& frontiers | Frontiers in Cardiovascular Medicine

ORIGINAL RESEARCH
published: 16 May 2022
doi: 10.3389/fcvm.2022.861724

OPEN ACCESS

Edited by:

Blair Solow,

University of Texas Southwestern
Medlcal Center, United States

Reviewed by:

William Stohl,

University of Southern California,
United States

Ozgur Kasapcopur,

Istanbul University-Cerrahpasa, Turkey
Erin Taylor,

University of Mississippi Medical
Center, United States

*Correspondence:

Chandra Mohan
cmohan@central.uh.edu
Maureen McMahon
mmcmahon@mednet.ucla.edu

T These authors share
senior authorship

Specialty section:

This article was submitted to

Lipids in Cardiovascular Disease,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 25 January 2022
Accepted: 13 April 2022
Published: 16 May 2022

Citation:

Baig S, Vanarsa K, Ding H,

Titus ASCLS, McMahon M and
Mohan C (2022) Baseline Elevations of
Leukotriene Metabolites and Altered
Plasmalogens Are Prognostic
Biomarkers of Plaque Progression in
Systemic Lupus Erythematosus.
Front. Cardiovasc. Med. 9:861724.
doi: 10.3389/fcvm.2022.861724

Check for
updates

Baseline Elevations of Leukotriene
Metabolites and Altered
Plasmalogens Are Prognostic
Biomarkers of Plaque Progression in
Systemic Lupus Erythematosus

Sahar Baig', Kamala Vanarsa', Huihua Ding', Anto Sam Crosslee Louis Sam Titus’,
Maureen McMahon?" and Chandra Mohan ™"

" Department of Biomedical Engineering, University of Houston, Houston, TX, United States, ? Department of Medicine, David
Geffen School of Medicine at the University of California, Los Angeles, Los Angeles, CA, United States

Systemic lupus erythematosus (SLE) is associated with an increased incidence of
acute and chronic cardiovascular disease as compared to the general population.
This study uses a comprehensive metabolomic screen of baseline sera from lupus
patients to identify metabolites that predict future carotid plaque progression, following
8-9 years of follow-up. Nine patients had SLE without plaque progression, 8 had
SLE and went on to develop atherosclerotic plaques (SLEPP), and 8 patients were
controls who did not have SLE. The arachidonic acid pathway metabolites, leukotriene
B4 (LTB4) and 5-hydroxyeicosatetraenoic acid (5-HETE), and the oxidized lipids
9/13-hydroxyoctodecadienoic acid (HODE) were found to be significantly altered
(p < 0.05 and fold-change >2) in SLE™F patients compared to SLE patients without
plague progression. SLE™P patients also exhibited significantly altered levels of branched
chain amino acid (BCAA) metabolites and plasmalogens compared to the non-SLE
controls. Taken together with the rich literature on these metabolites, these findings
suggest that the identified metabolites may not only be prognostic of cardiovascular
disease development in SLE patients, but they may also be active drivers of atheroma
formation. Early identification of these high risk SLE patients may help institute preventive
measures early in the disease course.

Keywords: atherosclerosis, biomarkers, blood, lupus, metabolites

INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by systemic
inflammation due to pathogenic autoantibodies and pro-inflammatory immune signaling
(1). SLE is chronic and may lead to significant deterioration in quality of life by way
of many possible complications, the most ominous of which is end-stage organ failure,
involving particularly the kidneys (2, 3). Many studies to date have focused on the renal
manifestations of SLE, including lupus nephritis and end-stage renal disease, but there still
remains much to be elucidated about the link between SLE and cardiovascular events (4).
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Cardiovascular disease (CVD) is the leading cause of death in
the United States and Chung et. al postulate that up to 45% of
SLE patients will have cardiovascular complications throughout
their lifetimes, owing to systemic inflammation and heightened
incidence of metabolic syndrome as compared to the general
population (5-7). The incidence of emergent cardiovascular
events may be up to twice as high in SLE patients when compared
to those without SLE (8, 9). One longitudinal study of female
patients found that those with SLE had a 4 fold increase in major
adverse cardiovascular events when compared to healthy controls
(10). Many patients are unaware that they have manifestations of
CVD until they suffer an acute cardiovascular event, and these
events are rapidly increasing in frequency such that they may
overtake renal lupus as the most fatal complication associated
with SLE (11). The profundity of the risk of cardiovascular
disease in lupus patients is well-established in literature (8, 9, 12).
Several studies have worked with cohorts of SLE patients to assess
the longitudinal impact of lupus upon cardiac health, and have,
in agreement with other studies, found that this population is
much more at risk for developing cardiovascular complications
than the general population. It is also well established that
SLE may accelerate the formation of atherosclerotic plaques by
promoting hypertension and hyperlipidemia (3, 13-15). While
this relationship is clearly established in the literature, the
mechanistic basis for this link at a molecular level is unclear.
The objective of this study is to identify molecules whose baseline
serum levels are significantly different in those SLE patients who
will go on to develop atherosclerotic plaques vs. those who do not.

Several omics-based screens have been performed previously
in order to explore the metabolic implications of systemic
lupus erythematosus, including Wu et al, Perl et al, and
Ouyang et al., but these have not examined cardiovascular
disease (16-18). Omics-based screens have also been
performed to identify biomarkers of cardiovascular disease
in the general population, and suggest that a decrease in
tricarboxylic acid cycle metabolites may be indicative of
ischemic heart disease (19). Of particular interest, Leptin,
pro-inflammatory high-density lipoprotein, and TNF related
weak inducer of apoptosis (TWEAK) have been reported as
potential biomarkers of atherosclerosis in SLE in previous
studies (10, 20-22).

Information on the precise ways that SLE leads to
cardiovascular disease may lead to the development of
predictive tools to assess patients risk of CVD early on
when appreciable modifications in cardiovascular risk factors
can still be instituted. In the present study, we have used a
metabolomic screen to analyze baseline sera of patients with
SLE to identify metabolites that are significantly different among
patients who experience carotid plaque progression during
follow-up compared to those who do not. Samples were analyzed
using a metabolomic screen which used liquid chromatography-
mass spectrometry (LC/MS) to detect levels of more than
3,000 metabolites. This analysis has illuminated the metabolic
processes underlying pathogenesis of SLE complications,
and has provided new insights on potential biomarkers for
CVD in SLE. These findings may enable physicians to better
identify SLE patients at risk for plaque progression, discuss

and institute preventative measures and evaluate patients for
long term therapy with agents such as statins and cholesterol
lowering medications.

MATERIALS AND METHODS

Patients and Samples

For the initial metabolomic screen, 25 serum samples were
collected from patients at the University of California Los
Angeles in Los Angeles, California. Of these samples, 8 were
drawn from non-SLE controls, 8 from patients with SLE who
went on to develop atherosclerotic plaque progression (referred
to in this manuscript as “SLEP?”), and 9 from patients with
SLE with no baseline carotid plaque or plaque progression
during the follow-up period, with the mean follow-up duration
being 8-9 years (Table1). The controls were healthy except
that some had hypertension or dyslipidemia (Table 1). None
of the SLE patients in this cohort had active renal disease.
The cohort had a mean age of 47-47.5 years and the SLE
patients in this cohort, including those in the SLE*® group,
had a mean SLEDAI of 2. The patients in the SLEP? and
SLE control group were matched for ethnicity, history of
GN, dyslipidemia, diabetes and tobacco use, as detailed in
Table 1. All subjects included in this analysis are females. All
studies were performed using samples obtained with informed
consent with approval by the respective IRB boards at UCLA
and UH.

Carotid plaque status was assessed by ultrasound at baseline
and during follow-up. As described in our previously studies
(22), B-mode gray-scale, color, and spectral Doppler techniques
were used to investigate the carotid arteries. All ultrasounds
were performed by 4 registered vascular technologists, who were
trained to perform the studies according to a preset protocol
(23). The same radiologist interpreted all studies and was
blinded with regard to the patients’ demographic characteristics,
SLE status, and any previous ultrasound results. The same
ultrasound unit (Iu22; Philips Medical Systems) was used to scan
all subjects.

The following anatomic sites were examined for the presence
of atherosclerotic plaque, defined as the presence of focal
protrusion into the arterial lumen with a thickness exceeding
that of the surrounding wall of at least 50%: the bilateral
common carotid, internal carotid, external carotid, and carotid
bulbs. The number, location, and sonographic appearance of
the plaques were recorded. This definition of plaque has
been found to be an independent predictor of coronary heart
disease events in the general population (24). None of the
non-SLE controls had evidence of carotid plaques at baseline.
All of the SLEP? patients had no plaque at baseline except
for one patient who had carotid plaque at baseline, and
demonstrated evidence of plaque growth over the follow-up
period (Table 1).

Metabolite difference effect sizes between SLE and
controls in our previous studies have varied from 0.5
to 5.0 (16). Power calculations indicate that the selected
group sizes are adequately powered (80%) to detect
differences between the groups at the 0.05 level of
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TABLE 1 | Demographics and clinical features of patient cohort used for metabolomic analysis.

SLE SLEPP Control p-value
n=9) (n=28) (n=29) SLE vs. SLEP?

Age, years (median, range) 47.0 (36-60) 47.5 (31-56) 47.0 (22-63) ns
Length of follow-up, months (median, range) 36.0 (26-45) 35.5 (25-44) 30.0 (23-43) ns
Baseline SLEDAI 2.0(0-8) 2.0 (0-26) - ns
Disease Duration (years) 8.0 (0-29) 9.0 (0-32) - ns
Race/Ethnicity

Asian/Pacific Islander n (%) 3 (33.3%) 2 (25%) 2 (25%) ns

African American n (%) 1(11.1%) 2 (25%) 1(12.5%) ns

Caucasian n (%) 3 (33.3%) 2 (25%) 3 (37.5%) ns

Hispanic n (%) 2 (22.2%) 2 (25%) 2 (25%) ns
History of previous GN 3 (33.3%) 2 (25%) - ns
HTN 5 (55.6%) 0(0) 3 (37.5%) 0.03
Dyslipidemia 3(33.3%) 2 (25%) 2 (25.0 %) ns
Diabetes 1(11.1%) 1(12.5%) 0 ns
History of previous tobacco use 5 (55.6%) 1(12.5%) 2 (25%) ns
History of baseline carotid plaque 0 1(12.5%) 0 ns
Plaque progression over follow-up period 0 8 (100%) 0 ns

“SLEPP” refers to SLE patients who exhibited plaque progression upon follow-up. The controls were healthy except that some had hypertension or dyslipidemia, as shown. All subjects

were females. None had active renal disease.

significance for all metabolite differences with effect sizes
1.5 or larger.

Metabolomic Screen

Samples were sent to Metabolon in Morrisville, North Carolina
for a comprehensive metabolomic screen. Samples were prepared
using the Hamilton Company’s MicroLab STAR® system.
Proteins in samples were precipitated by adding methanol and
vigorously shaking for 2min. After centrifugation of samples,
proteins were extracted and dried using TurboVap®. Samples
were then analyzed by LC/MS using Waters ACQUITY Ultra-
Performance Liquid Chromatography (UPLC) equipped with
heated electrospray ionization (HES-II) and an Orbitrap mass
analyzer set at 35,000 mass resolution. Dried extracts were
divided into fractions and reconstituted with different solvents
depending on what mass spectroscopy method was to be used.
Two fractions of proteins extracted from samples were analyzed
by reverse phase UPLC with positive ion mode electrospray
ionization (ESI). One fraction was analyzed by reverse phase
UPLC with negative ion mode ESI. Finally, one fraction was
analyzed by hydrophobic interaction liquid chromatography
with negative ion mode. The ESI Scan range was 70-1,000
m/z and the library used included >3,000 metabolite standards.
A total of 611 metabolites were identified in this study. In
addition to the samples listed in Table 1, sera from three
SLE subjects with renal SLE previously assayed using the
same platform (16) were also included in this screen so that
the present metabolomic findings can be bridged to previous
metabolomic findings (16). Although these 3 subjects had
no overt cardiovascular disease, they were not assessed for
carotid plaques.

Statistical Analysis

Following the metabolomic scan, Welch’s two-sample t-test, a
parametric test, was used to calculate p-values and to determine
which metabolites were significantly altered (p < 0.05) among
SLE patients with plaque progression (“SLEFP”) vs. the non-
SLE controls or the SLE only group (“SLE”). Metabolomic scan
data was also analyzed using Random Forest analysis, a machine
learning algorithm, to determine which molecules were the best
for discriminating between groups. As in a decision tree, the
Random Forest algorithm (RFA) separates data based on chosen
predictive variables and can be optimized to determine what
characteristics of a given sample will lead to a specific outcome
(25, 26). RFA builds upon predecessor predictive methods in
that it incorporates random sampling of the data without
replacement, at each node of each tree (26, 27). Many different
random trees, collectively a random forest, can then be used to
predict the outcome of a randomly sampled vector with relatively
less susceptibility to over fitting than simple decision trees (26).
By this method, we further determined which metabolites had
the greatest predictive potential for plaque progression in patients
with SLE.

To discern biological pathways that are significantly elevated
in the sera of SLEFP patients vs. control SLE patients who
did not exhibit plaque progression, the metabolomic scan data
was analyzed using “Reactome” from The Reactome Pathway
Knowledgebase developed by Jassal et al. (https://reactome.
org/userguide/analysis) (28). Receiver Operating Curves (ROC)
were generated using the EasyROC software. Multiple cut-off
thresholds are tested by the software in order to maximize the
ROC area under curve “c” statistic. The corresponding sensitivity
and specificity values are also documented.
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RESULTS

Significantly Dysregulated Metabolites in
SLE Patients With Plaque Progression

For the initial metabolomic scan, serum samples from 8 SLE
patients who exhibited plaque progression (“SLE’®”) and 9
SLE patients who did not (“SLE”) were analyzed against 8
serum samples from controls. The metabolomic screen employed
LC/MS based platforms and a library of over 3,000 metabolites. A
total of 611 metabolites were identified in the study. Analysis of
dysregulated metabolites in Reactome revealed which pathways
were most significantly altered in SLEF? vs. SLE, ordered by
false discovery rates (Figure 1A). Of note were metabolism of
lipids, biological oxidation pathways, metabolism of amino acids
and proteins, and signal transduction. The pathways with the
greatest “reactions”, or the greatest proportion of molecules
within the pathway that overlapped with metabolites found in the
metabolomic scan to be most significantly altered in SLEP? vs.
SLE, included metabolism of proteins, post-translational protein
modification, and asparagine-N-linked glycosylation.

The most significantly dysregulated metabolites in baseline
serum samples from SLE patients who went on to develop carotid
plaques vs. those who did not are plotted as a volcano plot
in Figure 1B. Of all molecules, the most significantly decreased
among SLE®? patients was pyruvate (p < 0.005 and fold change
<0.1). Etiocholanolone glucuronide and N-(2-furoyl)glycine
were also decreased in SLEP? sera with p < 0.05 and fold change
<0.1. Among the most highly elevated molecules in SLE®” sera
was leukotriene B4 (LTB4) with a fold change >100, followed
by 5-hydroxyeicosatetraenoic acid (5-HETE) with a fold change
>64 and 9/13-hydroxyoctodecadienoic acid (9/13HODE) with a
fold change >16. Isovalerate exhibited a fold change >8 and p <
0.005. Other metabolites with a fold change >2 and p < 0.05 were
3-hydroxy-3-methyl-hexanoate, methionine sulfoxide, mannose,
tartronate, and 4-guanidinobutanoate.

RFA of metabolites that best discriminated non-SLE controls
from SLE patients revealed that glycerophosphoethanolamine
(GPE) plasmalogens were significantly reduced among SLE
patients as compared to controls (Figure 2A). These included
1-stearoyl-2-arachidonoyl-GPE, which additionally exhibited the
greatest mean decrease in accuracy of all molecules plotted. 1-
(1-enyl-stearoyl)-2-arachidonoyl-GPE was the GPE plasmalogen
with the next highest importance to group separation and
also exhibited the second highest mean decrease in accuracy.
Other significantly reduced GPE plasmalogens were 1-(1-enyl-
palmitoyl)-2-linoleoyl-GPE,  1-(1-enyl-stearoyl)-2-oleoyl-GPE,
and 1-(1-enyl-palmitoyl)-2-oleoyl-GPE. Non-GPE plasmalogen
molecules with high importance to group separation included
4-methyl-2-oxopentanoate, an alpha ketoacid; and 16-hydroxy
dehydroepiandrosterone (DHEA) 3-sulfate, a sulfated steroid.
Both were similarly reduced in SLE sera as compared to
healthy sera.

In Figure 2B, metabolites were once again analyzed by RFA,
but this time evaluated for their potential to discriminate between
SLEP? and SLE controls. Isovalerate, 4-hydroxyphenylpyruvate,
cysteine and bilirubin were among those with the greatest
importance to group separation. Several arachidonic acid

derivatives were significantly elevated in SLE®® sera when

compared to SLE with no plaque progression. These include
1-palmitoyl-2-arachidonoyl-GPE, 13-HODE + 9-HODE,
1-linoleoyl-2-arachidonoyl-glycerophosphocholine (GPC), 5-
HETE, and LTB4. The ketoacids 3-hydroxy-3-methyl-hexanoate,
3-methyl-2-oxobutyrate, and alpha-ketoglutarate were, by
contrast, relatively lower in SLE?? patients. Of the arachidonic
acid metabolites most significantly altered in SLE'? patients,
1-palmitoyl-2-arachidonoyl-GPE = demonstrates the greatest
predictive potential with a mean decrease in accuracy of 17,
by RFA.

Alterations in Metabolites of Arachidonic
Acid

Many of the elevated molecules in SLEPP patients shown
in Figure 1B are part of the n6-polyunsaturated fatty acid
(PUFA) and arachidonic acid lipoxygenase pathway. Thus, 9/13
HODE LTB4, 5-HETEand 12-hydroxyeicosatetraenoic acid (12-
HETE) were elevated in SLEP" patients when compared to
SLE and controls (Figure 3A and Supplementary Figure 1).
All four molecules are derived from n6 PUFA metabolism, as
illustrated in Figure 3B. Among all SLEF? patients interrogated
in the metabolomic screen, the mean LTB4 concentration
was 160.74ng/mL, while the 9 SLE patients without plaque
progression had a mean concentration of 16.55ng/mL (p <
0.05), representing a nearly tenfold difference. 5-HETE and 9-
HODE + 13-HODE similarly were found to be significantly
(p < 0.05) elevated in SLEF? patients when compared to SLE
patients without plaque progression. 12-HETE was also distinctly
elevated in SLEPP sera. Interestingly, the elevations in these pro-
inflammatory metabolites were higher in SLEP? patients than in
renal SLE (Figure 3A), with the latter being assayed in a previous
metabolomic screen (16). Among these metabolites, LTB4 and 5-
HETE had perfect accuracy in distinguishing SLEP? from SLE,
both with 100% specificity and sensitivity values (Figure 3C). In
contrast, 9-HODE 4 13-HODE exhibited 83% accuracy and 89%
sensitivity in distinguishing SLEF? from SLE.

Alterations in Glycerophospholipids

Figure 4A depicts the metabolic pathway of
glycerophospholipids. ~Figures 4B,C demonstrate that 1-
palmitoyl-2-arachidonoyl-GPE, 1-stearoyl-2-arachidonoyl-GPE,
1-stearoyl-2-arachidonoyl-GPC,  1-palmitoyl-2-arachidonoyl-
GPC, and 1-linoleoyl-2-arachidonoyl-GPC were significantly
decreased in SLE"” sera when compared to both SLE and control
sera. Indeed, these same metabolites were also highlighted as the
most discriminatory metabolites for distinguishing SLE®” from
SLE by Random Forest analysis (Figure 2B).

Alterations in Metabolites of Branched

Chain Amino Acids

Figure 5A illustrates the metabolism of branched chain amino
acids (BCAAs) which give rise to alpha keto acids. Random
Forest analysis in Figure 2 also demonstrated that several alpha
keto acid derivatives including alpha ketoglutarate were powerful
discriminators between these groups and were decreased
significantly in SLE®? patients. Alpha ketoglutarate is a key
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FIGURE 1 | Functional pathways and molecules from serum metabolomics that best discriminate between SLEPP and SLE patients include leukotriene metabolites,
which are elevated in SLEPP, and plasmalogen metabolites, which are decreased in SLEP. Baseline sera from SLE patients who did not develop atherosclerotic
plaques, and SLE patients who later developed plaques (“SLEPP”) were subjected to comprehensive metabolomics, employing LC/MS. Shown in (A) are the
metabolic pathways that included molecules significantly increased (p < 0.05) in the sera of SLEPP vs. SLE patients, as determined by Reactome pathway analysis.
For each pathway listed on the y-axis, the negative log base 10 of the false discovery rate is plotted on the x-axis. Dot colors correspond to the value of the inverse
common log of the false discovery rate. Dot sizes correspond to “reactions”, or the degree of overlap between molecules of the pathway and molecules that were
significantly elevated in SLEP” sera as compared to SLE sera in the metabolomic screen. Pathways with the greatest proportion of molecules elevated in SLEPP sera
include metabolism of proteins, post-translational protein modification, and asparagine N-linked glycosylation. Pathways with the lowest false discovery rates included
metabolism of lipids, biological oxidations, metabolism of amino acids and derivatives, signal transduction, and metabolism of proteins. Shown in (B) is a volcano plot
of the most promising molecules from the metabolomic scan. Molecules represented in green were found to be decreased in concentration in SLE?” vs SLE sera,
molecules in red dots were elevated, and black molecules were not significantly altered. Among the serum metabolites found to be significantly elevated (p < 0.05 and
fold change >2) in SLE™" sera were leukotriene B4 (LTB4), 5-HETE, 13-HODE and 9-HODE, isovalerate, methionine sulfoxide, 3-hydroxy-3-methyl hexanoate,
tartronate, 4-guanidinobutanoate, and mannose. Molecules that were decreased (p < 0.05 and fold change <0.5) in SLEPP sera included pyruvate, etiocholanolone
glucuronide, and N-(2-furoyl)glycine.

player in the citric acid cycle and alpha keto acid derivatives
of amino acids may be used as energy sources to be funneled
into the citric acid cycle and substituted for alpha ketoglutarate
(Figure 5A). Though one of the downstream products of BCAAs,
isovalerate, was significantly elevated in SLEP? (Figure 5B), the
more proximal metabolites 3-methyl-2-oxovalerate, 3-methyl-
2-oxobutyrate, and 4-methyl-2-oxopentanoate were uniformly
decreased in SLEFP sera (Figure5C), alluding to the rapid
consumption or turnover of these intermediate metabolites.
Isovalerate exhibited 96% accuracy, 100% specificity and 89%
sensitivity in distinguishing SLEF? from SLE (Figure 5B).

with statistically significant (p < 0.05) differences in average
serum concentrations.

DISCUSSION

Literature has suggested for some time that lupus patients
are more likely to suffer from cardiovascular complications
than their healthy counterparts. This phenomenon was first
studied longitudinally by Urowitz et. al., where it was found
that atherosclerotic plaques and greater incidence of myocardial
infarction were associated with later age of death in patients
with active SLE (29). A study by Manzi et al. found that

Alterations in Plasmalogen Metabolites

Figure 6 summarizes alterations in key plasmalogen metabolites
in SLEPP, SLE, and non-SLE control samples. While 1-(1-enyl-
palmitoyl)-2-linoleoyl-GPE,  1-(1-enyl-stearoyl)-2-oleoyl-GPE,
and 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE were reduced in
the sera of both lupus groups as compared to the non-SLE
controls, 1-(1-enyl-palmitoyl)-GPE and 1-(1-enyl-oleoyl)-GPE
were highest in the SLE'? group. All plotted molecules displayed
the potential to discriminate between SLEF? and SLE patients,

female SLE patients experienced earlier and more severe onset
of cardiovascular disease than their healthy counterparts and
were 50 times more likely to suffer a myocardial infarction
(14). While many patients with SLE are now able to manage
their symptoms in the short term, it is necessary to unravel
mechanisms behind long-term implications of lupus such as
renal and cardiovascular disease and begin searching for new
approaches for early detection of such complications. To this
end, it has been suggested that oxidized low-density lipoproteins,
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which have long been implicated in atherogenesis in the general
population, may be used to gauge risk of atherosclerosis in
patients with autoimmune disease (20). Our comprehensive
metabolic screen aims to build upon the findings of such studies.

The present study represents the very first comprehensive
OMICs study in SLE patients with plaque progression
during longitudinal follow up. It is also the first attempt to
comprehensively identify prognostic metabolites in SLEPP.
Whereas some metabolites were significantly reduced in
SLE patients, others were elevated, at baseline, before the
emergence of atherosclerotic plaques. Most notable among the
downregulated metabolites was the decrease in multiple alpha
keto acids in SLEF? sera, at baseline (Figure 4B). Alpha keto acid
derivative byproducts of amino acid breakdown may originate
from the liver or may be produced in the mitochondria during
the tricarboxylic acid cycle. Both glucogenic and ketogenic
amino acids can give rise to the derivatives which were decreased
in SLEP? patients (Figure4A). This is in line with previous
metabolomic findings which aimed to illuminate metabolic
imbalances contributing to SLE in general (16).

In the present screen, alpha ketoglutarate and other alpha
keto acids were found to be reduced in SLE patients compared
to healthy subjects, pointing to potential upregulation of
gluconeogenesis to feed an overactive Citric Acid Cycle in SLE
(see Figure 5A), which may also explain the altered amino-
acid and protein metabolism in SLE by Reactome analysis
(Figure 1A), and the reported reductions in circulating amino
acids in SLE (16). Increased consumption of alpha keto acids is
also evidenced by the increased production of the downstream
metabolite, isovalerate (Figures5A,B). Isovalerate enhances
chemotaxis and phagocytosis of granulocytes and monocytes
(30, 31). Interestingly, isovalerate has previously been studied

as a novel biomarker for diabetic nephropathy and endometrial
cancer (32, 33). While the concentrations of alpha keto acids were
found to be reduced in SLE serum, these molecules were further
reduced in SLEPP.

Alpha-keto-acids  promote differentiation of naive
CD4+ T cells to proinflammatory THI1 cells instead of
immunosuppressive Treg cells (34). BCAA, which give way
to alpha-keto-acids, are essential for lymphocyte function and
altered BCAA metabolites cause impaired T cell activation
(35, 36). The alpha ketoacids which were most significantly
decreased are synthesized via reactions catalyzed by branched
chain amino acid aminotransferase (BCAT) and are further
catabolized via an irreversible attachment to coenzyme A which
is catalyzed by branched chain alpha-keto acid dehydrogenase
(BCKD). It may be postulated that the change in concentration
of alpha keto acids in these groups may be due to an increase
in BCKD or a decrease in BCAT activities, respectively. Indeed,
evidence for such changes have been demonstrated in heart
failure (37). Others have also postulated that a change in
branched-chain amino acid catabolism is associated with
cardiovascular disease, but it is unclear as to whether this is a
cause or effect of the disease (38). Clearly, these postulates need
to be experimentally verified in lupus as well.

In contrast, metabolites in the n6-PUFA/arachidonic acid
lipoxygenase pathway were largely found to be elevated in
SLEP? sera in our metabolic screen. This is also in line with
the literature, where the arachidonic acid pathway is a key
player in the development of cardiovascular disease, and pro-
inflammatory metabolites of n6-PUFA have been implicated in
cardiovascular disease (39-41). Most notable is the increase in
LTB4 concentration in SLEF? sera, resonating well with previous
reports in the cardiovascular disease literature (42, 43). Indeed,
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FIGURE 3 | Pro-inflammatory lipoxygenase metabolites of n6-PUFAs (LTB4, 13-HODE+9-HODE, 5-HETE, and 12-HETE) were elevated in SLE?” serum. Baseline
sera from SLE patients who did not develop atherosclerotic plaques, and SLE patients who later developed plaques (SLEPP) were subjected to comprehensive
metabolomics. Shown in (A) are bar charts (with dot plots shown in Supplementary Figure 1) of concentrations of various n6é polyunsaturated fatty acid (PUFAs)
metabolites that were significantly elevated in SLEP? compared to SLE and HC. Shown in red bars are the levels of the same metabolites in renal SLE in 10 subjects,
as previously assayed (16). Metabolite comparisons between groups were carried out using a Welch'’s adjusted unequal variance t-test. * indicates p < 0.05. (B)
illustrates the metabolic pathway of n6-PUFAs and arachidonic acid. Several of the metabolites in this pathway, including LTB4, 5-HETE, and 9/13-HODE, all of which
are pro-inflammatory (circled red) were significantly elevated in SLE™?, relative to the other groups. LTB4 and 5-HETE had perfect accuracy in distinguishing SLEP?
from SLE (C), both with 100% specificity and sensitivity values, while 9-HODE + 13-HODE exhibited 83% accuracy in distinguishing SLEPP from SLE.

the role of LTB4 and related leukotrienes in inflammation and
cardiovascular disease has been extensively documented (43-46).
LTB4 causes activation of neutrophils, chemotaxis and adhesion
of leukocytes to vascular endothelium and stimulates release of
ROS and dsDNA from neutrophils (47-49). LTB4 also enhances
the phagocytic activity of neutrophils and T-cell migration (50,
51). Together, these immune events may promote atheroma
formation. In conjunction with our findings, this suggests that
LTB4 may not only be prognostic of CVD in SLE, it is also
likely to be an active driver of inflammation leading to atheroma
formation (42, 47, 52, 53). Other metabolites in this pathway
including 9-HODE and 13-HODE are also proinflammatory

and have been implicated in atherogenesis (52-55). Wang et al.
reported that the serum levels of 19 metabolites in conjunction
with the use of traditional CVD risk factors was able to better
predict which patients would go on to develop CVD than the use
of risk factors alone (56). Their selected metabolites included 13-
HODE and 9-HODE, which we also found significantly elevated
in SLE patients who exhibited plaque progression.

Indeed, we had previously reported that LTB4, 5-HETE,
9-HODE and 13-HODE, all of which are metabolites in the
same metabolic pathway (Figure 3B) are significantly elevated
in SLE patients, associated with higher disease activity (16). 5-
HETE is chemotactic for neutrophils and causes aggregation and
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degranulation of neutrophils (57-60). 12-HETE is involved in
the recruitment and migration of neutrophils (61). High levels
of 9/13 HODE have been shown to correlate with high SLE
disease activity (16). 9/13-HODE are ligands of PPARg that
enhances monocyte maturation and maintain macrophages in
chronic inflammatory state (62). One can certainly envision
this to promote atheroma formation. In the present study, we
find that these same metabolites are highly upregulated only in
SLE patients who later exhibited plaque progression, but not in
patients who do not (Figure 3A). Taking together our previous
metabolomic findings (16), the present metabolomic findings and
the rich body of literature in CVD, it is clear that baseline levels
of LTB4, 5-HETE, 9-HODE and 13-HODE are strong predictors
and pathogenic drivers of future plaque progression and CVD.
These findings also suggest that pharmacological inhibitors of
this pathway, including LTB4 inhibitors, warrant evaluation in
lupus patients bearing these serum biomarkers.

Plasmalogens emerge as another class of metabolites
that may hold biomarker potential in SLEPP. In particular,
the ethanolamine plasmalogens  1-(1-enyl-palmitoyl)-2-
linoleoyl-GPE, 1-(1-enyl-stearoyl)-2-oleoyl-GPE, 1-stearoyl-2-
arachidonoyl-GPE, and 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE
as well as the choline plasmalogen 1-palmitoyl-2-arachidonoyl-
GPC were reduced in SLEP? and SLE sera when compared to
controls. Many of these molecules have been implicated in early

colorectal and breast cancers and are being evaluated for their
potential to detect these malignancies early (63, 64). Reduced
plasmalogen levels impair phagocytosis by macrophages
(65). Plasmalogen levels are reduced in SLE patients and are
correlated with increased oxidative stress (66). Nguma et al.,
have suggested that ethanolamine plasmalogens may even serve
a protective role against oxidative stress and have studied the
utility of these molecules in the treatment of colitis in murine
models (67). Levels of several choline plasmalogens were found
by Nishimukai et al. to have a strong inverse correlation to
progression of atherosclerosis and have even been suggested
as possible biomarkers of CVD (68). Plasmalogens have also
been proposed as potential biomarkers of SLE, as they have been
found to be reduced in these patients (69). While our findings
are consistent with the earlier reports, within our cohort these
molecules are even further reduced in lupus patients who go
on to develop atherosclerotic plaques. Further study will be
necessary to assess the utility of plasmalogens as biomarkers for
both SLE and SLEP". Two plasmalogens, 1-(1-enyl-palmitoyl)-
GPE and 1-(1-enyl-oleoyl)-GPE, were elevated in the SLEP”
group. In a 2018 study of patients with metabolic syndrome,
Candi et al. found the same two ethanolamine plasmalogens to
be elevated in the diseased population when compared to healthy
controls (70). They had suggested that production of certain
plasmalogens is elevated in response to the disease process, in
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order to combat inflammation (70, 71). Our findings in the
present study are possibly explained by a similar mechanism,
though experimental verification is warranted.

Several aspects of this study could be improved. As we have
discussed previously, it would be important to control for the
impact of medications, diet, genetics, and the gut microbiome
in future evaluations of cardiovascular disease in SLE (71). In
addition, the sample sizes of all groups studied need to be
significantly increased. The patients used for this study tended
to be older, and as such our findings may not be applicable to
younger patients, though this needs to be experimentally verified.
The clinical utility of these biomarkers as prognostic indicators
may be limited to SLE patients with mild disease, as the mean
SLEDAI score for both the SLE and SLE"” groups was 2.0.
Moreover, future studies must use larger cohorts to ascertain
whether the reported results were confounded by variables such
as tobacco use, which was most prevalent in the SLE group, or
hypertension, which was present in the SLE and “HC” groups but
not the SLE?? group.

CONCLUSION

Taken together with the large body of literature in the
cardiovascular field that describe the same metabolites detailed
here, the current observations offer resounding support for using
baseline LTB4, 5-HETE, 9/13-HODE as well as altered alpha
keto-acids and plasmalogens as prognostic biomarkers of long-
term atherosclerosis and cardiovascular disease in patients with
lupus, and for carefully evaluating the need for early institution
of preventive measures in these high-risk subjects. Future studies
are warranted to validate these results in larger patient cohorts.
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