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Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that affects females
more than males, with African Americans developing more severe manifestation of the
disease. SLE patients are at increased risk for cardiovascular disease (CVD), and SLE
women 35-44 years old have 50 fold the incidence rate of CVD. Because SLE patients do
not follow the typical age and gender pattern for CVD, but instead an accelerated disease
course, the traditional biomarkers of elevated LDL and total cholesterol levels do not
accurately assess their CVD risk. Recently, we have reported that African American SLE
patients had higher ceramide, hexosylceramide, sphingosine and dihydrosphingosine
1-phosphate levels compared to their healthy controls, and those with atherosclerosis
had higher sphingomyelin and sphingoid bases levels than those without (PLoS One.
2019; e0224496). In the current study, we sought to identify sphingolipid species that
correlate with and pose the potential to predict atherosclerosis severity in African
American SLE patients. Plasma samples from a group of African American
predominantly female SLE patients with well-defined carotid atherosclerotic plaque
burden were analyzed for sphingolipidomics using targeted mass spectroscopy. The
data demonstrated that at baseline, plaque area and C3 values correlated inversely with
most lactoceramide species. After one-year follow-up visit, values of the change of plaque
area correlated positively with the lactoceramide species. There was no correlation
between LDL-C concentrations and lactoceramide species. Taken together,
lactocylcermide levels may have a ‘predictive’ value and sphingolipidomics have an
added benefit to currently available tools in early diagnosis and prognosis of African
American SLE patients with CVD.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease with various organ involvement and severity. The
majority (90%) of lupus patients are females, and African
American women are three times more likely than white
women to have lupus and develop severe symptoms (1–4).
Despite the dyslipidemia and accelerated cardiovascular disease
(CVD) associated with SLE (5), the significance of the
conventional plasma lipid panel (e.g., cholesterol and
triglycerides) in the diagnosis/prognosis of CVD in SLE
patients has been in question. For instance, the efficacy of
statins to prevent atherosclerosis in SLE was found to be
inconsistent (6). Furthermore, African Americans have
increased risk of CVD although normally they have lower
triglycerides and higher HDL cholesterol levels than other
ethnicities (7).

Sphingolipids are both structural lipids and signaling
molecules that are associated with cellular membranes and
plasma lipoprotein, and their metabolism is tightly regulated to
maintain homeostasis (8, 9). Sphingolipids in the blood are
carried on circulating lipoprotein particles (HDL, LDL, and
VLDL), and their use as disease biomarkers has been explored
(9). Dysregulation of the sphingolipid pathway has been
described in several inflammatory and immune-mediated
diseases (10, 11), and alterations in the sphingolipid pathway
in SLE and some of its related complications have been reported
(12–16). A cross sectional study on a European SLE cohort
showed that dysregulations in circulating sphingolipids is
associated with clinical systemic disease activity and renal
disease activity (17). In another cross-sectional study, lupus
nephritis patients were stratified by severity of renal
impairment, and the results showed that C16:0, C18:0, C20:0,
and C24:1 ceramides were significantly elevated in the plasma of
lupus nephritis patients when compared to healthy controls, and
SLE patients without renal impairment (18). Ceramide C24:1
showed the most potential of being used as a biomarker of lupus
nephritis, as it remained strongly elevated in lupus nephritis
patients (p =0.0001), even when compared to SLE patients
without kidney disease (18). These data show the potential
value of assessing changes in circulating sphingolipids to
Abbreviations: ACS, Acute coronary syndrome; ACR, American College of
Rheumatology; ACE, Angiotensin converting enzyme; ARBs, Angiotensin
receptor blockers; dsDNA, Anti-double-stranded DNA; CVD, Cardiovascular
Disease; Cer, Ceramide; CERT, Ceramide risk score; CVA, Cerebrovascular
accident; CLIA, Clinical Laboratory Improvement Amendments; C3,
Complement protein C3; C4, Complement protein C4; CAD, Coronary artery
disease; dhSph, Dihydrosphingosine; dhSph-1P, Dihydrosphingosine 1-
phosphate; Hex-Cer, Hexosylceramide; HDL-C, High-density lipoprotein
cholesterol; IQR, Interquartile range; Lact-Cer, Lactosylceramide; LDL-C, Low-
density lipoprotein cholesterol; MUSC, Medical University of South Carolina; MI,
Myocardial infarction; PC, Phosphatidylcholine; SIC, Sphingolipids inclusive
CAD; SM, Sphingomyelin; S1P, Sphingosine 1-phosphate; SK, Sphingosine
kinase; SLE, Systemic lupus erythematosus; SLEDAI, Systemic Lupus
Erythematosus Disease Activity Index; SLICC, Systemic Lupus International
Collaborating Clinics Damage Index; TPA, Total plaque area; VLDL, Very low-
density lipoprotein.
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identify a biomarker(s) for early detection of SLE and
its comorbidities.

We have recently demonstrated that healthy African
Americans have higher sphingomyelin (SM) levels and
lower lactosylceramide (Lact-Cer) levels compared to healthy
whites, and that SLE patients, irrespective of race, have
higher levels of ceramide, and sphingoid bases [sphingosine
and dihydrosphingosine (dhSph)] and their phosphates
[sphingosine 1-phosphate (S1P) and dihydrosphingosine 1-
phosphate (dhSph-1P)] compared to healthy participants (19).
We also showed that compared to African American healthy
controls, African American SLE patients have higher ceramide,
hexosylceramide (Hex-Cer), sphingosine and dhSph-1P levels;
and that African American SLE patients with atherosclerosis
have higher sphingoid bases and SM levels compared to African
American SLE patients without atherosclerosis (19). Notably,
plasma levels of sphingosine, C16:0 ceramide/S1P ratio and
C24:1 ceramide/S1P ratio significantly correlated with SLEDAI
(Systemic Lupus Erythematosus Disease Activity Index) in the
African American but not white SLE patients. In the present
study, we investigated plasma sphingolipids as potential
biomarkers that can predict or indicate atherosclerosis severity
and/or established clinical SLE disease markers in African
American SLE patients. Using targeted sphingolipidomics,
plasma samples from a unique well-characterized African
Americans lupus cohort with subclinical atherosclerosis (20,
21) were analyzed.
MATERIALS AND METHODS

Study Participants
Banked plasma samples were utilized from participants who
were previously recruited for a cross sectional within-lupus case-
control study to evaluate novel and traditional risk factors for
accelerated atherosclerosis in a largely African American SLE
population (20). Fifty-one participants with SLE but without a
history of clinical cardiovascular events were enrolled. At entry,
participants met at least four of the 1997 revised American
College of Rheumatology (ACR) SLE criteria (22). Traditional
risk factors for atherosclerosis assessed by interview and chart
review were history of major cardiovascular event or peripheral
vascular disease (for exclusion criteria), number of years since
SLE diagnosis, history of hypertension, diabetes, obesity,
hypercholesterolemia, or smoking (current). Sera and plasma
samples were analyzed for lipids and lupus activity markers.
Urine protein, creatinine, and cell count; serum C3, C4, and
anti-double-stranded DNA (dsDNA) antibody levels; complete
blood count; complete metabolic panel; and plasma triglycerides,
VLDL, LDL, and HDL cholesterol (VLDL-C, LDL-C, and HDL-
C), and total cholesterol were analyzed at the CLIA-certified
Medical University of South Carolina (MUSC) Clinical
Chemistry, Hematology, and Immunology Laboratories.
Medication histories were performed by interview and chart
review; the following medications were recorded as either
present or absent: immunomodulators (mycophenolate
mofetil, mycophenolic acid, azathioprine, methotrexate, or
July 2021 | Volume 12 | Article 694318
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hydroxychloroquine), angiotensin-converting enzyme (ACE)
inhibitors, angiotensin receptor blockers (ARBs), prednisone
and statins.

This cohort was then followed prospectively, and carotid
ultrasound measurements were performed to determine total
plaque area (TPA) in both carotids at baseline (visit 1) and one
year later (visit 2). TPAwas then reported as % TPA or a percent for
age and sex-matched controls. Participants were labeled as having
accelerated atherosclerosis (cases) if their age and sex-adjusted TPA
was greater than the mean of historical controls in a hypertension
stroke prevention clinic (23). The rationale for the use of carotid
TPA as a marker of clinically relevant atherosclerosis and its
measurement with ultrasound was explained previously (21). The
historical control population in that study was used to reduce the
confounding effect of age on TPA rather than to directly compare
TPA in SLE and non-SLE populations (20). Because the goal in the
initial study was to determine markers of subclinical atherosclerosis,
participants with a history of clinical CVD such as myocardial
infarction (MI); stroke (cerebrovascular accident, CVA); or
documented peripheral, coronary, or carotid artery functionally
significant narrowing were not included in the study. Those with a
serum creatinine of > 3.0 were excluded due to the confounding
effect of chronic kidney disease on the progression of
atherosclerosis. Blood was collected at visits one and two
(approximately 12 months apart), immediately processed for
platelet-rich plasma, and frozen at -80°C for later, retrospective
analysis. A subset (n =39) of the original (n =51) participants was
selected for sphingolipid analysis, based upon the availability of their
banked plasma samples.

Sphingolipid Extraction and Analysis
Mass spectroscopy was used to measure plasma levels of individual
species of five classes of sphingolipids: ceramides, sphingoid bases:
sphingosine and dhSph and their phosphates (S1P and dhSph-1P,
respectively), SM, and the glycosphingolipids Lact-Cer and Hex-Cer
as previously described (24–29). Briefly, 100 ml of de-identified
plasma sample (collected in EDTA as anti-coagulant and stored at
-80°C) from each participant was spiked with internal standards
and the sphingolipid complement in each sample was extracted.
The sphingolipids in plasma extracts were separated and their
masses quantitated using high performance l iquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) at
the MUSC Lipidomics Shared Resource. Lipids eluted during
chromatography were detected and quantitated using a Thermo
Scientific Quantum Access triple quadruple mass spectrometer
equipped with an electrospray ion source (ESI) operating in
multiple reaction monitoring (MRM) positive ion mode.
Chromatographic separations were obtained under a gradient
elution of a Peeke Scientific C8 Column (Redwood City, CA).
Quantitative analyses were based on calibration curves generated by
injecting known amounts of the target analytes and an equal
amount of the internal standards. A listing of the internal
standards used, and of the sphingolipids with available calibration
standards was previously published (24). The calibration standards
were obtained predominately from the MUSC Lipidomics Share
Resource facility, and from commercially available sources, Avanti
Polar Lipids Inc. and Matreya LLC. Molecular species of
Frontiers in Immunology | www.frontiersin.org 3
sphingolipids, which do not have available standards, were
quantified using the calibration curve of the closest eluting
counterpart. The final concentrations of analytes in the samples
were determined using the appropriate corrections for sample loss
based on internal standard recovery calculations. The resulting data
was then normalized to the volume of sample analyzed. Final results
were reported as pmol/ml plasma.

Statistical Analyses
Descriptive statistics were used to characterize the study
participants with respect to demographics and clinical
variables. Because of non-normality of many of the study
variables, Spearman rank correlations were used to assess
associations between sphingolipids and measures of
atherosclerosis, and correlations with p-values <0.05 were
highlighted. For correlations assessing change in total plaque
area, partial Spearman correlations that adjusted for baseline
total plaque area were also reported. With a sample size of n =39
participants, our study had 80% power to detect correlations as
small as 0.44 with 2-sided testing and alpha=0.05. Wilcoxon rank
sum tests were used to compare baseline sphingolipid levels
between patients where were (n =4) and were not (n =35) on
statins throughout the course of the follow-up time period.
p-values < 0.05 were considered statistically significant, and as
this was largely a hypothesis generating study, no adjustments
were made for multiple hypothesis testing. Analyses were
conducted using SAS v9.4 (SAS Institute, Cary, NC).
RESULTS

Baseline Clinical Characteristics and
Plasma Sphingolipidomics
All of the SLE patients of this study (n =39) were African
American, and most were (90%) females. The clinical
characteristics at baseline (visit 1) are summarized in Table 1.
The mean age at baseline was 43 years, with an average of 10-year
duration of SLE. Serum concentrations of triglycerides and
cholesterol in lipoprotein fractions were within the normal
range (Table 1) and were similar to those formerly reported
for their matched controls (21). Notably, the mean total
cholesterol was found to be 10% lower among SLE patients
compared with the matched controls (21); hydroxychloroquine,
the drug that may have been used to treat the SLE patients before
baseline, was previously shown to lower total cholesterol levels by
about 15% after starting treatment (30).

The descriptive statistics of the baseline plasma sphingolipids
for the large subset of SLE patients (n =35) who were not
consistently on statins throughout the study are presented in
Table 2. The mean ± SD and the median with IQR of the
measured medium-, long- and very long-chain SM, ceramide,
and glycosphingolipid (Lact-Cer and Hex-Cer) species, and
sphingoid bases (sphingosine and dhSph) and their phosphates
(S1P and dhSph-1P, respectively) are reported, as are the C16:0
ceramide/S1P, C24:1 ceramide/S1P, C16:0 ceramide/C24:0
ceramide, C18:0 ceramide/C24:0 ceramide, and C24:1
July 2021 | Volume 12 | Article 694318
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ceramide/C24:0 ceramide ratios (Table 2). The baseline plasma
sphingolipids of all participating SLE patients (n =39) and those
who used statins consistently over the period extending from
visit 1 to visit 2 (n =4) are presented in Table 4. The mean
sphingolipid levels did not differ by hydroxylchloroquine use or
by prednisone dose (data not shown). However, for those
patients who used ACE inhibitors (N =9), levels of C14:0,
C16:0, C18:0, C22:1, C24:1 ceramides and C16:0 ceramide/S1P
ratio were significantly higher (p<0.05) than in those who did not
(Table S1). For those who used ARBs (N =3), C16:0 ceramide/
C24:0 ceramide, C18:0 ceramide/C24:0 ceramide, and C24:1
ceramide/C24:0 ceramide ratios were significantly higher
(p<0.05), but levels of C20:0 and C24:0 SM were lower
(p<0.05) than in those who did not (Table S2).

At visit 1, the mean TPA for this study cohort was about 80% of
the mean TPA of age- and sex-matched historical controls. One
year after visit 1 (i.e., visit 2), TPA (cm2) was minimally reduced but
not with statistical significance [mean ± SD: -0.12 ±0.44; median
with interquartile range (IQR): 0.00 (-0.15, 0.00)]; 51.3% of the
patients experienced declines in TPA during the course of the study.
As noted in Table 1, there is great heterogeneity in the lupus
population, with some patients have lower levels than controls and
some have higher levels. In addition, the control participants were
“disease” controls with hypertension in a prevention clinic. As
shown also in Table 5, the SLEDAI scores in this cohort correlate
negatively with Systemic Lupus International Collaborating Clinics
Damage Index (SLICC) scores, as well as C3 and C4 levels, whereas
SLICC scores correlate positively with C3 and C4 levels. Levels of
dsDNA antibodies were found to correlate negatively with SLICC
scores, and also with C3 and C4 levels. Characteristically, early SLE
markers (e.g., dsDNA) are associated with disease activity, whereas
Frontiers in Immunology | www.frontiersin.org 4
later SLE markers (e.g., low C3 and C4 levels) are associated with
organ damage (31). Notably, as shown in Table 5, levels of plasma
triglycerides, LDL-C, and HDL-C were found not to correlate with
any of the traditional SLE makers (SLEDAI, SLICC, C3,
C4, dsDNA).

Lactosylceramides Correlate Negatively
With Plaque Area and C3, While
Sphingomyelins, Ceramides, and
Hexosylceramides Correlate Positively
With LDL-C
Correlations between concentrations of plasma sphingolipids
and clinical variables, including baseline (visit 1) plaque and
change in plaque at visit 2 are presented in Table 3. For this
correlation analysis, participants on statins at both visits (n =4)
were excluded, since the statins themselves may impact
sphingolipids (32). At baseline, TPA values are shown to
correlate negatively with the concentrations of the two most
dominant Lact-Cer species (C16:0 and C24:1), Lact-Cer species
with long-chain saturated fatty acids (C20:0, C22:0, and C24:0),
and total Lact-Cer. However, TPA values are shown to correlate
positively with the concentrations of C20:0, C22:0, and total SM,
and the very long-chain ceramide species C24:0, C26:0 and C26:1
(Table 3). At visit 2, change in TPA from baseline is shown to
correlate positively with the two dominant Lact-Cer species
(C16, and C24:1) and total Lact-Cer, but negatively with C14:0
SM concentration. No statistically significant correlations were
found between the values of the change of TPA from baseline
and concentrations of ceramide and Hex-Cer species; however,
negative correlations were found with concentrations of
sphingosine, dhSph and dhSph-1P. After adjusting for age
TABLE 1 | Baseline (visit 1) demographics and clinical characteristics.

Variable Mean Standard Deviation Median IQR

From To

Age (yrs.) 43.1 ± 13.0 45.8 28.1 55.3
Years with SLE (yrs.) 10.1 ± 8.1 7.0 4.3 14.5
Total plaque area (% of controls)* at baseline 80.4 ± 114.3 54.5 0.0 97.0
Total plaque area (cm2) at visit 1 (baseline) 0.29 ± 0.41 0.12 0.00 0.45
Total plaque area (cm2) at visit 2 0.17 ± 0.34 0.00 0.00 0.19
Change in plaque (cm2)** -0.12 ± 0.44 0.00 -0.15 0.00
Blood pressure: systolic 131.7 ± 21.1 130.0 116.0 144.0
Blood pressure: diastolic 78.2 ± 13.9 77.0 66.0 89.0
Waist-hip ratio 0.8 ± 0.2 0.8 0.8 0.9
SLEDAI score 4.1 ± 3.0 4.0 2.0 6.0
SLICC score 1.2 ± 1.5 1.0 0.0 2.0
LDL-C (mg/dl) 106.8 ± 39.4 102.0 77.0 124.0
HDL-C (mg/dl) 47.1 ± 12.7 46.0 38.0 55.0
Triglycerides (mg/dl) 93.7 ± 39.8 91.0 60.0 118.0
C3 (mg/dl) 104.2 ± 27.7 106.5 89.6 125.2
C4 (mg/dl) 18.0 ± 5.7 17.4 13.6 22.8
dsDNA antibodies (IU/ml) 140.9 ± 184.3 76.7 4.9 221.3
Urine protein/creatinine 0.3 ± 0.4 0.1 0.1 0.2
July 2021 | Vo
lume 12 | Article 6
N = 39 (Females: 35 (89.7%), Males: 4 (10.3%), All African Americans.
*% of age- and sex-matched historical controls.
**Absolute change in plaque from baseline (visit 1) to visit 2 (approximately 12 months apart).
IQR, Interquartile range; SLEDAI, Systemic lupus erythematosus disease activity index; SLICC, Systemic Lupus International Collaborating Clinics; LDL-, HDL-C; HDL-, LDL-cholesterol.
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TABLE 2 | Baseline descriptive statistics of plasma sphingolipids among study participants (n =35) not consistently on statins throughout the study.

Sphingolipids [pmol/100 µl plasma] Mean Standard Deviation Median IQR

From To

Sphingomyelin (SM)
C14:0 SM 1041.00 ± 388.85 916.53 808.4 1196.4
C16:0 SM 18500.00 ± 3788.00 17611.00 15786.1 21503.6
C18:0 SM 1340.00 ± 218.17 1314.00 1157.1 1489.1
C18:1 SM 665.61 ± 132.24 655.66 554.3 735.5
C20:0 SM 720.25 ± 118.82 695.23 642.7 809.7
C20:1 SM 294.20 ± 48.57 291.66 257.5 327.4
C22:0 SM 1417.00 ± 239.45 1413.00 1260.7 1502.7
C22:1 SM 1082.00 ± 147.11 1080.00 956.2 1169.4
C24:0 SM 1217.00 ± 237.37 1202.00 1033.3 1355.6
C24:1 SM 2966.00 ± 344.44 3037.00 2697.7 3316.0
C26:0 SM 8.57 ± 1.96 8.60 7.1 9.9
C26:1 SM 21.12 ± 5.25 20.61 16.7 24.7
Total SM 29272.00 ± 4667.00 28279.00 25652.7 33846.5

Ceramide (Cer)
C14:0 Cer 3.24 ± 0.96 3.00 2.7 3.6
C16:0 Cer 53.35 ± 20.74 52.02 40.2 59.9
C18:0 Cer 16.42 ± 7.12 14.64 12.7 20.9
C18:1 Cer 5.13 ± 2.67 4.40 3.2 6.3
C20:0 Cer 33.69 ± 14.90 31.52 26.4 38.4
C20:1 Cer 6.22 ± 2.49 5.94 4.4 7.7
C20:4 Cer 0.04 ± 0.03 0.04 0.0 0.1
C22:0 Cer 138.76 ± 34.06 140.04 110.5 153.6
C22:1 Cer 50.73 14.23 47.73 41.4 63.7
C24:0 Cer 582.25 ± 197.05 555.36 477.3 703.7
C24:1 Cer 228.19 ± 64.18 236.11 193.8 276.0
C26:0 Cer 18.36 ± 9.94 17.13 10.8 22.9
C26:1 Cer 9.87 ± 4.44 9.66 7.2 12.5
Total Cer 1146.00 ± 327.38 1147.00 973.2 1393.8

Dihydro-C16:0 Cer 2.12 ± 1.05 1.83 1.4 2.7
Lactosylceramide (Lact-Cer)
C14:0 Lact-Cer 9.64 ± 4.29 10.23 6.6 11.4
C16:0 Lact-Cer 265.62 ± 91.51 272.41 186.7 319.0
C18:0 Lact-Cer 11.41 ± 4.53 10.55 8.2 13.2
C18:1 Lact-Cer 8.07 ± 4.45 6.23 4.4 11.2
C20:0 Lact-Cer 2.84 ± 1.19 2.72 2.1 3.2
C20:1 Lact-Cer 0.29 ± 0.17 0.24 0.2 0.4
C22:0 Lact-Cer 8.78 ± 3.55 8.34 6.1 10.5
C22:1 Lact-Cer 0.57 ± 0.25 0.50 0.4 0.7
C24:0 Lact-Cer 2.50 ± 0.88 2.29 1.8 3.0
C24:1 Lact-Cer 32.01 ± 11.91 30.34 24.4 37.6
C26:0 Lact-Cer 0.11 ± 0.06 0.11 0.1 0.1
C26:1 Lact-Cer 0.11 ± 0.04 0.11 0.1 0.1
Total Lact-Cer 341.95 ± 113.27 323.16 247.7 420.7

Hexosylceramide (Hex-Cer)
C14:0 Hex-Cer 0.57 ± 0.27 0.50 0.3 0.7
C16:0 Hex-Cer 76.81 ± 28.36 75.70 57.1 95.4
C18:0 Hex-Cer 0.56 ± 0.25 0.49 0.4 0.6
C18:1 Hex-Cer 0.19 ± 0.08 0.19 0.1 0.2
C20:0 Hex-Cer 0.96 ± 0.38 0.87 0.7 1.1
C20:1 Hex-Cer 0.12 ± 0.07 0.11 0.1 0.1
C22:0 Hex -Cer 41.51 ± 11.16 42.26 34.9 49.0
C22:1 Hex -Cer 1.51 ± 0.52 1.46 1.0 1.8
C24:0 Hex -Cer 57.27 ± 15.32 56.69 44.9 74.0
C24:1 Hex -Cer 72.97 ± 23.39 68.81 55.5 88.7
C26:0 Hex -Cer 0.90 ± 0.37 0.88 0.6 1.2
C26:1 Hex -Cer 0.46 ± 0.19 0.40 0.3 0.6
Total Hex-Cer 253.83 ± 66.38 234.1 205.53 296.64

Dihydrosphingosine (dhSph) 0.58 ± 0.26 0.53 0.4 0.7
Sphingosine 1.86 ± 0.76 1.58 1.3 2.3
dhSph 1-phosphate (dhSph-1P) 16.18 ± 3.95 16.48 13.3 19.5

(Continued)
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(using partial correlation), the correlation between change in
plaque area and the sphingolipids became non-significant for
C14:0 SM, C20:0 SM, C14:0 Lact-Cer, and C16:0 Hex-Cer.

The data in Table 3 show that, in this study cohort, LDL-C
concentrations strongly and positively correlate with
concentrations of the majority of SM, ceramide, and Hex-Cer
species, as well as C16:0 dihydroceramide, sphingosine, dhSph,
C16:0 Cer/S1P and C24:1 Cer/S1P. In contrast, there is no
significant correlations identified between concentrations of
LDL-C and those of Lact-Cer species, except for C26:0 Lact-
Cer, which exists in the circulation in a barely detectable amount
(Table 1). As shown in Table 3, there is no significant correlation
present between HDL-C concentration and the concentration of
any of the plasma sphingolipids.

Table 3 also show that triglyceride concentrations correlate
positively with concentrations of SM (C16:0, C18:1, and total),
ceramide (C18:0, C18:1, C20:0, C20:1, C22:0, C22:1, and total),
dh-Sph and sphingosine. However, triglyceride concentrations
were found to have significantly negative correlation with the
second dominant Lact-Cer species (C24:1 Lact-Cer), with
statistically non-significant negative correlations with the
concentrations of the remaining of Lact-Cer species. As shown
in Table 3, triglyceride concentrations do not correlate with of
any of the Hex-Cer species concentrations.

In this study, the older the patient the higher the
concentrations of SM species (C20:0, C20:1, C22:0, C22:1,
C24:0, and C24:1) and ceramide species (C20:0 and C20:1),
and the lower the concentrations of Lact-Cer species (C16:0,
C20:0, C22:0, C22:1, C24:0, C24:1, and total Lact-cer) and
Hex-Cer species (C16:0, C20:0, and total Hex-Cer) (Table 3).
The duration of SLE prior to visit 1, concentrations of dsDNA
antibodies, and SLEDAI scores, do not seem to have a significant
effect on the concentrations of plasma sphingolipids. However,
C3 concentrations were found to correlate negatively with almost
all Lact-Cer species, and positively with three long-chain SM
species. C4 concentrations, on the other hand, showed
associations with concentrations of only few scarce plasma
sphingolipid species (Table 3).

Circulating C24:1 Ceramide in African
American with SLE Could Be Elevated
in Response to Statins
Although this study was not purposely designed to study the
effect of statins on the development of atherosclerosis in African
Frontiers in Immunology | www.frontiersin.org 6
American SLE patients, we compared the baseline (visit 1)
concentrations of plasma sphingolipids in patients who
consistently used statins over the period extending from visit 1
to visit 2 (n =4) with those were not indicated as being prescribed
any statins (n =35). The data in Table 4 show that C24:1
ceramide and C24:1 ceramide/S1P ratio were significantly
higher in the former group of patients. The concentration of
C26:0 Lact-Cer, one of the least detectable plasma sphingolipid
species, was also higher in the SLE patients who consistently used
statins compared to those who did not (Table 4).
DISCUSSION

In the present study, we examined the concentrations of
sphingolipid species in plasma from a well-characterized
cohort of predominantly African American female SLE
patients as potential biomarkers that can be associated with
atherosclerosis severity and/or with clinical SLE disease markers.
Defined carotid atherosclerotic plaque burden measurements at
baseline and after one year were analyzed for correlations with
the baseline concentrations of plasma sphingolipid species. The
data demonstrated that TPA and C3 values correlated inversely
with concentrations of the two most dominant Lact-Cer species
(C16:0 and C24:1) and of Lact-Cer species with long-chain
saturated fatty acids. Because lower C3 levels is a marker for
increasing SLE disease activity (31), it is then plausible to assume
that higher levels of Lact-Cer would be associated with SLE
disease activity. As shown in Table 5, the correlations between
C3 and each of TPA and the change in plaque from baseline are
not statistically significant, which is consistent with the
characteristics of our study cohort, who is a largely stable SLE
population with little activity.

Lact-Cer is an integral component of the cell outer
membrane, serving as a mediator to transduce external stimuli,
which may contribute to mortality and morbidity in humans as
well as in animal models (recently reviewed in 33). Lact-Cer is
synthesized by the action of Lact-Cer synthase, which can be
activated by several inflammatory and stress factors. The
generated Lact-Cer activates nicotinamide adenine dihydrogen
phosphate (NADPH) oxidase producing reactive oxygen species
(ROS) and a highly oxidative stress environment, which triggers
a cascade of signaling molecules and pathways causing
mitochondrial dysfunction and contributing to inflammation,
TABLE 2 | Continued

Sphingolipids [pmol/100 µl plasma] Mean Standard Deviation Median IQR

From To

Sphingosine 1-phosphate (S1P) 60.17 ± 12.55 56.99 51.0 65.5
C16:0 Cer: S1P Ratio 0.92 ± 0.39 0.91 0.6 1.1
C24:1 Cer: S1P Ratio 3.91 ± 1.28 3.97 3.0 4.5
C16:0 Cer: C24:0 Cer Ratio 0.095 ± 0.03 0.09 0.07 0.12
C18:0 Cer: C24:0 Cer Ratio 0.03 ± 0.1 0.03 0.02 0.04
C24:1 Cer: C24:0 Cer Ratio 0.41 ± 0.07 0.37 0.34 0.46
July 202
1 | Volume 12 | Article
N = 35, not consistently on statins throughout the study.
IQR, Interquartile range.
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TABLE 3 | Correlations between plasma sphingolipids and clinical variables, including baseline (visit 1) plaque area and change in plaque at visit 2.

TG C3 C4 dsDNA Urine protein/
creatinine

0.32 0.10 -0.11 -0.002 0.30
0.39 -0.05 0.08 0.01 0.35
0.31 0.05 0.16 -0.02 -0.14
0.44 0.26 0.26 -0.11 0.04
0.09 0.36 0.05 -0.08 -0.12
0.24 0.37 0.12 -0.11 -0.03
0.22 0.26 0.07 -0.09 -0.05
0.32 0.45 0.10 -0.08 0.10
0.01 0.23 0.12 -0.19 -0.18
0.13 0.22 0.23 -0.30 0.04
-0.10 -0.20 -0.10 0.05 -0.19
0.04 -0.07 0.15 -0.15 -0.09
0.44 0.10 0.16 -0.07 0.29

0.31 0.08 0.02 0.09 0.31
0.27 -0.14 0.08 0.27 0.47
0.41 0.10 0.09 0.18 0.23
0.40 0.24 0.21 0.07 0.19
0.44 0.33 0.09 0.06 0.32
0.40 0.33 0.24 0.05 0.24
-0.12 0.23 0.11 -0.14 0.22
0.36 0.12 0.17 0.02 0.09
0.51 0.28 0.17 0.05 0.26
0.26 0.19 0.22 -0.03 0.08
0.33 0.25 0.26 -0.05 0.21
0.18 0.06 0.32 -0.02 0.02
0.20 0.03 0.36 -0.03 0.17
0.35 0.20 0.22 0.04 0.21
0.19 -0.13 0.11 0.10 0.25

-0.07 -0.35 -0.28 0.20 0.02
-0.19 -0.33 -0.14 0.15 -0.14
-0.12 -0.44-

0.44
-0.18 0.12 0.04

0.12 -0.19 0.07 0.01 0.17
-0.16 -0.39 -0.26 0.30 0.01
-0.02 -0.47 -0.31 0.25 0.17
-0.20 -0.35 -0.30 0.25 0.13
-0.28 -0.46 -0.34 0.20 0.13
-0.26 -0.44 -0.48 0.24 0.06
-0.40 -0.32 -0.21 0.04 -0.14
0.01 -0.34 -0.32 0.27 0.16
0.03 -0.05 -0.003 -0.01 0.09
-0.19 -0.33 -0.19 0.15 -0.11

(Continued)
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Sphingolipids Total plaque
area %*

Change in
Plaque**

Age Years with
SLE

BP
Syst.

BP
Diast.

Waist-
hip
ratio

SLEDAI
score

SLICC
score

LDL-
C

HDL-
C

Sphingomyelin (SM)
C14:0 SM 0.30 -0.35 0.26 -0.02 0.03 0.03 0.13 0.15 -0.09 0.77 0.33
C16:0 SM 0.28 -0.02 0.08 0.01 0.01 0.19 0.15 -0.06 0.08 0.83 0.24
C18:0 SM 0.03 -0.12 0.02 -0.16 -0.24 -0.07 -0.02 -0.09 -0.003 0.60 0.10
C18:1 SM 0.04 -0.04 0.25 0.02 -0.05 -0.10 -0.05 -0.23 0.30 0.52 0.11
C20:0 SM 0.41 -0.28 0.47 0.35 -0.06 -0.12 0.13 0.09 -0.02 0.43 0.28
C20:1 SM 0.23 -0.16 0.47 0.25 0.02 -0.20 -0.19 -0.09 0.31 0.35 0.23
C22:0 SM 0.35 -0.00 0.34 0.30 -0.005 0.11 0.32 0.07 0.01 0.57 0.15
C22:1 SM 0.15 -0.25 0.51 0.27 0.10 -0.08 0.21 -0.08 0.24 0.43 0.10
C24:0 SM 0.26 0.23 0.35 0.29 0.19 0.22 0.18 -0.01 0.20 0.30 0.20
C24:1 SM 0.27 0.24 0.36 0.30 0.01 -0.17 0.09 -0.25 0.31 0.36 0.15
C26:0 SM -0.005 0.15 -0.02 0.11 0.14 0.38 -0.07 0.11 0.09 0.01 0.17
C26:1 SM 0.24 0.22 0.21 0.17 0.03 0.10 0.05 -0.17 0.18 0.28 0.14
Total SM 0.34 -0.09 0.20 0.09 0.002 0.13 0.19 -0.08 0.13 0.88 0.23

Ceramide (Cer)
C14:0 Cer 0.06 -0.06 0.13 0.02 -0.03 0.25 0.26 -0.13 0.12 0.69 -0.05
C16:0 Cer -0.01 0.25 -0.04 -0.11 0.04 0.31 0.27 -0.15 0.22 0.55 -0.09
C18:0 Cer 0.13 0.05 0.04 0.03 0.01 0.13 0.14 -0.11 0.16 0.58 0.04
C18:1 Cer 0.15 -0.04 0.20 0.03 0.10 0.09 0.10 -0.18 0.30 0.64 0.11
C20:0 Cer 0.15 -0.10 0.36 0.30 0.23 0.35 0.15 0.05 0.25 0.51 0.22
C20:1 Cer 0.18 0.00 0.39 0.20 0.12 0.10 0.07 -0.14 0.37 0.57 0.22
C20:4 Cer 0.26 -0.03 -0.005 -0.06 -0.06 -0.02 0.03 -0.12 0.15 0.18 0.25
C22:0 Cer 0.001 0.07 -0.06 0.02 0.02 0.27 0.30 0.02 0.11 0.65 0.14
C22:1 Cer 0.13 -0.14 0.18 0.08 0.01 0.18 0.28 -0.09 0.15 0.72 0.04
C24:0 Cer 0.36 -0.01 0.18 0.11 0.05 0.20 0.32 -0.07 0.04 0.70 0.19
C24:1 Cer 0.13 0.02 0.07 0.10 -0.09 0.03 0.28 -0.23 0.16 0.57 -0.02
C26:0 Cer 0.42 -0.01 0.11 -0.03 0.03 0.20 0.29 -0.14 0.02 0.57 0.14
C26:1 Cer 0.46 0.13 0.15 0.03 0.04 0.15 0.18 -0.26 0.16 0.47 0.08
Total Cer 0.29 0.01 0.15 0.11 0.03 0.19 0.33 -0.08 0.10 0.72 0.14

Dihydro-C16:0 Cer 0.16 -0.00 -0.10 0.02 -0.07 0.26 0.15 0.09 0.04 0.76 0.25
Lactosylceramide
(Lact-Cer)
C14:0 Lact-Cer -0.26 0.27 -0.21 -0.16 -0.14 -0.05 -0.17 0.03 -0.02 0.23 0.20
C16:0 Lact-Cer -0.35 0.45 -0.38 -0.20 -0.10 0.11 -0.05 -0.02 -0.01 0.18 0.05
C18:0 Lact-Cer -0.18 0.12 -0.23 -0.25 -0.01 0.11 -0.12 -0.06 0.10 0.15 -0.04

C18:1 Lact-Cer -0.07 0.25 -0.04 0.04 0.13 0.23 -0.02 -0.03 0.34 0.32 0.03
C20:0 Lact-Cer -0.38 0.04 -0.36 -0.10 -0.24 0.01 0.06 0.22 -0.04 -0.09 -0.24
C20:1 Lact-Cer -0.22 0.16 -0.11 -0.17 0.21 0.24 -0.10 0.11 -0.06 -0.15 -0.20
C22:0 Lact-Cer -0.43 0.23 -0.36 -0.21 -0.12 -0.02 0.12 0.19 -0.15 -0.05 -0.16
C22:1 Lact-Cer -0.31 0.22 -0.42 -0.19 -0.09 0.01 -0.04 0.21 -0.01 0.02 0.05
C24:0 Lact-Cer -0.40 0.15 -0.39 -0.27 -0.22 -0.19 0.09 0.24 -0.34 -0.18 -0.13
C24:1 Lact-Cer -0.36 0.41 -0.46 -0.22 -0.25 -0.14 0.09 0.01 -0.06 -0.08 0.01
C26:0 Lact-Cer -0.14 0.25 -0.03 -0.16 0.004 0.21 -0.09 0.07 -0.25 0.40 0.13
C26:1 Lact-Cer 0.01 0.31 -0.09 -0.06 -0.20 -0.04 -0.01 -0.06 -0.08 0.10 0.04
Total Lact-Cer -0.35 0.45 -0.36 -0.23 -0.14 0.05 -0.04 -0.01 -0.02 0.18 0.05
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TABLE 3 | Continued

t- SLEDAI
score

SLICC
score

LDL-
C

HDL-
C

TG C3 C4 dsDNA Urine protein/
creatinine

0.06 -0.06 0.50 0.28 0.24 -0.34 -0.11 0.07 0.15
0.07 0.05 0.49 0.17 0.06 -0.32 -0.04 0.21 0.15
0.03 -0.36 0.25 0.11 -0.20 -0.26 -0.34 -0.06 -0.34
0.13 -0.05 0.43 0.19 0.15 -0.24 -0.26 0.19 -0.04
0.14 -0.38 0.20 0.27 -0.30 -0.35 -0.21 0.09 -0.23
0.08 -0.13 0.25 0.01 0.04 -0.43 -0.09 0.003 -0.16
0.33 -0.29 0.45 0.21 -0.04 -0.28 -0.21 0.07 -0.06
0.08 -0.19 0.46 0.16 0.16 -0.14 -0.18 -0.12 -0.01
0.18 -0.33 0.45 0.17 0.05 -0.28 -0.18 0.06 -0.003
0.07 -0.24 0.39 0.16 -0.07 -0.20 -0.18 -0.09 -0.07
0.10 -0.26 0.79 0.22 0.27 -0.11 -0.03 -0.01 0.03
0.01 -0.13 0.50 0.11 0.14 -0.10 -0.01 -0.14 0.09
0.15 -0.20 0.53 0.25 0.01 -0.33 -0.18 0.05 0.02
0.27 -0.12 0.59 -0.12 0.48 -0.10 -0.21 0.14 0.17

0.09 0.09 0.39 -0.24 0.52 0.15 -0.08 0.004 -0.001
0.18 -0.32 0.20 -0.22 0.29 -0.25 -0.30 0.05 -0.15

-0.03 0.005 0.10 -0.25 0.31 0.21 0.04 -0.07 -0.24

-0.03 0.20 0.38 0.04 0.12 -0.29 0.03 0.30 0.52
-0.19 0.21 0.40 0.08 0.11 0.03 0.21 0.04 0.37
0.00 0.19 -0.09 -0.18 0.00 -0.29 -0.21 0.23 0.25

-0.12 0.28 0.04 -0.11 0.23 -0.01 -0.08 0.07 0.20

-0.24 0.22 -0.30 -0.31 0.13 0.06 0.05 -0.16 0.15

lue), < 0.00001 (violet), & Underlined: p=0.051 to p=0.059.
yst., systolic; Diast., diastolic; SLEDAI, Systemic lupus erythematosus disease activity index; SLICC, Systemic
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Sphingolipids Total plaque
area %*

Change in
Plaque**

Age Years with
SLE

BP
Syst.

BP
Diast.

Wais
hip
rati

Hexosylceramide
(Hex-Cer)
C14:0 Hex-Cer 0.03 -0.11 -0.26 -0.07 -0.29 -0.05 -0.12
C16:0 Hex-Cer -0.28 0.20 -0.40 -0.23 -0.09 0.26 0.01
C18:0 Hex-Cer 0.16 -0.08 -0.14 0.04 -0.43 -0.34 -0.21
C18:1 Hex-Cer -0.04 0.02 -0.15 0.11 -0.25 -0.15 -0.14
C20:0 Hex-Cer 0.001 0.03 -0.40 -0.05 -0.40 -0.17 -0.13
C20:1 Hex-Cer -0.08 -0.05 -0.31 -0.05 -0.24 -0.15 -0.24
C22:0 Hex -Cer -0.02 0.13 -0.31 -0.20 -0.19 0.15 0.08
C22:1 Hex -Cer 0.27 -0.16 -0.14 0.12 -0.21 -0.16 -0.05
C24:0 Hex -Cer 0.02 0.13 -0.18 -0.14 -0.31 -0.02 0.11
C24:1 Hex -Cer 0.002 0.07 -0.31 -0.11 -0.29 -0.16 0.002
C26:0 Hex -Cer 0.20 -0.02 0.03 -0.05 -0.19 0.05 0.27
C26:1 Hex -Cer 0.27 -0.08 -0.09 0.13 -0.18 -0.09 0.01
Total Hex-Cer -0.10 0.10 -0.35 -0.21 -0.23 0.04 -0.01

Dihydrosphingosine
(dhSph)

-0.01 -0.42 0.02 0.02 -0.06 0.05 0.03

Sphingosine -0.10 -0.40 0.13 0.12 0.06 0.04 0.004
dhSph 1-phosphate
(dhSph-1P)

-0.16 -0.41 -0.21 -0.05 -0.31 -0.07 -0.10

Sphingosine 1-
phosphate (S1P)

-0.04 -0.22 0.03 0.17 -0.07 0.02 0.20

C16:0 Cer: S1P Ratio -0.06 0.30 -0.12 -0.20 0.15 0.36 0.15
C24:1 Cer: S1P Ratio 0.04 0.18 0.03 0 .005 -0.005 0.01 0.15
C16:0 Cer: C24:0 Cer
Ratio

-0.44 0.45 -0.27 -0.24 0.01 0.19 -0.11

C18:0 Cer: C24:0 Cer
Ratio

-0.18 0.16 -0.04 0.03 0.01 0.05 -0.23

C24:1 Cer: C24:0 Cer
Ratio

-0.33 0.18 -0.14 0.01 -0.01 -0.11 -0.17

N =35. Data presented are correlations, where bold italics is statistically significant at < 0.05 (black), < 0.01 (red), < 0.001 (b
*% of age- and sex-matched historical controls. **Absolute change in plaque from baseline (visit 1) to visit 2. BP, blood pressure; S
Lupus International Collaborating Clinics; LDL-; HDL-C, HDL-; LDL-cholesterol; TG, triglycerides.
o
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Hammad et al. Sphingolipids and Atherosclerosis in Lupus
TABLE 4 | Comparisons in plasma sphingolipids between patients who did versus did not use statins consistently from visit 1 to visit 2.

Sphingolipids [pmol/100 µl plasma] Statins use not noted or not consistent
N = 35

Statins use noted at baseline & visit 2
N = 4*

All participants at baseline
N = 39

P value

Sphingomyelin (SM)
C14:0 SM 916.53 (808.35, 1196.43) 1275.78 (1032.84, 1385.57) 931.08 (818.61, 1224.12) 0.16
C16:0 SM 17610.51 (15786.12, 21503.61) 20776.01 (16950.38, 24063.89) 17610.51 (16006.07,

22298.84)
0.29

C18:0 SM 1313.67 (1157.13, 1489.11) 1305.51 (1202.01, 1515.85) 1313.67 (1176.7, 1489.11) 0.85
C18:1 SM 655.66 (554.3, 735.49) 658.74 (551.3, 788.96) 655.66 (554.3, 745.75) 0.82
C20:0 SM 695.23 (642.72, 809.72) 722.95 (663.28, 753.61) 696.55 (642.72, 776.23) 0.96
C20:1 SM 291.66 (257.5, 327.39) 288.9 (256.95, 337) 291.66 (257.5, 327.39) 0.93
C22:0 SM 1413.17 (1260.69, 1502.66) 1305.04 (1053.79, 1565.89) 1413.17 (1250.71, 1503.8) 0.71
C22:1 SM 1079.84 (956.19, 1169.35) 1079.04 (1002.3, 1115.32) 1079.84 (956.19, 1161.2) 0.82
C24:0 SM 1202.42 (1033.28, 1355.55) 1160.99 (970.69, 1503.12) 1202.42 (1028.03, 1355.55) 0.78
C24:1 SM 3037.07 (2697.7, 3316.04) 3053.71 (2847.12, 3389.29) 3037.07 (2729.04, 3316.04) 0.43
C26 SM 8.6 (7.11, 9.93) 7.75 (7.08, 9.1) 8.3 (7.11, 9.93) 0.68
C26:1 SM 20.61 (16.69, 24.72) 21.32 (19.16, 23.84) 20.61 (16.95, 24.72) 0.71
Total SM 28279.45 (25652.71, 33846.53) 31324.86 (27721.74, 35286.62) 28279.45 (25889.17,

34238.7)
0.29

Ceramide (Cer)
C14:0 Cer 3 (2.69, 3.56) 3.68 (2.97, 4.19) 3.08 (2.69, 3.56) 0.31
C16:0 Cer 52.02 (40.17, 59.92) 68.08 (47.76, 89.24) 52.5 (40.17, 61.65) 0.27
C18:0 Cer 14.64 (12.73, 20.86) 19.37 (11.3, 25.38) 14.72 (12.73, 21.36) 0.52
C18:1 Cer 4.4 (3.22, 6.27) 6.6 (3.59, 8.65) 4.62 (3.22, 6.55) 0.43
C20:0 Cer 31.52 (26.38, 38.41) 40.54 (29.37, 45.03) 31.55 (26.38, 40.21) 0.33
C20:1 Cer 5.94 (4.42, 7.69) 8.2 (4.86, 10.21) 6.11 (4.42, 8.22) 0.31
C20:4 Cer 0.04 (0.02, 0.05) 0.03 (0.01, 0.03) 0.04 (0.02, 0.05) 0.23
C22:0 Cer 140.04 (110.52, 153.59) 147.93 (117.7, 185.07) 140.04 (110.52, 154.65) 0.55
C22:1 Cer 47.73 (41.4, 63.73) 54.95 (49.94, 66.44) 48.85 (42.47, 63.73) 0.25
C24:0 Cer 555.36 (477.31, 703.67) 718.61 (557.31, 843.1) 557.2 (500.52, 722.32) 0.25
C24:1 Cer 236.11 (193.81, 276.02) 289.37 (265.97, 340.6) 241.5 (194.18, 285.11) 0.033
C26:0 Cer 17.13 (10.75, 22.87) 23.06 (20.99, 23.12) 17.51 (12.53, 23.11) 0.13
C26:1 Cer 9.66 (7.16, 12.53) 11.67 (10.39, 12.5) 9.69 (7.41, 12.53) 0.25
Total Cer 1147.36 (973.23, 1393.75) 1351.33 (1186.5, 1589.23) 1166.66 (979.87, 1393.84) 0.13

Dihydro-C16:0 Cer 1.83 (1.36, 2.73) 2.41 (2.21, 2.77) 2.03 (1.37, 2.73) 0.19
Lactosylceramide (Lact-Cer)
C14:0 Lact-Cer 10.23 (6.62, 11.37) 9.86 (7.93, 14.01) 10.23 (7.14, 11.37) 0.49
C16:0 Lact-Cer 272.41 (186.65, 319.04) 263.9 (242.73, 275.74) 269.1 (209.73, 314.68) 0.89
C18:0 Lact-Cer 10.55 (8.23, 13.17) 13.71 (11.3, 16.03) 10.56 (8.62, 13.69) 0.21
C18:1 Lact-Cer 6.23 (4.4, 11.23) 6.14 (5.35, 7.09) 6.23 (4.51, 10.54) 0.96
C20:0 Lact-Cer 2.72 (2.1, 3.19) 3.5 (2.27, 4.32) 2.74 (2.1, 3.52) 0.33
C20:1 Lact-Cer 0.24 (0.16, 0.43) 0.33 (0.26, 0.4) 0.25 (0.17, 0.41) 0.38
C22:0 Lact-Cer 8.34 (6.13, 10.46) 9.76 (8.35, 11) 8.66 (6.49, 10.6) 0.43
C22:1 Lact-Cer 0.5 (0.39, 0.74) 0.46 (0.44, 0.51) 0.5 (0.41, 0.7) 0.55
C24:0 Lact-Cer 2.29 (1.83, 2.99) 2.9 (2.19, 3.92) 2.29 (1.86, 3.16) 0.31
C24:1 Lact-Cer 30.34 (24.44, 37.56) 33.25 (25.09, 35.51) 32.07 (24.44, 36.81) 0.93
C26:0 Lact-Cer 0.11 (0.07, 0.14) 0.21 (0.15, 0.24) 0.12 (0.07, 0.14) 0.018
C26:1 Lact-Cer 0.11 (0.08, 0.14) 0.1 (0.09, 0.1) 0.11 (0.08, 0.14) 0.52
Total Lact-cer 323.16 (247.73, 420.67) 345.62 (313.98, 361.05) 340.55 (260.45, 413.83) 0.93

Hexosylceramide (Hex-Cer)
C14:0 Hex-Cer 0.5 (0.34, 0.74) 0.7 (0.52, 0.76) 0.52 (0.38, 0.74) 0.4
C16:0 Hex-Cer 75.7 (57.13, 95.44) 71.05 (67.14, 83.92) 72.92 (58.12, 94.92) 0.89
C18:0 Hex-Cer 0.49 (0.39, 0.61) 0.62 (0.41, 0.73) 0.51 (0.39, 0.63) 0.75
C18:1 Hex-Cer 0.19 (0.13, 0.24) 0.17 (0.1, 0.22) 0.19 (0.13, 0.24) 0.52
C20:0 Hex-Cer 0.87 (0.68, 1.12) 0.92 (0.7, 0.92) 0.89 (0.68, 1.06) 0.55
C20:1 Hex-Cer 0.11 (0.07, 0.13) 0.08 (0.04, 0.1) 0.1 (0.06, 0.13) 0.13
C22:0 Hex -Cer 42.26 (34.92, 49.04) 40.79 (26.51, 54.43) 42.26 (34.7, 49.25) 1
C22:1 Hex -Cer 1.46 (1.03, 1.84) 1.44 (1.06, 1.86) 1.46 (1.03, 1.84) 0.93
C24:0 Hex -Cer 56.69 (44.91, 74.04) 64.66 (42.6, 85.72) 56.69 (44.91, 74.99) 0.58
C24:1 Hex -Cer 68.81 (55.5, 88.69) 86.64 (61.15, 110.17) 68.81 (55.5, 90.39) 0.38
C26:0 Hex -Cer 0.88 (0.62, 1.15) 0.97 (0.68, 1.37) 0.88 (0.62, 1.16) 0.52
C26:1 Hex -Cer 0.4 (0.32, 0.56) 0.59 (0.46, 0.68) 0.46 (0.32, 0.61) 0.14
Total Hex-Cer 234.1 (205.53, 296.64) 271.68 (218.23, 324.04) 234.1 (214.22, 301.04) 0.71

Dihydrosphingosine (dhSph) 0.53 (0.39, 0.72) 0.4 (0.34, 0.53) 0.52 (0.37, 0.68) 0.23
Sphingosine 1.58 (1.33, 2.29) 1.3 (1.17, 1.58) 1.53 (1.27, 2.26) 0.23

(Continued)
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atherosclerosis, CVD, diabetes, and skin conditions (33). Thus,
the uncovering of the Lact-Cer-mediated oxidative stress
pathway could facilitate our understanding of the progression
of atherosclerosis and CVD in SLE. In general, relapsing/
remitting SLE disease reduces over time, while long quiescent
disease increases. Therefore, the inverse correlation between
TPA and the Lact-Cer species observed in this stable
SLE cohort may be an indication of prior disease activity,
when Lact-Cer may have been elevated. From the current
retrospective study, it is not possible to conclude whether
increases in Lact-Cer levels would be pathologic. Baseline TPA
reflects progression prior to the baseline and may be an
accumulation from prior disease flares (with low C3) that have
resolved (with normalization of C3). This is consistent with the
observations in the Johns Hopkins cohort that combined chronic
activity associates with cumulative risk (31). The baseline Lact-
Cer species might reflect risk for future progression in the
following year in this group of patients with low disease activity.

Sphingolipids are both structural lipids and signaling
molecules, and their synthesis and degradation are tightly
regulated (8, 9). Cellular accumulations of ceramide have been
associated with apoptosis and cell death (8, 34), whereas S1P was
found to promote endothelial integrity and lymphocyte
migration (35). Sphingolipids in blood are carried on
circulating lipoprotein particles (HDL, LDL, and VLDL) and
their use as disease biomarkers has been explored (9). Emerging
clinical data during the past decade have shown that
sphingolipids are of not only ample biochemical interest but
also have a possible diagnostic value. Sphingolipids were recently
evaluated via targeted lipidomics to determine if sphingolipid
levels in the circulation would be a valuable cholesterol-
independent biomarker for coronary artery disease (CAD)
(36). Poss et al. developed a sphingolipids inclusive CAD (SIC)
risk score, which was found to have better discriminatory power
for CVD than the long-established LDL-C levels (C-statistics of
0.79 and 0.69, respectively) (36). The significance of such a score
suggests that plasma sphingolipids could be an added clinical
characteristic used to assess more accurately not only the risk,
but also the diagnosis and prognosis of CVD in SLE. Future
longitudinal studies would evaluate progression of
atherosclerotic plaques in patients with SLE earlier in the
course of their disease and thus with more disease activity.

In our study, LDL-C concentrations were found to strongly
and positively correlate with concentrations of the majority of
Frontiers in Immunology | www.frontiersin.org 10
SM, ceramide, and Hex-Cer species, as well as dihydroceramide,
sphingosine, dhSph, C16:0 Cer/S1P and C24:1 Cer/S1P, but we
found no significant correlations between concentrations of
LDL-C and Lact-Cer species, or between concentrations of
HDL-C and any of the plasma sphingolipids. Triglyceride
concentrations were found to correlate positively with
concentrations of a number of SM and ceramide species, also
with dh-Sph and sphingosine, but negatively with only C24:1
Lact-Cer, the second dominant Lact-Cer species. The functional
significance of these observations and the possible metabolic
pathways behind them are yet to be determined.

Jiang et al. reported lower mean plasma SM levels in whites
compared with other ethnic groups (37), and showed that plasma
SM is associated with subclinical atherosclerotic disease (38). We
have recently reported that healthy African Americans have
higher SM levels and lower Lact-Cer levels compared to
healthy whites; and that SLE patients, irrespective of race, have
higher levels of ceramides, and sphingoid bases and their
phosphates compared to healthy participants (19). We also
showed that African American SLE patients have higher levels
of ceramides, Hex-Cer, sphingosine, and dhSph-1P compared to
healthy African Americans. Furthermore, within African
American SLE patients, those with atherosclerosis were found
to have higher levels of SM (most SM species and total SM) and
sphingoid bases (sphingosine and dhSph), lower levels of C24:1
Lact-Cer, and no significant differences in ceramide species levels
compared to those without (19). These reports are in accordance
with our current data demonstrating that TPA in African
American SLE patients correlates positively with C20:0, C22:0
and total SM concentrations, while correlates negatively with
concentrations of C24:1 Lact-Cer, several other Lact-Cer species
and total Lact-Cer. Remarkably, in the current study, the
concentrations of C24:0, C26:0 and C26:1 ceramide species,
but not total ceramide correlated positively with TPA. This
observation highlights the significance of the determination of
individual sphingolipid species levels as a more sensitive-to-
change parameter than total levels. Importantly, the longitudinal
measurement of TPA shows that TPA increased in size with
increased levels of C16:0, C24:1 and total Lact-Cer, and with
decreased levels of sphingoid bases (sphingosine and dhSph) and
dhSph-1P levels.

A role of the glycosphingolipid pathway in atherosclerosis
was previously investigated. Measured concentrations of
glycosphingolipids in human aortic intima and media from
TABLE 4 | Continued

Sphingolipids [pmol/100 µl plasma] Statins use not noted or not consistent
N = 35

Statins use noted at baseline & visit 2
N = 4*

All participants at baseline
N = 39

P value

dhSph 1-phosphate (dhSph-1P) 16.48 (13.28, 19.52) 12.07 (9.92, 15.46) 16.08 (13.12, 19.03) 0.09
Sphingosine 1-phosphate (S1P) 56.99 (51.03, 65.53) 47.58 (44.08, 56.37) 56.47 (49.64, 65.39) 0.08
C16:0 Cer: S1P Ratio 0.91 (0.64, 1.06) 1.41 (1.02, 1.65) 0.91 (0.65, 1.12) 0.06
C24:1 Cer: S1P Ratio 3.97 (3.01, 4.53) 6.2 (5.58, 6.56) 4.07 (3.15, 5.02) 0.004
C16:0 Cer: C24:0 Cer Ratio 0.09 (0.07, 0.12) 0.1 (0.07, 0.12) 0.09 (0.07, 0.12) 0.96
C18:0 Cer: C24:0 Cer Ratio 0.03 (0.02, 0.04) 0.03 (0.02, 0.04) 0.03 (0.02, 0.04) 0.82
C24:1 Cer: C24:0 Cer Ratio 0.37 (0.34, 0.46) 0.47 (0.37, 0.52) 0.38 (0.34, 0.5) 0.46
July 2021 | Volume 12 | Article
*Females, data presented are median values and interquartile ranges (IQRs), bold italics: statistically significant at < 0.05.
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patients who died of atherosclerosis showed that the level of
LacCer was elevated 5-fold compared to unaffected intima (39).
Fatty streaks also were found to accumulate several fold
higher levels of glycosphingolipids (glucosylceramides, Lact-
Cer and GM3) than normal regions of human aorta (40).
Concentrations of Lact-Cer species measured in serum from
CAD patients were found to be significantly associated with the
fatal outcome of CAD, independently of traditional risk factors
(32). Furthermore, it was shown that concentration of C18:0
Lact-Cer in plasma from 581 patients, who underwent coronary
angiography for acute coronary syndrome (ACS) or stable CAD
was associated with vulnerable plaques, as characterized using
intra vascular ultra sound virtual histology (IVUS-VH) and near-
infrared spectroscopy (NIRS) imaging, and with 1-year major
adverse cardiac events (composite endpoint of death or ACS)
(41). Since our previous study showed that healthy African
Americans have lower plasma Lact-Cer levels compared to
healthy whites (19), and our current data show that plasma
Lact-Cer levels in African Americans with SLE correlate
negatively with TPA, this raises the question whether African
Americans have inherent tendency towards accumulating Lact-
Cer in tissues or not effluxing Lact-Cer into the circulation. This
hypothesis warrants further investigation.

Serum ceramide concentrations have been shown to have
independent predictive value for CVD, including CAD, stroke,
heart failure and atrial fibrillation (reviewed in 42), despite the
fact that a direct cause-effect relationship between CVD and
serum ceramide has not been established yet. A ceramide risk
Frontiers in Immunology | www.frontiersin.org 11
score (CERT1) which was based on C16:0, C18:0, and C24:1
ceramide concentrations and their ratios to C24:0 ceramide was
developed for clinical use and was found to identify high-risk
coronary heart disease patients beyond LDL-C concentration
(43, 44). Based on CERT1, patients are stratified into four risk
categories, where a linear CVD risk increase is associated
with the increasing score both in patients with a stable
coronary heart disease and ACS. The CERT1 ceramide score
has been implemented in clinical use both in Finland and at
Mayo Clinic in the USA (42). In our study, among the
three CERT1 ceramide ratios, only C16:0 ceramide/C24:0
ceramide ratio was negatively correlated with TPA (% of
control) but positively correlated with change in TPA (p< 0.01)
(Table 3). It is important to mention here that TPA% of
“disease” controls would be different when compared to a
control healthy population.

As an upgrade of CERT1, CERT2 has been recently developed
by incorporating distinct phosphatidylcholines (PCs) into the
score (45); PCs have been shown to have prognostic value for
CVD events (46). The CERT2 score have one ceramide/ceramide
ratio, two ceramide/PC ratios and a single PC, whereas the
original CERT1 score contains three single ceramides and
three ceramide/ceramide ratios. The ceramide-PC ratio
components of the CERT2 test showed higher hazard ratios for
CVD events than any other ceramide-ceramide ratio (45). The
CERT2 score was also significantly associated with inflammatory
markers (hs-CRP and IL-6) (47), which suggests that CERT2
could assess both plaque burden and inflammatory residual risk
TABLE 5 | Correlations between normalized carotid plaque area and markers of dyslipidemia and of SLE disease activity and damage.

Total
plaque
area %*

Change in
plaque**

Age Years
with
SLE

BP
Syst.

BP
Diast.

Waist-
hip
ratio

SLEDAI
score

SLICC
score

LDL-C HDL-C TG C3 C4 dsDNA Urine
protein/
creatinine

Total plaque
area %*
Change in
plaque**

-0.61

Age 0.44 -0.01
Years with
SLE

0.34 -0.01 0.40

BP Syst. -0.07 -0.18 0.29 0.07
BP Diast. -0.06 0.03 -0.04 -0.09 0.68
Waist-hip
ratio

-0.11 -0.05 -0.09 0.06 0.14 0.14

SLEDAI
score

-0.17 -0.07 -0.27 -0.25 0.21 0.31 -0.08

SLICC
score

0.11 0.36 0.33 0.36 0.23 0.20 -0.06 -0.42

LDL-C 0.24 0.13 0.14 -0.03 -0.26 -0.02 0.13 -0.001 0.03
HDL-C 0.14 0.21 0.14 -0.03 0.15 0.12 -0.18 0.30 0.12 0.21
TG 0.06 -0.14 0.21 0.05 0.07 0.07 0.08 -0.08 0.002 0.42 -0.32
C3 0.26 0.04 0.37 0.21 0.05 -0.06 0.27 -0.35 0.39 0.13 -0.0004 0.06
C4 0.24 0.07 0.02 0.23 -0.02 0.05 0.33 -0.43 0.41 0.09 -0.18 0.20 0.57
dsDNA -0.22 -0.11 -0.16 -0.14 -0.05 0.02 0.01 0.31 -0.47 -0.04 -0.14 0.07 -0.51 -0.44
Urine
protein/
creatinine

0.21 0.02 0.20 0.17 0.11 0.21 0.04 0.01 0.16 0.17 0.01 0.22 -0.20 -0.05 0.33
July
 2021 |
 Volume
 12 | Art
N =39. Data presented are r values where bold italics is statistically significant at < 0.05 (black), < 0.01 (red), < 0.001 (blue), < 0.00001 (violet), & Underlined: p=0.051 to p=0.059.
*% of age- and sex-matched historical controls. **Absolute change in plaque from baseline (visit 1) to visit 2. BP, blood pressure; Syst., systolic; Diast., diastolic; SLEDAI, Systemic lupus
erythematosus disease activity index; SLICC, Systemic Lupus International Collaborating Clinics; LDL-; HDL-C, HDL-; LDL-cholesterol; TG, triglycerides.
icle 694318

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hammad et al. Sphingolipids and Atherosclerosis in Lupus
in patients with CVD. Interestingly, patients with renal
dysfunction were found to have higher CERT2 scores, while
associations of CERT2 with high blood pressure and diabetes
were found to be much weaker (47). Furthermore, CERT2 was
significantly associated with LDL-C and triglycerides levels;
however, CERT2 was prognostic even after adjustment for
LDL-C and triglyceride levels (47). In our study, we
investigated whether there was any association between
circulating creatinine and sphingolipid levels in patients who
may have had renal involvement, although creatinine > 3.0 was
an exclusion criterion. We found that C22:1, C24:0, C24:1, C26:1
and total Hex-Cers as well as C24:0 Lact-Cer were negatively
correlated with serum creatinine (p<0.05), but C24:0 SM was
positively correlated with serum creatinine (p<0.05). Our current
data suggest that the use of plasma concentrations of
glycosphingolipids (Lact-Cer and Hex-Cer species) with the
CERT2 risk estimation tool may improve the stratification of
SLE patients for their risk of CVD events.

Fiedorowicz et al. assessed ceramide and S1P serum
concentrations in patients with acute ischaemic stroke, transient
ischemic attack, and age-matched neurological patients without
cerebral ischaemia and recognized the two ratios, S1P/C 24:1
ceramide, and C 24:0 ceramide/C 24:1 ceramide, with a diagnostic
potential in ischaemic stroke (48). In our current study, TPA values
correlated positively with concentrations of very long-chain
ceramide species (C24:0, C26:0 and C26:1). However, C16:0
ceramide/S1P ratio and C24:1 ceramide/S1P ratio correlated
positively with LDL-C concentration and the urine protein/
creatinine ratio (Table 3). We have previously reported that
SLEDAI significantly correlates with plasma C16:0 ceramide/S1P
ratio and C24:1 ceramide/S1P ratio in the African American, but
not white SLE patients (19). In this and our previous studies the
nephritis comorbidity has been excluded; however, it is possible that
the plasma S1P fraction bound to albumin (25) is excreted with the
urine (albuminuria), which may alter/inflate the ceramide/S1P ratio
possibly causing alterations in correlations with TPA and other
clinical variables.

Although this study was not purposely designed to study the
effect of statins on the development of atherosclerosis in African
American SLE patients, the data showed that ‘undesirably’ C24:1
ceramide and C24:1 ceramide/S1P ratio were significantly higher
in the few patients who used statins. The data for statin use in
atherosclerosis prevention in SLE, whether in SLE patients or
SLE mouse models, has been inconsistent despite reductions in
cholesterol levels (reviewed in 6). However, it is reasonable to use
statins in SLE patients with traditional CVD risk factors.
Therefore, in future studies, statins use could be analyzed as a
confounding factor in determining the associations of plasma
sphingolipid concentrations with traditional SLE markers.
Furthermore, as statins remain the current recommendation to
the risk-based approach to CVD treatment, the use of statins in
African American SLE patients is not to be discouraged without
clinical outcome data; however, the effectiveness of statin
treatment to prevent atherosclerosis progression in African
American SLE patients warrants further attention. Again, a
limitation of our study is that there are only four patients, who
Frontiers in Immunology | www.frontiersin.org 12
were on statins, which makes it difficult to draw any definitive
conclusions on the effect of statins on the development of
atherosclerosis in African American SLE patients.

In this study, the older the patient the higher the concentrations
of long- and very long-chain SM species, the higher the
concentrations of C20:0 ceramide species, and the lower the
concentrations of long- and very long-chain Lact-Cer species
(Table 3). The duration of SLE prior to visit 1, SLEDAI scores,
and concentrations of C4 dsDNA antibodies do not seem to
influence the concentrations of plasma sphingolipids. However,
C3 concentrations, which were found to correlate negatively with
almost all Lact-Cer species, and positively with three long-chain SM
species, indicate that these sphingolipid measurements could have
an added value in assessing the prognosis of CVD in SLE patients.
From the current retrospective study, though it is not possible to
infer whether increased Lact-Cer levels would be compensatory
or pathologic.

Taken together, the data demonstrate that sphingolipidomics
have the potential to be used as an early diagnostic tool of
atherosclerosis in SLE and may have an added benefit to the
currently available tools in the diagnosis, prognosis, and
treatment of the disease. Longitudinal studies are warranted to
proof the potential sphingolipid markers for early diagnosis of
SLE comorbidities, including CVD.
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