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Brain pro-resolving-to-pro-inflammatory lipids and cPLA,
activation associations with late-life cognitive trajectories
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Summary

Background Lipidome alterations are linked to neurodegenerative disorders, but the association between calcium-
dependent phospholipase A2 (cPLA,)-related lipid ratios, which reflect pro-resolving and pro-inflammatory lipid
biology, and age-related cognitive decline remains unclear.

Methods In postmortem dorsolateral prefrontal cortex samples from participants in the Religious Orders Study and
the Rush Memory and Aging Project (lipidomics n = 191; transcriptomics n = 411), we quantified three ratios of
cPLA,-released fatty acid precursors (primary exposures), three indices of arachidonic acid (AA) metabolism, and
two AA transcriptomic activation scores (secondary exposures). Global cognition (primary outcome) and five
cognitive domains were derived from annual neuropsychological testing.

Findings In mixed-effect change point models (death-age, sex, education, and apolipoprotein E &4 (APOEe4)-
adjusted), higher brain eicosapentaenoic acid/AA was associated with better global cognition proximate-to-death
(B = 0.254, 95% CI [0.064-0.455]) and a slower rate of cognitive decline (f = 0.045, 95%CI [0.005-0.081]).
Separate models including an APOEeq x cPLA, lipid-ratio interaction showed that the association between
lipoxin A4/AA and global cognition proximate-to-death differed significantly between APOEe4 carriers and non-
carriers (f = 0.396, 95% CI [0.015-0.776]). A secondary analysis, repeating these models with three indices of AA
metabolism-to-AA ratios and examining the association between the six cPLA, lipid ratios and five cognition
domains, yielded similar results. Higher AA transcriptomic activation scores, indicating greater cPLA, activation,
were associated with lower global cognition at death (f = -0.148, 95% CI [-0.266 to —0.028]) and with multiple
cognitive domains.

Interpretation Modulation of brain lipid ratios warrants further investigation as a potential target related to cognitive
decline.
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Introduction

Dementia and age-related cognitive decline are rapidly
growing public health challenges, with rising preva-
lence and substantial social and economic costs." Pre-
vious studies highlighted dysregulated inflammatory
processes in the central nervous system as critical
drivers of neurodegeneration.? The brain lipidome,
comprising diverse bioactive lipids, shows marked

alterations in individuals with dementia and cognitive
decline.’ The apolipoprotein E €4 (APOEe4) genotype, a
well-established genetic risk factor for late-onset Alz-
heimer’s disease (AD), is linked to disturbed lipid
metabolism and heightened inflammation in the brain.*

Calcium-dependent phospholipase A2 (cPLA,) is a
cytosolic enzyme expressed in most cells, including
neurons and glia, that regulates brain lipid metabolism
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Research in context

Evidence before this study

Lipidome alterations, including dysregulation of cPLA,-
dependent arachidonic acid pathways, have been linked to
neurodegenerative disorders and cognitive impairment in
experimental and clinical studies. However, in the context of
age-related cognitive change, it remains unclear how aspects
of brain pro-resolving and pro-inflammatory lipid biology
contribute to late-life cognitive trajectories.

Added value of this study
In a prospective cohort study of older adults with
postmortem brain lipidomic and transcriptomic assessments,

by catalysing the release of the omega-6 fatty acid
arachidonic acid (AA) from membrane phospholipids.**
This process generates diverse bioactive lipid mediators
that can either promote or resolve inflammation.”®
Beyond its homoeostatic roles, cPLA, is a key medi-
ator of inflammatory and neuroinflammatory signalling
and has been implicated in several brain disorders,
including AD.”"* AA-derived mediators such as leuko-
triene B4 (LTB,) and thromboxane B2 (TXB2) amplify
inflammatory signalling and may contribute to the
neuroinflammation seen in AD and AD-related de-
mentias (AD/ADRD),® although AA itself is an essential
polyunsaturated fatty acid (PUFA) required for normal
cellular function."" In contrast, pro-resolving eicosa-
noids, including metabolites of omega-3 fatty
acids—eicosapentaenoic acid (EPA), docosahexaenoic
acid (DHA), and docosapentaenoic acid (DPA) suppress
inflammation and promote tissue repair. In addition,
specialised pro-resolving mediators (SPM) can be
generated via AA metabolism, including lipoxin A4
(LXAy), a potent SPM.**

A previous study of dorsolateral prefrontal cortex
(DLPFC) lipidome changes in cognitive disorders found
that Down syndrome and other conditions, such as
autism and schizophrenia, alter the brain lipidome
composition.” Using postmortem DLPFC samples
from the Religious Orders Study (ROS) and the Rush
Memory and Aging Project (MAP), we previously
identified 67 lipids that were differentially associated
with APOEe4 carrier status and cognitive impairment.™
In a smaller ROS lipidomic study, lower omega-3 fatty
acids (EPA, DPA) and their neuroprotective metabolites
were observed in AD and correlated with poorer
cognition; APOEe4 also interacted with elevated in-
flammatory and pro-resolving lipids to predict cognitive
decline and plaque burden, implicating cPLA, activa-
tion in lipid dysregulation.® A previous clinicopatho-
logical study indicated that AD pathology, Lewy bodies,
TDP-43 pathology, and vascular lesions each contribute
to late-life cognitive decline and affect cognitive do-
mains to varying degrees.” However, while cognitive

a higher eicosapentaenoic acid/arachidonic acid ratio was
significantly associated with better global cognition at death
and slower cognitive decline, whereas a higher arachidonic
acid transcriptomic activation score was significantly
associated with worse cognition.

Implications of all the available evidence

Brain cPLA,-related lipid ratios and activation may be
relevant to cognitive decline in ageing and
neurodegenerative disease, but whether they represent a
viable therapeutic target remains to be determined.

decline is typically non-linear late in life,”® with sub-
stantial heterogeneity in the timing and speed of
accelerated decline before death,'®" little data exists on
cPLA,-related lipid ratios that reflect aspects of pro-
resolving and pro-inflammatory lipid biology in cogni-
tive decline, particularly in the context of the APOEe4
genotype.

To address this gap, we focused on cPLA,-related
lipids as pathway-informative indices of AA-driven in-
flammatory signalling in the brain. Using ROS brain
lipidomic data we constructed a cPLA,-related lipid ra-
tio panel of six measures: three ratios of pro-resolving
to pro-inflammatory cPLA,-released fatty acid pre-
cursors (EPA/AA, DHA/AA, DPA/AA; omega-3/AA)
and three indices of AA metabolism (TXB,/AA, LTB,/
AA, LXA4/AA). We also used ROSMAP transcriptomic
data to derive two AA activation scores. Our primary
analysis associated the three pro-resolving/pro-
inflammatory precursor ratios with cognitive trajec-
tories, as measured by a global cognition score. We
hypothesised that a more pro-resolving brain milieu in
relation to cPLA,-related lipid profile would be associ-
ated with better global cognition status and slower
decline. Secondary analyses examined the three AA-
metabolism indices and extended all six lipid ratios to
five cognitive domains (episodic memory, semantic
memory, working memory, perceptual speed, visuo-
spatial ability). Given that APOEe4 status and AD pa-
thology were linked to lipid dysregulation and are
contributors to cognitive decline, we further tested
whether APOEe4 status or AD pathology moderated
these associations. We additionally evaluated upstream
molecular regulation of AA metabolism using the
transcriptomic AA activation scores.

Methods

Participants

ROS is an ongoing prospective, longitudinal, epidemi-
ologic clinical-pathological study of ageing and de-
mentia in older Catholic nuns, priests, and brothers
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from across the United States.'® Participants without
known baseline dementia agree to clinical evaluations,
including detailed neuropsychological testing, each
year, as well as to brain donation at the time of death.
Since 1994, nearly 1600 older persons enrolled. Partic-
ipants also undergo baseline blood draws (and yearly
draws in a subset of participants), with serum, plasma,
DNA, and white blood cells stored for research.

MAP is an ongoing community-based clinical-path-
ologic study of ageing that started in 1997."* Participants
without known baseline dementia agree to clinical
evaluations, including detailed neuropsychological
testing, each year, as well as to donation of brain, spinal
cord, nerve, and muscle at the time of death. Since
1997, more than 2600 older persons enrolled. Partici-
pants undergo baseline and annual blood draws, and
have their serum, plasma, DNA, and white blood cells
stored for research.

Both ROS and MAP have largely similar recruitment
and data-collection strategies, enabling harmonisation
of datasets. This includes the standardisation of cogni-
tive evaluations, neuropsychologists’ impressions, and
diagnostic classification forms across the studies.
Building on this shared framework, harmonisation has
been carried out for many of the datasets across ROS
and MAP, including cognitive, pathologic, omics, and
other datasets, as we have published in many
papers.’” !

Ethics

The Institutional Review Board of Rush University
Medical Centre approved both studies (ROS IRB#
191020181, MAP IRB# L86121802). The studies were
conducted in accordance with the Declaration of Hel-
sinki. All participants signed informed and repository
consents and an Anatomic Gift Act for brain donation
at the time of death.™®

Brain lipidome

At the time of death, a rapid brain autopsy in ROSMAP
participants was performed, with a short postmortem
interval, as previously published.” The extraction and
detection of lipids from frozen postmortem brain ROS
tissues from the DLPFC by liquid chromatography
tandem mass spectrometry (LC-MS/MS) were per-
formed at the University of Southern California, as
detailed previously.® Further description is available in
Supplemental Methods S1.

cPLA,-related lipid ratio panel

For each lipid of interest, chromatographic peaks were
manually inspected and integrated to obtain area-
under-the-curve (AUC) values. These AUC values
were first normalised to the weight of tissue used for
lipid extraction and then further normalised to the
appropriate respective deuterated internal standard to
account for sample variation during processing and
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batch-to-batch variability. Lipid ratios were calculated
from these normalised AUC values and should be
interpreted as relative abundance measures.

We focused on a panel of lipid ratios indicating
either pro-resolving to pro-inflammatory cPLA,-
released fatty acid precursors (EPA/AA, DHA/AA,
DPA/AA; primary exposures) or major branches of AA
metabolism (TXB,/AA, LTB4/AA, LXA,/AA; secondary
exposures).® TXB, and LTB, are products of the
thromboxane and leukotriene pathways, respec-
tively,** and were used as indices of AA flux into pro-
thrombotic/pro-aggregatory and  pro-inflammatory
leukotriene pathways. For the lipoxin arm, we selected
LXA, because it is a well-characterised endogenous
SPM that actively promotes the resolution of inflam-
mation.”* Thus, we used LXA4/AA to index the pre-
dominant pro-resolving lipoxin pathway associated with
AA, while TXB,/AA and LTB,/AA index the major
thromboxane and leukotriene branches. A higher
omega-3/AA precursor ratio (EPAJ/AA, DHA/AA, and
DPA/AA) indicates a relative shift from pro-
inflammatory lipids to pro-resolving lipids in the
brain. Higher TXB,/AA and LTB,/AA ratios indicate
increased conversion of AA to pro-inflammatory me-
diators. In contrast, a higher LXA,/AA ratio reflects an
increased capacity for resolving inflammation and a
shift towards a more pro-resolving milieu.

Transcriptomic AA activation scores

We leveraged ROSMAP DLPFC transcriptomic data to
derive two complementary measures of AA pathway
activity. Laboratory procedures and data processing for
RNA-Seq of frozen DLPFC bulk tissues in the ROS-
MAP were described in previous publications®* and in
Supplemental Methods S2. The derived scores capture
upstream regulation of AA metabolism beyond lip-
idomic profiles: an “AA metabolism” score (AA meta),
which summarises the overall expression of genes in
the AA metabolic pathway, and an “AA compass” score,
which estimates the potential for AA production from
phospholipids via PLA2-related reactions. A detailed
description of score derivation is given in Supplemental
Methods S3.

Cognitive data

Cognition was assessed annually, including using
neuropsychological testing, as detailed previously.”
Briefly, a validated battery of 19 neuropsychological
tests was administered by a trained research assistant.
A composite measure of global cognition, derived from
all 19 cognitive tests, was calculated by converting each
test’s raw score to a z-score using the mean and stan-
dard deviation of the entire cohort at the baseline visit,
and then averaging the z-scores. Furthermore, individ-
ual tests were grouped into five summary scores of
different cognitive domains: episodic memory (7 tests),
semantic memory (3 tests), working memory (3 tests),



Articles

perceptual speed (4 tests), and perceptual orientation/
visuospatial ability (2 tests).

Demographics, APOEe4 genotype, and AD and
vascular pathologies

Demographic variables included age at death, self-
reported sex, and years of education. APOEe4 geno-
type was determined as previously described.”” Briefly,
DNA was extracted from peripheral blood mononuclear
cells or brain tissue, and codons 112 (position 3937) and
158 (position 4075) of exon 4 of APOE on chromosome
19 were sequenced by Agencourt Bioscience Corpora-
tion. AD pathology was classified using the National
Institute on Aging—Alzheimer’s Association (NIA-AA)
criteria,”® which combine Braak neurofibrillary tangle
stage, CERAD neuritic plaque score, and Thal amyloid-
B plaque score. For this study, we dichotomised NIA-
AA categories into AD present (high or intermediate
likelihood) and AD absent (low or no likelihood). The
presence of one or more chronic cerebral infarcts of any
size (micro- and gross infarcts) and location (e.g.,
cortical or subcortical) was determined by neuropatho-
logic evaluation, as detailed previously.”>*

Statistical analysis
Fig. 1 summarises the study design and analytic
framework linking brain lipidomic and transcriptomic

data to longitudinal cognition. Our primary analysis
tested associations of EPA/AA, DHA/AA, and DPA/AA
with global cognition trajectories. Secondary explor-
atory analyses evaluated: (1) the three AA-metabolism
indices and global cognition; (2) all six cPLA,-related
lipid ratios and five cognitive domains; (3) effect
modification by APOEe4 status or AD pathology on
lipid ratio—cognition associations; and (4) associations
of two transcriptomic AA activation scores with trajec-
tories of global cognition and the five domains. The
primary and secondary exploratory analyses controlled
for the same set of covariates.

Background characteristics are summarised as
mean (SD) for continuous variables and n (%) for cat-
egorical variables. Pearson correlations were used for
continuous variables, with a False Discovery Rate
correction for multiple comparisons. We fit mixed-
effects change-point models (CPMs), adjusting for
sex, age at death, education, and APOEe4, to associate
each of the six cPLA,-related lipid ratios with cognitive
trajectories (Supplemental Methods S4). CPMs allow
the rate of change to shift at an estimated time before
death, yielding the pre-terminal slope (slope 1), change-
point time, terminal slope (slope 2), and intercept
(cognition proximate to death).'*7*' Secondary analyses
applied these CPM terms to each of the five cognitive
domains, using: (1) a model adjusted for sex, age at
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Fig. 1: (A-E): Study Design and Analytic Framework. A. Data source; B. cPLA,-related lipid ratios; C. AA transcriptomic activation scores;
D. Cognitive assessment. E. lllustration of the change-point models. AA, arachidonic acid; cPLA,, calcium-dependent phospholipase A,; DHA,
docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LTB,, leukotriene B,; LXA,, lipoxin A;; MAP, Rush Memory
and Aging Project; ROS, Religious Orders Study; TXB,, thromboxane B,.
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death, education, and APOEe4 (model 1); (2) model 1
plus APOEe4 x lipid—ratio interaction (model 2); and (3)
model 1 plus the dichotomised AD pathology x lipid-ratio
interaction (model 3). In an additional sensitivity analysis
for the primary outcome of global cognition, we fit CPMs
including interaction terms between vascular pathology
(presence of >1 chronic cerebral infarct) and each of the
three primary exposures. In parallel transcriptomic ana-
lyses, we replaced lipid ratios with each AA activation
score and repeated the CPMs. Age at death and education
were centred at 90 and 16 years, respectively, and scaled
by 10. Analyses used R v4-5-1, SAS v9-4, and OpenBUGS
v3-2-3, with two-sided a = 0.05.

Role of funders

The funding body (National Institutes of Health) was
not involved in study design, data collection, data
analysis and interpretation, manuscript preparation, or
the decision to submit for publication.

Results

Background characteristics

One hundred and ninety-one individuals (62.3%
women, mean age at death 89.4 + 6.6 years, 18.2 + 3.5
years of education) had brain lipidomic data and at least
three annual clinical evaluations (last visit < two years
before death) from which cognitive data were available.
There were no missing data in the main analyses;
detailed sample sizes for each variable are provided in
Supplemental Table S1. Among those who met the
follow-up and visit inclusion criteria, the mean follow-
up for those with a global cognition trajectory was
13.0 + 5.3 years (median = 12 visits, range = 3-27,
interquartile range = 8). Table 1 presents the charac-
teristics of the 191 individuals by APOEe4 status (car-
rier vs non-carrier).

cPLA,-related lipid ratio panel correlation with
demographics and cognition

We observed significant correlations among the cPLA,-
related lipid ratios. EPA/AA was positively correlated
with DPA/AA (r = 0.513, p = 3.38 x 107", TXB,/AA
(r = 0.200, p = 5.63 x 107%), LTB4/AA (r = 0.153,
p = 0.03), and LXA,/AA (r = 0.145, p = 0.04), while
DHA/AA was inversely correlated with LXA,/AA
(r=-0.244, p = 6.83 x 10*). The full correlation matrix
is shown in Fig. 2A, and most correlations remained
significant  after multiple-comparison correction
(Supplemental Table S2). EPA/AA was positively
correlated, and TXB,/AA inversely correlated, with the
last global cognition score proximate to death (r =0.171,
p =0.02; r = -0.164, p = 0.02). Correlations of the lipid
panel with the five cognitive domains are shown in
Fig. 2B and Supplemental Table S3; none remained
significant after correction. DPA/AA and LXA,/AA
were correlated with age at death (r = —0.153, p = 0.03;
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r = 0.158, p = 0.03), and no lipid ratio was correlated
with education.

cPLA,-related lipid ratio panel and cognitive
trajectory

Using a CPM adjusted for age at death, sex, education,
and APOEe4 status, we examined the associations be-
tween the primary and secondary exposures and tra-
jectories of cognitive assessment (with global cognition
as the primary outcome).

A higher EPA/AA ratio was significantly associated
with both a slower rate of terminal decline and higher
global cognition proximate to death. Specifically, each
one SD increase in EPA/AA was associated with a
slower terminal decline rate by 0.045 per year (Bgpa/aa
on slope = 0.045, 95% CI [0.005-0.081], equivalent to 12%
reduction on the terminal decline rate) and with a 0.25
higher global cognition score proximate to death (Bgpa,
AA on intercept = 0.254, 95% CI [0.064-0.455]), equivalent
to 6.1 years younger age effect. Visualisation of the re-
sults for the association between the cPLA,-related lipid
ratios and global cognition trajectory is presented in
Fig. 3A-F.

Complete results across five cognitive domains are
presented in Supplemental Table S4. In summary,
higher levels of certain cPLA,related lipid ratios
(especially TXB,/AA and LXA,/AA) were associated
with earlier and/or worse decline in several cognitive
domains, while higher EPA/AA showed some protec-
tive effects on perceptual speed and late visuospatial
decline.

Of note, lipid ratios did not, overall, appear to
mediate the associations of APOEe4 with cognitive
trajectories.

cPLA,-related lipid ratio panel and cognitive
trajectory by APOEe4 status

We conducted additional CPM analyses, including
APOEe4 x lipid-ratio interaction terms, to test whether
lipid—cognition associations differed by APOEe4 status.
The association between LXA4/AA and global cognition
proximate to death differed significantly by APOEe4
(ﬁAPOEe4*LXA4/AA on intercept = 0.396, 95% CI [0015_
0.776]; Supplemental Figure Sla): higher LXA,/AA was
associated with lower global cognition in non-carriers,
but the opposite pattern in carriers. For most cogni-
tive outcomes, APOEe4 did not modify lipid-trajectory
associations, although significant interactions were
observed for several domains (Supplemental Table S5,
Supplemental Figure S1b-g).

Brain lipid ratio mediators for cPLA, and cognitive
trajectory by AD pathology

We next added AD pathology and the AD
pathology x lipid ratio interaction terms to the CPMs to
test whether lipid—cognition associations differed by
AD status. As with APOEe4, most associations did not
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cPLA,-related lipid ratio panel
cPLA,-released fatty acid precursors

EPA/AA 0.030 (0.018)

DHA/AA 1.6 (0.47)

DPA/AA 0.0079 (0.0036)
Indices of AA metabolism

TXB,/AA 0.0020 (0.0035)

LTB,4/AA 0.00062 (0.00045)

LXAL/AA 0.00012 (0.00011)

specified.

Characteristics® All (N = 191) APOEe4 carrier (N = 78) APOEe4 non-carrier (N = 113)
Demographics
Age at death, years 89.40 (6.58) 89.10 (6.27) 89.61 (6.81)
Female sex n (%) 119 (62.3) 47 (60.3) 72 (63.7)
Education, years 18.15 (3.51) 18.26 (3.56) 18.07 (3.49)
Postmortem interval, hours 10.31 (6.93) 10.45 (6.67) 10.21 (7.12)
AD pathology n (%)
AD not present 53 (27.7) 6 (20.5) 37 (32.7)
AD present 138 (72.3) 2 (79.5) 76 (67.3)

0.033 (0.022)
1.63 (0.52)
0.0078 (0.0036)

0.0020 (0.0031)
0.00061 (0.00049) 0.00063 (0.00042)
0.00012 (0.00012)

AA, arachidonic acid; AD, Alzheimer’s disease; APOEe4, apolipoprotein E4; cPLA,, Calcium-dependent phospholipase A2; DHA, docosahexaenoic acid; DPA,
docosapentaenoic acid; EPA, eicosapentaenoic acid; LTB,, leukotriene B4; LXA,, lipoxin A4; TXB,, thromboxane B2. “Data are represented as mean (SD) unless otherwise

0.029 (0.014)
1.58 (0.43)
0.008 (0.0037)

0.0021 (0.0037)

0.00012 (0.00010)

Table 1: Participant Characteristics by APOEe4 status.

vary by AD pathology. No interactions were observed
for global cognition, but significant interactions
emerged for visuospatial ability (Supplemental
Figure S2a and b). Among participants without AD
pathology, higher DHA/AA and lower LXA,/AA were
associated with lower visuospatial ability proximate to
death, whereas the opposite pattern was seen in those
with AD pathology.

A Correlation within the
cPLA,-related lipid ratio panel

& & & g‘? &;‘?? v\YY
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Sensitivity analysis

To assess the influence of participants with only three
cognitive assessments, we refit the three CPMs after
excluding these individuals; for global cognition, two
participants were excluded (Supplemental Table S6). In
model 1 (Supplemental Table S7), this restriction did
not materially change most associations. In model 2
(Supplemental Table S8), we observed an additional

B

EPA/AA
DHA/AA
DPA/AA
TXB,/AA
LTB,/AA

LXA,/AA

cPLA,-related lipid ratio panel correlation with
cognition proximate to death
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Fig. 2: (A-B): cPLA,-related lipid ratio panel correlation with cognition. A. Pearson correlations within the cPLA,-related lipid ratio panel.
B. cPLA,-related lipid ratio panel Pearson correlation with the last valid cognition assessment proximate to death. * Indicates significance at
the 0.05 level for raw p-values. AA, arachidonic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid;

LTB,, leukotriene B,; LXA,, lipoxin A, TXB,, thromboxane B,.
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Fig. 3: (A-F): cPLA,-related lipid ratio panel and global cognition trajectory. All models adjusted for age at death, sex, education, and
APOEe4 status (n = 191). A. EPA/AA and global cognition trajectory; B. DHA/AA and global cognition trajectory; C. DPA/AA and global
cognition trajectory; D. TXB,/AA and global cognition trajectory; E. LTB,/AA and global cognition trajectory; F. LXA,/AA and global cognition
trajectory. AA, arachidonic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LTB,, leukotriene By;

LXA,, lipoxin A4 TXB,, thromboxane B,.

APOEe4 x TXB2/12-HHT interaction on the perceptual
speed change point (Bapoge4+TxB2/12-HHT on cp = —1.021,
95% CI [-1.892 to —0.148]). In model 3 (Supplemental
Table S9), we identified an additional AD
pathology x DPA/AA interaction on the terminal slope of
Pefcepmal Speed (ﬁAD pathology*DPA/AA on slope 2 = -0.081,
95% CI [-0.164 to —0.001]).

We then conducted a second sensitivity analysis by
adding postmortem interval (PMI) as a covariate to all
CPMs. For models 1-3, PMI adjustment yielded results
largely consistent with the main analyses (data not
shown). In model 2, PMI adjustment revealed a sig-
nificant APOEe4 x LXA4/AA interaction on working
memory proximate to death (Bapopes LxA4/AA on inter-
cept = 0.361, 95% CI [0.003-0.721]). In model 3, inclu-
sion of PMI did not alter the associations observed in
the restricted sample.

In additional sensitivity analysis focussing on
vascular neuropathology, we fit separate CPMs for
global cognition for each of the three primary expo-
sures, adjusting for age at death, sex, education, and
APOEe4, and including a lipid ratio x vascular pathol-
ogy (presence of >1 chronic cerebral infarct) interaction
term. None of these interaction terms was statistically
significant for any CPM parameter, indicating that the
association between each lipid ratio and global cogni-
tion trajectories did not differ by the presence of
chronic cerebral infarct.
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Transcriptomic AA activation scores and cognitive
trajectories

Finally, we replaced the cPLA,-related lipid ratios with
the two transcriptomic AA activation scores (AA meta,
AA compass) in all three CPMs to test whether upstream
AA-pathway gene expression could explain or extend the
lipid-based findings, using a larger ROSMAP sample
with transcriptomic data (n = 411; Supplemental
Table S10; Supplemental Figure S3). For the global
cognition primary outcome, the mean follow-up was 8.0
+3.6 years (median = 8 visits, range = 3-18, interquartile
range = 5). Of note, 76 individuals had both lipidomic
and transcriptomic data, with age at death and sex dis-
tribution comparable to those of individuals with only
lipidomic or transcriptomic data. Neither score mediated
the effect of APOEe4 on cognitive trajectories. AA meta
was associated with an earlier change point and a faster
pre-change-point decline in working memory, and higher
AA compass was associated with lower cognition at death
(global cognition, episodic memory, working memory,
perceptual speed; model 1, Supplemental Table S11). No
APOEe4 x AA score or AD pathology x AA score in-
teractions were detected (models 2-3; data not shown).

Discussion
In this study, the ratios of some pro-resolving and pro-
inflammatory cPLA,-released fatty acid precursors and
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indices of AA metabolism were associated with global
cognition. We further showed that these lipid ratios
were also associated with the levels and trajectories of
most cognitive domains. Among the precursor ratios,
associations were most consistent for EPA/AA, whereas
DHA/AA and DPA/AA showed less consistent associ-
ations with cognitive trajectories. We also observed in-
teractions between cPLA,-related lipid ratios and
APOEe4 and AD pathology, indicating that these factors
modify lipid-related cognitive trajectories.

Lipids are critical in regulating brain function and
neurologic state.”” Our findings indicate that a higher
pro-resolving-to-pro-inflammatory fatty acid precursor
ratio was associated with better cognitive status and
slower terminal cognitive decline. These findings are
consistent with evidence that omega-3 fatty acids confer
neuroprotection via anti-inflammatory and pro-
resolving pathways in mild cognitive impairment.”
Although AA itself has been linked to slower cogni-
tive decline and lower dementia risk in some studies,*
others report better cognition with higher serum
omega-3/omega-6 ratios and lower omega-6/omega-3
intake ratios*** and overall findings remain mixed.”
TXB,/AA, a marker of thromboxane pathway activ-
ity,”** showed negative associations with cognition,
suggesting that enhanced AA-driven pro-thrombotic
and inflammatory signalling may accelerate cognitive
deterioration, consistent with observed links between
thrombosis and AD.* Although LXA, is considered a pro-
resolving mediator,**** a higher LXA,/AA ratio was also
associated with worse cognition, underscoring the
complexity of resolution pathways in advanced ageing
and neurodegeneration.” The apparently adverse associ-
ations of LXA,/AA should be interpreted with caution, as
higher XA, levels may reflect compensatory activation of
resolution pathways in response to greater underlying
inflammation.”” Disease stage and other unmeasured
factors (e.g., more pro-resolving lipids in MCI, more pro-
inflammatory lipids in dementia) may further shape
these associations and could help explain the absence of
associations between cPLA,related lipid ratios and
episodic memory, the domain typically affected earliest in
AD. Consistent with their shared enzymatic origin and
common measurement in the same brain region, the
cPLA,related lipid ratios were correlated with one
another, reflecting a relatively coherent pathway-
informative signal. By contrast, late-life cognitive perfor-
mance is a distal, multifactorial phenotype that integrates
mixed neuropathologies, life-course exposures, cognitive
resilience, and measurement error in cognitive testing,
with cPLA,-related lipid signalling as only one compo-
nent. As a result, strong internal correlations among
cPLA,-related lipid ratios do not necessarily translate into
broad or large associations with cognitive test perfor-
mance in this heterogeneous ageing cohort.

Given that APOEe4 integrates genetic risk for Alz-
heimer’s disease with disruptions in lipid homoeostasis,*

we assessed whether APOEe4 status modified the asso-
ciations between pro-resolving lipid mediators and
cognitive trajectories. Although APOEe4 status did not
independently influence cognitive trajectories in our
primary models, significant interactions between
APOEe4 and specific lipid mediators, such as LXA4/AA,
were observed. These findings highlight the complexity
of lipid metabolism in the context of genetic risk for
Alzheimer’s disease and cognitive decline.*” This inter-
action suggests that APOEe4 carriers could benefit from
interventions that enhance pro-resolving lipid pathways.
However, further mechanistic studies are needed to
clarify whether these effects are causal or reflect adaptive
responses to chronic inflammation.

Dementia reflects advanced neurodegenerative and
inflammatory processes.” While AD pathology status
did not substantially modify the association between
cPLA,-related lipid ratios and cognitive trajectories, we
observed that in individuals without AD pathology,
higher DHA/AA and lower LXA,/AA were associated
with poorer visuospatial ability at death. In contrast,
among those with AD pathology, the directions of these
associations with visuospatial ability were reversed. This
pattern suggests that the cognitive correlates of the pro-
resolving-to-pro-inflammatory ratio differ between AD
and non-AD brains and may reflect distinct underlying
pathophysiological processes in these groups. Although
our observational design precludes causal inference, our
results underscore the importance of accounting for dis-
ease when evaluating lipid-based interventions. Also, our
results suggest that strategies aimed at modulating lipid
ratios, which reflect pro-resolving and pro-inflammatory
lipid biology, may be most effective before the onset of
neurodegeneration.* Nevertheless, our interaction ana-
lyses were exploratory and should be interpreted with
caution, given that they were additional analyses (not the
aim of the study), involved multiple testing, and had
limited power within subgroups.

Whereas lipid ratios capture downstream products
of cPLA, activity, transcriptomic scores reflect the co-
ordinated expression of genes involved in AA meta-
bolism, providing a complementary view of AA-related
inflammatory signalling. Prior work found dysregulated
AA metabolism and its eicosanoid products in neuro-
inflammation and cognitive decline, including in de-
mentia.** Increased cPLA,-mediated liberation of AA
from membrane phospholipids can fuel cyclo-
oxygenase- and lipoxygenase-dependent production of
pro-inflammatory eicosanoids, amplifying microglial
and astrocytic activation, oxidative stress, and synaptic
dysfunction.” A previous study that leveraged a large
patient transcriptomic dataset to inform lipid meta-
bolism in AD* identified lipid metabolism-related
differentially expressed genes in the hippocampus and
blood of AD patients. They further found a correlation
between the dysregulation of lipid metabolism, im-
mune activity, and cellular pathophysiology. In our study,
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the AA activation scores provide indirect transcriptomic
evidence consistent with higher AA/cPLA,-related
pathway activity. The transcriptomic analyses should be
viewed as complementary, pathway-informative evidence
supporting the lipidomic findings, rather than as within-
person multi-omics validation.

Our study has several limitations. First, we focused
on a pre-selected panel of lipid ratios rather than the
full lipidome. However, these ratios capture biologically
meaningful aspects of pro-resolving to pro-
inflammatory precursors, as well as indices of AA
metabolism central to neuroinflammatory regulation
and cognitive ageing. Second, the use of postmortem
brain tissue and an observational design limits infer-
ence about dynamic changes over time, raises the
possibility of reverse causation (whereby late-life
cognitive decline and neuropathology influence brain
lipid profiles and cPLA,-related pathways), and pre-
cludes causal conclusions or firm predictions about the
effects of modifying these ratios. Yet, the use of post-
mortem tissue enabled region-specific measurement of
brain lipids that cannot be assessed directly in vivo, and
linking these profiles to well-characterised longitudinal
cognitive data strengthens the relevance of our findings
to ageing and dementia. Also, because lipidomic
profiling was performed in postmortem tissue, altered
lipid ratios may reflect downstream consequences of
disease processes or neurodegeneration, rather than
causal drivers of cognitive decline. Third, although we
examined the presence of chronic cerebral infarct as an
indicator of cerebrovascular pathology in secondary
analyses, we did not characterise the full spectrum of
cerebrovascular lesions or other common late-life neu-
ropathologies such as Lewy body disease or TDP-43
pathology; these additional pathologies may contribute
to mixed disease processes and residual confounding of
the observed associations. Fourth, we relied on bulk
RNA-seq, which does not distinguish contributions
from neuronal, astrocytic, microglial, endothelial, or
infiltrating immune cells to AA pathway activation.
Fifth, our CPMs assume piece-wise linearity, while age-
related cognitive decline may follow nonlinear patterns
over time. Yet, previous studies have shown that asso-
ciations between neuropathologies and cognitive
decline are consistent across linear and nonlinear
models,” and CPMs provide a useful framework for
characterising how risk factors relate to both the onset
of terminal decline and the rates of decline before and
after its onset.”””' Sixth, although some information on
medication use was available, a detailed modelling of
specific drug classes (e.g., COX inhibitors) was beyond
the scope of the present analyses, and we cannot fully
exclude medication-related residual confounding. Also,
residual confounding from other unmeasured factors
and lack of replication in an independent cohort remain
concerns. Finally, because lipidomic and transcriptomic
profiling were performed in only one brain region
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(DLPFC), findings may not generalise to other brain
regions involved in cognitive decline. Generalisability is
also limited since the analytic sample consisted of older
research volunteers who consented to brain donation at
the time of death and does not fully represent the
broader ageing population. Nevertheless, the strengths
of this study include postmortem tissue, which allowed
region-specific measurement of DLPFC lipids not
accessible in vivo; combined with summary scores from
repeated cognitive assessments and DLPFC tran-
scriptomics, these data uniquely link brain lipid ratios
and AA metabolism with cognitive trajectories in late
life.

In conclusion, this longitudinal study of older
deceased individuals indicates that brain pro-resolving
to pro-inflammatory cPLA,-derived lipids are linked to
cognitive trajectories, suggesting that lipid metabolism
may be relevant to developing strategies to mitigate
cognitive decline. Yet, the lipid ratios should be inter-
preted as pathway-informative indices of relative lipid
abundance, not direct measures of enzymatic flux. The
interplay among pro-resolving to pro-inflammatory
cPLA,-released fatty acid precursors and diverse
branches of AA metabolism may be a determinant of
neuroinflammatory status and cognitive function in
ageing. Future studies of brain AA-related lipid meta-
bolism in late-life cognitive decline should test whether
modifying these lipid ratios through dietary, pharma-
cological, or behavioural interventions, and using pe-
ripheral lipid profiles as less-invasive proxies for brain
lipid balance, can alter neuroinflammation and improve
cognition, while accounting for individual variability in
factors such as APOEe4 status and the timing of
intervention.
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