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population based observational studies and a
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Summary

Background Decreased levels of circulating ethanolamine plasmalogens [PE(P)], and a concurrent increase in phos-
phatidylethanolamine (PE) are consistently reported in various cardiometabolic conditions. Here we devised, a
plasmalogen score (Pls Score) that mirrors a metabolic signal that encompasses the levels of PE(P) and PE and
captures the natural variation in circulating plasmalogens and perturbations in their metabolism associated with
disease, diet, and lifestyle.

Methods We utilised, plasma lipidomes from the Australian Obesity, Diabetes and Lifestyle study (AusDiab;
n =10,339, 55% women) a nationwide cohort, to devise the Pls Score and validated this in the Busselton Health Study
(BHS; n = 4,492, 56% women, serum lipidome) and in a placebo-controlled crossover trial involving Shark Liver Oil
(SLO) supplementation (n = 10, 100% men). We examined the association of the Pls Score with cardiometabolic risk
factors, type 2 diabetes mellitus (T2DM), cardiovascular disease and all-cause mortality (over 17 years).

Findings In a model, adjusted for age, sex and BMI, individuals in the top quintile of the Pls Score (Q5) relative to Q1
had an OR of 0.31 (95% CI 0.21-0.43), 0.39 (95% CI 0.25-0.61) and 0.42 (95% CI 0.30-0.57) for prevalent T2DM,
incident T2DM and prevalent cardiovascular disease respectively, and a 34% lower mortality risk (HR = 0.66; 95% CI
0.56-0.78). Significant associations between diet and lifestyle habits and Pls Score exist and these were validated
through dietary supplementation of SLO that resulted in a marked change in the Pls Score.

Interpretation The Pls Score as a measure that captures the natural variation in circulating plasmalogens, was not only
inversely related to cardiometabolic risk and all-cause mortality but also associate with diet and lifestyle. Our results
support the potential utility of the Pls Score as a biomarker for metabolic health and its responsiveness to dietary
interventions. Further research is warranted to explore the underlying mechanisms and optimise the practical
implementation of the Pls Score in clinical and population settings.
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Research in context

Evidence before this study

Research in the field of cardiometabolic health highlights the
consistent association between decreased levels of circulating
ethanolamine plasmalogens (PE(P)) and an increase in
phosphatidylethanolamine (PE) across various
cardiometabolic conditions. However, a portable scoring
system that mirrors these metabolic signals is currently
lacking, hindering population-scale assessments of cardio-
metabolic risk linked to perturbations in plasmalogen
metabolism. Therefore, there is a critical need to develop a
versatile score that reflects plasmalogen homeostasis to
facilitate such assessments. Moreover, dietary interventions
like shark liver oil (SLO) supplementation have been shown to
influence plasmalogen levels and associated health markers,
underscoring the importance of understanding the interplay
between diet, plasmalogen metabolism, and cardiovascular/
metabolic health for advancing knowledge on modifiable
factors in this domain.

Added value of this study
In our study, we developed and validated a plasmalogen score
(Pls Score), as a measure reflecting a metabolic signal that

Introduction

Plasmalogens are a sub-class of glycerophospholipids
that play a crucial role in the structure and function of
biological membranes. They possess a distinctive ether
linkage at the sn-1 position with a double bond between
the first and second carbon (vinyl ether linkage),
alongside an ester linkage at the sn-2 position. The vinyl
ether linkage contributes to their unique biological ac-
tivities and involvement in various physiological pro-
cesses.! Plasmalogens exhibit remarkable structural
diversity, as they comprise a wide range of species with
variations in head group, fatty acid, or fatty alcohol
composition that contribute to the structural and func-
tional diversity of plasmalogens in different tissues and
cellular compartments. The two main subtypes of plas-
malogens are choline plasmalogens [PC(P)] and etha-
nolamine plasmalogens [PE(P)].>* Plasmalogens are
ubiquitously distributed across mammalian tissues with
higher abundance in brain, heart and white blood cells*
As structural components of biological membranes,
particularly the PE(P) contribute to the formation of
condensed, thick bilayers, which confer stability and
reduce membrane fluidity.® This unique membrane
architecture impacts various cellular processes,

encompasses both PE(P) and PE levels, capturing the natural
variation in circulating plasmalogens. Our study confirms the
inverse association of the Pls Score with type 2 diabetes
mellitus (T2DM), cardiovascular disease, and mortality risk
independent of age, sex, and BMI. Additionally, significant
associations between diet/lifestyle habits and the Pls Score
were observed, and validated through SLO dietary
supplementation, which notably altered the Pls Score.

Implications of all the available evidence

Our findings indicate the potential of the Pls Score as a
biomarker for metabolic health and a valuable tool for
assessing cardiometabolic risk and all-cause mortality.
Furthermore, the associations observed between diet and the
Pls Score, coupled with the significant increase in peripheral
plasmalogen levels and the Pls Score following dietary SLO
supplementation, highlight the potential effectiveness of
targeted dietary and lifestyle interventions in modifying the
Pls Score and improving metabolic health.

including receptor signalling, protein localization, and
membrane trafficking. In addition to their structural
contribution, plasmalogens possess important physio-
logical properties. They act as endogenous antioxidants,
providing protection against oxidative stress-induced
damage to cellular membrane components®’-*
Emerging evidence from metabolomic and lip-
idomic studies has revealed alterations in plasmalogen
levels across numerous disease conditions. Notably,
reduced levels of circulating plasmalogens have been
reported in ageing and age-related disorders such as
Alzheimer’s disease, T2DM, and coronary artery dis-
eases (CAD)."" Recognizing this interplay between
plasmalogen metabolism and disease pathogenesis is
crucial for developing effective therapeutic strategies
involving plasmalogen modulation. Indeed, in-
terventions aimed at modulating plasmalogen levels
hold promise as potential therapeutic approaches for
not only the aforementioned diseases, but also chronic
inflammation, and hepatic steatosis as well as metabolic
diseases, including obesity and insulin resistance.”**
Of note, we have previously reported that, in addition
to boosting plasmalogen levels, supplementation with
Alkyrol (a purified Shark Liver Oil) primarily containing

www.thelancet.com Vol 105 July, 2024


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.thelancet.com

Articles

mono-alkyl-diacylglycerols [TG(O)]—the plasmalogen
precursors reduced the PE levels and yielded potential
health benefits such as anti-inflammatory properties,
and amelioration of dyslipidaemia.”* These findings
have prompted investigations into the development of a
comprehensive marker that captures the perturbations
in plasmalogen metabolism associated with metabolic
health.

Deficiency in plasmalogens such as PE(P) reported in
neurodegenerative and cardiometabolic diseases is often
accompanied by increased levels of PE to maintain
membrane phosphatidylethanolamine level.””?* This
compensatory response underscores the significance of
plasmalogen homeostasis in maintaining metabolic bal-
ance. To effectively evaluate the cardio-metabolic risk
associated with altered plasmalogen metabolism at a
population scale, it is essential to develop an adaptable
score that reflects plasmalogen homeostasis. The utili-
zation of compositional data—considering the relative
abundance of PE and PE(P) species—enables the deri-
vation of informative scores through techniques such as
principal component analysis (PCA). Along with other
related indices, such as total concentration of PE, PE(P),
PE(P)/PE ratio, and total plasmalogen, the first principal
component of compositional data provides valuable in-
sights into various aspects of plasmalogen metabolism.
These include understanding plasmalogen dynamics and
identifying individuals with impaired plasmalogen
metabolism within a population, who may benefit the
most from intervention. These markers provide a
framework to explore the potential of plasmalogens as
independent and modifiable markers of metabolic health.

In the present study, we developed a plasmalogen
score (Pls Score) which would be an independent and
modifiable marker of metabolic health, and tested
whether this score was modifiable through dietary
supplementation. We leveraged three independent lip-
idomic datasets: the Australian Diabetes, Obesity and
Lifestyle Study (AusDiab, n = 10,339), the Busselton
Health Study (BHS, n = 4492) and a placebo-controlled
crossover study investigating the impact of dietary sup-
plementation with Alkyrol® (a purified shark liver oil).
The Pls Score represents the first principal component
of the PCA performed on the compositional data of PE
and PE(P) species. In addition to the Pls Score, indices
such as total PE, PE(P), PE(P)/PE ratio, PE(P) normal-
ised to total phospholipid content, total plasmalogen,
and total plasmalogen as a percentage of total plasma
phospholipids were calculated. By considering these
indices, we sought to capture the overall representation
of plasmalogen levels in circulation. Subsequently, we
investigated the association between the Pls Score and
cardio-metabolic risk factors and disease outcomes
including T2DM, cardiovascular disease (CVD), and all-
cause mortality as well as diet and lifestyle factors. We
further demonstrate direct modification of the Pls Score
and reduction of dyslipidaemia and inflammatory
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markers, using dietary supplementation of SLO. This
demonstrates the ability to effectively modulate the Pls
Score for health benefit.

Methods

The Australian Diabetes, obesity and lifestyle study
(AusDiab)

The AusDiab cohort is a national population-based pro-
spective study, established in 1990/2000 to study the
prevalence and risk factors of diabetes and CVD in an
Australian adult population. The baseline survey (con-
ducted in 1999/2000), involved 11,247 participants aged
>25 years old, randomly selected from the six states and
the Northern Territory, comprising 42 urban and rural
areas of Australia. The sample size was determined to
ensure precise estimates in identifying a national dia-
betes prevalence of 7.0%. This estimation was derived
from the findings of prior surveys, taking into account
the anticipated increase in the diabetes rate over time.
The detailed description of study population, methods,
and response rates of the AusDiab study has been pub-
lished.” Measurement of clinical lipids including fasting
serum total cholesterol, high density cholesterol (HDL-
C), and triglycerides as well as height, weight, body mass
index (BMI), and other behavioural risk factors has been
described previously.*® We utilised all the baseline fasting
plasma samples (n = 10,339) after excluding samples
from pregnant women (n = 21), those with missing data
(n = 277), technical errors (n = 19), or whose fasting
plasma samples were unavailable (n = 591). The mean
(SD) age of participants was 51.3 (14.3) years. Women
comprise 55% of the cohort (Table 1).

The Busselton Health Study

The Busselton Health Study (BHS) is a community-
based study in the town of Busselton, Western
Australia; the participants are predominantly of Euro-
pean origin. A total of 4492 subjects in the 1994/95
survey of the ongoing epidemiological study were
included. The BHS cohort was used as a validation
cohort. The mean (SD) age was 50.8 (17.4) years with
women constituting 56% of the cohort. The character-
istics of study participants are shown in Table 1. The
details of the study and measurements for HDL-C, low
density cholesterol (LDL-C), triglycerides, total choles-
terol, and BMI have been previously described.*!*

SLO supplementation study

This was a double-blind, placebo-controlled crossover
study, among overweight or obese males (BMI
28-40 kg/m?) (n = 10), aged 25-60 years, with no signs
of cardiovascular disease or diabetes. The study was
conducted after a written informed consent was ob-
tained from all study participants. Participants were
randomised into placebo or treatment arms and
received 4-g Alkyrol® (purified SLO; Eurohealth,
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Characteristic

AusDiab study (n = 10339)

Demographics

Age (years) 51.3 (14.3)
Sex
Men 4654 (45%)
Women 5685 (55%)
BMI (kg/m?) 26.9 (4.9)
WC (cm) 90.8 (13.8)

Clinical lipids and cardiometabolic risk factors

Total cholesterol (mmol/L) 7 (1.1)
HDL-C (mmol/L) 1.44 (0.4)
Triglycerides (mmol/L)* 1.28 (0.9)
SBP (mmHg) 129.2 (18.6)
DBP (mmHg) 70.0 (11.7)
FPG (mmol/L) 3 (11)
2 h-PLG (mmol/L) 3(27)
HbALC (%) 2 (0.6)
HOMA-IR* 0 (2.0)
Current smoking n (%) 1623 (15.9)
Medications
BP treatment n (%) 1577 (15.3)
Lipid lowering medication n (%) 871 (8.4)
Prevalence of outcomes
Over all T2DM (known and new) n (%) 686 (6.6)
KDM n (%) 291 (2.8)
New DM n (%) 295 (3.8)
Baseline CVD prevalence n (%) 577 (5.6)

SLO, shark liver oil.

Values in the table expressed as mean (+SD) for continuous variables or as n (%) for dichotomous variables. “Values expressed in median (IQR). Data for HOMA-IR is only
available on people aged over 35 years, n = 8871). Abbreviations: BMI, body mass index; WC, waist circumference; HDL-C, high density cholesterol; SBP, systolic blood
pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; 2 h-PLG, 2-h post load glucose; HbA1C, glycated hemoglobin A1G; HOMA-IR, homeostatic model

assessment of insulin resistance; BP, blood pressure; CVD, cardiovascular disease; AusDiab, Australian Diabetes, Obesity and Lifestyle Study; BHS, Busselton Health Study;

BHS (n = 4492) SLO study (n = 10)
50.8 (17.4) 50 (10)
1976 (44%) 10 (100%)
2516 (56%) =

26.2 (4.2) 321 (3.2)
86.1 (12.7) 105.7 (9.4)
5.6 (1.1) 5.39 (1.19)
1.39 (0.39) 1.09 (0.12)
1.18 (0.90) 214 (1.08)
124.0 (17.9) 116 (13)
74.5 (10.2) 74 (10)
5.0 (1.4) 4.9 (0.48)
1.78 (2.5) -

608 (13.5) -

108 (2.4) -

162 (3.6) -

68 (1.5)

94 (2.1) -

238 (5.3) -

Table 1: Participant characteristics in the AusDiab and Busselton Health Studies.

Ireland) per day or placebo (Methylcellulose) for 3
weeks, followed by a 3-week washout phase, and were
then crossed over to 3 weeks of the alternate placebo/
Alkyrol® treatment. Alkyrol®/SLO is a commercially
available supplementation primarily composed of
mono-alkyl-diacylglycerol [TG(O)] species. Our labora-
tory has previously reported that in addition to the ex-
pected increase in alkyl-diacylglycerol [TG(O)] species,
circulating levels of ether phospholipids were increased
significantly after 3 weeks of SLO supplementation,
including the alkyl phosphatidylethanolamine [PE(O)],
and alkenyl phosphatidylethanolamine [PE(P)].>**
Building upon this, we tested whether SLO treatment
modified the Pls Score. Further details about the study
design have been described previously.” The baseline
characteristics of participants in the SLO supplementa-
tion study are presented in Table 1.

Biochemical, diet and lifestyle data measurements
The demographic and behavioural data collection has
been described in detail for the AusDiab study,”** the

BHS* and the SLO supplementation study.”* Fasting
clinical lipid measures, including total cholesterol, HDL-
C, LDL-C and triglycerides FPG and 2 h post load
glucose (2 h-PLG) were measured using standard pro-
tocols.* Methods for assessment of dietary intake, ex-
ercise, smoking and television (TV) viewing time are
provided in Supplementary Material S1.

Clinical outcome ascertainment

In the AusDiab cohort, diabetes diagnosis was ascer-
tained using the WHO criteria; fasting plasma glucose
(FPG) >7.0 mmol/L or 2 h post-load glucose (2 h-PLG)
>11.1 mmol/L).* Both newly diagnosed prevalent
T2DM (n = 395 cases versus 7733 normal glucose
tolerance (NGT)) and 5-year incident T2DM (n = 218/
5354 controls) were included. Participants with newly
diagnosed prevalent T2DM were those who were not
taking pharmacological treatment for diabetes, nor
previously diagnosed with diabetes, and who had FPG
or 2 h-PLG measurements over the diabetes cut-off.
Participants were classified as having impaired fasting
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glucose (IFG), if FPG was 6.1-6.9 mmol/L and 2 h-PLG
was <7.8 mmol/L and impaired glucose tolerance (IGT)
if FPG <7.0 and 2 h-PLG was 7.8-11.0 mmol/L. The
detailed diagnostic criteria for the presence of diabetes
and pre-diabetes has been reported.” In the AusDiab
cohort, a total of 577 cases of prevalent CVD were
identified by self-report. These cases encompassed a
combination of individuals with a history of heart attack
and stroke, as well as individuals with ischemic heart
disease (IHD). The definition of IHD included angina
pectoris, myocardial infarction, coronary artery bypass
grafting (CABG), and percutaneous transluminal coro-
nary angioplasty (PTCA). The identification of incident
CVD and IHD cases was carried out using the inter-
national classification of diseases (ICD) codes. The
cohort data was linked to National Death Index and
medical records were accessed for all those who re-
ported a CVD event, and then adjudicated those records
to determine if there was an event or not. The detailed
baseline characteristics of the AusDiab participants in
the disease (T2DM or CVD) and control groups can be
found in Supplementary Table S1. In the BHS cohort,
there were 238 prevalent CVD cases for 4254 controls
ascertained through health linkage data at baseline and
284 THD events (including myocardial infarction,
angina, coronary artery bypass grafting and percuta-
neous transluminal coronary angioplasty) recorded over
10 years follow up. The baseline characteristics of those
who had an event and those who hadn’t are summarised
in Supplementary Table S2. Followed by these overall
analyses, the participants’ demographic, clinical, and
biochemical characteristics were summarised with
additional sex-disaggregated analyses and both sexes
were equally represented based on self-reported by the
participants (Supplementary Table S3).

Targeted lipidomic analysis

A butanol/methanol extraction method described pre-
viously*® was used to extract lipids from human plasma
(baseline fasting samples). Briefly, 10 pL of plasma was
mixed with 100 pL of a 1-butanol and methanol (1:1 v/v)
solution containing 5 mM ammonium formate and the
internal standard mix (575 lipid species; one internal
standard per lipid class) (Supplementary Table S4). The
resulting mix was vortexed (10 s) and sonicated (60 min,
25 °C) in a sonic water bath. Immediately after soni-
cation, the mix was centrifuged (16,000xg, 10 min,
20 °C). The supernatant was transferred into samples
tubes containing 0.2 ml glass inserts and Teflon seals.
The extracts were stored at —80 °C until analysed by
liquid chromatography tandem mass spectrometry
(LC-MS/MS). The targeted lipidomic analysis was per-
formed using dynamic scheduled multiple reaction
monitoring on an Agilent 6490 triple quadrupole (QQQ)
mass spectrometer, coupled to an Agilent 1290 series
HPLC system. Reverse phase chromatography was
performed using a ZORBAX eclipse plus C18 column

www.thelancet.com Vol 105 July, 2024

(2.1 x 100 mm 1.8 pm, Agilent). Details of the method
and chromatography gradient have been extensively
described previously** and also available on our web-
site.* Compared to our earlier study, we modified the
methodology to enable a dual column setup (alternating
column regeneration). In brief, the temperature was
reduced to 45 °C from 60 °C with modifications to the
chromatography to enable similar level of separation.
Starting at 15% solvent B and increasing to 50% B over
2.5 min, then quickly ramping to 57% B for 0.1 min. For
6.4 min, %B was increased to 70%, then increased to
93% over 0.1 min and increased to 96% over 1.9 min.
The gradient was quickly ramped up to 100% B for
0.1 min and held at 100% B for a further 0.9 min. This
is a total run time of 12 min. The column is then
brought back down to 15% B for 0.2 min and held for
another 0.7 min prior to switching to the alternate col-
umn for running the next sample. The column that is
being equilibrated is run as follows: 0.9 min of 15% B,
0.1 min increase to 100% B and held for 5 min,
decreasing back to 15% B over 0.1 min and held until it
is switched for the next sample. We used a 1-pL injec-
tion per sample with the following mass spectrometer
conditions were used: gas temperature, 150 °C; gas flow
rate, 17 L/min; nebuliser, 20 psi; sheath gas tempera-
ture, 200 °C; capillary voltage, 3500 V; and sheath gas
flow, 10 L/min. Given the large sample size, samples
were run across several batches, as described above. In
the SLO supplementation study,” and BHS cohort,**
lipidomic profiling was performed using the stand-
ardised methodology as described previously. Overall,
596 lipid species were quantified in the BHS cohort; 575
of which were common to the AusDiab cohort and SLO
study cohort.

Quality control and data processing of lipidomic
data

Integration of the chromatograms for the corresponding
lipid species was performed using Agilent Mass Hunter
version 8.0. Relative quantification of lipid species was
determined by comparing the peak areas of each lipid in
each patient sample with the relevant internal standard
(Supplementary Table S4). A median centring approach
was carried out to correct for batch effect using plasma
quality control (PQC) samples.” Over 90% of the lipid
species were measured with a coefficient of variation
<20% and the median CV of 10.7% (based on PQC,
samples) in the AusDiab cohort. Only technical outliers
(n =19) were excluded from the downstream analysis in
the AusDiab. In the BHS cohort, the median %CV was
8.6% with 570 (95.6%) lipid species showing a %CV less
than 20%. Of the 575 lipid species common to the study
cohorts, 90 (15.7%) were PE and PE(P) species.

Calculation the Pls Score
Prior to the development the Pls Score the lipidomic
datasets in the AusDiab and BHS cohorts were aligned
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using the median and interquartile range (IQR) of each
lipid species among apparently healthy individuals. The
lipidomic data was logyo transformed prior to the
alignment process. Briefly, we randomly selected young
healthy subjects (age <40 years old, BMI 20-28, without
diabetes and heart diseases, and not receiving lipid
lowering medication, matched to clinical lipids)
(n = 1038) of which 55% were women. The median
value of each lipid for the healthy subset was subtracted
from each lipid value in the original BHS data and then
divided by the IQR values of the healthy subset. The
resulting value was then multiplied by the IQR value of
the AusDiab healthy subset matched for BHS covariates
followed by the addition of the median value of the
AusDiab healthy subsets. The alignment process is
formulated into equations with description of each step
(Supplementary Material S2). This alighment method
was chosen as there was no common quality control
(QC) sample for both cohorts, while the cohorts are
similar in many aspects (with comparable age, BMI, and
origin from same country). Consequently, the risk of
introducing bias by aligning the validation cohort with
the development cohort would be minimal. A Pls Score
for each participant was calculated in the AusDiab dis-
covery cohort using the PE and PE(P) compositional
data ie., each PE and PE(P) species expressed as a
percentage of total PE & PE(P). A PCA was performed
on the compositional data after scaling the data to unit
variance. The PCA model built in the AusDiab cohort
was employed to calculate the Pls Score in the BHS
cohort and subsequently in the SLO supplementation
trial samples. We also calculated the Pls Score inde-
pendently in the BHS cohort and tested how this cor-
relates with the Pls Score calculated using the AusDiab
model. In addition to the Pls Score, six (6) additional
indices were generated: total PE and total PE(P)—
created as the sum of individual PE and PE(P) species; a
PE(P)/PE ratio; PE(P) normalised to total phospholipid,
PE(P) (%PL); total plasmalogen, PE(P) and alkenyl-
phosphatidylcholine (PC(P)); and total plasmalogen
expressed as a percent of total phospholipids, plasmal-
ogen (%PL).

Statistics

To assess the correlation between a Pls Score and
cardio-metabolic risk factors, we performed Pearson’s
correlation analyses including tests of significance.
Before conducting Pearson’s correlation analysis, we
verified that data assumptions, such as linearity and
normality, were met using by using scatter plots and
histogram distribution plots. Binary logistic regression
models were used to examine the relationship between
the quintiles of the Pls Score and pre-diabetes or T2DM
(both prevalent and the 5-year incident cases) adjusting
for age, sex, and BMI. Further, we examined the asso-
ciation with prevalent CVD (in a logistic model) and 10-
year incident IHD and all-cause mortality (over 17 years

follow up) adjusted for age, sex, BMI, smoking, and
diabetes (using a Cox proportional hazard model). In the
Cox regression, we computed hazard ratios (HR) and
the associated confidence intervals (age as the time scale
variable) using coxph() function in the survival package.
Multivariable linear regression analyses were performed
to assess the associations between each dietary item or
lifestyle habits—such as smoking and TV viewing time—
(as exposure) and the Pls Score (as outcome), adjusting
for age, and sex, or the same covaries with the addition of
energy intake, smoking, history of diabetes and CVD.
P-values were computed using a repeated measures
ANOVA test, and statistically significant difference
assumed at o < 0.05 for the F value (for overall signifi-
cance across all groups in the SLO study). A paired t-test
(2-tailed) was used to assess whether there was a statis-
tically significant change in circulating plasmalogen
levels and/or the Pls Score after SLO supplementation in
the clinical study after correction for multiple compari-
sons using the Tukey’s method. Normality assumptions
were verified using normality tests, such as the Shapiro—
Wilk tests, before conducting the paired ttest and
ANOVA. All statistical analyses were conducted in R
version 4.2.2. A statistically significant p-value was set at
an « threshold of 0.05.

Ethics

This study used datasets from the AusDiab biobank
(project grant APP1101320) approved by the Alfred
Human Research EFEthics Committee, Melbourne,
Australia (project approval number, 41/18) and the BHS
cohort (informed consent obtained from all participants,
and the study was approved by the University of West-
ern Australia Human Research Ethics Committee
[UWA-HREC; approval number, 608/15]). The current
study was also approved by UWA HREC (RA/4/1/7894)
and the Western Australian Department of Health
HREC (RGS03656). Both studies were conducted in
accordance with the ethical principles of the Declaration
of Helsinki. No participant compensation was provided.
The SLO trial study received approval from the Alfred
Hospital Ethics Committee (approval number: 436/15).

Role of funders

The funding sources listed in the manuscript did not
have a role in the study design, analysis, interpretation,
or writing of the manuscript. The decision to submit the
manuscript for publication was made solely by the au-
thors listed.

Results

Characteristics of participants

We obtained clinical and lipidomic data from the Aus-
Diab (n = 11,247), BHS (n = 4492) and SLO study par-
ticipants (n = 10) with mean (SD) age of 51.3 (14.3), 50.8
(17.4) and 50 (10) respectively (Table 1). The baseline
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characteristics of the subjects are shown in Table 1. Both
sexes were equally represented in the AusDiab and BHS
cohorts; self-reported study participants sex dis-
aggregated features are disclosed in Supplementary
Table S3. After excluding missing data, plasma lip-
idomic profiles were available for 10,339 participants
within the AusDiab study and 4,492 in the BHS study.
Among the 10,339 AusDiab participants, 686 (6.6%),
and 577 (5.6%) had prevalent diabetes and CVD,
respectively (Fig. 1, Table 1). In BHS, 238 (5.6%) had
prevalent CVD (Fig. 1, Table 1). A flow diagram showing
the study participants, exclusions and clinical end points
is presented in Fig. 1.

Development of the Pls Score

Of the 575 plasma lipid species—representing 32 lipid
classes/subclasses—profiled in each of the AusDiab and
BHS cohorts (Supplementary Table S4), phospholipids

constitute 61% of the total number measured lipid
species within which there are 37 and 51 PE and PE(P)
species, respectively. Pearson’s correlation analysis
demonstrated strong positive intra-class correlations for
both PE and PE(P) species, while sparse negative inter-
class correlations exist between several PE species with
PE(P) species (Supplementary Fig. S1). A PCA per-
formed on the PE and PE(P) compositional data (Fig. 2a)
identified the two major components: PC1 and PC2
explaining 27.3% and 13.2% of the variance, respectively
(Fig. 2b). A clear separation existed between the PE and
PE(P) species in the loadings plot; where PE(P) species
showed positive loadings, while PE species had negative
loadings (Fig. 2c). PC2 showed separation of species
within the PE and PE(P) classes based on the fatty acid
composition (Supplementary Table S5). Certain plas-
malogen species have a more significant impact on the
Pls Score than others. The weightings in PC1 and PC2

[ Discovery cohort

) (L vatdation cohorts ]

b 4
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AusDiab cohort
11,247 participants

BHS cohort
N=4,492, female (56%)
Mean age =50.8 (17.4)

* Pregnant women (n =21)

» Missing clinical data (n= 277)
* Plasma samples inadequate

/unavailable for lipidomics (n=591)
» MS related technical issues (n=19)

[

AusDiab cohort
N=10,339, female (55%)
Mean age = 51.3 (14.3)

|

4
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Fig. 1: Flowchart for the selection of the analysed participants from the AusDiab, BHS study cohort and SLO samples. Biobank cohort. AusDiab
Australian Diabetes, Obesity and Lifestyle Study, BHS Busselton Health Study, IGT impaired glucose tolerance, IFG impaired fasting glucose, NGT

normal glucose tolerance, T2DM type 2 diabetes mellitus, CVD cardiovascular disease, CVE cardiovascular event, IHD ischemic heart disease, MS,

mass spectrometry; SLO, shark liver oil.
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Fig. 2: An overview of the development of the Pls Score. (a) Steps involved in the Pls Score calculation: Principal components were generated
using compositional data of all PE and PE(P) species (n = 91 lipids) in the AusDiab cohort (n = 10,339). (b) The scores plot of PC1 against PC2
derived from the PCA analysis. (c) A loadings plot showing the separation of PE(P) and PE lipid species. (d) The correlation heat map of the Pls
Score (PC1) and related plasmalogen indices with PE and PE(P) species concentrations. Black dotted diamonds, p < 0.05 (Pearson’s correlation).
The heat maps are shaded according to the Pearson’s correlation coefficients of each variable. Colour bands represent positive correlation
coefficients (bronze) or negative coefficients (teal) with darker gradients depicting larger relative correlation coefficients (i.e., negative or
positive). PE, phosphatidylethanolamine; PE(P), alkenylphosphatidylethanolamine; Pls, plasmalogen; PCA, principal component analysis; PC,
principal components. The (a), (b), and (c) denote the elution order from chromatographic column. PE (P-17:0/22:6) (a), e.g., refers to the
species that elutes prior to PE (P-17:0/22:6) (b).
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for each lipid species are provided in Supplementary
Table S5. We subsequently used the PC1 values as the
Pls Score. Total PE, PE(P), total PE(P)/PE ratio, total
PE(P) normalised to the total phospholipid [PE(P) (%
PL)], total plasmalogens, and total plasmalogens nor-
malised to the total phospholipid [total plasmalogen (%
PL) were also calculated to complement the Pls Score. The
correlations of the Pls Score and related plasmalogen
indices with individual PE and PE(P) species are depicted
in Fig. 2d. The correlation between the Pls Score and
other plasmalogen indices are shown in Supplementary
Fig. S2. In a regression analysis of all lipid species
against the Pls Score (adjusted for age and sex), a strong
negative association was observed between the Pls Score
and triacylglycerol (TG), diacylglycerol (DG), ceramide,
PE, lysophosphatidylethanolamine (LPE), and phosphati-
dylinositol (PI). As expected, ether lipids alkyl-
phosphatidylcholine [PC(O)], alkenyl-phosphatidylcholine
[PC(P)], lysoalkylphosphatidylcholine [LPC(O)], lysoalke-
nylphosphatidylcholine [LPC(P)], alkylphosphatidyletha-
nolamine [PE(O)], and PE(P) species (Supplementary
Fig. S3) were positively associated. The Pls Score model
created in AusDiab was applied to the BHS cohort using
PE and PE(P) compositional data (Supplementary Fig. S4).
The Pls Score in BHS explained 29.4% of the variability as
depicted in Supplementary Fig. S4a. The Pls Score
calculated using the model developed in AusDiab was
strongly correlated (R® = 0.997) with the score indepen-
dently generated within the BHS cohort (Supplementary
Fig. S4b).

The PIs Score and related indices associate with
cardio-metabolic risk factors

One of the drivers for the development of the Pls Score
in the present study was the need for a more holistic,
independent and modifiable measure of metabolic
health. We hypothesised that; the Pls Score would cap-
ture aspects of metabolic health beyond those of tradi-
tional risk factors. The Pls Score, as expected, was
correlated positively with PE(P), PE(P)/PE ratio and total
plasmalogens, while negatively correlated with total PE
(Fig. 3). We explored the correlation between the Pls
Score and related indices and different cardio-metabolic
risk factors. Age (r = —0.115, p = 9.44 x 107*), tri-
glycerides (r = —0.506, p = 2.2 x 107'7%), 2 h-PLG
(r = —0.182, p = 9.80 x 10®) and SBP (r = -0.117,
p = 1.94 x 107*°) were inversely correlated with the Pls
Score, while HDL-C (r = 0.110, p = 1.61 x 107°%) was
positively correlated in AusDiab (Fig. 3, bottom panel).
Similar results were observed in the BHS cohort,
including significant correlations between the Pls Score
and cardio-metabolic risk factors (Fig. 3, upper panel).

Pls Score is significantly associated with type 2
diabetes and pre-diabetes

Reduced plasmalogen levels have been implicated in
insulin resistance and T2DM pathogenesis. Lipid scores
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such as the phosphatidylcholine plasmalogen score (PC-
PLs) have previously been implicated in T2DM."
However, a metabolic health score representing the
most abundant plasmalogens such as PE(P) and their
corresponding diacyl-phosphatidylethanolamine species
is lacking. The Pls Score described here, not only serves
as a tool to monitor the circulating plasmalogen levels
but also as a surrogate marker for metabolic dysfunction
associated with impaired glucose homeostasis and
T2DM risk. To test this, we stratified the AusDiab par-
ticipants into quintiles, based on their Pls Score. Logistic
regression analyses were then examined for the associ-
ation between the Pls Score quintiles and T2DM (prev-
alent and 5-year incident) or prediabetes (prevalent)
stratified by isolated impaired glucose tolerance (IGT)
and impaired fasting glucose (IFG) adjusting for age,
sex, and BMI). Relative to those in the lowest quintile of
the Pls Score (Q1), individuals in the Q5 had an odds
ratio (OR) of 0.31 (95% CI 0.21-0.43) for prevalent
T2DM (Fig. 4a), and an OR of 0.39 (95% CI 0.25-0.61)
for the 5-year incident T2DM (Fig. 4b). In the analysis
for prediabetes, individuals were stratified into IGT and
IFG, excluding individuals with concurrent IGT and
[FG. Compared to those in the Q1, individuals in the Q5
had an OR of 0.48 (95% CI 0.38-0.61) for IGT (Fig. 4c)
suggesting a protective association of Pls Score with
isolated IGT. However, there was no significant associ-
ation between the Pls Score and isolated IFG (Fig. 4d).
Analyses adjusted for age, sex, BMI and clinical lipids
(total serum cholesterol, HDL-C and triglycerides) can
be found in Supplementary Fig. S5.

The study also examined the associations between
additional Pls Score related indices, such as PE, PE(P),
PE(P)/PE ratio, PE(P) (%PL), total plasmalogens, and
total plasmalogens as a percentage of total plasma
phospholipids, with T2DM (prevalent and incident). For
PE the odds ratio associated with prevalent T2DM and
incident T2DM was 1.68 (95% CI 1.49-1.88) and 1.54
(95% CI 1.33-1.78), respectively. The PE(P)/PE ratio
was negatively associated with these outcomes. Detailed
associations for all indices and T2DM can be found in
Supplementary Table S6.

The Pls Score associates with CVD risk and all-cause
mortality

To understand the role of plasmalogens in car-
diometabolic health, mortality, and potentially longevity,
we examined at the relationship of a Pls Score with CVD
as well as all-cause mortality leveraging appropriate
statistical models adjusted for potential confounders. In
an age, sex, BMI, smoking, and history of diabetes
adjusted analysis, a statistically significant relationship
was observed between the Pls Score and prevalent CVD.
Participants in the Q5, Q4, Q3 and Q2 of the Pls Score
relative to Q1 had an OR of 0.42 (95% CI 0.30-0.57),
0.55 (95% CI 0.41-0.73), 0.67 (95% CI 0.51-0.86), and
0.77 (95% CI 0.60-0.98), respectively for prevalent CVD
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Fig. 3: Associations of the Pls Score and related indices with cardio-metabolic risk factors in the AusDiab (n = 10,339) and BHS (n = 4492) cohorts.
Pearson’s correlation coefficients between the Pls Score, related indices, and cardio-metabolic risk factors were computed. Statistically significant
correlations (p < 0.001) for Pearson’s correlation coefficients are indicated by black diamonds within each box. The grey squares indicate data
unavailability for 2 h-PLG and HbA1c in the BHS cohort. AusDiab, the Australian Diabetes Obesity and Lifestyle Study; BHS, Busselton Health Study;
BMI, body mass index, HDL-C, high density cholesterol, HOMA-IR, homeostatic model assessment of insulin resistance, FPG, fasting plasma glucose,
2 h-PLG, 2-h post load glucose, SBP, systolic blood pressure, DBP, diastolic blood pressure, HbA1C, hemoglobin A1G; Pls Score plasmalogen score; PL,
phospholipid; PE, phosphatidylethanolamine; PE(P), alkenylphosphatidylethanolamine; Pls, plasmalogen.

(Fig. 5a). The association of a Pls Score with incident
IHD (Cox regression with age as a time scale variable)
adjusted for sex, BMI, smoking, and history of diabetes
in the AusDiab was significant only in Q5 relative to Q1
(Fig. 5b). When examining the risk of all-cause mortality
across the quintiles of the Pls Score, individuals in the
Q5 to Q2 had significantly lower risk relative to those in
the Q1, with a 34% lower risk in Q5 versus Q1 (HR =
0.66; 95% CI 0.56-0.78) (Fig. 5c). The survival plot for
all-cause mortality stratified by the lowest and highest
quintiles of the Pls Score in the AusDiab cohort is
depicted in Fig. 5d. Analyses adjusted for age, sex, BMI,
smoking, SBP, baseline diabetes status and clinical
lipids (total serum cholesterol, HDL-C, and tri-
glycerides) can be found in Supplementary Fig. S6.

PE showed a significant positive association with
prevalent CVD (OR = 1.37; 95% CI 1.16-1.62) and

all-cause mortality (HR = 1.13; 95% CI 1.07-1.19)
(Supplementary Table S7). Conversely, PE(P) (OR = 0.85;
95% CI 0.78-0.93), PE(P)/PE ratio (OR = 0.75; 95% CI
0.68-0.83), total plasmalogen (OR = 0.83; 95% CI
0.75-0.90), and total plasmalogen (%PL) (OR = 0.90; 95%
CI 0.82-0.99) were negatively associated with prevalent
CVD. Similarly, PE(P) (HR = 0.92; 95% CI 0.87-0.96),
PE(P)/PE ratio (HR = 0.85; 95% CI 0.81-0.90), total plas-
malogen (HR = 0.92; 95% CI 0.87-0.96), and total plas-
malogen (%PL) (HR = 0.92; 95% CI 0.87-0.97) showed
significant negative associations with all-cause mortality in
the AusDiab cohort (Supplementary Table S7).

In the BHS cohort (validation), the Pls Score, PE(P)/
PE (ratio) and total plasmalogen (%PL) showed signifi-
cant negative associations with prevalent CVD and inci-
dent THD. While higher PE was associated with an
increased likelihood of having prevalent CVD (OR = 1.47;
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Fig. 4: Associations of Pls Score with T2DM and pre-diabetes in the AusDiab. A logistic regression analysis was performed between T2DM or
prediabetes against quintiles of the Pls Score. The forest plots show the odds ratio (x-axis) associated with moving from Q1 of the Pls Score
(reference quintile) to Q2-Q5 (y-axis) for the newly diagnosed prevalent T2DM (a), 5-year incident T2DM (b), isolated IGT (n = 988 versus 7733
NGT) (c), and isolated IFG (n = 613/7733 NGT) (d) compared to controls. The odds ratios were computed from multiple logistic regression
analyses between the outcomes and the quintiles of the Pls Score (Q1 as a reference) adjusted for age, sex, and BMI. Error bars represent 95%
Cls. The odds ratios and the associated Cls were log 2 transformed to enhance visualization. The results for clinical lipids, adjusted models are
provided in Supplementary Figure S5. T2DM, type 2 diabetes mellitus; IGT, impaired glucose tolerance; IFG, impaired fasting glucose; NGT,

normal glucose tolerance; Pls, plasmalogen.

95% CI 1.25-1.72) and incident IHD (HR = 1.24; 95% CI
1.09-1.41) (Supplementary Table S8). The PE(P) and total
plasmalogen did not show any significant association
with prevalent CVD and incident IHD in the BHS cohort
(Supplementary Table S8).
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Lifestyle and dietary habits associated with Pls
Score

An investigation into the link between lifestyle and diet
and Pls Score offers valuable insights into potential
modifiable risk factors for cardiovascular and metabolic
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Fig. 5: Associations between Pls Score and CVD and all-cause mortality adjusted for age, sex, BMI, smoking and history of diabetes in the
AusDiab cohort. The association between the quintiles of the Pls Score, with Q1 as a reference (y-axis) and (a) prevalent CVD, n = 577/9690
(logistic regression); (b) 10-year incident IHD, n = 304/8046 (proportional hazard Cox-regression); and (c) all-cause mortality (over 17 years),
n = 1706/8625. (d) An unadjusted survival plot for all-cause mortality over 17 years stratified by the top (Q5) and bottom quintiles (Q1) of the
Pls Score. Each circle represents the odds ratio/Hazard ratio (x-axis) and the whiskers represent 95% CI. The results further adjusted for clinical
lipids are provided in Supplementary Figure S6. Error bars represent 95% Cls. Odds ratios and the associated Cls were log 2 transformed to

enhance visualization.

diseases, aiding in the development of targeted in-
terventions and prevention strategies. Here, we
assessed, the relationship between daily diet intakes
(including red meat, fiber, dairy, total fruit, saturated fat,
monounsaturated fatty acids (MUFA), omega-3, omega-
6, odd chain fatty acid, poultry, eggs, and fish among

others), lifestyle habits (TV viewing time, smoking, and
exercise) and the Pls Score using multivariable linear
regression analysis adjusted for relevant confounders.
To examine diet- Pls Score associations, three inde-
pendent models were built: (1) a model adjusted for age
and sex; (2) covariates in model 1 plus energy intake;
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and (3) covariates in model 2 plus smoking, exercise,
diabetes status, and history of CVD. In the age and sex
adjusted model, red meat intake (p = 0.32; 95% CI
0.22-0.42), poultry (B = 0.32; 95% CI 0.23-0.42), nuts
and seeds (p = 0.18; 95% CI 0.08-0.27), fish (B = 0.20;
95% CI 0.10-0.29) and eggs (B = 0.29; 95% CI
0.19-0.39) were positively associated with the Pls Score.
Dietary fatty acid intake—stratified into saturated fatty
acid (SFA), MUFA, polyunsaturated fatty acid (PUFA),
odd chain fatty acids (OCFA) and total fatty acids—were
also positively associated with the Pls Score (Fig. 6a)
while alcohol intake was strongly negatively associated
with the Pls Score (f = —0.52; 95% CI —0.62 to —0.41)
(more details can be found in Supplementary Table S9).
In the subsequent models adjusted for age, sex, and
energy intake (Fig. 6b) or age, sex, energy intake and
lifestyle factors (Fig. 6¢c), SFA, MUFA, red meat, dairy
intakes, eggs, poultry, total fat and alcohol intake
remained significantly associated (more details pre-
sented in Supplementary Table S9). Current smoker
relative to non-smokers (B = -1.51 L 95% CI -1.78
to —1.25) and TV viewing time ( = -0.25; 95% CI -1.32
to —1.7) as well as BMI were inversely associated with
the Pls Score. Pls Score was also associated with sex
with significantly higher scores in men relative to
women (f = 1.78 95% CI 1.59-1.97). Exercise time was
only marginally associated (in a positive direction)
(Fig. 6d).

Diet supplementation with SLO effectively modifies
the Pls Score

To gain insight into the effect of dietary supplementa-
tion with SLO on plasmalogen metabolism, and hence
on the Pls Score, we conducted a small double-blind
cross over human trial. Previously, our laboratory re-
ported several lipid classes/subclasses significantly
changed after SLO supplementation relative to the pla-
cebo group.” Here we tested whether the Pls Score was
also impacted. A PCA on the compositional data in the
SLO study was performed and a scores plot from this
analysis can be found in Supplementary Fig. S7a. The
Pls Score for the SLO supplementation samples derived
using the AusDiab model strongly correlated with the
score independently generated using the SLO data
(R* = 0.99%) (Supplementary Fig. S7b).

We observed significant changes in 42 ethanolamine
phospholipid species including 26 PE(P) and 16 PE
species (p < 0.05; Supplementary Table S10) after SLO
supplementation. Most of the PE(P) species were
increased while PE species were decreased following
SLO treatment (Supplementary Table S10). We observed
a significant decrease in PE (Fig. 7a) and increases in
the PE(P) (Fig. 7b), PE(P)/PE ratio (Fig. 7c), total plas-
malogen (Fig. 7d), total plasmalogen (%PL) (Fig. 7e),
PE(P) (%PL) (Fig. 7f) and a marked rise in the Pls Score
(Fig. 7g) in SLO treated individuals, relative to the pla-
cebo group. The details of all possible pairwise
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comparisons can be found in the Supplementary
Fig. S8. The shift in the Pls Score in SLO treated in-
dividuals was calculated relative to the AusDiab popu-
lation (projecting the SLO study samples on to the
AusDiab cohort). The median Pls Score before SLO
was —0.5, which was dramatically increased to 6.2 after
SLO supplementation. This corresponds to a shift in the
median value (0.7) from the 40th centile to the new
median value of 5.8 (90th centile) in the AusDiab pop-
ulation (Fig. 7h).

Comparing the changes resulting from SLO supple-
mentation and placebo showed the SLO supplementa-
tion resulted in a decrease in total PE (Supplementary
Fig. S9a), but an increase in PE(P), PE(P)/PE ratio, to-
tal plasmalogen, total plasmalogen (%PL), total PE(P) (%
PL) and the Pls Score relative to the placebo
(Supplementary Fig. S9b-g).

Discussion

The present study introduces and evaluates the Pls
Score in relation to cardio-metabolic risk factors and
outcomes. We also explored the influence of diet and
lifestyle factors, offering a novel perspective on the
intricate relationship between plasmalogens, cardiovas-
cular and metabolic health, and modifiable lifestyle
factors. The Pls Score was designed to capture the bal-
ance between PE(P) and PE levels, which have been
observed to exhibit contrasting associations in various
disease conditions. We demonstrate the following key
findings: (1) the Pls Score captures a metabolic signal
that closely mirrors the circulating levels of PE(P) and
PE; (2) a strong inverse association was observed be-
tween the Pls Score and cardiometabolic diseases,
including T2DM, 5-year incident T2DM, prevalent CVD,
and all-cause mortality; (3) the Pls Score is associated
with diet and lifestyle factors; (4) SLO supplementation
markedly increased the Pls Score, further supporting
the notion that dietary interventions can modify plas-
malogen metabolism and potentially improve metabolic
health outcomes.

The decision to utilise phosphatidylethanolamine (PE)
and ethanolamine plasmalogen [PE(P)] species to devise
the Pls Score in the current study was based on their
observed opposing associations with various disease
conditions,”'*** although there appears to a sparse
relationship in plasma level of PE and PE(P) species.
Previous studies have demonstrated distinct roles for PE
and PE(P) in different pathophysiological conditions,
suggesting that these lipid classes may have independent
effects on health outcomes. Of note, a recent report by
Hornburg et al., revealed that ether-linked PE-the
[PE(P)], as opposed to PE were associated with reduced
steady state plasma glucose and insulin sensitivity."” In
the context of T2DM, increased levels of PE have been
consistently reported.’®***¢ Conversely, decreased levels
of PE(P) plasmalogen have been linked to increased risk,
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Fig. 6: The relationship between diet and lifestyle factors and the Pls Score in the AusDiab cohort (n = 10,339). A multiple linear regression
analysis was performed between each dietary component (g/day intake) scaled to unit SD or lifestyle component (as exposure) and the Pls Score
(outcome). Association between dietary components and a Pls Score in a model adjusted for age and sex (a); age, sex, and total energy intake
(b); and age, sex, energy, smoking, exercise, diabetes, and history of CVD (c). (d) Associations between lifestyle (smoking, exercise, and TV time)
and the Pls Score, adjusted for age and sex. Each circle represents the beta coefficient, and the whiskers represent 95% Cl.

particularly in impaired glucose tolerance.'®***” Further-
more, in conditions such as CAD and Alzheimer’s dis-
ease (AD) reduced plasmalogen levels, alongside an
increase in—or negligible alterations in- PE, have been
reported.'®?'*4-° Thege observations suggest that PE and
PE(P) may have distinct roles in the context of car-
diometabolic and neurodegenerative diseases. While
higher levels of PE(P) are associated with health a

persistently low levels of these particular PEs may have
detrimental effects.

The Pls Score developed in this study captures the
composite variation of PE and PE(P) plasmalogen spe-
cies, normalised to their total abundance. It is calculated
as the first principal component, which accounts for the
largest proportion of variance in the combined PE and
PE(P) data. As such, higher scores correspond to higher
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levels of PE(P) relative to PE species. The Pls Score  Additionally, Pls Score demonstrates a significant cor-
showed the strongest correlation with the PE(P)/PE ra-  relation with total plasmalogen and PE(P) plasmalogens
tio, followed by total PE (negative correlation).  normalised to the total plasma phospholipid, further
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supporting its ability to capture a comprehensive plas-
malogen profile. These findings highlight the utility of
the Pls Score as a composite measure that integrates the
relative proportions of PE and PE(P) species, providing
valuable insights into plasmalogen dynamics and their
relationships with other plasmalogen related indices.

In both the AusDiab and BHS cohorts, our analysis
revealed statistically significant correlations between the
Pls Score, along with other related indices, and various
cardio-metabolic risk factors. Specifically, we report a
positive correlation of the Pls Score and total plasmal-
ogen with HDL-C and a negative correlation between
the Pls Score and triglycerides. This observation aligns
with earlier studies®** that have reported similar find-
ings, highlighting the positive relationship between
circulating plasmalogen levels and HDL-C, as well as the
beneficial effect of plasmalogens on lipoprotein meta-
bolism. The Pls Score and the PE(P)/PE ratio are both
negatively associated with age. We have previously re-
ported that age was negatively associated with PE(P)
plasmalogens, particularly those containing a 22:4 fatty
acid.”* A decline in peroxisomal metabolism and
biogenesis with advancing age™ could be one factor
contributing to the decrease in plasmalogens with
ageing. These insights contribute to our understanding
of the complex interplay between plasmalogens, ageing,
and metabolic health.

One of the key findings of our study is the significant
inverse association between the Pls Score and T2DM
(both prevalence and incident). Individuals with higher
Pls Score scores had a reduced likelihood of having or
developing T2DM. This association underscores the
potential of the Pls Score as a valuable biomarker for
assessing metabolic health. The role of plasmalogens in
the pathogenesis of T2DM is supported by previous
research linking these lipid species to the protective
associations with insulin resistance, T2DM and athero-
sclerosis.”***” Our study also revealed a significant as-
sociation between the Pls Score and IGT, but not
isolated IFG. This finding highlights the different
pathophysiological mechanisms of IGT and IFG sug-
gesting a role for plasmalogens in the former. Further
investigations are warranted to elucidate the underlying
mechanisms and the specific contributions of plasmal-
ogens to the development of different prediabetic states.

We report a significant inverse association between
the Pls Score and prevalent CVD, as well as incident
IHD, highlighting the potential cardioprotective effects
of plasmalogens. The Pls Score showed a dose-
dependent relationship with CVD risk, with in-
dividuals in higher quintiles having progressively lower
odds of prevalent CVD. This trend was consistent in
both the AusDiab and BHS cohorts, showing strong
validation of these associations. A decline in ethanol-
amine plasmalogens'®** and increase in PE were
demonstrated in CAD previously.”®” The distinctive
characteristics of plasmalogens enable them to function

as antioxidants, effectively scavenging reactive oxygen
species. Moreover, plasmalogens are known to be
consumed during chronic inflammatory processes. The
antioxidative properties of plasmalogens and their
involvement in mitigating oxidative stress and inflam-
mation may contribute to their protective effect against
T2DM and CVD. Indeed, these findings provide
important insights into the role of the Pls Score in
cardiometabolic risk assessment and suggest the po-
tential of plasmalogens as targets for therapeutic in-
terventions aimed at preventing or managing
cardiometabolic diseases. A similar metric, the Omega-3
Index (tissue EPA + DHA content expressed as a percent
of total fatty acids) has been associated with reduced
CVD risk.®¢" The Omega-3 Index satisfies various
criteria expected of a biomarker, which include its as-
sociation with disease independent of conventional risk
factors, potential for modification, and, notably, the
proven ability to lower the risk of CVD events by
elevating tissue levels.”” Indeed, the Pls Score and
Omega-3 Index might complement each other,
providing a holistic view of cardiovascular health.
Plasmalogens have been the focus of numerous
studies exploring their potential role in ageing and
lifespan.'”***>** Qur finding of a significant association
between the Pls Score and all-cause mortality further
supports the notion that plasmalogens may have a
beneficial impact on longevity. Individuals in the high-
est quintile of the Pls Score demonstrated a reduced
mortality risk compared to those in the lowest quintile.
Consistent with our findings, a recent study has
demonstrated that lipids characterised by numerous
double bonds, notably plasmalogens containing PUFAs,
were negatively associated with mortality risk while
positively associated with longevity.** Previous lipidomic
studies suggest that the unique structural properties of
plasmalogens, including their vinyl ether linkage, confer
increased resistance to oxidative stress and this may
contribute to enhanced cellular integrity and
longevity.**>** However, no former study has investi-
gated whether lower plasma ethanolamine plasmal-
ogens levels in particular are associated with early death,
although, certain alkenyl forms of phosphatidyletha-
nolamine had been implicated in human subjects of
exceptional longevity and healthy phenotype.”® The sig-
nificant association between the Pls Score and all-cause
mortality provides evidence for the potential influence
of plasmalogens on overall health and suggests their
utility as biomarkers of longevity. However, further
research is required to fully understand the specific
biological mechanisms that drive these associations and
to explore the therapeutic opportunities associated with
modulating plasmalogen metabolism for the promotion
of healthy ageing and the extension of lifespan.
Understanding the link between diet and lifestyle
and the Pls Score is crucial for developing strategies to
improve cardiometabolic health. Our study indicates
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that higher intakes of red meat, poultry, eggs, and fatty
acids (SFA, MUFA, n-3, and OCFA) are associated with
a higher Pls Score. Livestock, such as cattle and poultry,
as well as fish and shellfish, has been identified as a
significant reservoir of plasmalogens.® Of note, high
levels of complex structural lipids, such as ethanolamine
plasmalogens, has been reported in chicken eggs,®
fish, and molluscs™* suggesting that their consump-
tion can play a role in the synthesis and regulation of
plasmalogens levels in humans. The cardioprotective
mechanisms of n-3 fatty acids particularly EPA include
reducing triglyceride-rich lipoproteins, incorporation
into vascular membranes bolstering resistance to
oxidation, improving membrane function, and
providing precursors for the synthesis of specialised
pro-resolving mediators that can combat inflamma-
tion.”” However, the positive association between n-3, as
well as SAF, MUFA, and OCFA with the Pls Score may
relate more to these measures being colinear with total
phospholipid intake, rather than a specific role of these
fatty acids in plasmalogen synthesis. SFA and MUFA
are typically found in animal sources, such as red meat,
poultry, and eggs, while PUFA are commonly found in
plant oils, nuts, seeds, and fish. These findings highlight
the impact of dietary choices on plasmalogen meta-
bolism and health. Identifying diet components that
promote plasmalogen synthesis can help tailor dietary
plans to enhance plasmalogen levels and reduce asso-
ciated health risks.

Smoking and sedentary behaviours, as represented
by TV viewing time, were negatively associated with the
Pls Score, while exercise time showed a marginal posi-
tive association. Smoking has been linked to
plasmalogen-deficiency characterised by reduced or
insufficient activity of the peroxisomal enzyme alkyl-
DHAP,” in addition to inducing atherogenic lipid pro-
files.”! The negative association between TV viewing
time and the Pls Score suggests that sedentary behav-
iour may contribute to a lowered plasmalogen level
leading to a higher susceptibility to inflammatory dis-
eases. Indeed, numerous studies have demonstrated
that sedentary behaviour, such as prolonged TV viewing
time, is associated with higher risk of inflammatory
related conditions such as T2DM, CVD and
mortality.”>”* These associations emphasise the impor-
tance of healthy lifestyle choices in maintaining optimal
plasmalogen levels and overall metabolic health. Further
research is needed to explore the underlying mecha-
nisms and establish causality between the lifestyle fac-
tors, plasmalogen metabolism, and health outcomes.

The plasmalogen biosynthetic pathway represents a
promising target for dietary intervention due to its
crucial role in maintaining cellular health and overall
well-being. Plasmalogen precursors such as alkylgly-
cerols, have often been utilised to circumvent the rate-
limiting peroxisomal steps of plasmalogen synthesis
and this strategy leads to elevated levels of endogenous
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plasmalogens by undergoing multiple enzyme-catalysed
reactions within the endoplasmic reticulum.**7>7¢
Previously, we have shown that SLO supplementation
led to a notable reduction in plasma concentrations of
total free cholesterol, triglycerides, and C-reactive pro-
tein.” The PE and PE(P) showed distinct responses to
SLO supplementation (i.e., SLO supplementation
resulted in a decrease in PE, while PE(P) increased).
Moreover, an abrupt shift in the Pls Score (positive di-
rection) and related indices, such as PE(P) normalised to
total phospholipids, were observed after SLO supple-
mentation. This suggests that SLO supplementation
influences the composition of phospholipids, favouring
the accumulation of PE(P) while reducing PE abun-
dance and hence contributing to an elevated Pls Score.
SLO supplementation not only increases plasmalogen
levels, but also involve in mitochondrial dynamics.
Plasmalogen precursors entering the synthetic pathway
downstream of the peroxisomal steps has been shown to
rescue mitochondrial fragmentation.” Indeed, it has
been demonstrated in plasmalogen deficient animal
models that a modulation of the plasma plasmalogen
levels can correct peripheral plasmalogen levels and
rescue cardiac dysfunctions.”® As such, targeting the Pls
Score through dietary supplements holds great potential
for individuals with conditions associated with periph-
eral plasmalogen deficiencies, including neurodegener-
ative diseases, cardiovascular disorders, and metabolic
dysfunctions.

In conclusion, we devised a Pls Score that captures
the relative circulating levels of PE and PE(P) and pro-
vided evidence supporting the link between the Pls
Score and the risk of metabolic diseases, and all-cause
mortality. Furthermore, we report associations of diet
and lifestyle as well as the impact of SLO supplemen-
tation on the Pls Score. The observed associations be-
tween the Pls Score and metabolic diseases suggests its
potential as a marker for metabolic health and to iden-
tify individuals at risk of metabolic diseases such as
T2DM and CVD and premature death. The diet- Pls
Score associations underscore the potential of targeted
dietary and lifestyle interventions to effectively modify
the Pls Score and improve metabolic health. Indeed,
there is a need for a specialised clinical lipidomic plat-
form”*° designed to measure the Pls Score within
healthcare settings in order to offer a dependable
method for evaluating metabolic health and risk,
enabling well-informed clinical decision-making.

The prospective study design along with large sample
size, and the inclusion of validation cohorts are the major
strengths of the present study. However, there are also
limitations: 1) The plasmalogen species measured are
those that our current lipidomic platform can capture.
Additional species, including those with low abundances,
could also be useful; 2) Ethnicity of the present study
populations was primarily white/European ancestry,
which may limit the generalizability of the findings to
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other populations. It is likely that normalisation of the Pls
Score will be required for other ethnicities. Ethnicity can
influence lipid metabolism and health outcomes, and it is
possible that the associations observed with the Pls Score
may vary across different ethnicities. 3) In the SLO study,
we only investigated a single dose of the SLO mix. The
effects of different doses and supplement regimens of
SLO on plasmalogen levels and health outcomes warrant
further exploration. Variations in dosage and treatment
duration may have differential effects on plasmalogen
metabolism and could influence the efficacy of SLO
supplementation in mitigating metabolic risk factors.
Furthermore, our investigation of SLO supplementation
was constrained by a small sample size, which may limit
the robustness of our conclusions and warrants cautious
interpretation. Future research endeavours should
address these limitations to enhance the validity and
applicability of the Pls Score as a biomarker for metabolic
health and guide the development of personalised in-
terventions for diverse populations.
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