA and SDPC, respectively. In brief, free and esterified DHA expanded and

enhanced the elasticity of Langmuir monolayers in these synthetic lipid mixtures.

Free DHA and DHA esterified within phosphatidylcholine reduce molecular packing of Langmuir monolayers in synthetic

lipid mixtures

The PM-IRRAS technique was applied to monitor the vibrational spectra of ternary lipid films at 30 mN/m in the presence of DHA or SDPC

(Figures 8A–8C). This technique is useful for studying lipid-lipid interactions, providing detailed information about the lipid molecules’ orien-

tation, ordering, and conformation at the interface. It may detect changes not only in the hydrocarbon chains but also in the polar headgroups

of the lipids.39 In line with a previous report,40 the CH region of PC/SM/Chol monolayers had main bands at 2920 and 2851 cm�1 assigned to

CH2 asymmetric and symmetric stretching vibrations, respectively (Figure 8A). The spectra of the ternary mixture with 10% of u3 polyunsat-

urated lipids show the CH2 bands at similar wavenumbers, while bands assigned to the asymmetric stretching of CH3 groups also appeared.

The presence of CH3 bands—absent in the ternary lipid film—indicates a higher conformational disorder in the acyl chains region when DHA

or SDPC were incorporated into the ternary lipid mixture.41,42

The 1800–1600 cm�1 region of the PM-IRRAS spectra provides information on the C=O stretching modes of ester (PC) and amide groups

(SM amide I band).43 In PC/SM/Chol films, the spectra had an intense band at 1740 cm�1 assigned to C=O stretching mode of PC and an

asymmetric amide I band at 1678 cm�1 assigned to non- or weakly H-bonded amide groups and a second component at 1650 cm�1 assigned

to H-bonded groups (Figure 8B). The addition of DHA inverted the relative intensity of the high-frequency-to-low-frequency components of

the amide I band, which appeared red-shifted to 1686 and 1670 cm�1, suggesting a weaker H-bonding network of SM. Also, a broadened

C=O band was detected which shifted its maximum to 1752 cm�1 with a second component at 1720 cm�1. The latter wavenumbers revealed

more dehydrated and hydrated C=O groups, respectively, in these monolayers. In mixtures with SDPC, a broader C=O band was also

observed, blue-shifted to 1736 cm�1, indicative of higher levels of hydration of the ester groups of PC. The amide I bandmaintained the shape

of the ternary lipid mixture, although shifted to lower wavenumbers. This shift can be considered indicative of stronger H-bonded SM in the

films containing u3 SDPC.44

The phosphate region between 1300 and 1000 cm�1 was also analyzed in Figure 8C. Together with C=O, PO2
� stretching modes are sen-

sitive to the lipid environment and respond to changes in hydration and H-bonding.45 In the ternary lipid mixture, two well-defined bands

were detected at 1253 and 1215 cm�1 for the PO2
� asymmetric stretching mode corresponding to dehydrated and hydrated PO2

� groups,

respectively.43,46 The symmetric PO2
� stretching bands appeared at 1126 and 1085 cm�1 while the diester phosphate (C–O–P–O–C) stretch-

ing band at 1057 cm�1. A band at 1161 cm�1 could be assigned to the ester C-O asymmetric stretching of PC.47 In the presence of DHA, the

shape of the asymmetric PO2
� bands changed drastically to a broad one encompassing the two distributions observed in the ternary films,

with a maximum at 1230 cm�1. The latter result reflects a more heterogeneous level of hydration of the PO2
� groups compared to the ternary

lipid system. One main band assigned to the PO2
� symmetric stretching appeared at 1107 cm�1 while the C–O–P–O–C stretching band

increased in intensity and shifted to lower wavenumbers (1041 cm�1) owing to changes in the orientation of phospholipid headgroups in
iScience 27, 110362, July 19, 2024 7



Figure 7. Free and esterified DHA enhance the elasticity of Langmuir monolayers

(A) Surface pressure-area isotherms of the lipid mixtures PC/SM/Chol (2:1:1), PC/SM/Chol/DHA, and PC/SM/Chol/SDPC (2:1:1 ternary mixture +10-mole percent

of DHA or SDPC).

(B) Compressibility moduli (Cs
�1) corresponding to each isotherm. Measurements were performed in Hepes-saline Buffer, pH 7.4, at 20 G 1�C.
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the presence of free DHA.48 In SDPC-containing films, the PO2
� asymmetric stretching mode had one main band at lower wavenumbers

(1222 cm�1) than the ternary lipid films, pointing to a higher hydration level in the interfacial region. The phosphate diester band also

increased and appeared at lower wavenumbers (1049 cm�1) than in the ternary mixture, as observed in monolayers with free DHA. Hence,

the orientation of the phospholipids headgroups changes in the presence of SDPC.

In summary, PM-IRRAS measurements in synthetic lipid mixtures allowed the direct characterization of the major chemical groups in the

lipid films and confirmed the disordering effect of DHA that was inferred from Langmuir monolayers (Figures 3 and 4) and SLBs (Figures 5

and 6) on brain lipid membranes. In agreement with the inferences from those experiments, the PM-IRRAS observations demonstrated a

decrease in lipid packing within mixtures of canonical rafts when they contained DHA. This occurred regardless of whether DHA was in its

free form or as an esterified compound, pointing to the cis-double bonds of these u3 polyunsaturated lipids as the main responsible for

this effect. Incorporating u3 lipids also affected the interfacial region, increasing the hydration levels of the polar headgroups and inducing
A B C

Figure 8. Free DHA and SDPC reducemolecular packing of ternary lipidmixtures, alter the H-bonding network, and increase the hydration levels of the

headgroups in Langmuir monolayers

Hydrocarbon chains (A), carbonyl (B), and phosphate (C) regions of the PM-IRRAS spectra of monolayers of PC/SM/Chol (black trace), PC/SM/Chol/DHA (red

trace), and PC/SM/Chol/SDPC (green trace) at a lateral pressure of 30 mN/m. Measurements were performed in Hepes-saline buffer, pH 7.4, at 20 G 1�C.
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changes in the orientation of the phospholipids headgroups. On the other hand, the incorporation of free or esterified DHAmodified the SM

H-bonding patterns; free DHA-containingmonolayers presentedweaker SMH-bonding networks, while stronger H-bonded SM species were

detected in SDPC–containing films. PM-IRRAS thus allowed us to discriminate the effects of both lipids on the overall behavior of the mono-

layer’s chemical groups at the interface.

Our research aligns with compelling investigations indicating a fundamental mechanism through which dietary fats influence cellular phys-

iology by reshaping membrane lipidomes and altering biophysical characteristics, including phase disparity.49,50 In this concern, it is worth

noticing that Levental et al. have recently proposed a mammalian mechanism for maintaining membrane homeostasis, wherein lipidome re-

modeling in response to dietary lipid inputs preserves functional membrane phenotypes.51 Their study demonstrated that exogenous poly-

unsaturated fatty acids are incorporated intomembrane lipids, leading to a decrease inmembrane packing. This reduction is rapidly compen-

sated both in vitro and in vivo by extensive lipidome remodeling, most notably through the upregulation of saturated lipids and Chol, thereby

restoring membrane packing and permeability. In this study, we orally supplemented rats under pathological conditions (SHR; model of

essential hypertension, cognitive impairment, and dementia) that show decreased basal levels of polyunsaturated fatty acids, especially

DHA.18 In this scenario, we found that 16 weeks of u3 supplementation led to a significant change in the u3 FA composition compared

to non-treated animals, along with changes in the physical properties of whole-cell membrane lipids extracted from their brain cortex. These

findings strongly encourage further research into the mechanisms that regulate membrane lipid dynamics in response to dietary changes,

including their temporal aspects and interactions across different tissues in normal and pathological conditions.

Conclusion

Neurodegenerative disorders manifest through a gradual deterioration of the central nervous system, marked by ongoing neuronal damage

and loss. Despite significant research efforts, effective therapeutic interventions are still lacking which can modify the course of neurodegen-

erative diseases. Identifying the pivotal molecular-level structural changes essential to the initiation and advancement of these diseases

proves to be a complex task. Within this framework, the physicochemical properties of brain cell membranes are believed to be modulated

by u3 FAs, potentially impacting cell functions and, in turn, overall brain health. This study supports this idea, evidencing that dietary supple-

mentation with u3 FAs affects the physicochemical behavior of rat-brain lipids, at the molecular and nanoscale levels. Our findings indicate a

significant elevation in u3 levels in the cerebral cortex of SHR+ u3. Moreover, it induced alterations in the physical properties of monolayers

and bilayers made from brain lipids, including changes in molecular packing, elasticity, and lipid miscibility, resulting in an increased phase

disparity. Upon employing PM-IRRAS, we verified that both free and esterified DHA reduced the molecular packing of hydrocarbon chains,

altered the H-bonding network, and increased hydration levels of headgroups in synthetic lipid mixtures, thus enhancing phase separation.

These alterations in the physicochemical properties of rat-brain lipids induced byu3 FAs could impact brain functions and cognition. In forth-

coming research, we aim to provide insights into how the content of u3 FAs and the physicochemical features of rat-brain membranes influ-

ence the cognitive and behavioral aspects of rats.

Limitations of the study

It is important to emphasize the significant differences between plasma membranes within living cells and the brain-like membrane systems

that are the focus of our investigation, made of total lipids extracted from rat-brain cortices. These disparities encompass the disruption of

precise membrane asymmetry and a widespread reduction in the presence of membrane proteins. While the exact ramifications of these dis-

tinctions on the physicochemical attributes of membranes remain unresolved, it is worth underscoring that our brain-like membrane systems

present a valuable experimental paradigm for elucidating the biophysical traits inherent in membranes possessing the intricate lipid

complexity and composition characteristic of biological systems.
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Simons, K., Levental, I., and Schwille, P.
(2015). Adaptive lipid packing and bioactivity
in membrane domains. PLoS One 10,
e0123930. https://doi.org/10.1371/journal.
pone.0123930. eCollection 2015.

29. Shaikh, S.R., Kinnun, J.J., Leng, X., Williams,
J.A., and Wassall, S.R. (2015). How
polyunsaturated fatty acids modify molecular
organization in membranes: insight from
NMR studies of model systems. Biochim.
Biophys. Acta 1848, 211–219. https://doi.org/
10.1016/j.bbamem.2014.04.020.

30. Williams, J.A., Batten, S.E., Harris, M.,
Rockett, B.D., Shaikh, S.R., Stillwell, W., and
Wassall, S.R. (2012). Docosahexaenoic and
eicosapentaenoic acids segregate differently
between raft and nonraft domains. Biophys.
J. 103, 228–237. https://doi.org/10.1016/j.
bpj.2012.06.016.

31. Marsh, D. (1996). Lateral pressure in
membranes. Biochim. Biophys. Acta 1286,
183–223. https://doi.org/10.1016/s0304-
4157(96)00009-3.

32. Redondo-Morata, L., Losada-Pérez, P., and
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Chemicals, peptides, and recombinant proteins

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) Avanti Polar Lipids Cat#850375

N-palmitoyl-D-erythro-sphingosylphosphorylcholine (SM) Avanti Polar Lipids Cat#860584

Cholesterol (Chol) Avanti Polar Lipids Cat#700000

cis-4,7,10,13,16,19-Docosahexaenoic acid (DHA) Sigma-Aldrich Cat#D2534

1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC) Avanti Polar Lipids Cat#850472

u3 Regulip 1000 Raffo Laboratories, Argentina. N/A

Experimental models: Organisms/strains

Spontaneously Hypertensive Rats (SHR) Charles River Breeding Laboratories RRID:RGD_61000

Software and algorithms

GraphPad Prism v9.1.2 Graph Path Software, Inc. https://graphpad.com/

OriginLab Pro 2019b OriginLab Corporation https://originlab.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by Sabina M. Maté (smate@med.unlp.

edu.ar).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� All data reported in the paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable

request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Spontaneously Hypertensive Rats (SHR, RRID: RGD_61000), bred in-house but originally derived from Charles River Breeding Laboratories

(Wilmington, MA), were used in the study. Twenty-four male rats aged three weeks old were randomly divided into two groups, 12 members

each, for control- and u3-treatment. The animal housing room temperature was kept between 18�C and 24�C and humidity between 50 and

60%. The light was maintained on a 12-h, light-dark (7 am–7 pm) cycle. Rats were given daily handling, regularly weighing, and ad libitum

access to water and food. All experimental procedures were reviewed and approved by the University of La Plata School of Medicine Animal

Welfare Committee (CICUAL, protocol N� P04–01–2019) and performed following the Guide for the Care and Use of Laboratory Animals.
METHOD DETAILS

Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), N-palmitoyl-D-erythro-sphingosyl phosphorylcholine (16:0-SM), cholesterol (Chol) and

1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC) were purchased from Avanti Polar Lipids (Birmingham, AL, USA), DHA

was acquired from Sigma–Aldrich (St. Louis, MO, USA). All commercial lipids were used without further purification. Hepes buffer, NaCl,

and other reagents, all analytical-grade, were acquired from Sigma–Aldrich (St. Louis, MO, USA). HPLC-grade chloroform was purchased

from Merck (Darmstadt, Germany). All physical handling of lipids was performed in an inert atmosphere under low light conditions. All sol-

vents and buffers that come into contact with SDPC and DHAwere deoxygenated by bubbling with inert gas to carry away dissolved oxygen.

SDPC and DHA were packaged into small aliquots, enabling the use of a fresh vial for every week of experimental work.
iScience 27, 110362, July 19, 2024 13
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Animals and treatment

Three-week-old male SHR were housed in a temperature (18�C–24�C) and humidity (50–60%) controlled room, with a 12-h light/dark cycle

(lights on: 07:00–19:00) and ad libitum access to water and food. SHR were randomly divided into two groups, as follows: untreated (SHR;

n = 12), fed with standard laboratory rodent food and treated (SHR+u3; n = 12), supplemented orally withu3 FAs (Regulip 1000, Argentinian

product, Raffo Laboratories; each capsule of 1000 mg containing 180 mg eicosapentaenoic acid (EPA), 110 mgDHA and otheru3 FAs 45mg)

in dose 200 mg/kg body weight (BW)/day for 16 weeks. Control animals received water by the same via. This level of EPA/DHA is used phar-

macologically for treating elevated triglycerides in humanbeings.52 All experiments were performed following theGuide for theCare andUse

of Laboratory Animals53 and the experimental protocol (N� P04–01–2019) was approved by the Animal Welfare Committee (CICUAL), School

of Medicine, UNLP.
Blood collection and cerebral cortex isolation

At the end of the treatment, the rats were anesthetized with sevoflurane and samples of cardiac blood were obtained. Then the animals were

euthanized by rapid decapitation, and their brains were removed. Right hemispheres were dissected, and cortex was stored at � 80�C for

later lipids extraction.
Fatty acid analysis

Total plasma and cerebral cortex lipids were extracted according to the Folchmethod.54 FAmethyl esters from total lipids were obtainedwith

BF3-methanol according to themethod of Morrison and Smith,55 then analyzed by gas-liquid chromatography (GLC) in a Hewlett-Packard HP

6890 apparatus (Wilmington, DE) as described in.37 Samples were injected into an Omegawax 250 (Supelco, Bellefonte, PA) capillary column

of 30 m, 0.25 mm inner diameter, and 0.25 mm film thickness. The temperature was increased linearly at 3�C/min from 175�C to 230�C. The
chromatographic peaks were identified by comparison of their retention times with those of authentic standards.
Surface pressure- area isotherms

Surface pressure measurements were carried out with a KSV Minitrough (KSV, Helsinki, Finland) using the Wilhelmy method. The aqueous

subphase consisted of 20 mM Hepes, 150 mM NaCl, pH 7.4 (HBS Buffer) prepared in ultrapure water. The lipids (cerebral cortex- total lipid

extracts or commercial lipids) dissolved in chloroform/methanol (2:1, v/v) were spread dropwise over the subphase surface with a Hamilton

microsyringe. After 15 min of solvent evaporation and monolayer equilibration, the films were isometrically compressed at 5 cm2/min. The

compressibility moduli (Cs�1) of the films were calculated from the Surface pressure-Area isotherms according to Equation 1 56:

Cs� 1 = � Aðvp = vAÞ (Equation 1)

where A is the mean molecular area at the surface pressure p.

All the surface pressure measurements were performed at 20 G 1�C in triplicate.
Brewster Angle Microscopy (BAM)

Film imaging by BAM was performed with a Nanofilm EP3sw imaging ellipsometer (Accurion GmbH, Gottingen, Germany) operating at a

resolution of 2 mm in the BAMmode. Minimum reflection was set with a polarized laser beam (l = 532 nm) incident on the bare buffer surface

(HBS buffer) at the experimentally calibrated Brewster angle (�53.1�). The lipid monolayers were spread onto the aqueous surface and com-

pressed as described before using a KSVMinitrough equipment (KSV, Helsinki, Finland). After monolayer formation and during compression,

the reflected light was collected through a 203 objective to a CCD camera. The gray level at each pixel of the BAM images can be converted

to reflectivity values with calibration factors tested for each individual experiment. The reflectivity obtained from BAM measurements is

related to both the film thickness and refractive index of the film.57 Therefore, the liquid expanded (Le) phases of lipid films appear as

dark gray areas, whilst the more compact and thicker liquid ordered (Lo) phase is observed as light gray domains.
Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-IRRAS) experiments

PM-IRRAS measurements were performed using a KSV PMI 550 instrument (KSV, Biolin Scientific Oy, Espoo, Finland) coupled to a KSV

Langmuir-Blodgett minitrough. The incoming light was continuously modulated at a high frequency between parallel (s-polarized) and

perpendicular (p-polarized) with respect to the plane of incidence. Measurements were taken at an incident angle of 80�, at which positive

bands indicate a transition moment oriented preferentially on the surface plane, whereas negative bands indicate preferential orientation

perpendicular to the surface. An average of 6000 scans was collected for each spectrum at a resolution of 8 cm�1 using the corresponding

subphase (HBS buffer) spectrum as background. The films were formed by spreading the synthetic lipid mixtures dissolved in chloroform on

the subphase surface. After solvent evaporation and monolayer equilibration (15 min), the monolayers were compressed at 5 cm2/min to a

surface pressure of 30 mN/m and PM-IRRAS spectra were collected. Measurements were conducted in a class 10,000 clean room at 20G 1�C
and were performed in triplicate.
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AFM imaging and force spectroscopy measurements

Sample preparation

The cerebral cortex-total lipid extracts were dissolved in a mixture of chloroform:methanol (2:1, v/v) to a concentration of 10 mg/mL. Dried

lipid films were then prepared on the walls of a tube by evaporation of the solvent under a gentle stream of dry nitrogen and left overnight

under vacuum, covered from light. The filmswere hydratedwith ‘‘working buffer’’ (25mMHepes buffer, pH 7.6, 150mMNaCl) at 70�C to a final

concentration of 0.5mg/mL and subjected to 5 cycles of vortexmixing and heating. The vesicle suspensions were placed in an ultrasoundbath

for 30 min and extruded through a 100 nm pore-size polycarbonate membrane to finally obtain unilamellar vesicles. Supported lipid bilayers

(SLBs) were obtainedby direct vesicle fusion onto freshly cleavedmica surfaces (mica discs, Ted Pella, Redding, CA). Ten mL of buffer including

Ca2+ ions (25mMHepes buffer, pH 7.6, 150mMNaCl, 3mMCaCl2) were placed onto themica surface, followed by the incubation of 100 mL of

vesicles suspension (0.5 mg/mL) for 30 min at 60�C. The samples were left to cool to room temperature and rinsed several times with working

buffer to remove unfused vesicles, keeping always the samples hydrated.

AFM imaging and force spectroscopy

The experiments were performed with a NanoWizard 3 BioScience atomic force microscope (AFM) (JPK Instruments, Bruker Nano GmbH) at

room temperature and under liquid environment (working buffer). Silicon nitride probes with nominal spring constant of 0.1 N/m (MLCT-BIO

DC-E, Bruker) were used. After having measured the sensitivity (V/m), the cantilever spring constants were individually calibrated using the

equipartition theorem (thermal noise routine). Imaging was performed in the Quantitative Imaging (QITM) mode, with 200 pN setpoint, a total

Z length of 50 nm, and 30 mm/s velocity. Force-distance curves (contact mode) were recorded by approaching and retracting the AFM tip at

constant velocity (1 mm/s) to a setpoint of 9 nN, and in the force mapmode of 16 x 16 force-separation curves over previously visualized areas.

AFM data were acquired and processed using the JPK AFM software. The breakthrough force, Fb, was recorded from each approach trace,

computing the difference in force between the point of contact and the onset of sudden penetration. Statistical analysis and representation of

the data was performed with GraphPad Prism 9.1.2 or OriginPro2019b. Errors are indicated as standard deviation.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details are provided in the figure captions and method details section. The value of n represents the number of replicates in

each experiment. Unless otherwise stated, results are reported as mean G SD. Tests were accomplished at the 0.05 level (cut-off for

significance).
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