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Abstract

Lipids are essential components of brain structure and shown to affect brain function. Previous
studies have shown that aging men undergo greater brain atrophy than women, but whether

the associations between lipids and brain atrophy differ by sex is unclear. We examined sex
differences in the associations between circulating lipids by liquid chromatography-tandem mass
spectrometry and the progression of MRI-derived brain atrophy index SPARE-BA over an
average of 4.7 (SD=2.3) years in 214 men and 261 women aged 60 or older who were initially
cognitively normal using multivariable linear regression, adjusted for age, race, education, and
baseline SPARE-BA. We found significant sex interactions for beta-oxidation rate, short-chain
acylcarnitines, long-chain ceramides, and very long-chain triglycerides. Lower beta-oxidation rate
and short-chain acylcarnitines in women and higher long-chain ceramides and very long-chain
triglycerides in men were associated with faster increases in SPARE-BA (accelerated brain aging).
Circulating lipid profiles of accelerated brain aging are sex-specific and vary by lipid classes and
structure. Mechanisms underlying these sex-specific lipid profiles of brain aging warrant further
investigation.
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1. Introduction

Lipids are a group of complex compounds with diverse functions in cellular physiology

and pathophysiology. The biological functions of lipids are highly variable depending on
their structure, length of the carbon chain, chemical modifications such as oxidation, and
other factors (Kihara 2012, Schonfeld and Wojtczak 2016, Wattenberg 2018). Lipids are
building blocks for several important structures in the brain, such as cell membranes and
myelin sheaths, and may affect brain function through neuronal signaling and trafficking

of microvesicles. Understanding molecular mechanisms underlying the role of lipids in

the central nervous system (CNS) is an area of intense investigation (Montesinos et al.
2020, Poljak et al. 2020, Ooi et al. 2021), with some data suggesting that short-chain fatty
acids, mainly produced by the microbiota, affect the gut-brain axis and brain function, and
long-chain fatty acids, the main components of cell membranes and metabolic intermediates,
serve as an energy source for the brain and other organs. Recent data have suggested that
very long-chain fatty acids may induce neuronal damage through mitochondrial dysfunction
and lead to neurodegeneration (Zarrouk et al. 2012). Mitochondrial ATP synthase and
cardiolipin have been hypothesized as key lipoxidative targets in neurodegeneration (Jove et
al. 2019).

In the CNS, some fatty acids are synthesized de novo, while essential fatty acids are

derived from circulation. Existing evidence supports the notion that fatty acids can cross the
blood-brain barrier to enter the CNS, although the mechanism of transport remains unclear.
Several observational studies have examined the relationship between circulating lipids

and brain structure in aging, but the findings are somewhat mixed and mostly from cross-
sectional studies. For instance, some studies found higher omega-3 polyunsaturated fatty
acids assessed in plasma or dietary intake were associated with preserved brain structure in
late life, but others did not observe a relationship (Macaron et al. 2021, Tokuda et al. 2022).
Some studies examined associations of clinical lipid markers, such as low-density and
high-density lipoprotein cholesterol, with brain structure, but there is a lack of understanding
of lipid profiles that can positively or negatively affect brain aging (Moazzami et al. 2020).
In studying the relationships of lipid profiles with brain aging, it is important to examine sex
differences. In fact, some longitudinal data have shown that men had greater brain volume
loss during aging compared to women (McCarrey et al. 2016, Armstrong et al. 2019). A
deeper understanding of sex differences in comprehensive lipid profiles of brain aging will
provide insights into the mechanisms of sex differences in brain aging.

In this study, we aimed to examine sex differences in the associations of circulating lipid
profiles with changes in brain aging patterns over time in a sample of well-characterized
community-dwelling older adults. We hypothesize that there would be sex differences in the
associations of lipid profiles with the progression of brain aging. We also hypothesize that
sex differences would vary based on the length of the carbon chain.
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2. Methods

2.1 Study Population

2.2 Lipids

Participants were drawn from the Baltimore Longitudinal Study of Aging (BLSA), an
ongoing population study that began in 1958. We identified 214 men and 261 women aged
60 or older who were initially cognitively normal and had baseline plasma metabolomics
data by Biocrates p500 and repeated measures of a brain aging index based on brain MRI
over an average of 4.7 (SD=2.3) years of follow-up. During the follow-up, 25 men and 12
women developed mild cognitive impairment or dementia. In this study, data were collected
between June 30, 2008, and March 9, 2020. Information on sex (i.e., men, women) was
collected by self-report from the participants using a questionnaire at an in-person interview
during the BLSA visit. Participants answered this question orally and the answer was
recorded by the staff.

The BLSA protocol was approved by the Institutional Review Board of the National
Institutes of Health. All participants provided written informed consent at each BLSA visit.

Blood was collected at the National Institute on Aging Clinical Research Unit, Medstar
Harbor Hospital in Baltimore, MD, following a standardized protocol (Yamaguchi et

al. 2021). The collection of EDTA plasma in the BLSA is consistent with guidelines

for biomarker studies (Tuck et al. 2009). Before sample collection, participants were

not allowed to smoke, exercise, or take medications. Blood samples were drawn from

the antecubital vein between 07:00 and 08:00 AM after an overnight fast, then stored
immediately at 4 °C, centrifuged within 4 hours, and immediately aliquoted and frozen at
-80 °C.

Plasma lipid metabolites were measured using liquid chromatography with tandem mass
spectrometry (LC-MS/MS). Metabolites were extracted and concentrations were measured
using the MxP Quant 500 kit (Biocrates Life Sciences, AG, Innsbruck, Austria) following
the manufacturer’s protocol for a 5500 QTAP (Sciex, Framingham, MA, USA) (Yamaguchi
et al. 2021).

Because we are interested in lipid structure, we grouped lipid metabolites based on
biochemical nature of the molecules, especially chain length (Ng et al. 2021), for six lipid
classes (i.e., acylcarnitines, ceramides, glycoceramides, glycolipids and cholesterol esters,
sphingomyelins, and triglycerides) (Supplementary Table 1). Using specific short-chain
acylcarnitines, we also computed an index of the beta-oxidation rate, which was a catabolic
process in which fatty acids are degraded into prokaryotes in the cytosol and acetyl-CoA

in the mitochondria which further enters the citric acid cycle. The beta-oxidation rate was
calculated as the ratio of the sum of acetylcarnitine (C2) and propionyl carnitine (C3) by
carnitine (CO) (Bartlett and Eaton 2004, Houten and Wanders 2010, Ottas et al. 2017).
Short-chain lipids were defined as having less than 6 carbons, medium-chain between 6 and
10 carbons, long-chain between 14 and 20 carbons, and very long-chain 22 or more carbons.
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2.3 Brain aging index

The brain aging index was derived from brain MRI and was estimated using supervised
machine learning models. An index score was computed for each participant, namely the
Spatial Patterns of Atrophy for Recognition of Brain Aging (SPARE-BA) score (Habes et
al. 2021). Imaging features involved in SPARE-BA calculation included volumes of 145
anatomical regions of interest (ROI) that were automatically segmented on the T1-weighted
MRI image using MUSE, a multi-atlas segmentation method (Doshi et al. 2016). The
SPARE-BA score was positively associated with chronological age (Supplementary Figure
1). A higher SPARE-BA score indicates greater brain atrophy and a greater increase

in SPARE-BA over time indicates accelerated progression of age-related brain atrophy.
SPARE-BA score was shown to be associated with cognitive function and neurodegeneration
(Bashyam et al. 2020, Habes et al. 2021). In this study, we computed the annual rate of
change (i.e., slope) of SPARE-BA index during follow-up using simple linear regression as
the outcome measure.

2.4 Diagnoses of mild cognitive impairment and dementia

In the BLSA, diagnoses of dementia and AD have continued to follow the Diagnostic

and Statistical Manuel, the third edition, revised (DSM-I11-R) and the National Institute of
Neurological and Communication Disorders and Stroke-Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) criteria, respectively (Tian et al. 2022, Tian et al.
2022).

2.5 Other measures of interest

We explored other measures of interest, including sex hormones and mitochondrial function.
In an additional analysis, we adjusted for sex hormones, including total testosterone (TT),
ammonium sulfate precipitation—measured bioavailable testosterone (mBT), estradiol, and
hormone-binding glycoprotein (SHBG). Assessments of these sex hormones were described
previously (Fabbri et al. 2016). TT levels were measured using high-performance liquid
chromatography-tandem mass spectrometry (Esoterix part of LabCorp, Calabasas Hills, CA,
certified by the Centers for Disease Control and Prevention’s Hormone Standardization
Project [CDC-HoSt Program]). mBT levels were measured using a technique in which
SHBG-bound steroids were separated from albumin-bound and free steroids using
ammonium sulfate (Esoterix part of LabCorp). SHBG levels were measured using an
immunoradiometric assay (Esoterix part of LabCorp). Because the initial findings suggested
sex differences in mitochondrial function may play a role, we compared skeletal muscle
mitochondrial function between men and women, measured as kPCr by MR spectroscopy
(Tian et al. 2022). Because the assessment of skeletal muscle mitochondria function began
in 2012, few participants had available data concurrent with plasma lipids. Thus, we

chose to compare sex differences at participants’ most recent visits. We also explored
cognitive outcomes, including memory, attention/processing speed, executive function, and
visuoperceptual speed. Memory was measured using the California Verbal Learning Test
(CVLT) immediate recall test (Delis et al. 1987). Attention/processing speed was measured
using the Trail Making Test (TMT) part A (Reitan 1992). Executive function was measured
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using the TMT part B (Reitan 1992). Visuoperceptual speed was measured using the Digit
Symbol Substitution Test (DSST) (Wechsler 1981).

2.6 Data Availability Statement

Data from the BLSA will be available upon request by proposal submission through the
BLSA website (blsa.nih.gov). All requests are reviewed by the BLSA Data Sharing Proposal
Review Committee and are also subject to approval from the NIH Institutional Review
Board.

2.7 Statistical analysis

Sex differences in participants’ demographic variables were examined using independent
t-tests for continuous variables and the chi-square tests for categorical variables. Sex
differences in SPARE-BA index and lipid variables were examined using linear regression
controlling for age.

Lipid variables were initially pre-processed by excluding metabolites with more than 30%
missing values (below the limit of detection). For the remaining metabolites, we imputed
the missing values using half of the minimum quantifiable value. Then, we performed
normalization using the log2 transformation. Of 638 metabolites potentially assessed by
the MxP Quant 500 kit, 468 metabolites were included in this analysis. Composite scores
of lipid variables were computed as sums of log2-transformed values (Ng et al. 2021). To
examine whether the associations of lipids with rates of change in the SPARE-BA index
differed by sex, we tested the “sex-by-lipid” interaction in multivariable linear regression
adjusted for baseline age, race, years of education, and baseline SPARE-BA index score.
For lipid variables that showed significant interactions with sex, we further examined sex-
stratified associations of each lipid variable with rates of change in the SPARE-BA index.
We also tested the strength of the associations by further adjusting for waist circumference,
Apolipoprotein E (APOE) e4 carrier status, and medication use for high cholesterol as
sensitivity analyses. Lipid variables and rates of change in the SPARE-BA index were
standardized to Z scores due to different scales.

We performed several sets of exploratory analyses to further understand the results. (1)

To understand whether sex hormones affect sex-specific associations, we additionally
adjusted for estradiol, testosterone, and SHBG in a subset of the participants. (2) Because
mitochondria play a key role in lipids utilization, we explored sex differences in skeletal
muscle mitochondrial function in a subset of the participants. (3) To understand whether
the associations with SPARE-BA scores also existed at the cognitive function level, we
explored sex differences in associations with cognitive changes. We first computed annual
rates of change of cognitive measures of interest using simple linear regression. We then
used multivariable linear regression models to test the “sex-lipid” interaction with cognitive
changes as outcomes. Models were adjusted for the same demographic covariates above and
baseline cognitive performance.

In this exploratory analysis, significance was set at p<0.05 considering each lipid variable
as separate predictor. We additionally corrected for multiple testing using FDR as sensitivity
analysis. All analyses were performed using SAS v6.4 (Cary, NC).
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Participants’ characteristics are presented in Table 1. There was no significant sex difference
in age or APOE &4 carrier status. Men had more years of education and greater waist
circumference than women. After controlling for age, men showed a higher beta-oxidation
rate and higher levels of long-chain and short-chain acylcarnitines, compared to women.
Men had lower concentrations of ceramides, glycoceramides, glycolipids and cholesterol
esters, and sphingomyelins compared to women. There were no significant sex differences in
very long-chain and long-chain triglycerides.

After adjustment, there were significant interactions between four lipid variables and sex in
models predicting the rate of change in SPARE-BA score (Table 2). The four lipid variables
were beta-oxidation rate, short-chain acylcarnitines, long-chain ceramides, and very long-
chain triglycerides (Table 2). These significant interactions indicated that the associations
between lipids and the rate of change in SPARE-BA score were different by sex. After
stratification by sex, we found that lower beta oxidation rate and lower concentrations of
short-chain acylcarnitines were associated with a faster rate of increase in SPARE-BA in
women, and not in men (Table 2; Supplementary Figure 2-3). Higher concentrations of
long-chain ceramides and very long-chain triglycerides were associated with a faster rate of
increase in SPARE-BA in men, but not in women (Table 2; Supplementary Figure 2--3). In
addition, the interaction between long-chain triglycerides and sex showed a p-value of 0.085
(Table 2). Higher concentrations of long-chain triglycerides were associated with a faster
rate of increase in SPARE-BA in men (Table 2; Supplementary Figure 2-3). Additional
adjustment for waist circumference, APOE e4 carrier status, or medication use for high
cholesterol did not substantially alter these sex-specific associations (Supplementary Table
2).

In men, the observed associations of long-chain ceramides and very long-chain triglycerides
with SPARE-BA slopes remained significant after additional adjustments for sex hormones
(all p<0.05; Supplementary Table 2). In women, the additional adjustment for sex hormones
did not substantially affect the association of beta-oxidation rate but attenuated the
association of short-chain acylcarnitines (Supplementary Table 2).

We compared sex differences in a subset of the participants who had skeletal muscle
mitochondrial function at their most recent visit (mean £ SD: 0.0207+0.0057 in 118 men;
0.0186+0.0039 in 148 women). After adjustment for age, race, and extent of PCr depletion
during exercise, KPCr was significantly higher in men compared to women (p=0.005).

In the exploratory analyses of cognitive outcomes, we found significant “sex-lipid”
interactions of long-chain triglycerides in models predicting annual changes in DSST and
TMT-A (B (95% ClI), p-value: -0.199 (-0.377, —0.021), 0.028, and 0.195 (0.023, 0.368),
0.027, respectively). After sex stratification, higher long-chain triglycerides were associated
with a greater rate of decline in DSST and a greater rate of increase in TMT-A in men

(both p<0.05), but not in women (both p>0.05). We also found a significant “sex-lipid”
interaction of very long-chain triglycerides in models predicting annual changes in TMT-A
(B (95% Cl), p-value: 0.193 (0.020, 0.365), 0.029). The association of higher very long-
chain triglycerides and a greater rate of increase in TMT-A in men showed p-value of
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0.070 in men and 0.258 in women. These interaction effects were not significant after FDR
correction.

4. Discussion

In this sample of community-dwelling older adults who were cognitively normal at baseline,
men and women showed different patterns of lipid profiles predicting the progression

of brain atrophy over time. These sex-specific associations varied in the lipid groups

and structures based on the carbon chain length. Specifically, lower levels of short-chain
acylcarnitines were associated with accelerated brain aging in women, whereas higher levels
of long-chain ceramides and very long-chain triglycerides were associated with accelerated
brain aging in men. We extend prior research on associations of circulating lipids with

brain structure in several aspects. First, we investigated sex differences in these associations.
Second, we used longitudinal assessments of the start-of-the-art MRI-derived brain aging
index by machine learning. We examined lipid profiles based on the length of the carbon
chain related to lipid functions.

Mechanisms underlying these sex-specific lipid profiles of brain aging are not fully
understood. These differential lipid profiles of brain aging may be related to where

lipid metabolism takes place at the cellular level. Because acylcarnitines are transported
from the inner membrane of the mitochondria into the matrix (Tonazzi et al. 2015), and

lipid metabolism such as ceramides and triglycerides occurs predominantly outside of the
mitochondria, perhaps impaired mitochondrial function plays a key role in sex-specific brain
aging (Figure 1).

The observed association of acylcarnitines with brain aging in women but not in men may
be due to lower levels of acylcarnitines and mitochondrial function in women than men.
Recent data have shown that intramuscular short-chain acylcarnitines are lower in older
women, but not in men (van der Hoek et al. 2020). In our study, the additional analysis of
sex differences in skeletal muscle mitochondrial function in a subset of participants showed
lower mitochondrial function in women than men. Mitochondria are thought to be a central
target for sex differences in various pathologies. Mitochondrial function is regulated by

sex hormones and plays a key role in lipids utilization (Ventura-Clapier et al. 2017). The
biosynthesis of membrane lipids is also needed for mitochondrial biogenesis and mitophagy
because lipids are essential structural components and the main fuel for energy production.
In addition, the oxidation of lipids within mitochondrial is the main mechanism that triggers
an inflammatory response (Walker et al. 2022). Other possible explanations for the observed
sex differences may include sex hormones (Marrocco and McEwen 2016) and exposure

to cardiovascular risk and obesity (Wang et al. 2011). Sex hormones, including estradiol,
slightly attenuated the observed associations in short-chain acylcarnitines in this sample

of women aged 60 or older. This may suggest that even in older age, sex hormones may
still play a role in the lipid profiles of female brain aging. Some data have suggested that
estradiol decreases carnitine levels in women, although mechanisms are unclear (Takiyama
and Matsumoto 1998). There is also a connection between estrogen and mitochondrial
function. Estrogen increases mitochondrial respiration efficiency by increasing oxidative
phosphorylation and decreasing ATPase activity. Estradiol translation through estrogen
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receptor B into mitochondria regulates mitochondrial calcium sequestration (Nilsen and
Brinton 2004). It may be speculated that mitochondrial dysfunction contributes to brain
aging in women through lipid metabolism and the regulation of sex hormones.

The associations of long-chain ceramides and long-chain and very-long triglycerides

with the progression of brain aging in men could indicate lipid metabolism occurring
predominantly outside of the mitochondria may contribute to male brain aging. Our findings
are in line with previous studies. In one postmortem study of adults aged 65 or older,
ceramides, along with sphingomyelin, and sulfate content, were strongly associated with

age in the hippocampus of men, and not in women (Couttas et al. 2018). Peroxisome
proliferator-activated receptor a (PPAR a) is a known transcription factor and metabolic
regulator of the catabolism of fatty acids. It is involved in lipids metabolism, inflammatory
response as well as amyloid precursor protein, and it plays a key role in neuronal function by
governing synaptic plasticity. PPAR a shows sex differences where males had higher levels
than females. Studies have also shown that PPARa agnostic treatment is neuroprotective
only in males, not in females (Dotson et al. 2016, Saez-Orellana et al. 2020). Sex differences
are suggested in PPAR a involved prevention and treatment for brain function. The observed
associations in men are not affected by sex hormones, waist circumference, or APOE e4
carrier status.

In the exploration of cognitive outcomes, we observed similar sex differences in the
association of ceramides and triglycerides with the progression of brain aging and these
findings further confirmed the observed sex differences in lipid profiles of MRI-derived
brain aging. Long-chain ceramides and triglycerides in particular are related to greater
declines in attention/processing speed and visuoperceptual speed in men but not in women.
We did not observe sex differences in the association with memory decline. Future studies of
larger samples with longer follow-ups are warranted to confirm these cognitive findings.

This study has several strengths. First, the study population is well-characterized
community-dwelling older adults, allowing us to study brain aging without overt
neurological diseases. Second, the assessment of brain aging patterns is state-of-the-art,
derived from brain MRIs using a machine learning approach based on a large consortium.
Third, the exploratory analyses of sex hormones and mitochondrial function provide new
insights into mechanisms underlying sex differences in lipid profiles of brain aging. Fourth,
the quantification of structure-based lipid groups highlights the importance of the length of
the carbon chain in lipid metabolism. This study has limitations. First, participants in this
study are volunteers and tend to be healthier than the general aging population. Second, data
on mitochondrial function are only available to a subset of the participants at their most
recent visit, which may be underpowered to detect sex differences. The observed interaction
effects between lipid measures and sex are somewhat modest and need to be validated in
other cohorts.

In conclusion, circulating lipid profiles of accelerated brain aging are sex-specific. These
sex-specific associations varied by lipid classes and the length of the carbon chain. Short-
chain acylcarnitines in women and long-chain ceramides and very long-chain triglycerides in
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men predict future accelerated brain aging. Mechanisms underlying these sex-specific lipid
profiles of brain aging warrant further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Circulating lipid profiles of accelerated brain aging are sex-specific.
These associations vary by lipid classes and the length of the carbon chains.

Mitochondrial dysfunction may play a role in these sex-specific associations.
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Figure 1. Hypothesized mechanisms of the role of lipids in brain aging.
Lower levels of short-chain acylcarnitines were associated with accelerated brain aging in

women. Lower acylcarnitine levels suggest lower mitochondrial function, as acylcarnitines
are transported from the inner mitochondrial membrane into the matrix and can influence
oxidative phosphorylation (red box). In contrast, high levels of long-chain ceramides and
very long-chain triglycerides were associated with accelerated brain aging in men. Long-
chain ceramides can permeabilize and damage mitochondria, leading to a decrease in
electron transport chain activity. Thus, in both cases, the adverse effect on the brain may be
explained by mitochondrial dysfunction, but with different mechanisms in men and women.

Neurobiol Aging. Author manuscript; available in PMC 2024 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tian et al.

Page 14

Table 1.
Participants’ baseline characteristics
Men (N=214) Women (N=261) Sex difference
Mean SE%&BN (%) Range Mean (SD) or N (%) Range p-value

Demographics
Age, years 75.2 (8) 60-94 73.9(8.2) 60-98 0.086
Race and ethnicity, n (%)

Chinese 2(0.9) - 4 (1.5) - -

Black 34 (16) - 78 (30) - -

Filipino 0 (0) - 3(1.2) - -

Japanese 0 (0) - 2(0.8) - -

Other Asian or Other Pacific Islander 3(1.4) - 6 (2.3) - -

Other Non-White 4(1.9) - 0 (0) - -

White 171 (80) - 167 (64) - -

Not Classifiable 0 (0) - 1(0.4) - -
Education, years 18.3(3.1) 7-32 17.3(2.7) 12-24 <0.001
Waist circumference, cm 95.7 (9.7) 73-146.5 83.1(11.1) 56.4-111.2 <0.001
Brain Aging measures
SPARE-BA score, unitless 73.6 (10.8) 46.2-99.7 72.6 (9.9) 48.4-97.9 0.697
SPARE-BA Slope (annual rate of change) 1.3(11) -2.3-5.7 1.1(0.9) -2-4.6 0.052
Number of brain MRI visits per participant 3.4 (15) 2-10 35(1.4) 2-11 0.787
Follow-up, years 4.7 (2.4) 1-11 4.8(2.3) 1-10 0.512
Other measures of interest
Apolipoprotein E &4 carrier status, n (%) 44 (21) (n=207) - 67 (26) - 0.276
gggseenqtlij:m cognitive impairment/ 36 (17%) ) 24 (9%) } 0017
Total cholesterol, mg/dL 171 (32) 88-255 193 (35) 102-373 <0.001
High-density lipoprotein, mg/dL 55 (14) 23-100 69 (16) 34-128 <0.001
Low-density lipoprotein, mg/dL 96 (29) 23-182 106 (31) 38-276 <0.001
Triglycerides, mg/dL 100 (54) 33-497 92 (40) 34 -357 0.075
Medication use for high cholesterol, n (%) 90 (42) - 101 (39) - 0.510
Estradiol, ng/dL 2.5 (0.8) (n=204) 0.5-5.3 0.7 (0.6) (n=230) 0.1-44 <0.001
Total testosterone, ng/dL 489.1 (185.0) (n=204) 11.0-1192.0  22.8 (13.6) (n=239) 3.4-97.0 <0.001
Bioavailable testosterone, ng/dL 112 (46) (n=203) 8.8-310 3.7 (2.8) (n=224) 0.7-18 <0.001
Sex iarmone-binding glycoprotein. 58.4 (24.4) (1=203)  14.0-139.4  74.9(38.4) (n=241)  13.3-3347 <0.001
Lipid variables
Acylcarnitines: Beta-oxidation rate 0.13 (1.00) -2.71-2.77 -0.10 (0.99) -3.48-2.99 0.013
Acylcarnitines: Long-chain 0.11 (0.98) -3.76-2.11 -0.09 (1.01) -3.76 -1.92 0.050
Acylcarnitines: Medium-chain 0.06 (0.88) -2.79-2.30 -0.05 (1.09) -2.79-2.18 0.327
Acylcarnitines: Short-chain 0.12 (0.94) -2.86-2.77 -0.10 (1.04) -4.03-3.01 0.023
Ceramides: Very Long-chain -0.26 (1.01) -2.96 -2.34 0.21 (0.94) -2.44 - 2.96 <0.001
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Men (N=214) Women (N=261) Sex difference
Mean (SD) or N (%) :

as noted Range Mean (SD) or N (%) Range p-value
Ceramides: Long-chain -0.31 (1.00) -2.98-2.23 0.26 (0.93) -2.72 - 2.66 <0.001
Glycoceremides: Very Long-chain -0.23(1.02) -2.84-2.20 0.19 (0.94) -2.40-2.88 <0.001
Glycoceremides: Long-chain -0.28 (1.05) -3.31-2.50 0.23 (0.89) -2.21-3.17 <0.001
Glycerolipids & Cholesteryl Esters:Very _ _ _ _ _
Long-chain 0.31 (1.01) 3.24-227 0.25 (0.92) 1.90-2.49 <0.001
Shlg/icnerolipids & Cholesteryl Esters:Long- -0.27 (0.96) —3.96-1.81 0.22 (0.98) ~3.18-2.79 <0.001
Sphingomyelins: Very Long-chain -0.40 (0.99) -3.24-2.35 0.33 (0.89) -1.86-2.90 <0.001
Sphingomyelins: Long-chain -0.51 (0.92) -3.05-211 0.42 (0.86) -2.51-3.70 <0.001
Triglycerides: Very Long-chain -0.01 (1.07) -4.15 - 2.86 0.01 (0.94) -3.60 - 2.62 0.890
Triglycerides: Long-chain 0.01(1.07) -2.88-3.16 -0.01 (0.95) -2.84-2.82 0.763

Note: p-values were based on t-tests for continuous variables and chi-square tests for categorical variables. Sex differences in SPARE-BA index
and lipid variables were adjusted for age. Lipid variables were based on log-transformed values and standardized to Z scores. The bold number

indicates significance at a two-tailed p<0.05.
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Sex-by-lipid interaction and sex-specific associations of lipid variables with change in SPARE-BA index score

Interaction (n=475) Men (n=214) Women (n=261)
Lipid class Variables B (95% CI) p-value B (95% ClI) P-value B (95% CI) P-value
Acylcarnitines Beta-oxidation 0.181 (0.0002, 0.057 (0.091, -0.128 (0.239,
rate 0.361) 0.0497 0.205) 0.450 0.018) 0.023
Long-chain 0.040 (~0.141, 0.024 (0.127, -0.020 (0.132,
0.222) 0.663 0.175) 0.757 0.092) 0.724
Medium-chain 0.099 0.298 0.045 0.595 -0.059 0.263
(-0.088, 0.287) (0.122, 0.212) (0.162, 0.044)
Short-chain 0.196 (0.012, 0.068 (0.088, -0.128 (0.234,
0.379) 0.036 0.225) 0.392 0.022) 0.018
Ceramides Very Long-chain 0.041 (-0.143, 0.112 (0.034, 0.067 (0.054,
0.225) 0.662 0.250) 0.132 0.188) 0.275
Long-chain 0.196 (0.010, 0.207 (0.061, 0.002 (0.120,
0.381) 0.039 0.352) 0.006 0.124) 0.971
Glycosylceramides Very Long-chain 0.044 (-0.139, 0.044 (0.101, 0.019 (0.101,
0.228) 0.634 0.190) 0.551 0.140) 0.753
Long-chain 0.083 (~0.102, 0.053 (0.088, -0.010 (0.137,
0.269) 0.379 0.193) 0.458 0.117) 0.877
Glycerolipids & Very Long-chain 0.108 (-0.079, 0.009 (0.137, -0.085 (0.206,
Cholesteryl Esters 0.294) =l 0.156) . 0.037) 0.172
Long-chain 0.113 (-0.074, 0.112 (0.042, -0.004 (0.124,
0.300) 0.237 0.265) 0.153 0.116) 0.946
Sphingomyelins Very Long-chain -0.046 (—0.238, -0.039 (0.188, -0.002 (0.127,
0.146) 0.637 0.110) 0.611 0.123) 0.971
Long-chain 0.053 (-0.059, 0.030 (0.128, -0.024 (0.154,
0.353) 0.607 0.185) 0.707 0.106) 0.716
Triglycerides Very Long-chain 0.190 (0.011, 0.149 (0.011, -0.061 (0.181,
0.369) 0.037 0.286) 0.035 0.060) 0.324
Long-chain 0.157 (-0.022, 0.153 (0.015, _
0.337) 0.085 0.291) 0.030 0.028 0.650

Note: Bold number indicates significant associations at two-tailed p<0.05. All models were adjusted for baseline age, race, education, and baseline

SPARE-BA score. The reported beta is equivalent to Cohen’s d effect size (per standard deviation change in the independent variable). The

interaction effects did not survive FDR-adjusted p<0.05.
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