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An exploratory study on lipidomic
profiles in a cohort of individuals
with posttraumatic stress disorder

Aditi Bhargava?*, Johannes D. Knapp?, Oliver Fiehn3, Thomas C. Neylan** &
Sabra S. Inslicht*>**

Posttraumatic stress disorder (PTSD) can develop after trauma exposure. Some studies report that
women develop PTSD at twice the rate of men, despite greater trauma exposure in men. Lipids and
their metabolites (lipidome) regulate a myriad of key biological processes and pathways such as
membrane integrity, oxidative stress, and neuroinflammation in the brain by maintaining neuronal
connectivity and homeostasis. In this study, we analyzed the lipidome of 40 adults with PTSD and 40
trauma-exposed non-PTSD individuals (n=20/sex/condition; 19-39 years old). Plasma samples were
analyzed for lipidomics using Quadrupole Time-of-Flight (QToF) mass spectrometry. Additionally, ~90
measures were collected, on sleep, and mental and physical health indices. Poorer sleep quality was
associated with greater PTSD severity in both sexes. The lipidomics analysis identified a total of

348 quantifiable known lipid metabolites and 1951 lipid metabolites that are yet unknown; known
metabolites were part of 13 lipid subclasses. After adjusting for BMI and sleep quality, in women with
PTSD, only one lipid subclass, phosphatidylethanolamine (PE) was altered, whereas, in men with
PTSD, 9 out of 13 subclasses were altered compared to non-PTSD women and men, respectively.
Severe PTSD was associated with 22% and 5% of altered lipid metabolites in men and women,
respectively. Of the changed metabolites, only 0.5% measures (2 PEs and cholesterol) were common
between women and men with PTSD. Several sphingomyelins, PEs, ceramides, and triglycerides were
increased in men with severe PTSD. The correlations between triglycerides and ceramide metabolites
with cholesterol metabolites and systolic blood pressure were dependent upon sex and PTSD status.
Alterations in triglycerides and ceramides are linked with cardiac health and metabolic function in
humans. Thus, disturbed sleep and higher body mass may have contributed to changes in the lipidome
found in PTSD.

Keywords Ceramides, Fatty acids, PE, Mass spectrometry, Sex differences, Sleep quality, Sphingomyelins,
Triglycerides

Posttraumatic stress disorder (PTSD) is a psychiatric condition that may develop after exposure to an actual
or threatened death, serious injury, or sexual violence. PTSD may be characterized by: (i) reexperiencing (e.g.,
intrusive thoughts, nightmares, flashbacks); (ii) avoidance; (iii) negative changes in cognition and mood (hope-
lessness, lack of emotions), and (iv) hyperarousal (trouble sleeping, risky or destructive behavior, angry outbursts)
(DSM-5)". Disturbed sleep is one of the most common complaints among individuals with PTSD* Lower slow
wave sleep duration and delta-band spectral power are more pronounced in men than women and correlate with
PTSD status’. In contrast, greater rapid eye movement sleep is found in women with PTSD compared to healthy
controls, a difference not seen in men®. PTSD is also known to affect physical health and has been associated
with greater inflammation, metabolic syndrome, gastrointestinal illness, and even early mortality*'>. It is pos-
sible that disturbed sleep may play a role in these health impacts since sleep duration correlates with metabolic
risk in PTSD™.
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Epidemiological evidence suggests that women develop PTSD at twice the rate of men, despite greater trauma
exposure in men'>'S. Women are also at increased risk for stress-related physical comorbidities, including inflam-
matory, metabolic, and GI disorders'>'7-". Although some have suggested that greater exposure to interpersonal
violence may contribute to higher rates of PTSD in women; evidence also implicates sex differences in the
molecular mechanisms involved in stress regulation and disease processes. Trauma exposure can have signifi-
cant effects on molecular, biochemical, and cellular systems that are associated with a complex array of PTSD
symptoms and physiological comorbidities?*?!. Lipids are emerging as an important contributor of health of the
brain but the relationship between PTSD severity and lipid metabolites is unknown. While prior studies have
found alterations in neuroendocrine, immune, and aging processes in PTSD*%3, our understanding of the role
of metabolite disturbances in PTSD is limited. The structure and function of the complete set of lipids in each
cell or organism is referred to as the “Lipidome”. Several classes of lipids that include fatty acids, diacylglycerols,
triglycerides, phospholipids, sphingomyelin, ceramides, and acylcarnitine comprise the lipidome (Fig. 1a)*%. Most
of the classes of lipids are derived from fatty acids with Acyl-CoA as a key intermediary (Fig. 1).

Technological developments such as mass spectrometry allow for the examination of levels of multiple ana-
lytes simultaneously and discovery of novel pathways and hence offers a great advantage to detect patterns of
alterations in a complex disorder such as PTSD. The use of non-targeted metabolomics to better understand the
pathophysiology of PTSD has great potential since it considers all known, and even unknown, molecules and
pathways all at once. Metabolomics is a global approach to understanding regulation of metabolic pathways and
networks of physiologically relevant interactions. The metabolome is regulated by gene-environment interactions
and reflects the intermediary state between genotype and phenotype. Gene mutations, single nucleotide polymor-
phisms, and mutations in proteins are associated with PTSD, but none of these alone explains the complex mani-
festation of PTSD and comorbid health conditions. A multi-omics approach has been used to identify potential
biomarkers that range from DNA methylation, proteins, miRNA, lipids, and other metabolites in warzone male
veterans with PTSD?. Metabolomic profiling has also led to the identification of key differences in glycolysis and
fatty acid pathways that were associated with mitochondrial dysfunction in men with PTSD?*%. Characterization
of metabolomic pathways can help elucidate the discovery of yet unknown biological mechanisms of disease.

Several studies have examined the lipidome of PTSD. One study examined peripheral blood serum samples of
20 PTSD civilian patients and 18 healthy non-trauma controls and found alterations in lipid-derived metabolites
were altered in PTSD?. Unfortunately, sex differences were not examined in that study. PTSD was associated
with alterations in lactate and pyruvate, pathways related to glycolysis, decreases in unsaturated fatty acids
involved in inflammatory processes, and metabolism, possibly pointing to mitochondrial alterations in male
combat trauma-exposed veterans from the Iraq and Afghanistan conflicts (n=52 PTSD; n=51 controls). Two
glycerophospholipids, phosphatidylethanolamine (18:1/0:0) and phosphatidylcholine (18:1/0:0) that may relate
to inflammation, mitochondrial dysfunction, membrane breakdown, oxidative stress, and neurotoxicity were
found in a study of male Croatian war veterans (n =50 with PTSD, 50 healthy controls; and a validation group
of n=>52 with PTSD, n=52 healthy controls)?. Alterations in compounds related to bile acid metabolism, fatty
acid metabolism and pregnenolone steroids, which are involved in innate immunity, inflammatory process and
neuronal excitability were associated with PTSD in male World Trade Center responders (n=>56 participants
with PTSD, n =68 controls)?.

The largest study to date examined differences in severity and progression of PTSD using a multi-omics
analysis of metabolomics, proteomics and DNA methylome assays in 159 active-duty male participants with
relatively recent onset PTSD (< 1.5 years) and 300 male veterans with chronic PTSD (>7 years)?. Their findings
indicated that active-duty participants with recent PTSD had alterations in signaling and metabolic pathways
involved in cellular remodeling, neurogenesis, molecular safeguards against oxidative stress, polyunsaturated
fatty acid metabolism, immune regulation, post-transcriptional regulation, cellular maintenance, and markers
of longevity. In contrast, Veterans with chronic PTSD showed evidence of alterations associated with chronic
inflammation, neurodegeneration, cardiovascular and metabolic disorders, and cellular attrition. These findings
suggest that time since trauma and/or age may play an important role, as molecular alterations in the younger
cohort reflected homeostatic or compensatory responses, whereas the older cohort had alterations indicative of
more chronic disease. The implications of these findings may be relevant for women in the menopausal transition;
however, too few women were included in this latter study to allow for an analysis of sex differences.

We are not aware of any study that has systematically ascertained sex differences in the status of lipid metabo-
lites in serum samples of women and men with PTSD and trauma-exposed non-PTSD individuals. In this study,
we aimed to examine alterations of lipid metabolites and the contribution of sleep measures in both men and
women with PTSD using integrated systems analysis approach.

Results

Demographic data and clinical characteristics

By design, PTSD and control subjects were sex-and age-matched, and had no significant differences in education,
or race/ethnicity across all four groups (Table 1) and as previously reported'®. In our cohort, men and women
with PTSD did not differ in terms of CAPS scores, rates of current MDD, or history of childhood trauma (defined
by the presence of two or more categories of childhood trauma as compared to one or none)’. Eleven control
subjects reported a lifetime history of a traumatic criterion Al event, no current or lifetime history of PTSD as
assessed by the CAPS. However, women with PTSD had higher PTSD Symptom Checklist (PCL) scores than
men with PTSD (Fig. 2a). Additionally, none of the control subjects reported a history of two or more categories
of childhood trauma. There were no differences between PTSD and control women in use of hormonal birth
control or group differences in smoking of tobacco. Men with moderate and severe PTSD symptoms had higher
BMI scores compared with women with similar scores and men with low PCL score (controls) had the lowest
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Figure 1. Lipid biosynthesis pathways and lipid metabolites. (a) Schematic of pathways involved in the
synthesis of various lipid subclasses from Acetyl-Co-A. Glucose is converted to Acetyl-Co-A via glycolysis in
the mitochondrial membrane (tricarboxylic acid cycle: TCA). Introduction of a double bond in the A9 position
of the acyl chain and subsequent elongation of the carbon chain leads to the generation of mono and poly
unsaturated fatty acids (PUFA), respectively. Essential omega FA cannot be synthesized by human cells and
must be obtained from the diet. Sphingolipids contain polar heads derived from serine, phosphocholine, or
phosphoethanolamine. Cholesterol is also synthesized from Acetyl-Co-A and is the structural backbone and
starting material for all steroid hormone biosynthesis. (b) Biosynthesis pathway of 13 major lipid subclasses
identified using MToF mass spectrometry. COX1/2 prostaglandin-endoperoxide synthase, CDP-DAG cytidine
diphosphate-diacylglycerol, CER ceramide, DAG/DG diacylglycerol, FA fatty acid, LPA lysophosphatidic acid,
LPC lysophosphatidylcholine, LPE lysophosphatidylethanolamine; LPS lysophosphatidylserine, PA phosphatidic
acid, PC phosphatidylcholine, PE phosphatidylethanolamine, PG phosphatidylglycerol, PGE, prostaglandin E,,
PGH, prostaglandin H,, PI phosphatidylinositol, PIPx phosphatidylinositol phosphate, PS phosphatidylserine,
S1P sphingosine-1-phosphate, SP sphingosine, TAG/TG triacylglyceride. Adapted from Baenke et al.?%.
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Men ‘Women
Variable Control (N=22) PTSD+ (N=22) Control (N=24) PTSD+ (N=22) Total (N =90)
Age (mean +SD)* 30.2+8.76 30.6+7.61 30.0+7.47 30.2+6.82 30.3+7.31
Education (Years) (mean +SD)? 15.5+2.08 14.4+2.32 15.5+1.92 15.3+2.03 15.2+2.11
Race®
African American 1(4.5%) 3(13.6%) 0(0.0%) 2(9.1%) 6 (6.7%)
Asian/Hawaiian/Pacific Islander 4(18.2%) 1 (4.5%) 3 (12.5%) 2(9.1%) 10 (11.1%)
Caucasian 17 (77.3%) 13 (59.1%) 19 (79.2%) 14 (63.6%) 54 (63.5%)
Other/unknown 0 (0.0%) 5(22.7%) 2 (8.3%) 4(18.2%) 11 (12.2%)
Hispanic ethnicity®s 0 (0.0%) 5 (22.7%) 3 (12.5%) 1(4.5%) 9 (10.0%)
Current CAPS score? (mean +SD) 0.0+0.0 51.9+13.03 0.0+0.0 55.2+21.58 53.5+17.70
PTSD Symptom Checklist (PCL; mean+SD)® 19.09+4.21 46.0+12.29* 19.9+4.08 55.6+12.27* 34.8+18.39
Current MDD! 0 (0.0%) 5 (22.7%) 0 (0.0%) 3 (13.6%) 8 (8.9%)
Childhood trauma < 14 years of ages" 0 (0.0%) 8 (36.4%) 0(0.0%) 11 (50.0%) 19 (21.1%)
Hormonal birth control™ NA NA 2(8.3%) 6 (27.3%) 8 (17.4%)
BMI®
Underweight<18.5 2(9.1%) 0 (0.0%) 1(4.2%) 0 (0.0%) 3 (3.3%)
Normal weight=18.5-24.9 10 (45.5%) 4(18.2%) 12 (50.0%) 13 (59.1%) 39 (43.3%)
Overweight =25-29.9 10 (45.5%) 5(22.7%) 8(33.3%) 7 (31.8%) 30 (33.3%)
Obesity = BMI of 30+ 0 (0.0%) 13 (59.1%) 3 (12.5%) 2(9.1%) 18 (20.0%)
Smoker® 3 (13.6%) 4(18.2%) 6 (25.0%) 6(27.3%) 19 (21.1%)

Table 1. Demographics data and clinical characteristics of PTSD and control subjects. Reproduced from
Bhargava et al.'4, under creative commons attribution license. *Based on F-test. "Based on Chi-square test.
“Three subjects endorsed Hispanic ethnicity but did not select a racial descriptor. Six additional subjects
endorsed Hispanic ethnicity, in addition to a racial category of Caucasian or African-American race yielding

a total of 9 subjects self-identifying as Hispanic in this sample. Comparison of Hispanic ethnicity, p=0.063.
dControl subjects had CAPS scores of zero or had an absence of criterion A events. Comparison of male and
female PTSD subjects on current CAPS score, p=0.54. °PTSD group by gender interaction on current PCL
score, p <0.05. *Comparison of PTSD groups vs controls, p <0.001. Comparison of male vs female PTSD
groups vs controls, p<0.01. fAbsence of current MDD was required for inclusion into the control group.
Comparison of male and female PTSD subjects on rate of current MDD, p=0.43. 8Childhood trauma exposure
was defined, based on findings from our prior research, by exposure to 2 or more categories of childhood
trauma under the age of 14. Three (6.5%) control subjects reported a history of 1 category of childhood
trauma. "Chi-square test compared frequency of childhood trauma between male and female PTSD subjects
only, p=0.36. 'Chi-square test compared use of hormonal birth control female PTSD and control subjects only,
p=0.09. 'Based on diary.

BMI (Fig. 2a). Clinical data from a total of 98 different measures, including sleep measures (Supplementary
Table S1), were analyzed together with lipid metabolites in an integrated systems approach.

Correlation of lipid subclasses with anthropomorphic and clinical measures of BMI and
triglycerides

In our cohort, we analyzed PTSD severity according to terciles derived from PCL scores. Participants were found
to have low (17-28), moderate (28-35) or high PCL scores (>35) corresponding to no PTSD symptoms, moder-
ate, or high PTSD symptoms, respectively (Fig. 2a). While perceived sleep quality as determined by Pittsburgh
Sleep Quality Index (PSQI) scores did not differ between men and women, PSQI scores were highest in men
and women with high PTSD symptoms (PCL scores > 35) (Fig. 2a). BMI was highly correlated with % body fat
as ascertained using a DEXA scan (Fig. 2b). BMI was also highly correlated in men and women with high PTSD
symptoms, but no correlation with BMI was evident in women with no PTSD symptoms (Fig. 2b). A correla-
tion between BMI and the clinical measure of triglycerides was also evident in women and men (Fig. 2b); at low
PCL scores, the correlations in women and men were r=0.723, p=0.00156 vs r =0.614, p=0.0149, respectively,
whereas at high PCL scores, the correlations were not significant (female: r=0.467, p=0.079 vs male: r=0.498,
p=0.070; Fig. 2b). While triglyceride levels were correlated with systolic blood pressure levels in men and women
with low PCL scores, this correlation was not significant in individuals with higher PCL scores (Fig. 2c). Tri-
glyceride levels correlated with plasma gamma-glutamyltransferase (GGT) levels, but serum glutamic-pyruvic
transaminase (ALT/SGPT) levels were only correlated in women with high PCL scores.

We next ascertained which lipid subclasses were associated with age, BMI, and weight. In sex segregated
analyses of the 13 lipid subclasses, age was not associated with any lipid subclasses in women but 3 subclasses
(fatty acids (FA), lysophosphatidylethanolamine (LPE), and phosphatidylethanolamine (PE)) were correlated
with age in men (Table 2). BMI was associated with 9 lipid subclasses in men and only 3 in women, whereas
only PI was associated with body weight in men and 2 subclasses (diglycerides (DG) and triglycerides (TG)) in
women (Table 2). In sex aggregated analysis, only PE correlated with age, whereas 9/13 lipid subclasses correlated
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Figure 2. Clinical characteristics of PTSD cohort. (a) Bar charts showing the average BMI, PCL and PSQI
scores were analyzed based on PTSD severity according to terciles derived from PCL scores (Low PCL; no
PTSD), 33-67% (Moderate PCL; moderate PTSD symptom severity) and 67-100% (High PCL; severe PTSD
symptom severity) scores in unadjusted analysis. (b,c) Scatter plots for the four measures most significantly
correlated with top 4 measures in the dataset (including clinical and lipid metabolites) after adjusting for BMI
and PSQI. Trendlines, or an nth-degree polynomial trendline if its goodness-of-fit is either 50% greater than,
or if it explains at least half of the variance not explained by the (n — 1)th-degree polynomial, were fit to the
data. R? r and p denote goodness-of-fit, Pearson’s correlation coefficient and significance of the correlation,
respectively. Numbers on X-axis in bar charts in (a) denote the actual number of patients in which the measures
were detected. N/group: Low PCL Q: 16; Moderate (Mod) PCL Q: 15; High PCL%: 15; Low PCL &: 15; Mod
PCL J: 15; High PCL 3 14. GGT glutamyltransferase, ALT/SGPT serum glutamic-pyruvic transaminase.
Adjusted for BMI and PSQI.

with BMI, and 6/13 lipid subclasses correlated with body weight (Table 2). In BMI unadjusted analysis, total
blood cholesterol and calculated low-density lipoprotein (LDL) cholesterol exhibited significant correlations
with 12/13 and 11/13 lipid subclasses, respectively in sex aggregated analyses (Table 3) with cholesterol esters
and sphingomyelin subclasses exhibiting r>0.82 in both women and men (Table 2). Triglycerides measured
with mass spectrometry in our dataset correlated highly with the clinical measure of TGs measured by routine
assays (r>0.95) in both women and men (Table 3). TGs in our dataset correlated very strongly with calculated
VLDL (r20.94) and cholesterol: HDL ratio (r>0.61) in both sexes, but less strongly with total cholesterol, HDL
and VLDL levels (Table 3). In addition to TG, 8 other lipid subclasses correlated with blood TG levels in men
and 5 subclasses in women with DG (r>0.89) and ceramides exhibiting strong correlations. In women, except
for LPC, all other subclasses associated with VLDL levels (Table 3).

Sex differences in correlations of PTSD symptom severity with lipid subclasses

Next, we ascertained the correlation of lipid subclasses with the general health and PTSD symptom sever-
ity measures (Table 2). Regression analyses revealed sex differences in the correlation of 13 lipid subclasses
with various PTSD, other biological and anthropomorphic measures. In sex aggregated analysis, 5/12 lipid
subclasses were associated with PCL scores. In women, only PE was associated with the PCL (r =0.36), whereas
7 subclasses were significantly associated in men (Table 2). The same 7 lipid subclasses in men were also associ-
ated with BMI, whereas in women, ceramide, DG, and TG were associated with BMI. In men, LPE and PE were
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positively associated with age, whereas FA was associated negatively. No lipid subclasses were associated with
age in women. In sex aggregated analysis, 6 lipid subclasses were associated with body weight, but sex-specific
analyses revealed that while DGs and TGs were associated with body weight in women, only PI was associated
with body weight in men (Table 2).

Integrated and systems lipidome and clinical measures analyses

The lipid panel identified a total of 413 known lipids of which 348 were present in all 80 individuals; known
metabolites were part of 13 classes of lipids namely, acylcarnitine, cholesteryl esters (CE), ceramides (Cer), glu-
cosylceramide (GlcCer), diglycerides (DG), fatty acids (FA), LPC, lysophosphatidylethanolamine (LPE), PC, PE,
PI, sphingomyelin (SM), and TGs. PCA revealed that individuals with moderate and high PCL scores fell into
discrete groups with women and men showing clear separation (Fig. 3a), suggesting variability in the datasets
of men and women with PTSD, despite similar total PTSD symptom severity levels. Volcano plots revealed that
men with high PCL scores experienced significant alterations in 8 lipid subclasses, whereas phosphatidyletha-
nolamines were the only changed lipid subclass in women with high PCL scores (Fig. 3b-d). PCA donut charts
revealed subclasses of lipids that comprise various components to explain >90% variability in the lipidome in
men with moderate and high PCL scores (Fig. 3¢).

Men with greater PTSD symptom severity have many more differences in the lipidome than
women with similar severity levels

Next, we performed an integrated analysis with 348 individual lipids and 93 clinical measures and examined
differences in individual lipid metabolites and clinical measures in women and men with moderate and high
PCL scores compared to women and men with low PCL scores, respectively. PCA donut charts revealed that
component 1 explained 35% and 44% of the variability in the datasets (including lipidome and clinical measures)
in women and men, respectively (Fig. 4a). A detailed distribution of the first two PCA components is shown
in scatter plots (Fig. 4b). Women with moderate and high PCL scores shared only ~ 1.86% (8/430) of the meas-
ures; ~ 3.2% (14/430) measures were significant only in the PCL moderate group and ~ 5.6% (24/430) measures
were significantly altered in women with high PCL scores compared with women with low PCL scores (Fig. 4c).
In contrast to women, men with moderate and high PCL scores shared ~ 10% (44/431) measures, with ~4.2%
(18/431) measures specifically altered in men with moderate PCL scores and ~21% (92/431) measures specifi-
cally altered in men with high PCL scores compared with men with low PCL scores (Fig. 4d). Pearson correla-
tions of all clinical and lipid metabolites with each measure are shown in Supplementary Table S2. Men with
moderate and high PCL scores demonstrated many more differences in individual lipid metabolites than women
with similar PCL scores (Fig. 5a,b). Men with high PCL scores had 22% (94/431) significantly different lipid
metabolites, whereas women had only ~ 5% (18/430) of significantly different measures with only 0.5% (3/431)
measures (2 phosphatidylethanolamine (PE) and cholesterol) shared between women and men (Fig. 5¢). When
the analysis was performed including various clinical measures, the significantly shared measures increased to
8 from 5 (Fig. 5¢, left).

Sex differences in clinical and sleep measures in individuals with PTSD

Disturbed sleep is known to exacerbate many health conditions but whether sleep is associated with alterations
in lipids subclasses in individuals with PTSD is not known. In sex aggregated analysis, 9/13 lipid subclasses cor-
related with PSQI scores and 4/13 were negatively correlated with self-reported total sleep time (TST). In sex
segregated analysis, only 3/13 and 1/13 lipid subclasses were correlated with PSQI scores and TST in women
with PTSD. In men with PTSD, 8/13 and 4/13 lipid subclasses were correlated with PSQI and TST, respectively
(Table 2), matching our findings from sex aggregated analysis. A total of 4/13 lipid subclasses were significantly
decreased in women with severe PTSD symptoms versus men with severe PTSD symptoms (Fig. Sla). Acylcar-
nitines were significantly less in women versus men regardless of PTSD status (Fig. S1a). We next determined
which clinical laboratory values and sleep measures differed between men and women with PTSD compared
with non-PTSD individuals. Using heat maps, we compared side-by-side, all significantly different clinical and
sleep measures in men and women with moderate and high PCL scores compared with men and women with
low PCL scores, respectively. Clinical and sleep measures that differed between women and men were also ascer-
tained; 75% (22/29) clinical measures and 46% (6/13) sleep measures, including PCL scores were significantly
different between women and men with severe PTSD symptoms (Fig. S1b,c). Eight of these 22 clinical measures
were also different between women and men with no PTSD symptoms (Fig. S1b). BMI, age, total fat, cholesterol,
triglycerides, creatinine, leptin, GGT were among some of the clinical measures (24/97) that significantly dif-
fered in men, but not women compared with their respective low PCL counterparts (Fig. 6a). GGT levels were
increased ~ twofold in men with high PCL scores (log, fold=1), whereas GGT levels were increased in women
with high PCL scores but did not reach statistical significance (Fig. 6a). Women with PTSD had lower body
weight than women without PTSD, but the difference was significant only in women with moderate PCL scores
vs low PCL scores (Fig. 6a). Total protein, human growth hormone, calcium, albumin, HDL cholesterol, and
globulin levels trended to be higher in women with moderate and high PCL scores compared with women with
low PCL scores (Fig. 6a); levels of globulin and HDL cholesterol were significantly different in women with high
PCL vs low PCL scores, whereas as levels of total protein, calcium, and albumin were significantly different in
women with moderate PCL vs low PCL scores. Human growth hormone levels were significantly increased in
women with both moderate and high PCL scores compared with women with low PCL scores (Fig. 6a). Both
women and men with moderate-to-high PCL scores reported poorer sleep quality with significantly worse PSQI
scores (Fig. 6b). Several other measures of sleep, both objective and qualitative, such as non-REM delta sleep
(In_delta_nrem) and total epochs of sleep (a sleep duration variable) were significantly decreased in men with
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Figure 3. Sex differences in lipid subclasses in PTSD patients. (a) Principal component analysis (PCA)

biplot showing clustering of samples by PCL scores and biological sex. (b) Volcano plots showing significant
differences in 13 lipid subclasses in moderate and high PCL groups by sex compared with respective low PCL
groups. The size of a point represents its quantifiability, calculated as 0.375+0.625 X sqrt([percent of cells
positive]) x [percent of samples positive] x [maximum point size]; the opacity of points represents expression.
The color intensity of points represents the size of the change, with increased symbols drawn in red and
decreased symbols in blue. Green lines denote (from top to bottom) p <0.001, 0.01 and 0.05 by Welch’s t-test. (c)
PCA donut plots showing the primary components necessary to explain at least 90% of the variance in moderate
(left) and high (right) PCL scores in male patients compared with low PCL scores for 13 lipid subclasses most
correlated with each of the primary components versus low PCL scores of the same sex. No lipid subclass

was significantly different in women with moderate PCL scores and only phosphatidylethanolamine (PE)

was significantly increased in women with high PCL scores compared with women with low PCL scores. (d)
Venn diagram contrasting significant differences in measures between female (top left) and male (top right)
PTSD participants each compared to non-PTSD participants and listing the most changed symbols for each
Venn diagram segment, sorted by ascending p-value (not shown), with log, fold change versus low PCL score
non-PTSD participants shown. Venn diagram contrasting significantly changed measures between male and
female PTSD participants with moderate PCL (bottom left) and high PCL (bottom right) scores. Lipid subclass
measures with red lines were increased and those with blue lines were decreased. Adjusted for BMI and PSQL
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Figure 4. Integrated and systems lipidome and clinical measure analysis. (a) PCA donut plots showing the
primary components necessary to explain at least 90% of the variance in females (top) and males (bottom) with
high PCL scores compared with low PCL scores for all 348 individual lipid metabolites from 13 lipid subclasses
and the 7 symbols most correlated with each of the first two primary components. (b) PCA biplots for the first
two components with the color of points denoting log, fold change versus low PCL scores of the same sex. PCA
biplot showing clustering of samples by PCL scores and biological sex. Venn diagram contrasting significantly
changed measures between female (c) and male (d) patients with moderate and high PCL scores compared to
non-PTSD patients with low PCL scores and listing the most changed symbols for each Venn diagram segment,
sorted by ascending p-value (not shown), with log, fold change versus low PCL score non-PTSD patients shown.
Lipid metabolites and clinical measures with red lines were increased and those with blue lines were decreased.
Adjusted for BMI and PSQI.

high PCL scores compared with men with low PCL scores (Fig. 6b). Women with high PCL scores reported
significantly more waking after sleep onset (WASO) compared with women with low PCL scores and men
with PTSD, regardless of severity (Fig. 6b). Women with high PCL scores also reported significantly more
other anxiety-related awakening, as well as sleep onset latency (SOL), whereas women with PTSD, regardless
of PCL score reported significantly more night awakening (nwak) (Fig. 6b). Women with moderate PCL scores
experienced differences in only 10/430 lipid metabolites, 6 triglycerides and 1 PC (40:6 A) were decreased and
3 PE/PC were increased compared with women with low PCL scores (Fig. 6¢). Women with high PCL scores
experienced differences in 20/430 lipid metabolites with increases in TG, PC, PE, and CE subclasses, whereas
LPCs decreased (Fig. 6d).

In men with a moderate PCL score, 24/62 sphingomyelins (SM) were increased and were the most different
subclass of lipids (Fig. 7a). Other increased lipid metabolites were from the subclasses acylcarnitine, ceramide,
CEs, GlcCer, fatty acids, PCs, and LPC (Fig. 7b). In men with high PCL scores, PE (18/31), PC (14/134), LPC
(3/29), SM (20/62), TG (18/34), and ceramide (14/20) along with a select number of fatty acids, acylcarnitine,
LPE, PI, and DG were also different (Fig. 7c—f). Several SM, TG and Ceramides that were increased in men
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Figure 5. Sex differences in lipid metabolites in PTSD patients. Venn diagram contrasting significantly changed
lipid metabolite measures for (a) all subgroups, (b) female and male patients with high PCL scores compared
to non-PTSD participants with low PCL scores. The size of a point represents its quantifiability, calculated as
0.375+0.625 x sqrt([percent of cells positive]) x [percent of samples positive] x [maximum point size]; the
opacity of points represents expression. (c) Venn diagram contrasting significantly changed lipid measures
only (left) or lipid and clinical measures combined (right) between female and male participants with high
PCL scores and listing the most changed symbols for each Venn diagram segment, sorted by ascending p-value
(not shown), with log, fold change versus low PCL score non-PTSD participants shown. Log, fold change was
calculated for each sample versus its corresponding value with low PCL score, with the average shown and *, **
and *** denoting p <0.05, 0.01 and 0.001 by Welch’s t-test, respectively. Lipid metabolites and clinical measures
with red lines were increased and those with blue lines were decreased. Adjusted for BMI and PSQI.

with a high PCL score, tended to decrease in women with moderate-to-high PCL scores, suggesting divergent

responses to similar tr

auma symptom levels.

Most alterations in individual metabolites in individuals with moderate and high PCL scores
correlate with cholesterol and other lipids, but not PCL or PSQI

We next determined the correlations between the top changed individual lipid metabolites with clinical measures
and other lipid metabolites. TG (44:1) was the most changed/decreased (log, fold =— 1.59, p<0.05) in women
with moderate PCL scores versus women with low PCL scores (Fig. 6¢). TG (44:1) correlated most significantly
in all groups with LPC (14:0) (r = - 0.665, p=107%2); however, the correlation was stronger in men with high
PCL scores than in women (Fig. 8a, 3:1r=0.855, p=10"*vs Q: r=0.684, p=0.0049, respectively). TG (44:1) also
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Figure 6. Significantly changed clinical and sleep measures in all PTSD patients and lipid measures in female
PTSD patients. Heat map of the most-significantly changed clinical (a), sleep and PCL (b) measures in men

and women with PTSD compared with their respective no PTSD (Low PCL scores) controls. Lipid metabolite
measures identified in women with moderate PCL score (c) and high PCL score (d) compared with men and
women with low PCL scores, respectively. Changed measures are shown for all 4 subgroups. log, fold change
was calculated for each metabolite versus its corresponding metabolite value in low PCL group, with the average
shown and *, ** and *** denoting p <0.05, 0.01 and 0.001 by Welch’s t-test, respectively. Labels next to symbols
denote the percentage of samples in which metabolites were detected across all groups; group size (n) are shown
above group names. Adjusted for BMI and PSQI.

correlated with VLDL cholesterol in men and women with high, but not low PCL scores (Fig. 8a, 3:r=0.701,
p=0.007 and @: r=0.533, p=0.04). TG (56:8) was one of the top and most significantly increased metabolites
in women with high PCL scores (log, fold =0.536, p <0.05, Fig. 6D) and it correlated with VLDL cholesterol in
women, but not men with high PCL scores (Fig. 8b, 2:r=0.821,p= 10738 and &: r=0.407, p=0.167). PC (40:6)
B was the most correlated lipid metabolite with TG (56:8) in all patients (r=0.664, p=10751), however, individu-
als with low PCL scores displayed a very strong and robust correlation between TG (56:8) and PC (40:6)B but a
weaker correlation in women and men with high PCL scores (Fig. 8b). Men with moderate and high PCL scores
shared many of the changed metabolites. Ceramide (d40:0), Ceramide (d36:1), SM (d40:0), and TG (48:0), were
amongst the most increased metabolites in men with high PCL scores (Fig. 7e,f). All the metabolites correlated
with some form of cholesterol (Fig. 8c,d) and TG (48:0) also correlated robustly in all patients with TST and
systolic blood pressure (Fig. 8d, r =0.624, p=1077, and r=0.42, p=10"%1, respectively). However, the correlation
mostly held in men with high PCL scores and not in women (Fig. 8d).
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Figure 7. Significantly changed lipid measures in male PTSD patients. Heat map of the most-significantly
changed lipid measures in (a,b) men with moderate PCL scores, and (c-f) men with high PCL scores compared
with men with low PCL scores, respectively. Changed measures are shown for all 4 subgroups. Many of the lipid
metabolites increased in men with high PCL scores were decreased in women. Log, fold change was calculated
for each metabolite versus its corresponding metabolite value in the low PCL group, with the average shown
and *, ** and *** denoting p <0.05, 0.01 and 0.001 by Welch’s t-test, respectively. Labels next to symbols denote
the percentage of samples in which metabolites were detected across all groups; group sizes (n) are shown above
group names. Adjusted for BMI and PSQI.

Discussion

Epidemiological studies indicate that the prevalence of PTSD is higher in women. Not all traumas are equal;
exposure to and experiencing certain traumas, such as rape, childhood abuse, and combat results in higher
conversion to PTSD (~30-45%) than some other traumas (witnessing trauma, accident etc.), despite the preva-
lence of these traumas affecting less than 10% of the population®. Females report a higher prevalence of adverse
childhood events than males® and this could in part explain higher prevalence of PTSD in females. The role of
gender has not been categorically addressed in any studies; biological sex and gender are distinct and should not
be conflated®**. Minority and multiracial individuals and those within the age range of 25 to 34 years report
significantly higher adverse childhood events than any other groups®, but it is unclear if the rate of PTSD is also
higher in these groups with higher childhood traumas. Adverse childhood events and early-life adversity together
pose a greater health risk for several health conditions that include cardiovascular and pulmonary diseases,
metabolic disorders, inflammation, liver, and gastrointestinal diseases as well as mental health conditions®***34,
Conversely, individuals with mental health disorders have many of the comorbid health conditions mentioned
above. Studies have shown a strong link between adverse childhood events and mental health disorders such as
PTSD, depression, anxiety, and suicide®. Structural changes in the corticolimbic brain regions and the thala-
mus are reported in individuals with PTSD and history of adverse childhood events*. Thus, while much is
known about the epidemiology, behavioral neurobiology, and genetics of PTSD, few studies have examined lipid
metabolites in PTSD. Most of the cohorts studied consisted primarily of males**2**1-3¢ and sex segregated data
analysis has been performed only in one study to date to our knowledge'*. We have previously examined primary
metabolites in male and female PTSD patients and reported sex differences in levels of several metabolites and
the contribution of perceived sleep quality to many of the differences in primary amines'*.

Scientific Reports |

(2024) 14:15256 |

https://doi.org/10.1038/s41598-024-62971-7 nature portfolio



www.nature.com/scientificreports/

Significantly changed lipid metabolites in men with High PCL score versus Low PCL scores: status across all PTSD severity groups

e. -1.3 T

TG (50:1) 100%
TG (53:1) 100%
TG (54:5) B 100%
TG (49:0) 100%
TG (49:2) 100%
TG (49:1) 100%
TG (51:1) 100%
TG (48:1) 100%
TG (50:2) 100%
TG (54:6) B 100%
TG (49:3) 100%
TG (46:0) 100%
TG (50:3) 100%
TG (48:2) 100%
TG (48:0) 100%
TG (51:2) 100%
TG (52:4) 100%

TG (51:3) 100% 0.604*
15 14
PCL score  Mod & High &

SM (d36:2) 100%
SM (d36:1) 100%
SM (d41:1) 100%
SM (d41:1) 100%
SM (d34:2) 100%
SM (d33:1) 100%
SM (d34:1) 100%
SM (d40:1) 100%
SM (d40:0) 100%
SM (d36:0) 100%
SM (d42:1) 100%
SM (d36:0) 100%
SM (d42:1) 100%
SM (d37:1) 100%
SM (d38:1) 100%
SM (d37:1) 100%
SM (d39:1) 100%
SM (d32:1) 100%
SM (d40:3) 100%
SM (d32:1) 100%

" 1
Mod @ High @

Change in Abundance (log, fold change, V/A)

Ceramide (d36:1) 100%
Ceramide (d34:1) 100%
Ceramide (d38:1) 100%
Ceramide (d41:1) 100%
Ceramide (d42:0) 100%
Ceramide (d18:1/23:0) 100%
Ceramide (d39:1) 100%
Ceramide (d40:0) 100%
Ceramide (d42:1) 100%
Ceramide (d40:1) 100%
Ceramide (d42:1) 100%

Ceramide (d42:2) A 100%

Ceramide (d42:2) 100%
GlcCer(d14:1(4E)/20:0(20H)) 100%

15

Mod &

PCL score

T o.737

—-0.247

-0.264

14 15 15

High & Mod Q@ High@

15
PCLscore Mod &

FA (17:1) (heptadecenoic acid) 100%

-0.685 I

M o0.685

| 0292+ |

0.255

14 15 15
High & Mod @ High @
Change in Abundance (log, fold change, V/A)

-0.662 I Tl o0.662

P1 38:4; PI(18:0/20:4) 100%
Plasmenyl-PC 36:3 100%
Acylcarnitine C16:0 100%

DG (34:1) 100%

DG (38:5) 100%

15 14 15 15
PCLscore Mod & High &  Mod @ High @
Change in Abundance (log, fold change, V/A)

Change in Abundance (log, fold change, V/A)

Figure 7. (continued)

Metabolomics in conjunction with clinical measures provides a large amount of data that is often difficult to
interpret, thus an integrated and systems analysis approach is needed. No study thus far has integrated clinical
health measures with lipid metabolites or analyzed the contribution of comorbidities such as insomnia in the
altered lipid profile. Here, we performed, to our knowledge, first known integrated and systems levels analysis
of clinical health, sleep and lipid metabolites measured using QToF mass spectrometry in trauma-exposed indi-
viduals with and without PTSD. Many more lipid metabolites were altered in men with higher PTSD symptoms
than in women with similar scores. Many lipid metabolites that were significantly increased in men with PTSD
compared to men without PTSD belonged to lipid subclasses that included TG, SM, Ceramide, and PE; several
of these metabolites were decreased in women with PTSD, although the decreases were not significant in women
without PTSD. In our cohort, triglyceride levels correlated with plasma GGT levels, whereas serum ALT/SGPT
levels were only correlated in women with high PCL scores. Both GGT and ALT functions are indicators of liver
dysfunction, and GGT levels were associated with BMI, blood pressure, and triglycerides in the Framingham
Heart Study””*. Overall, the lipid alterations were greater in men with PTSD who also had the greatest BMI and
disturbances in sleep (e.g., poorer sleep quality (PSQI) and sleep duration (epochs)) compared to women with
PTSD in this cohort. In contrast to lipids, many more changes in primary metabolites were observed in women
with PTSD in this cohort as we have reported earlier'*.

One of the most common complaints among individuals with PTSD is sleep disturbance. Lower slow wave
sleep duration and delta-band spectral power are more pronounced in men than women and correlate with
PTSD status’. In contrast, greater rapid eye movement sleep is found in women with PTSD compared to healthy
controls, a difference not seen in men’. In this study, we found that WASO, minutes of wake that occurs between
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Figure 8. Scatter plots showing correlations between top 2 most significantly changed lipid metabolites in (a)
females with moderate PCL score (TG (44:1)), (b) females with high PCL score (TG (56:8)), (c) males with
moderate PCL score (Ceramide (d36:1) and SM (d40:0)), (d) males with high PCL score (Ceramide (d42:0)
and TG (48:0)). Trendlines, or an nth-degree polynomial trendline if its goodness-of-fit is either 50% greater
than, or if it explains at least half of the variance not explained by the (n — 1)th-degree polynomial, were fit to
the data. R?, r and p denote goodness-of-fit, Pearson’s correlation coeflicient and significance of the correlation,
respectively. Several changed metabolites correlated with clinical measures of (V)LDL cholesterol. Measures
also correlated with triglycerides, systolic blood pressure, and TST. Most significant correlations with other lipid
metabolites are also shown. Adjusted for BMI and PSQI.
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Figure 8. (continued)

sleep onset and waking was over ~ 2.5-fold greater in women with severe PTSD symptoms compared to women
without PTSD or to men with or without PTSD. Nighttime awakening was also greater in women with PTSD,
whereas men with PTSD did not report more night awakening compared to controls. Several lipid subclasses
were correlated with sleep quality and TST time in men and women with PTSD, with many more differences in
lipid subclasses found in men compared to women. Sleep disturbance is a key risk factor for health consequences
as it alters hypothalamic-pituitary—adrenal axis function, resulting in impaired glucose and lipid metabolism. The
hypothalamic-pituitary—adrenal and somatotropic axes activities are temporally associated with delta power sleep
and promote insulin sensitivity and metabolic syndrome. Additionally, sleep duration correlates with metabolic
risk in PTSD but does not fully account for the association between PTSD with known metabolic disturbances
such as in blood insulin or glucose levels®.

We have previously shown opposite correlations between tryptophan and insulin levels in men and women
with PTSD!4. Moreover, while estrogen, progesterone, and testosterone and their metabolite levels did not differ
between individuals with and without PTSD in this cohort, delta power sleep correlated with testosterone levels
in men'*. In this cohort, among men with severe PTSD, one triglyceride metabolite (TG (48:0)) was negatively
correlated with TST and systolic blood pressure. Among women with no PTSD, TG (48:0) was negatively cor-
related with TST. Men in this cohort with high PTSD severity also had higher BMI levels and the correlation
between BMI and systolic blood pressure were inversely correlated in men but not women. BMI was correlated
with triglycerides in men and women with no PTSD, whereas BMI showed a weaker correlation with triglyc-
erides in men and women with PTSD. Thus, higher weight might be contributing to differences in metabolic
health in men with PTSD, whereas as women with PTSD in this cohort did not have significant differences in
metabolic health and had BMI levels within normal range. Others have reported associations between PTSD
symptoms and three specific glycerophospholipids in Veterans with PTSD?; these specific metabolites were
not ascertained in our cohort. However, no information on BMI and other clinical measures was reported or is
available for comparison.

Sphingomyelins regulate endocytic function as well as receptor-mediated ligand uptake of ion channels and
G protein-coupled receptors*. SMs also regulate cardiovascular function and their distribution within cellular
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compartments often correlates with cholesterol. We found that nearly 65% of SM (24/37) were increased in men
with moderate and severe PTSD compared with low/no PTSD. While the same SM was decreased in women
with moderate PTSD and either increased or decreased in women with severe PTSD compared with women
with no PTSD, the differences in women did not attain statistical significance. Sphingomyelins (>40 carbon
length) were reportedly increased in a cohort of World Trade Center responders with PTSD compared with
non-PTSD individuals who were also exposed to the 9/11/2001 attacks in New York City*®. In the World Trade
Center cohort, after adjusting for several medical conditions, 9 different SMs correlated with BMI, whereas
hexosylceramide (HCER (26:1) did not. Kuan et al. also performed an integrated analysis of lipid metabolites
with proteomics and found several protein modules that contained IL-6 and ATP6V 1F proteins were associated
with fatty and bile acid metabolites®®. However, Kuan et al. could not replicate findings from other 3 studies?**>*
for specific lipid metabolites and their correlations with PTSD status, likely due to several variables, including
clinical profiles and PTSD measures used*. Our aim was not to replicate findings but perform an unbiased
analysis. Adjusting for BMI, PSQI or other clinical measures (such as total protein, cholesterol etc.) did not alter
our lipid metabolite findings.

Many essential fatty acids are derived from diet. Diet is one variable that is difficult to control for and is a
limitation for metabolomics analysis. Individuals in our cohort were in a 3 day/night sleep clinical inpatient study
and had access to limited dietary choices. Thus, while our cohort is not diet-controlled, per se, dietary variability
is far less than those that might be present in other studies that have interrogated the lipidome of individuals
with PTSD. In this regard, we identified over 1500 unknown lipid metabolites. Many of these were highly altered
in individuals with PTSD, more than any of the known lipids. In the future, identification of these unknown
metabolites can lead to discovery of PTSD-specific lipid markers. While medical conditions may contribute to
alterations in lipidomics, this sample included young and healthy participants and there were no associations
between PTSD and chronic disease states in this sample. It is possible that alterations in metabolites may reflect
earlier stages of future disease. While several lipid subclasses correlated with PSQI and TST in both men and
women with PTSD, contrary to our expectation that individual lipid metabolites that were different in men and
women with moderate and high PCL scores should correlate to some degree with PCL scores and sleep quality;
we did not find any. While prior studies have found alterations in neuroendocrine, immune, and aging processes
in PTSD, our knowledge of the role of metabolite disturbances is PTSD is limited but has the potential to elucidate
new discovery of yet unknown biological mechanisms of disease.

Phospholipid subclasses regulate critical physiological activities such as cell signaling, membrane structure,
fluidity, permeability, organelle, and immune functions. Membrane fluidity, especially for neuronal cells is key
for their structure and function and is determined by the presence phospholipid subclasses and their topologi-
cal distribution within the cell and organelle membranes*'. The most abundant phospholipid subclass in cell
membranes is phosphatidylcholine. PCs serve two key functions-determine membrane fluidity and storage of
neurotransmitter choline. Membranes with PC as predominant composition are devoid of any curvature due to
unique molecular geometry, and are typically fluid at room temperature*?. Since the ratio of PC to other phos-
pholipids determine membrane shape and permeability, altered ratios can lead to neuronal, cellular and organelle
signaling dysfunction. PC also serves as an essential reservoir for storing choline, a precursor for the neurotrans-
mitter acetylcholine and is essential for proper brain/neuronal function*’. While altered levels of PC are seen
in individuals with traumatic brain injury and is associated with impaired cholinergic neurotransmission and
impaired neurogenesis*, it is unclear if the same class of lipids are also altered in individuals with PTSD. In this
study, PC was significantly altered in men with PTSD, but not women. Although we did not measure any brain
function in this cohort, plasma and cerebrospinal fluid lipidomics are used as potential biomarkers for several
neurodegenerative diseases, such as the Alzheimer’s disease, Parkinson’s disease, and schizophrenia*’. However,
lipidomics information is limited and insufficient to understand lipid-associated changes in the brain or other
organs to shed light on the association between circulating and local lipid dysregulation in health or in pathology.

Increased levels of lysophosphatidylcholine disrupt mitochondrial membrane integrity and dysregulate
cytochrome C release in hepatocytes to modulate cholesterol biosynthesis. High LPCs levels are associated with
several pathologies such as cardiovascular diseases and diabetes. LPCs may serve as a group of proinflammatory
lipids that are involved in the pathogenesis of central nervous system-associated disorders*'. Phosphatidylethan-
olamine together with phosphatidylcholine, phosphatidylserine and phosphatidylinositol form the backbone of
most biological membranes. The relative proportions of lipid subclasses are maintained at a steady state under
homeostasis. Ceramides are members of the sphingolipid family, that play critical roles in diverse cellular pro-
cesses such as cell death, autophagy, inflammation, fatty acid oxidation, and ER stress*. PEs have an essential
role in chaperoning membrane proteins to their folded state; PEs catalyze the conversion of prions from the
nontoxic to the toxic conformation. PEs initiate autophagosome formation and are associated with ER stress
associated with diabetes and neurodegeneration. Neuronal activity and immune function are two key physi-
ological processes that are altered in individuals with PTSD. The subclasses of phospholipids that are altered in
men and women with PTSD is largely not known. In our cohort, PE alterations were associated with age, BMI,
PCL, PSQI and total sleep time in men and with PCL, PSQI, and TST in women with PTSD. Ceramides were
increased in men with severe PTSD symptoms in our cohort, but whether men had greater differences in immune
function associated with ceramides is unclear.

While highly promising, there are several limitations to the metabolomics research to date: (1) While these
studies point to several plausible biological pathways with the potential to explain alterations in PTSD and com-
mon comorbidities, a major limitation is that these studies were conducted almost entirely in males or had insuf-
ficient numbers of female participants to examine sex differences. Indeed, some of the differences in findings may
be attributed to differences in sex as there were differences in findings in the studies that included women, but
this has not been tested. (2) The studies that included women did not control for menstrual cycle day. Since sex
steroids may interact with metabolites in other biological pathways and may fluctuate over the menstrual cycle,
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determining menstrual cycle day and examining sex steroids along with other metabolites of interest is critical.
(3) All studies used cross-sectional designs with single time point blood draws. Control groups in some stud-
ies were not trauma exposed. Thus, it is unclear if these findings reflect PTSD symptom state, trait, or a response
to trauma exposure regardless of the presence of PTSD symptoms. To establish biomarkers of disease, it will
be important to determine whether these alterations are stable over repeated measures. (4) A major challenge
to finding a reliable biological signal in PTSD lies in the heterogeneity of the disorder. There is a great deal of
variability in the symptom profile and in combinations of symptoms in PTSD, as described by Galatzer-Levy?’.
PTSD symptoms are typically assessed by self-report or diagnostic interview, resulting in subjective perceptions
of severity which can be unreliable. Given that PTSD is a heterogenous disorder, analysis by PCL score, rather
than grouping all people with a PTSD diagnosis with large variation in scores, yields more robust findings. There
is also substantial comorbidity between PTSD and other mental health conditions such as depression, traumatic
brain injury or substance use, among others. Overlapping symptoms may obscure biological findings.

Our study has several limitations and strengths. Caveats include a cross-sectional study design. A longitu-
dinal study design would be needed to demonstrate stability of metabolite changes over time over the course of
the disease process. In our ongoing studies, longitudinal sample collection from PTSD patients is ongoing and
data from that study should address some of these limitations in the future. Limitations also include a small
sample size for sex segregated analysis (n=20/sex/group). Men with PTSD were significantly more obese and
consumed more alcohol than any other group and these variables could account for many of the differences in
lipid subclasses. A single timepoint measure and adjusting for BMI, sleep quality, smoking status are not sufficient
to fully explain changes in lipidomics. Our study also has several strengths- first, we performed an analysis of
lipids using validated QToF mass spectrometry; TGs identified with mass spectrometry correlated highly with
those measured using standard laboratory techniques (e.g, cholesterol), thereby further validating our lipidomics
findings. Second, we performed an integrated and systems level analysis taking several clinical and anthropo-
morphic measures into account. Third, in-depth sleep measures were obtained in addition to self-report of sleep
measures. Fourth, the non-PTSD population was age-matched and trauma-exposed.

Materials and methods

Human subjects

This study was a 2 x 2 cross-sectional design with 4 groups (PTSD/control x women/men) of 44 individuals
with current chronic PTSD (22 women and 22 men) and 46 control subjects (24 women and 22 men). Blood
samples for lipidomics analysis was available from 20 participants per group. Participant ages ranged from 19 to
39 years. Sleep measures were recorded in an inpatient sleep laboratory at the General Clinical Research Center
(GCRC) at the University of California, San Francisco. The Committee on Human Research at the University
of California, San Francisco approved this study. Written informed consent was provided from all participants
before enrollment and start of any study procedures.

PTSD subjects met DSM-IV diagnostic criteria as ascertained using the Clinician-Administered PTSD Scale
(CAPS) or score > 40 and as previously described’. Control subjects had no lifetime or current history of a PTSD
diagnosis. Women participants were premenopausal and were scheduled during the follicular phase of the men-
strual cycle. Participants were unmedicated during the study, except for birth control in women (n = 9), diovan
for hypertension (n = 1) topical steroids (n = 2), Izoniozid (n = 1), thyroid medication (n = 1).

All study procedures were timed according to habitual sleep onset, determined by actigraphy and sleep diary
in the week prior to the GCRC study. Study participants were limited to one cup of caffeine daily, maintained
regular bed and waking times, and did not consume alcohol or illicit substances. Exclusion criteria for PTSD and
control subjects was previously described® and included: history of traumatic brain injury, presence of psychosis,
neurologic disorders or systemic illness; use of psychiatric, anticonvulsant, antihypertensive, sympathomimetic,
steroidal, statin or other prescription medications; obesity (defined as body mass index (BMI) > 30); alcohol
abuse or dependence in the prior two years; substance abuse or dependence in the previous year; any psychiatric
disorder with psychotic features; bipolar disorder or obsessive-compulsive disorder; and pregnancy. Exclusion
criteria for control subjects also included a lifetime history of major depressive disorder or panic disorder.

Psychiatric diagnoses and trauma history

The Life Stressor Checklist-Revised interview was used to determine trauma exposure and age of occurrence?.
The PTSD Checklist (civilian version) for DSM-IV (PCL)* is a self-report measure used to assess the severity
of chronic PTSD symptoms*, with higher scores indicating greater severity. The PCL consists of 17 items that
correspond to the DSM-IV criteria and include intrusive thoughts and re-experiencing symptoms (cluster B),
avoidance (cluster C), and hyperarousal (cluster D). All other psychiatric disorders, including major depressive
disorder were diagnosed using the structured clinical interview for DSM-IV, non-patient edition (SCID-NP)*.

Sleep measures

The Pittsburgh Sleep Quality Index®" (PSQI) is a 19-item self-report questionnaire which assesses sleep quality,
sleep latency, sleep duration, sleep efficiency, sleep disturbances (including nightmares) over a 1 month period,
with higher scores indicating poorer sleep quality. The use of sleep medication, and daytime dysfunction over
the previous month has been described elsewhere>.

Polysomnographic measurements and power spectral analysis for polysomnographic
measures

Electroencephalogram (EEG) from leads C3, C4, O1 and O2, left and right electrooculograms (EOG), submen-
tal electromyogram, bilateral anterior tibialis EMGs, and electrocardiogram were recorded in accordance with
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standardized guidelines by Rechtschaffen®? using the Ambulatory polysomnography (Nihon Kohden Trackit
Ambulatory Recording System) as described previously®. Sleep activity in all frequency bands delta through
gamma from the C3 electrode was measured by power spectral analysis using the Pass Plus (Delta Software) ana-
Iytic software. Delta sleep spectral power density (1tV2) was natural log transformed to normalize its distributions.

Blood collection and clinical laboratory measures

Blood was collected at habitual wake-up time on the morning after the second night on the GCRC, while the
subject was fasting, from an indwelling catheter inserted the night before. Blood (10 mL) was drawn into a chilled
EDTA tube and processed for plasma separation for mass spectrometry analysis.

Analysis of lipid metabolites in human plasma using liquid chromatography-quadrupole
Time-of-Flight mass spectrometry (LC-MS/MS)
Lipid metabolites that included diverse classes of phospholipids, ceramides, sphingomyelins, free fatty acids,
acylcarnitines, triacylglycerides, cholesterol and cholesterol esters were measured using validated LC-MS/
MS procedures®. Briefly, lipids from 40 pL plasma were extracted using 300 puL degassed, — 20 ‘C cold metha-
nol 300 pL containing a mixture of lipid internal standards, specifically LPE(17:1), LPC(17:0), PC(12:0/13:0),
PE(17:0/17:0), PG(17:0/17:0), d7-cholesterol, SM(d18:1/17:0), Cer(d18:1/17:0), sphingosine(d17:1),
DG(12:0/12:0), DG(18:1/2:0), and d5-TG-(17:0/17:1/17:0). After adding 1 mL of cold methyl tertbutyl ether
(MTBE) was added containing CE(22:1) as additional internal standard, lipids were separated from hydrophilic
metabolites by adding 250 uL. LC-MS grade water. Dried lipid extracts were resuspended in 110 pL methanol/
toluene (9:1, v/v) containing CUDA as system suitability internal standard prior to LC-MS/MS analysis. 1.7 uL
were injected onto an Acquity UPLC CSH C18 column (100 x 2.1 mm; 1.7 pm) coupled to an Acquity UPLC CSH
C18 VanGuard precolumn (5% 2.1 mm; 1.7 um) (Waters, Milford, MA). The column was maintained at 65 ‘C at
a flow-rate of 0.6 mL/min with a water/acetonitrile/isopropanol gradient using mobile phases (A) 60:40 (v/v)
acetonitrile:water and (B) 90:10 (v/v) isopropanol:acetonitrile’*. Both mobile phases were buffered with ammo-
nium formate (10 mM) and formic acid (0.1%). Lipid separation was performed with the following gradient:
0 min 15% (B); 0-2 min 30% (B); 2-2.5 min 48% (B); 2.5-11 min 82% (B); 11-11.5 min 99% (B); 11.5-12 min
99% (B); 12-12.1 min 15% (B); and 12.1-15 min 15% (B). Mass spectrometry was performed on an Agilent 6530
quadrupole/time-of-flight mass spectrometer (QTOF MS) with a Dual Spray ESI ion source (Agilent Technolo-
gies, Santa Clara, CA). Simultaneous MS1 and data dependent MS/MS acquisition was used. Electrospray (ESI)
parameters were set as: capillary voltage, 3.5 kV; nozzle voltage, 1 kV; gas temperature, 325 °C; drying gas (nitro-
gen), 8 L/min; nebulizer gas (nitrogen), 35 psi; sheath gas temperature, 350 °C; sheath gas flow (nitrogen), 11 L/
min; MS1 acquisition speed, 2 spectra/s; MS1 mass range, m/z 60-1700; MS/MS acquisition speed, 2 spectra/s;
MS/MS mass range, m/z 60-1700; collision energy, 25 eV. The instrument was tuned using an Agilent tune mix.
A reference solution (m/z 121.0509, m/z 922.0098) was used to correct small mass drifts during the acquisition.
For quality control (QC), we randomized injection orders, used pool QC samples to equilibrate the LC-MS
system before data acquisition, injected method blank samples and a pool QC samples between each set of 10
study samples, and injected the NIST SRM 1950 community plasma QC sample before and after the study sample
sequence. We also monitored peak shapes and intensities of all internal standards during data acquisition. Data
were processed by MS-DIAL (v. 2.69) software program with MS1 (centroiding) tolerance 10 mDa, mass slice
width 50 mDa, smoothing level 3 scans, minimum peak height 500 amplitude, and alignment at 25 mDa and
6 s retention time tolerance. Lipid were identified at 9 s retention time tolerance with accurate mass and MS/MS
matching against the LipidBlast library®. Quantification was performed by combining the two most abundant
adducts per lipid®, followed by normalization using the sum of all internal standards. Due to recursive backfill-
ing during data processing, missing values were limited to 4.1% of all data. Such missing values imputed using
half of the minimum detected value for each compound. All metabolomic data were investigated using pooled
quality control samples and blank samples. Metabolites that had more than 30% relative standard deviation in
pooled QC samples were removed, and metabolites that showed less than threefold higher intensity compared
to blank samples were removed as well. Technical errors reduce biological power, so findings reported in this
work were observed at statistical power despite possible technical variance.

Statistical analysis

Aseesa Stars version 0.1 (www.aseesa.com) analysis tool was used for generation of heat maps, bar charts, prin-
cipal component analysis, correlation scatter plots, volcano plots and Venn diagrams as described previously’
and below. For our initial analysis, we did not adjust for BMI or PSQI (Fig. 2a bar charts and Tables 2, 3), but for
all subsequent analyses for data shown in Figs. 2b, 3, 4, 5, 6, 7 and 8, BMI and PSQI were adjusted.

Heat maps

Heat maps were generated to depict several symbols in a single chart instead of multiple bar charts as described in
detail elsewhere*. Value labels show the group average or average log, fold change vs the respective control group.
Value labels are drawn for every symbol in absolute heat maps, and for values greater than 33% of the heat map’s
maximum value in relative heat maps. Labels for values less than 16.67% of the maximum are drawn in black for
legibility as reported earlier®”. Labels next to gene symbols denote the percentage of participants across all test
groups in which metabolite of the symbol were detected. Numbers above test group labels denote the number
of samples that were included (n); if not all metabolites were present, then the minimum sample size is shown.
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Bar charts and volcano plots

Values in bar charts are calculated in the same way as those in heat maps. Bar chart legends includes the top four
correlated measures sorted by significance value. Error bars represent the standard deviation. The comparison
mode Value-to-Average was used as described previously®’. Measures with p <0.1 are included in volcano plots
for clarity. Welch’s t-test was performed as in heat maps, with 7, 7" and 7" denoting p <0.05, 0.01 and 0.001
versus the previous test group (one bar above). Labels next to symbols denote the number of samples that were
included (n). The filled fraction of a bar represents the percentage of cells in which transcripts of the symbol
were detected; in charts showing changes in cell types, it represents the percentage of samples in which cells of
that type were detected.

Principal component analyses (PCA)

For Symbol PCAs, only symbols with p <0.05 were included, and samples with zero values were excluded. Covari-
ance matrixes were created by standardizing all values for each symbol using z = = for a sample value v, group
average L and standard deviation o, and calculating the covariance between two symbols®’. Donut charts show
the primary components necessary to explain at least 90% of the dataset’s variance. PCA biplots show the cor-
relation of each included symbol/sample with Component 1 (x axis) and Component 2 (y axis) as given by the
components’ eigenvectors. The color of points in biplots for Symbol PCAs denotes log, fold change versus control,
calculated in the same way as in bar charts, with increased symbols shown in red and decreased symbols in blue.

Study approval

The study was approved by UCSF’s Institutional Review Board and all research was performed in accordance
with relevant guidelines/regulations in accordance with the Declaration of Helsinki. All participants signed an
informed consent form approved by the IRB. All HIPAA identifiers were removed and only deidentified data
was used for analysis in all sections of the manuscript, including supplementary information. This study does
not include any human images or involves any organ/tissue procedures.

Data availability
All data are contained within this manuscript or included in the supplemental data. Patient information was
deidentified before analysis.
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