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ABSTRACT 

Aim – The benefit on cardiovascular outcomes of the lipid-lowering drug Fenofibrate is 

controversial. Our aim was to find new circulating markers to identify patients susceptible to 

benefit from Fenofibrate prescription.  

Methods - Analyses were conducted on plasma samples collected from 102 patients with type 

2 diabetes before and after Fenofibrate treatment (200 mg/day) enrolled in the FIELD trial. 

Non-targeted and targeted lipid analyses, and apolipoprotein measurements were achieved 

using mass spectrometry methods.  

Results - Lipidomics revealed a global decrease in ceramides after Fenofibrate treatment 

confirmed by quantitative analysis (-18.2%, p <0.001). These changes were strongly 

associated with those measured for plasma sphingomyelin (r =0.80, p <0.001) and to a lower 

extent with those of sphingosine-1-phosphate (r =0.34, p <0.001).  Ceramide levels decreased 

in 73.5% of the patients. In addition to expected lipid modulations (decrease in triglycerides, 

total cholesterol, LDL-cholesterol and increase in HDL-cholesterol), Fenofibrate also lowered 

plasma apoC-II (-11.1%, p <0.01), apoC-III (-24.6%; p <0.001), apoB100 (-27.0%, p <0.01), 

sphingomyelinase (-7.6%, p <0.001), and increased plasma apoA-II (22.4%, p <0.001) as well 

as adiponectin (11.4%, p <0.001). No significant association was found between ceramide 

decrease and these modulations except for total cholesterol (r =0.20, p =0.047) and HDL 

protein components. At baseline, only elevated sphingolipid levels were significantly 

associated with ceramide reduction after Fenofibrate treatment. 

Conclusion - Fenofibrate lowers plasma ceramide independently of usual lipid parameters. 

As ceramides are strong markers of atherosclerosis, our study underpins the need to further 

evaluate their contribution to cardiovascular events in Fenofibrate treated patients. 
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apolipoprotein; TC, total cholesterol; S-ASM, secretory acid sphingomyelinase; PCA, 

Principal Component Analysis; OPLS, Orthogonal Projection of Latent Structures.  
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1. INTRODUCTION 

The mortality caused by cardiovascular diseases (CVD) is almost four-fold higher in 

diabetic patients and accounts for about 80% of diabetes-related death [1, 2]. Patients with 

type 2 diabetes usually present with atherogenic dyslipidemia characterized by elevated 

triglycerides (TG), a mild elevation of low-density lipoprotein cholesterol (LDL-C), and low 

high-density lipoprotein cholesterol (HDL-C) levels [3].  

Fibrates target this atherogenic dyslipidemia as they increase HDL-C and decrease plasma 

TG and LDL-C concentrations [4] via an activation of peroxisome proliferator-activated 

receptor alpha (PPAR), a major transcriptional regulator of lipoprotein metabolism [5, 6]. 

Fenofibrate was one of the first marketed fibrates and was tested in two large randomized 

cardiovascular outcome trials in diabetic patients. Unfortunately, both the Fenofibrate 

Intervention and Event Lowering in Diabetes (FIELD) and Action to Control Cardiovascular 

Risk in Diabetes (ACCORD-LIPID) trials [7, 8] failed to demonstrate significant benefits on 

cardiovascular events. However, significant beneficial effect was observed in a subset of 

patients with high TG and low HDL-C [9-12], suggesting that Fenofibrate may be cardio 

protective in some well-selected patients. 

Here, we speculated that traditional as well as novel lipid markers could explain the 

heterogeneity in cardiovascular response observed with Fenofibrate treatment. To unravel 

potential new lipid markers of Fenofibrate treatment in a group of patients with type 2 

diabetes, we performed non-targeted and targeted lipidomic approaches using several 

powerful mass spectrometry-based methods [13-15] to explore a broad range of biochemical 

parameters, including lipid species and apolipoproteins [16, 17].  
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2. MATERIALS AND METHODS 

2.1. Patients and study design 

We used plasma samples from 102 type 2 diabetic patients (males/females: 81/21, age: 

62.2 ± 8.9, body mass index: 30.3 ± 5.3 kg/m²) enrolled at the Royal Prince Alfred Hospital 

(Sydney, Australia) for the FIELD study [18]. Briefly, plasma samples were collected after a 

6-week placebo run-in period (a capsule daily at breakfast; no lipid-lowering medication) and 

after a 6-week active period (200 mg/day comicronized Fenofibrate) [19], and stored at -80°C 

until analysis.  The study was approved by the Royal Prince Alfred Hospital ethics committee, 

and all patients gave written informed consent. 

 

2.2. Non-targeted lipidomic analysis 

All solvents were LC-MS grade and purchased from Biosolve (Valkenswaard, 

Netherlands) unless otherwise specified. We first performed a non-targeted lipidomic analysis 

on a subset of paired samples (38 patients arbitrarily selected, before and after treatment, n 

=76). Quality control (QC) samples were used as previously indicated [20].  To constitute the 

QC samples, 10 µL of each plasma sample (n =76) were collected and pooled before to be 

split in twenty aliquots of 25 µL. Lipids were extracted from plasma and QC samples (25 µL) 

with 500 µL of a methanol/chloroform mixture (2/1, v/v). Following centrifugation at 20,000 

× g (10°C) for 10 min, supernatants were collected and dried under nitrogen, then solubilized 

in 100 μL of a isopropanol/acetonitrile/water mixture (2/1/1, v/v/v). Samples were arbitrarily 

randomized before analysis [20] by liquid chromatography-high resolution mass spectrometry 

(LC-HRMS). LC-HRMS analyses were performed on a Synapt
TM

 G2 HRMS Q-TOF mass 

spectrometer equipped with an electrospray ionization (ESI) interface operating in the 

positive mode and an Acquity H-Class
®
 UPLC

TM
 device (Waters Corporation, Milford, MA, 

USA). Samples and QC extracts were injected (10 µL) onto a reversed-phased LC column 
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and lipids were eluted as detailed in Table S1 (‘Appendix A’, see supplementary material 

associated with this article online). The full-HRMS mode was applied for lipid detection 

(mass-to-charge ratio (m/z) range 50-1,200) at a mass resolution of 25,000 full-widths at half 

maximum. The ionization settings were as follows: capillary voltage, +2 kV; cone voltage, 30 

V; desolvation gas (N2) flow rate, 900 L/h; desolvation gas/source temperatures, 550/120 °C. 

Leucine enkephalin solution (2 µg/mL, 50% acetonitrile) was infused at a constant flow rate 

of 10 µL/min in the lockspray channel, allowing for correction of the measured m/z 

throughout the batch (theoretical m/z 556.2771 in positive mode). Data acquisition and 

processing were achieved using MassLynx
®
 and MakerLynx

®
 software (version 4.1, Waters 

Corporation). Lipid markers were extracted from the detected variables using an in-house 

database containing reference lipid standards (exact mass measured ± 5 ppm, elemental 

compositions, retention times, fragmentation patterns) [21, 22]. Simultaneously, QC sample 

analyses were executed to evaluate the analytical system performance during the run. The 

relative standard deviation (RSD, %) was calculated for QC variables peak areas to evaluate 

their analytical quality and robustness. Finally, lipid markers having a RSD value below 30% 

in QC samples were kept for subsequent multivariate analysis [20].  

 

2.3. Quantification of sphingolipids in plasma 

A pool of reference standard solutions, including sphingosine-1-phosphate (S1P d18:1), 9 

ceramide (Cer) species and 9 sphingomyelin (SM) species (Avanti Polar, Coger, Paris, 

France; Table S2, ‘Appendix B’, see supplementary material associated with this article 

online), was prepared and then serially diluted in methanol to obtain 7 standard solutions 

ranging 1-500 nmol/L, 2-1000 nmol/L and 0.04-20 µmol/L for Cer, S1P, and SM, 

respectively. Standard solutions and plasma samples (10 µL) were then extracted with 500 µL 

of methanol/chloroform mixture (2/1, v/v) containing exogenous internal standards [IS; Cer 
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(d18:1/17:0), 500 nmol/L; S1P d17:1, 500 nmol/L and SM (d18:1/17:0), 5 µmol/L]. Samples 

were mixed and centrifuged 10 min at 20,000 × g (10 °C). Supernatants were dried under a 

nitrogen stream and solubilized in 100 µL of methanol for liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) analyses. LC-MS/MS analyses were performed on a Xevo
®

 

TQD mass spectrometer with an ESI interface and an Acquity H-Class
®
 UPLC

TM
 device 

(Waters Corporation). Data acquisition and analyses were performed with MassLynx
®

 and 

TargetLynx
®
 software, respectively (version 4.1, Waters Corporation). Samples (10 µL) were 

injected onto a reversed-phase LC column and compounds were separated as indicated in 

Table S1 (‘Appendix A’, see supplementary material associated with this article online). 

Sphingolipids were then detected by the mass spectrometer with the ESI interface operating in 

the positive ion mode (capillary voltage, +3 kV; desolvatation gas (N2) flow and temperature, 

1000 L/h and 400 °C; source temperature, 150 °C). The multiple reaction monitoring mode 

was applied as described in Table S2 (‘Appendix B’, see supplementary material associated 

with this article online). The linearity was expressed by the mean r² and was greater than 

0.998 for all compounds (linear regression, 1/x weighting, origin excluded). The intra- and 

inter-assay imprecisions of the analytical method were assessed over 4 distinct experiments (6 

replicates for 4 spiked concentrations), and RSD were below 13%, 6% and 9% for Cer, SM 

and S1P, respectively. Recoveries were assessed with IS and were greater than 91%.  

 

2.4. Apolipoprotein quantification 

Apolipoproteins (A-I, A-II, B100, C-I, C-II, C-III, E and M) were quantified in plasma 

samples (30 µL) using a validated multiplexed assay involving trypsin proteolysis and 

subsequent analysis of proteotypic peptides by LC-MS/MS [16, 17]. The ProteinWorks
TM

 

eXpress kit was used according to supplier’s instructions (Waters Corporation) for samples 

preparation. Unlabeled and labeled synthetic peptides (Thermo Scientific Biopolymers, 
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Darmstadt, Germany) were used for standard solutions and IS, respectively. After digestion, 

samples were cleaned using 30 mg Oasis HLB 1 cc Cartridges (Waters Corporation). The 

cartridges were conditioned, equilibrated, loaded, washed and eluted with methanol (1 mL), 

water (1 mL), samples (~200 µL), 5% methanol (1 mL) and 80% methanol (500 µL), 

respectively. Eluates were dried under nitrogen, reconstituted with 100 µL of 5% actetonitrile, 

and 10 µL were injected into the LC-MS/MS system as described previously [16] (Tables S1 

and S3, ‘Appendix A’ and ‘Appendix C’, see supplementary material associated with this 

article online). The linearity was expressed by the mean r² which was greater than 0.995 for 

all compounds (linear regression, 1/x weighting, origin excluded). The intra- and inter-assay 

imprecisions were assessed over 4 distinct experiments (3 replicates for 60 plasma samples), 

and RSD were below 9% and 12% for all apolipoproteins, respectively.  

 

2.5. Other biochemical measurements 

Total cholesterol (TC), TG, HDL-C and LDL-C concentrations were obtained as 

described previously [18] and non-HDL cholesterol (non-HDL-C) concentrations were 

calculated. Secretory acid sphingomyelinase (S-ASM) and adiponectin concentrations were 

measured in plasma samples using two commercial ELISA kits according to the 

manufacturer’s instructions (Cloud-Clone Corp., Houston, TX, USA and Adipogen 

Corporation, San Diego, CA, USA, respectively). HDL particles diameters were estimated 

using the updated Shen’s model as follows [23]: HDL diameter (nm) = 4.66 + 12.31 × 

[HDL-C/(apoA-I+apoA-II)] with HDL-C, apoA-I and apoA-II in mg/dL. 

 

2.6. Statistical analysis 

Targeting a comprehensive comparison of our sample profiles originating from patients 

before and after treatment, unsupervised “Principal Component Analysis” (PCA) and 
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supervised “Orthogonal Projection of Latent Structures” (OPLS) models were used with 

dedicated software (SIMCA-P+, Umetrics, Umea, Sweden). The PCA model aims at giving a 

general overview of the main discriminations observed, whereas the OPLS model targets a 

supervised discrimination through the integration of a variable Y indicating the “treatment” 

status of the patients. Corresponding OPLS models Volcano plot allowed visualization of the 

most discriminant normalized variables between pre-treated and post-treated patient samples. 

Models validity was appraised using permutation tests and CV-ANOVA. Univariate statistical 

analyses were performed with GraphPad Prism software (version 6.0, GraphPad Software 

Inc., La Jolla, CA, USA). Results were compared using a paired t test and the parametric 

Pearson correlations. Results were expressed as mean ± standard deviation and were 

considered statistically significant at p <0.05. 

 

3. RESULTS 

3.1. Selection of lipid markers with Fenofibrate treatment 

From non-targeted analysis, data processing allowed the detection of 1437 variables, each 

characterized by a specific m/z ratio and a retention time. All variables related to an 

overlapping isotopic signal were excluded and variables corresponding to a single marker 

detected in several adducts were added. 153 variables presented a possible match with our 

lipid database, based on accurate mass (± 5 ppm) and retention time (± 30 s) (Table S4, 

‘Appendix D’, see supplementary material associated with this article online). Among these 

153 lipids, 119 exhibiting a RSD value below 30% (range 0.2-27.4%) in QC samples (n =20) 

were selected for multivariate analysis. As shown in Figure 1A, the non-supervised PCA 

model exhibited a clear discrimination between the pre- and post-treatment groups. A 

supervised OPLS model was subsequently performed (R2(X) = 0.369, R2(Y) = 0.979, Q2 = 

0.954, CV-ANOVA: p <0.0001) and relevant markers related to Fenofibrate treatment were 
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selected from the OPLS associated Volcano plot. As shown in Figure 1B, several markers 

were significantly regulated by Fenofibrate treatment. The major result (Figure 1B) was a 

global decrease in all variables corresponding to Cer species (i.e., 14 compounds including 

isomers, in red) after Fenofibrate treatment. Five Cer species were significantly down-

regulated (p <0.001) using multivariate analysis. 

 

3.2. Fenofibrate reduced plasma ceramide concentrations 

As detailed in Table 1, both Cer and SM species were quantified in the entire set of paired 

plasma samples (102 patients before and after treatment). Seven Cer species were detected in 

plasma and significantly decreased (-11.4% to -20.2%; p <0.05) by Fenofibrate treatment. In 

comparison with placebo, Fenofibrate reduced total plasma Cer levels by 18.2% (p <0.001). 

Cer reduction was observed for 73.5% of patients (n =75, Figure S1, ‘Appendix E’, see 

supplementary material associated with this article online). Although 4 out of 9 SM species 

detected in plasma were significantly altered (either increased or decreased significantly), 

Fenofibrate did not significantly affect total plasma SM levels (p =0.366). Neither did 

Fenofibrate modulate plasma S1P concentrations (1.07 ± 0.34 µmol/L vs 1.04 ± 0.33 µmol/L 

for placebo, respectively; p =0.377).  

 

3.3. Ceramide lowering was not related to the secretory acid sphingomyelinase 

Compared with placebo (Figure 2A), Fenofibrate reduced significantly the product-to 

substrate ratios (Cer/SM) of S-ASM by 23.6% (p <0.001). Changes in plasma Cer and SM 

levels were strongly correlated (Figure 2B, r = 0.800, p <0.001) suggesting that both lipid 

families were similarly impacted by Fenofibrate treatment. As shown in Figure 2C, 

Fenofibrate slightly but significantly reduced S-ASM plasma concentrations by 7.6% (131.2 ± 
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32.0 ng/mL vs 121.2 ± 27.8 ng/mL, p <0.001), but these changes were not significantly 

associated with the Cer/SM ratios (Figure 2D, r = -0.146, p =0.124). 

 

3.4. Effect of Fenofibrate on other plasma lipids and apolipoproteins 

As previously reported (Table 2), Fenofibrate decreased TC by 11.3% (p < 0.001), LDL-C 

by 12.8% (p <0.001), non-HDL-C by 12.9% (p <0.001) and TG by 30.7% (p <0.001), while 

HDL-C increased by 5.7% (p <0.01). In addition, Fenofibrate increased plasma adiponectin 

by 11.4% (p <0.001), apoA-II by 22.4% (p <0.001), and apoM by 7.8% (p =0.016), but 

decreased plasma apoB100 by 27.0% (p <0.001), apoC-I by 12.9% (p =0.050), apoC-II by 

11.1% (p =0.005), and apoC-III by 24.6% (p <0.001). No significant modulation was 

observed for plasma apoE (-7.9%, p =0.058) and apoA-I (6.1%, p =0.104). As expected, 

several associations were observed between plasma lipids and apolipoproteins (Table S5, 

‘Appendix F’, see supplementary material associated with this article online). Of note, 

Fenofibrate treatment did not affect significantly the size of HDL particles (8.3 ± 0.9 vs 

8.3 ± 1.0 nm for placebo, respectively; p =0.970). 

 

3.5. Ceramide associations with plasma lipids and apolipoproteins 

After Fenofibrate treatment, the decrease in plasma Cer levels was significantly 

associated with changes in TC (r =0.203, p =0.047), S1P (r =0.34, p <0.001), apoA-I (r 

=0.26, p =0.011), apoA-II (r =0.21, p =0.045), and apoM (r =0.24, p =0.018). No 

association was found between plasma S-ASM changes and any lipid species or HDL 

particles size. Neither did we find a correlation between plasma Cer and non-HDL-C, plasma 

TG and plasma apoB100. Changes in Cer were found similar when patients were stratified by 

elevated non-HDL-C (> 3.36 mmol/L) or TG (> 2.33 mmol/L) levels, or low HDL-C (< 0.88 

mmol/L) or LDL-C (< 2.59 mmol/L) levels as described in studies showing significant 
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beneficial effects in these subgroups [9-12]. As shown in Figure 3, significant inverse 

correlations were found between the decrease of Cer and baseline levels of plasma Cer (r =-

0.52, p <0.001), SM (r =-0.37, p <0.001), S1P (r =-0.27, p =0.01) and S-ASM (r =-0.22, p 

=0.034) concentrations, whereas no association was found between the reductions in plasma 

Cer and basal levels of apolipoproteins, adiponectin or other plasma lipids. Noteworthy, in the 

subset of patients in whom Cer levels were reduced by Fenofibrate (n =75), we found a 

significant correlation between Cer modulation and baseline levels of TG (r =-0.34, p 

=0.004). However, we did not find any association between Cer and TG modulations in 

the subset of patients (n = 50) with elevated baseline TG levels (> 1.7 mmol/L or 150 

mg/dL). 

 

4. DISCUSSION 

In this study, we investigated modifications in the lipidomic profiles of type 2 diabetic 

patients treated with Fenofibrate. The non-targeted lipidomic approach unravels a global 

decrease in plasma ceramides (Cer), subsequently confirmed by accurate quantitative assay. 

Fenofibrate also increased plasma apolipoproteins related to HDL metabolism, and decreased 

those related to triglyceride-rich lipoprotein metabolism.  

Sphingolipids and especially Cer appear to be important bioactive lipids involved in type 2 

diabetes [24, 25] and atherosclerosis [26, 27]. Recently, Cer were independently associated 

with fatal outcome of coronary artery disease, and their predictive value was shown to be 

superior to that of LDL-C [28]. Cer play a central role in sphingolipid metabolism and their 

synthesis requires the activation of serine-palmitoyl transferase (SPT) [29]. After synthesis 

into the liver, Cer can be either converted to sphingomyelin (SM) or catabolized to 

sphingosine and then sphingosine-1-phosphate (S1P). Following hepatic synthesis, SM are 

incorporated to very-low-density lipoprotein (VLDL) for secretion into the circulation where 
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sphingomyelinases can convert them back into Cer. The availability of SM for transport on 

lipoproteins depends on SPT. Alternatively, adiponectin can stimulate ceramidase activity in 

the liver, thus enhancing the conversion of Cer into S1P, independently of other effects on 

lipid metabolism [30]. Thus, Cer reduction measured after Fenofibrate treatment could be 

either related to a direct impact on hepatic (SPT, ceramidase) or circulating 

(sphingomyelinase) synthesis, but also indirectly related to a carrier effect (VLDL) due to 

changes in circulating lipoprotein levels. 

Here, Fenofibrate reduced plasma secretory acid sphingomyelinase (S-ASM) and related 

product-to-substrate ratio (i.e., Cer/SM). However these changes were not correlated and S-

ASM changes did not appear to be the main factor related to the decrease of plasma Cer 

synthesis in the circulation. Plasma Cer reductions were only associated with elevated 

baseline levels of plasma Cer, SM, and S1P. SPT is strongly increased in 

hypertriglyceridemia [31] and we showed a significant association between Cer modulation 

and elevated baseline levels of TG in the subset of patients in whom Cer levels were reduced 

by Fenofibrate. It might be speculated that Fenofibrate could act on the SPT reaction, a 

rate-limiting step in the de novo synthesis of Cer [29], but this is unlikely since changes 

in Cer did not significantly correlate with changes in TG levels in these patients. 

Noteworthy, we did not observe any correlation with the increase of adiponectin known to be 

an independent stimulator of ceramidase leading to the conversion of Cer into S1P [30].  

Fenofibrate is a PPARagonist and acts on lipoprotein metabolism [5, 6]. Thus, the 

reduction of plasma Cer observed in our study could result from changes in lipoprotein 

secretion and/or catabolism. The variations measured in apolipoprotein plasma concentrations 

could support this hypothesis but no correlation was found between plasma Cer and 

apolipoprotein variations except for HDL components. In that respect, Rosuvastatin also 

reduced Cer concentrations, which paralleled reductions in VLDL levels [32]. This suggests 
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that Cer modulations could be related to enhanced VLDL catabolism, an effect likely 

mediated by reductions in apoC-III [33] and/or by an increase in adiponectin [34]. It is known 

that Fenofibrate reduces VLDL levels by accelerating their catabolism [35-37]. Here, 

Fenofibrate significantly increased adiponectin and reduced apoC-III, but no correlation could 

be made between changes in both apoC-III and adiponectin and changes in Cer, so it is 

unlikely that Fenofibrate mediated Cer reductions might result from lower level of VLDL. 

There are some limitations in this study. We have restricted the non-targeted lipidomic 

approach to known lipid compounds of our database, potentially neglecting some interesting 

but uncharacterized compounds. Accurate analysis of a more complete set of variables should 

therefore provide additional insights into the efficacy of Fenofibrate. It must also be 

underlined that the number of patients was small and that evaluation of Cer decrease on 

cardiovascular events was thus not feasible.  

 

5. CONCLUSION 

In summary, we showed that Fenofibrate reduced plasma Cer in type 2 diabetic patients, 

especially in those presenting with high baseline Cer levels. This modulation did not appear 

related to their lipoprotein profile, even when patients were stratified by baseline lipid levels. 

Our study therefore indicates that Cer could be an independent marker of CVD in type 2 

diabetic patients, as previously suggested for non-diabetics [28, 38, 39]. As Cer appear to be 

involved in type-2 diabetes and atherosclerosis [24, 26, 27], our study underlines the need to 

evaluate their predictive value on the onset of cardiovascular events in those patients.  
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Table 1 - Mean ± standard deviation of ceramide and sphingomyelin concentrations measured in plasma. A paired t test was used for group 

comparisons (*, p <0.05; **, p <0.01; ***, p <0.001). BLOD: below the limit of detection, NA: not applicable. 

 Plasma Ceramide (nmol/L)  Plasma sphingomyelin (µmol/L) 

Fatty acyl Placebo Fenofibrate Fold Change Placebo Fenofibrate Fold Change 

C16:0 0.11 ± 0.05 0.09 ± 0.04 -19.4% *** 96.5 ± 21.5 98.4 ± 23.0 +2.0% 

C18:0 0.14 ± 0.07 0.12 ± 0.05 -19.7% *** 13.0 ± 3.5 12.1 ± 3.2 -7.5% ** 

C18:1 BLOD BLOD NA 7.1 ± 1.9 7.0 ± 2.1 -2.0% 

C20:0 0.10 ± 0.04 0.09 ± 0.04 -15.0% ** 75.4 ± 20.8 70.9 ± 20.1 -6.0% * 

C20:1 BLOD BLOD NA 3.0 ± 0.7 2.9 ± 0.7 -3.6% 

C22:0 2.46 ± 1.19 2.02 ± 0.82 -17.7% *** 64.5 ± 18.4 67.5 ± 20.6 +4.6% 

C22:1 0.03 ± 0.02 0.03 ± 0.01 -11.4% * 24.1 ± 6.2 23.6 ± 6.9 -1.9% 

C24:0 0.47 ± 0.21 0.41 ± 0.16 -14.0% ** 45.0 ± 16.0 50.4 ± 19.7 +12.1 ** 

C24:1 1.73 ± 0.78 1,279 ± 537.6 -20.2% *** 73.1 ± 19.5 78.7 ± 23.0 +7.8% * 

TOTAL 5.05 ± 2.20 4.13 ± 1.50 -18.2% *** 401.7 ± 95.5 411.5 ± 107.7 +2.4% 
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Table 2 - Mean ± standard deviation of plasma lipids before and after Fenofibrate treatment. 1 

A paired t test was used for group comparisons (* p <0.05; ** p <0.01; *** p <0.001).  2 

Parameters Placebo Fenofibrate Fold Change 

TC (mmol/L) 5.0 ± 0.8 4.5 ± 0.7 -11.3% *** 

HDL-C (mmol/L) 1.1 ± 0.3 1.2 ± 0.3 +5.7% ** 

LDL-C mmol/L) 3.0 ± 0.6 2.6 ± 0.6 -12.8% *** 

Non-HDL-C (mmol/L) 3.7 ± 1.1 3.3 ± 0.7 -12.9% *** 

TG (mmol/L) 2.0 ± 1.3 1.4 ± 0.6 -30.7% *** 

Adiponectin (µg/mL) 10.5 ± 4.0 11.7 ± 4.3 +11.4% *** 

ApoA-I (mg/dL) 123.2 ± 29.9 129.3 ± 32.0 +4.9% 

ApoA-II (mg/dL) 29.7 ± 10.1  36.4 ± 12.1 +22.4% *** 

ApoB100 (mg/dL) 90.9 ± 55.6 66.3 ± 45.0 -27.0% *** 

ApoC-I (mg/dL) 0.6 ± 0.3 0.5 ± 0.3 -12.9% * 

ApoC-II (mg/dL) 2.3 ± 0.9 2.0 ± 0.9 -11.1% ** 

ApoC-III (mg/dL) 18.3 ± 11.8 13.8 ± 7.9 -24.6% *** 

ApoE (mg/dL) 5.0 ± 2.0 4.6 ± 1.5 -7.9% 

ApoM (mg/dL) 2.1 ± 0.5 2.2 ± 0.5 +7.8% ** 

TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density 3 

lipoprotein cholesterol; non-HDL-C, non-HDL cholesterol; TG, triglyceride; Apo, 4 

apolipoprotein. 5 

 6 
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FIGURE CAPTIONS 1 

Figure 1 - Lipidomics unravels ceramides as new potential lipid markers of Fenofibrate 2 

efficiency. (A) Principal component analysis (PCA) model based on identified lipids (n 3 

=119) from the lipid fingerprints of human plasma samples (placebo versus Fenofibrate, n 4 

=38 per group). (B) Orthogonal Projection of Latent Structures (OPLS) corresponding 5 

Volcano plot representation highlighting major lipid class differences associated with 6 

treatment, namely ceramide species (red dots) and additional significant lipids labeled (PC, 7 

phosphatidylcholine; PG, phosphatidylglycerol; TG, triglyceride; DG, diglyceride; VIP, 8 

variable importance of projection).  9 

Figure 2 – Associations between ceramides (Cer) and sphingomyelins (SM) changes into 10 

the circulation. (A) Changes in ceramides-to-sphingomyelins (Cer/SM) ratios after 11 

Fenofibrate treatment. (B) Pearson correlation between changes in plasma Cer and SM after 12 

Fenofibrate treatment. (C) Effect of Fenofibrate on secretory acid sphingomyelinase (S-13 

ASM) concentrations. (D) Pearson correlation between changes in Cer/SM ratios and S-ASM 14 

concentrations after Fenofibrate treatment. *p <0.05; **p <0.01; ***p <0.001. 15 

Figure 3 – Associations between ceramide (Cer) reductions and lipid parameters. 16 

Pearson correlation between changes in plasma Cer after treatment and (A) basal plasma Cer, 17 

(B) basal plasma sphingomyelin (SM), (C) basal plasma sphingosine-1-phosphate (S1P), and 18 

(D) basal plasma secretory acid sphingomyelinase (S-ASM) concentrations.  19 
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