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A B S T R A C T   

Lipidome perturbation occurring during meta-inflammation is associated to left ventricle (LV) remodeling 
though the activation of the NLRP3 inflammasome, a key regulator of chronic inflammation in obesity-related 
disorders. Little is known about phosphatidylcholine (PC) and phosphatidylethanolamine (PE) as DAMP- 
induced NLRP3 inflammasome. Our study is aimed to evaluate if a systemic reduction of PC/PE molar ratio 
can affect NLRP3 plasma levels in cardiovascular disease (CVD) patients with insulin resistance (IR) risk. 

Forty patients from IRCCS Policlinico San Donato were enrolled, and their blood samples were drawn before 
heart surgery. LV geometry measurements were evaluated by echocardiography and clinical data associated to IR 
risk were collected. PC and PE were quantified by ESI-MS/MS. Circulating NLRP3 was quantified by an ELISA 
assay. 

Our results have shown that CVD patients with IR risk presented systemic lipid impairment of PC and PE 
species and their ratio in plasma was inversely associated to NLRP3 levels. Interestingly, CVD patients with IR 
risk presented LV changes directly associated to increased levels of NLRP3 and a decrease in PC/PE ratio in 
plasma, highlighting the systemic effect of meta-inflammation in cardiac response. In summary, PC and PE can be 
considered bioactive mediators associated to both the NLRP3 and LV changes in CVD patients with IR risk.   
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1. Introduction 

Lipid species derived from cells, tissue, and whole body fluids form 
the human lipidome(Hornemann, 2022). Lipids have multiple biological 
functions including the maintenance of cell architecture, energy storage 
and cell signaling (van Meer, 2005). Moreover, it is well recognized that 
an impaired lipidome is implicated in several disorders such as degen
erative injuries like Alzheimer's disease and multiple sclerosis, and in 
metabolic disorders, including diabetes and obesity (Agarwal and Khan, 
2020; Bergland et al., 2020; Kao et al., 2020; Quintana et al., 2012; Xie 
et al., 2022; Kane et al., 2021; Jaiswal et al., 2014; Engin, 2017a; Engin, 
2017b). Different studies have highlighted the health risks associated to 
adverse lipid profile analyzing the rough lipid phenotype as total tri
glycerides or cholesterol in dyslipidemia-associated disorders (Fernan
dez et al., 2013). Indeed, an impaired adipose tissue lipolysis is a 
common metabolic reprogramming present both in obesity and cardio
vascular diseases (CVD) and it is firstly characterized by a glycolytic 
switch as a consequence of chronic adrenergic stimulation (Guilherme 
et al., 2023). This lipidic impairment leads to systemic metabolic dis
turbances, such as glucose intolerance and insulin resistance, with 
elevated plasma levels of free fatty acid (FFA) and circulating bioactive 
metabolites, known as lipokines, derived from local and systemic lipid 
turnover (Murakami, 2011). Different emerging lipokines are identified 
as main players to the harmful effect of obesity related cardiovascular 
disorders (D'Souza et al., 2016; Wasserman et al., 2020; Wallace et al., 
2014; Gong et al., 2011; Scheja and Heeren, 2019). Among these, 
phosphatidylcholine (PC) and phosphatidylethanolamine (PE) have 
gained attention from the 1950s thanks to Eugene Kennedy and co- 
workers who highlighted the impact of phospholipid metabolism on 
health and diseases, suggesting the use of an abnormal PC/PE molar 
ratio as a biomarker of disease progression, in liver, intestine and skel
etal muscle, during obesity-related disorders (Kennedy, 1957; van der 
Veen et al., 2017). Indeed, systemic PC/PE content is firstly affected by a 
high fat diet that initiates enhanced cellular choline uptake and pro
motes abnormal phospholipid turnover in the tissue (Kumar et al., 2021; 
van der Veen et al., 2017). Moreover, an increased choline uptake, 
which occurs in inflammatory sites such as tumors, inflamed joints, and 
atherosclerotic plaques, is necessary to enhance cancer cell proliferation 
or inflammatory cell commitment (Laitinen et al., 2010; Hellberg et al., 
2016; Roppongi et al., 2019; Seki et al., 2017). One of the essential 
conditions to activate macrophages in the pro-inflammatory M1 
phenotype, is the uptake of choline at inflamed sites, to carry out 
macrophages-mediated interleukin (IL)-1β dependent inflammation 
(Sanchez-Lopez et al., 2019). The newly uptaken choline is rapidly 
converted to PC as a sign of energy cost of inflammatory cytokine pro
duction by resident cells (Snider et al., 2018; Sanchez-Lopez et al., 2019; 
Frostegard, 2022; van der Veen et al., 2017). This increase in the lipo
lytic rate is also reported in heart failure where perturbations in the 
cardiac lipidome decreases the PC/PE ratio with accompanied cell 
damage due to the loss of membrane integrity (Warmbrunn et al., 2021; 
Agarwal and Khan, 2020; Carvalho et al., 2022). PC and PE regulated 
cell membrane fluidity and stability and the reduction of PC/PE ratio is 
directly related to the left ventricle decline in adipose tissue specific 
adipose triglyceride lipase deficient mice (Salatzki et al., 2018). This is 
because lipids play a central role in CVD development, and they are 
traditional predictors of cardiovascular events (Rivas Serna et al., 2021; 
Warmbrunn et al., 2021; Fernandez et al., 2013; Michos et al., 2019; Liu 
et al., 2022) but the molecular mechanisms governing cardiac inflam
mation depending on PC and PE systemic content are largely unknown. 
One study highlighted that the NOD-like receptor family pyrin domain- 
containing 3 (NLRP3) is the potential missing link between meta- 
inflammation (i.e. metabolically-induced inflammation) (Li et al., 
2020; Suceveanu et al., 2020) and cardiovascular outcome (Sokolova 
et al., 2020; Kelley et al., 2019). NLRP3, a member of Nod-like receptor 
(NLR) family, is a multiproteic inflammatory platform which responds 
to numerous stimuli such as reactive oxygen species (ROS)(Dominic 

et al., 2022), cholesterol crystal (Grebe et al., 2018), and extracellular 
adenosine triphosphate (ATP)(Higashikuni et al., 2023), recognizing 
them as damage associated molecular patterns (DAMP) and triggers 
inflammation through IL-1β and IL-18 production and secretion by 
competent cells (Zhan et al., 2022). Among DAMP-induced NLRP3, 
emerging bioactive lipids like sphingolipids and ceramides are identified 
as first players of meta-inflammation sustained by NLRP3 inflamma
some (Li et al., 2020; Suceveanu et al., 2020). These findings have 
shown also that the exposure to circulating lipidic DAMPs as ceramides 
and phospholipids, can further lead to activation of caspase-1, pro-in
flammatory cytokines release, including collagen and tissue growth 
factor (TGF)-β, and tissue injury and fibrosis (Qiu et al., 2019; Van
danmagsar et al., 2011; Mridha et al., 2017). Due to the lack of studies 
focused on lipidomic impairment and cardiac remodeling, the objective 
of the present study is to verify in an overweight CVD population how 
the insulin resistance risk can affect systemic PC/PE molar content and 
promote left ventricle (LV) morphological changes through the NLRP3 
inflammasome. 

2. Materials and methods 

2.1. Study population 

This study enrolled 40 overweight CVD male patients at the IRCCS 
Policlinico San Donato (San Donato Milanese, Milan, Italy) scheduled 
for open heart surgery: thirty patients with three vessel disease under
went bypass graft surgery and ten patients underwent valve replacement 
due to aortic stenosis. The overweight is evaluated using body mass 
index (BMI) ranged between 25 to 29.9 (Obesity: preventing and man
aging the global epidemic. Report of a WHO consultation, 2000). Pa
tients with recent acute myocardial infarction, malignant disease, prior 
major abdominal surgery, renal failure, end-stage heart failure (HF) and 
more than 3% change in body weight in the previous three months were 
excluded. Demographic, anthropometric, and clinical data including 
age, sex, and family history of hypertension, diabetes and coronary ar
tery disease were recorded. Before surgery, left ventricle (LV) mea
surements were quantified by echocardiography and diastolic function 
was evaluated by left atrium (LA) measurement and eco doppler. 

2.2. Blood collection and measurements 

3 ml of blood sample was collected after overnight fasting into 
pyrogen-free tubes with ethylenediaminetetraacetic acid as anticoagu
lant. Plasma samples were separated after centrifugation at 1000 g for 
15 min and were stored at -20◦C until analysis. The following parame
ters were measured as part of standard medical examinations: fasting 
glucose (mg/dl), fasting insulin (microU/ml), total cholesterol (mg/dl), 
triglycerides (mg/dl), glycated hemoglobin (HbA1c; %), creatinine (mg/ 
dl), C-reactive protein (CRP; mg/dl), uric acid (md/dl), alanine amino
transferase (AST) (U/l), aspartate aminotransferase (ALT) (U/l), total 
bilirubin and protein were quantified with commercial kits using a 
Cobas 6000 analyzer (Roche Diagnostics, Milan, Italy). NLRP3 in plasma 
were measured by enzyme-linked immunosorbent assay (ELISA) 
(MyBioSource, San Diego, California, USA). 

2.3. Insulin resistance risk assessment using HOMA-IR and ADIPO-IR 

The insulin resistance (IR) risk was assessed by the homeostatic 
model of insulin resistance (HOMA-IR) and ADIPO-IR, the two indexes 
used to estimate glucose and insulin tolerance in the body (Sondergaard 
et al., 2017; Shalaurova et al., 2014). HOMA-IR estimates insulin 
sensitivity and beta-cell function reflecting hepatic IR and glucose 
metabolism. HOMA-IR was calculated using this formula: 

HOMA − IR = fasting glucose x fasting insulin/22.5 

HOMA-IR cut off values in adults without IR ranged between 0.23- 
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2.5. Value greater than 2.5 indicates possible IR complications and 
glucose intolerance. 

ADIPO-IR is an early marker of IR and measures the resistance to 
antilipolytic effect of the insulin in adipose tissue and it was calculated 
as follows: 

ADIPO − IR = free fatty acid (FFA) x fasting insulin 

There is not a recognized cut off value for ADIPO-IR but it increases 
progressively across the span of adiposity from normal weight to over
weight/obese. The higher ADIPO-IR the worse the lipid profile. 

2.4. Echocardiography data of left ventricular mass (LV) end pulsed-wave 
doppler 

Pre-surgical resting echocardiography (Vingmed-System Five; Gen
eral Electric, Horten, Norway) was done to examine systolic, diastolic, 
and valvular morphology and function. LV morphology and function 
was defined according to current guidelines for echocardiographic 
chamber quantification(Lang et al., 2015). LV diastolic diameter, LV 
diastolic diameter/height, LV diastolic volume, LV systolic volume, LV 
diastolic volume/body surface area (BSA) measures were taken to assess 
LV dimension and volume (Table 1). To estimate LV mass enlargement, 
relative wall thickness (RTW) was calculated by linear mode, while LV 
mass (LVM) and indexed LV mass (h LVM) were measured by 2-D mode. 
The LV systolic function was evaluated using ejection fraction (EF) by 
the 2-D mode method. Diastolic function is evaluated using pulsed-wave 
doppler in the apical four-chamber view to obtain mitral flow velocities 
to assess LV filling. Measurement of mitral flow included the peak early 
filling (E-wave) and late diastolic filling (A-wave) velocities, and the E/A 
of early filling velocity. All data and reference values are reported in 
Table 1. Clinical evaluation of LV geometry and filling were assessed and 
referenced according to recommendations for cardiac chamber quanti
fication by echocardiography from the American Society of Echocardi
ography and the European Association of Cardiovascular Imaging (Lang 
et al., 2015; Baumgartner et al., 2017). 

2.5. Free fatty acid analysis by gas chromatography/mass spectrometry 
(GC–MS) 

Free fatty acid (FA) analysis was a performed on fatty acid methyl 
esters (FAME) generated with acetyl-chloride and methanol and 
extracted with hexane. Total FA analysis was carried out using a Shi
madzu 2010 GC-MS system. FAME were separated by a BPX70 column 
(10 m length, 0.10 mm diameter, 0.20 μm film thickness) from SGE 
using helium as carrier gas. The initial oven temperature was 50◦C 
which was programmed to increase at a rate of 40◦C per min to 155◦C, 
with 6◦C per min to 210◦C, and with 15◦C per min to finally reach 
250◦C. The FA species and their positional and cis/trans isomers were 
characterized in scan mode and quantified by single-ion monitoring 
mode detecting the specific fragments of saturated and unsaturated FAs 
(saturated: m/z 74; monounsaturated: m/z 55; diunsaturated: m/z 67; 
polyunsaturated: m/z 79). As an internal standard, non-naturally 
occurring C13:0 was used. 

2.6. Lipid analysis by electrospray ionization tandem mass spectrometry 
(ESI-MS/MS) 

Total lipid extraction and purification was performed according to 
the protocol described by Blight and Dyer(Bligh and Dyer, 1959). Lipid 
species were quantified by ESI-MS/MS using methods validated and 
described previously(Wiesner et al., 2009). In brief, starting from 
plasma, samples were analysed by direct flow injection on a Quattro 
Ultima triple-quadrupole mass spectrometer (Micromass, Manchester, 
UK) using a HTS PAL autosampler (Zwingen, Switzerland) and an Agi
lent 1100 binary pump (Waldbronn, Germany) with a solvent mixture of 
methanol containing 10 mM ammonium acetate and chloroform (3:1, v/ 

Table 1 
Clinical characteristics and echocardiographic assessment of overweight CVD 
patients.  

Variable Mean Std. 
Dev. 

Normality Age matched male 
reference values 

Age (years) 64,44 9,27 no na 
BSA (m2) 1,89 0,17 no na 
BMI 27,55 3,06 no 18,50-24,90 
Weight (Kg) 79,85 11,80 no na 
Height (m) 1,70 0,08 no na 
Waist (cm) 103,50 9,33 no <94,00-102,00 
Hip (cm) 102,90 8,69 no na 
WHR 1,01 0,09 no 0,94 
Fasting glucose (mg/ 

dl) 94,29 37,82 no 70,00-100,00 
Fasting insulin (mlU/ 

ml) 8,77 5,26 no 2,00-20,00 
NLRP3 (ng/ml) 1,61 0,54 no na 
HOMA-IR 2,08 1,69 no 0,40-2,40 
ADIPO-IR 69,28 59,63 no na 
Total cholesterol 

(mg/dl) 159,40 45,59 no <150,00 
HDL (mg/dl) 36,76 8,29 no <50,00 
Triglyceride (mg/dl) 144,60 78,13 no <150,00 
Acid uric (mg/dl) 5,86 1,14 no 3,50-7,20 
Creatinine (mg/dl) 1,05 0,40 no 0,74-1,35 
CRP (mg/dl) 0,81 2,10 no <10,00 
Systolic blood 

pressure (mmHg) 121,10 9,50 no 120,00 
Diastolic blood 

pressure (mmHg) 71,11 4,65 no 80,00 
ALT (U/I) 33,37 25,63 no 4,00-36,00 
AST (U/I) 26,22 15,57 no 8,00-33,00 
Bilirubin (total) (mg/ 

dl) 0,67 0,32 no 0,10-1,20 
HbA1c (%) 5,86 1,16 yes <6,00 
Total protein (g/L) 6,49 0,32 no 60,00-83,00  

LV dimension 
LV diastolic 

diamenter (cm) 5221 0,85 yes 4,20-5,90 
LV diastolic 

diamenter/BSA 
(cm/m2) 59,23 23,90 no 2,20-3,10 

LV diastolic 
diameter/height 
(cm/m) 3088 0,45 no 2,40-3,30  

LV volume 
LV diastolic volume 

(ml) 113,90 53,59 no 22,00-58,00 
LV systolic volume 

(ml) 49,93 34,03 no 22,00-58,00 
LV diastolic volume/ 

BSA (ml/m2) 59,23 23,90 no 35,00-75,00 
LV systolic volume/ 

BSA (ml/m2) 25,75 15,91 no 12,00-30,00  

LV mass 
Relative wall 

thickness (RTW) 
(%) 0,45 0,10 no <0,42 

LVM (g) 256,70 109,80 no 96,00–200,00 
LVM indexed (%) 134,50 50,71 no 50,00-102,00  

LV systolic function 
Ejection fraction (%) 59,35 11,59 no ≥55,00  

Diastolic function    59 ± 13 
Left atrium (LA) (cm) 4,48 0,78 no 3,00-4,00 
E/A 0,97 0,47 no ≥1 

Clinical data, body fatness measurements and echocardiographic assessment are 
shown in Table 1. The CVD population had higher indexes of body fatness and 
abnormal values for total cholesterol, BMI, waist circumference and WHR, 
indicating that CVD patients were overweight as reported by L.F.J. Visseren et al 
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v). A flow gradient was performed starting with a flow of 55 μl/min for 6 
seconds followed by 30 μl/min for 1.0 min and an increase to 250 μl/min 
for another 12 seconds. A precursor ion scan of m/z 184 specific for 
phosphocholine containing lipids was used for phosphatidylcholine 
(PC). A neutral loss scan of m/z 141 was used for phosphatidyletha
nolamine (PE). Quantification was achieved by calibration lines gener
ated by addition of naturally occurring lipid species (extraction of 20μl 
5-fold diluted plasma for single FPLC fractions or 20μl undiluted plasma 
for pooled lipoprotein fractions). All lipid classes were quantified with 
internal standards belonging to the same lipid class. Calibration curves 
were generated for the following naturally occurring species: PC 34:1, 
36:2, 38:4, 40:0, and PC O 16:0/20:4; and PE p16:0/20:4. These cali
bration curves were also applied for non-calibrated species, as follows: 
concentrations of saturated, monounsaturated, and polyunsaturated 
species were calculated using the closest related saturated, mono
unsaturated, and polyunsaturated calibration curve slope, respectively. 
For example, PE 36:2 calibration was used for PE 36:1, PE 36:3, and PE 
36:4; PE 38:4 calibration was used for PE 38:3, PE 38:5, etc. Ether-PC 
species were calibrated using PC O 16:0/20:4 and PE-pl were quanti
fied independently from the length of the ether linked alkyl chain using 
PE p16:0/20:4. From this analysis the PC/PE ratio was calculated as 
total sum. 

2.7. Statistical analysis 

Comparison between groups was performed using two-tailed un
paired Student t test or Mann-Whitney U-test as appropriate (GraphPad 
Prism 9). Spearman or Pearson correlation analysis were used to 
examine association among different variables. Partial Least Squares 
Discriminant Analysis (PLS_DA) (Le Cao et al., 2011) and Correlogram 
were performed using the mixOmics R package (Rohart et al., 2017). 
PLS-DA was useful as a dimensional reduction technique in classification 
problems. The classification variable was represented by HOMA < 2.5 or 
NLRP3 with median as cutoff, while the explanatory variables were PC, 
PE, and PC/PE ratio in plasma. 

3. Results  

3.1.1. Clinical and echocardiographic characteristics of CVD patients 
enrolled in the study 

All the clinical characteristics as mean and standard deviation (Std. 
Dev.), and their age matched reference values of overweight CVD men 
are reported in Table 1. The overweight CVD population presented a 
cardiometabolic profile associated to the risk of second event of CVD 

complications. The overall characteristics of CVD patients are associated 
to insulin resistance risk (BMI:27.5; Waist:103.50cm; WHR:>102; total 
cholesterol:>150.00 mg/dl; systolic blood pressure>120 mmHg); LV 
enlargement (RTW:>0.42%; LV masses: >200.00g LVM and >102.00% 
LVM indexed), and diastolic dysfunction (LA>4cm, altered E/A); the 
main co-factors responsible to the onset and progression of heart failure 
(HF), the end stage of CVD complications. All the anthropometric pa
rameters refer to the ESC Guidelines on cardiovascular disease in clinical 
practice.(Visseren et al., 2022). 

3.1.2. Differential expression of PC and PE in plasma according to IR 
indices in CVD overweight patients 

We performed targeted PC and PE metabolite testing in plasma using 
electrospray ionization tandem mass spectrometry (ESI-MS/MS). 

To better understand how insulin resistance risk can influence PC 
and PE profiles, we stratified CVD patients according to HOMA-IR (<2.5 
and ≥2.5) and ADIPO-IR. Ten top differential expressions of PC in 
plasma are represented in the heatmap (Fig. 1a). CVD patients with 
HOMA-IR <2.5 (green color named “0” in the legend) are associated to 
different lipidic PC and PE profiles than CVD patients with HOMA≥2,5 
(red color named “1” in the legend) (Fig. 1a). Differences are shown in 
PC_36:4 (p<0.001); PC_34_1 (p<0.05); PC_O_40:6(p<0.05); PC_38:4; 
PC_34:2; PC_38:5; PC_36:3; PC_32:1 and PC_34:3 (ADIPO-IR classifica
tion is not shown). Correlograms among all PC circulating species and 
HOMA-IR and ADIPO-IR are reported in Fig. 1b and c. Increasing 
HOMA-IR (Fig. 1b) and ADIPO-IR (Fig. 1c) significantly affected all 
annotated PC in plasma (Fig. 1b). 

Regarding PE in plasma, the 10 top differential expressions of them 
are represented in Fig. 2a. The heatmap shows that CVD patients with 
HOMA-IR <2.5 are associated with a unique PE presence than patients 
with HOMA≥2.5 (Fig. 2a). These differences including PE_36:1 
(p<0.001); PE_38:4 (p<0.001); PE_32:0 (p<0.05); PE_36:4 (p<0.05); 
PE_34:1(p<0.05); PE_38:5 (p<0.05); PE_40:6(p<0.05); PE_38:6 
(p<0.05); PE_36:2 8p=0.05); PE_40:4 (p=0.07). Correlograms among 
PE in plasma and HOMA-IR (Fig. 2b) and ADIPO-IR (Fig. 2c) highlight 
the correlations among PE species and IR indexes, showing how being 
overweight can promote PE abnormalities in the bloodstream. 

3.1.3. Association between insulin resistance risk, PC and PE profile, and 
NLRP3 circulating levels 

PC and PE profile were globally compared using Partial Least Square 
Discrimination Analysis (PLS-DA), a categorization method which 
optimized the classification among the different groups of samples. To 
categorize our population, we used HOMA-IR and not ADIPO-IR because 
this index represents the whole IR body risk. The 10 top differential 
expressions of PC and PE in plasma are globally represented in Fig. 3. 
Using 3-fold cross validation 2 components with 46 and 8 features were 
used in PLS-DA classification (Fig. 3a). According to component 1 with 
HOMA-IR≥2.5 (Fig. 3b), PC and PE selected variables show a different 
distribution compared to PC and PE variables according to component 2 
with HOMA-IR<2.5 (Fig. 3c). The color of each variable corresponds to 
the group where the mean is maximum. For example, PC_40:5 has mean 
value grater in class 0 (HOMA< 2.5) than 1. These graphs highlight how 
the IR risk can influence the PC and PE lipid profile in plasma with a 
reduction of the main species (Fig. 3b) than in CVD patients without IR 
risk (Fig. 3c). The selected variables are used to create a heatmap 
(Fig. 3d). On the left side of the heatmap each row is labeled with 
0 (HOMA-IR< 2.5) or 1 (HOMA-IR ≥ 2.5). On the right side NLRP3 is 
represented categorized in quartiles: green is the lowest quartile, blue is 
the second quartile, orange the third quartile and red the fourth quartile. 
The heatmap reveals that several PC and PE species are related to the 
increase of both HOMA-IR and NLRP3 circulating levels. 

3.1.4. PC and PE categorization using NLRP3 median cut-off 
To evaluate NLRP3 association with plasma PC and PE in CVD pa

tients with IR risk, we performed a PLS-DA method, categorizing lipid 

in the ESC Guidelines on cardiovascular disease prevention in clinical practice 
(Visseren et al., 2022). Echocardiographic data show that the overweight CVD 
population is chacterized by left ventricle (LV) dilation with a preserved ejection 
fraction (EF%) suggeting an proportional expansion of plasma volume with their 
body mass. 
The overweight CVD population affected by chronic overload presented LV 
remodeling and compromised early ventricular filling volume and apical untwist 
expressed as E/A<1 and LA> 4cm, following the guidelines for cardiac chamber 
quantification by echocardiography revised in 2015 (Lang et al., 2015). 
The normality distribution is assessed using D'Agostino & Pearson omnibus 
normality test. 
Abbreviations: BSA, body surface area; BMI, body mass index; WHR, waist hip 
ratio; NLRP3, NOD-like receptor family pyrin domain-containing 3; HOMA-IR, 
homeostatic model of insulin resistance; ADIPO-IR, insulin resistance of adi
pose tissue; HDL, High-Density Lipoprotein; CRP, C reactive protein; AST, 
alanine aminotransferase; ALT, aspartate aminotransferase; HbA1c, grycated 
hemoglobin; LA, left atrium; LV left ventricle; RTW, relaltive wall thickness; 
LVM, left ventricle mass; E/A, ratio between early ventricular filling E-wave and 
atria systole A-wave; EF, ejection fraction; na, not applicable. 
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species according to the NLRP3 median cut-off of 1.48ng/ml (Fig. 4a). 3- 
fold cross validation 2 components with 39 and 1 features were used in 
PLS-DA classification. PC and PE species are differentially represented in 
plasma of CVD patients with low or high level of NLRP3 (Fig. 4b and c). 
The selected variables are used to make a heatmap according to the 
NLRP3 median cut-off (Fig. 4d). PC and PE in plasma are significantly 
decreased in CVD patients with IR risk and NLRP3 increased levels. 

3.1.5. PC/PE molar ratio in plasma is negatively associated to NLRP3 level 
and LV relative wall thickness 

PC and PE content alteration is implicated in metabolic disorders 
such as IR, obesity, and atherosclerosis. Decreased PC/PE molar ratios 
have negative impact on metabolism of different tissues including heart. 
In our study, CVD patients with IR risk (HOMA≥2.5) showed increased 
NLRP3 plasma levels (Fig. 5a) and lower plasma PC/PE molar ratios 
(Fig. 5b) than CVD patients without IR risk (HOMA<2.5); the same re
sults were observed categorizing CVD patients according to ADIPO-IR 
(data not shown). Moreover, the overall CVD overweight population 
presented a negative association between PC/PE molar ratio and NLRP3 
circulating level in plasma (Spearman r=-0.70 p<0,0001) (Fig. 5c). 

3.1.6. PC/PE molar ratio and NLRP3 in plasma are associated to cardiac 
modification in overweight CVDs patients with IR risk 

To better understand the association of our variables and heart 
maladaptation in presence of IR risk, we divided our cohort according to 
HOMA cut off. Sixteen overweight CVD patients without IR risk, 
expressed as HOMA less than 2.5, did not exhibit statistically significant 
associations between both NLRP3 and PC/PE, and the cardiac parame
ters of LV remodeling and diastolic function (data not shown). In 
contrast, twenty-four overweight CVD patients with HOMA≥2.5, 
showed a strong association between heart remodeling indexes and both 
PC/PE and NLRP3 variables (Fig. 6). NLRP3 independent variable 
showed a positive association between diastolic blood pressure (Sper
man R= 0.57; p<0.03); end diastolic diameter (Sperman R=0.29; 
p<0.01), relative wall thickness (Sperman R=0.43; p<0.04) and LV 
diastolic volume/BSA (Sperman R=0.55; p<0.01), suggesting its mo
lecular involvement in inflammation-induced maladaptive cardiac re
sponses (Fig. 6a). Regarding diastolic disfunction, using LA parameter, 
we observed that overweight CVD patients with IR risk and larger LA 
(>4cm) presented higher NLRP3 plasma level than patients with normal 
LA (<4 cm) (1.59±0.45 ng/ml than 1.09±0.53 ng/ml respectively) 

Fig. 1. Differential expression of PC in plasma of CVD patients influenced by insulin resistance (IR) risk. 
The differential expressions of PC in plasma of CVD patients stratified according to HOMA and ADIPO-IR. a) 10 top differential expressions of PC in plasma are 
represented in the heatmap. The figure shows the PC plasma quantity influenced by IR risk. 
CVD patients with IR risk (HOMA≥2.5 named 1 on the legend and high value of ADIPO-IR, both in red color) have a distinct PC profile from CVD patients without IR 
risk (HOMA<2.5 named 0 and low ADIPO-IR value marked both with green color). They differ in PC_36:4; PC_34:1; PC_O_40:6; PC_38:4; PC_34:2; PC_38:5; PC_36:3; 
PC_32:1 highlighting that IR risk can influence PC species at systemic level although weakly statistically significant in most metabolites. The correlograms repre
sented in b and c show the positive association between PC metabolites in CVD plasma samples and IR risk indexes, highlighting the statistically significative 
correlations among PC plasma level and both ADIPO-IR (b) and HOMA (c) increase. 
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(Fig. 6b), suggesting a potential involvement of NLRP3 inflammasome 
and LA filling, one of the first step leading to HF. No statistically dif
ferences are observed in PC/PE levels according to LA measurement. 

4. Discussion 

In the present study we investigated the influence of meta- 
inflammation on heart morphology in overweight CVD population, 
highlighting the possible involvement of PC and PE systemic impairment 
as DAMP-induced NLRP3 inflammasome. Meta-inflammation is a 
typical trait of individuals who are overweight, characterized by a 
metabolic switch on glycolysis and FFA systemic release. The progres
sive dyslipidemia linked to poor fasting blood glucose level, contributes 
to systemic lipidomic in balance as a predictor of pre-diabetic or diabetic 
state and adverse cardiovascular outcomes (Rivas Serna et al., 2021). 
This study showed that overweight CVD patients presented with the two 
main metabolic traits associated with the development of secondary 
cardiovascular events promoted by an initial IR stage. Indeed, they 
presented both anthropometric and metabolic signatures accepted by 
scientific and clinical communities to diagnose early IR, like common 
anthropometric parameters (i.e. BMI, waist and WHR measurements) 
which reflected abdominal fat tissue deposition, and early markers of 
glucose intolerance, as HOMA-IR and ADIPO-IR, which reveal the 
resistance of the antilipolytic effect of insulin in liver and adipose tissue 
respectively (Shalaurova et al., 2014; Sondergaard et al., 2017; Gaggini 
et al., 2019). To better understand the IR influence on lipid species 

impairment, we stratified our CVD population according to an earlier 
index of IR onset, using HOMA-IR and ADIPO-IR. IR risk implied sys
temic lipid turnover as a consequence of FFA overflow in liver, heart and 
adipose tissue. In our CVD patients with IR risk, the lipid profile shifts to 
peculiar phospholipid turnover, with different abundancy of PC and PE 
systemic content than CVD patients without IR risk. This discrepancy 
can be explained given that at inflamed sites, like atherosclerotic pla
ques, the uptake of choline, the essential human nutrient serving a 
precursor of membrane phospholipids, is also used as a substrate to 
synthetize new cells and pro-inflammatory chemokines, as well as PC 
and PE bioactive metabolites, to counteract extending inflammation 
(Sanchez-Lopez et al., 2019). Indeed, plasma bioactive lipid mediators 
can act as DAMP and activate NLRP3 immune responses in obesity- 
related disorders, including myocardial failure(Sokolova et al., 2020). 
The NLRP3 inflammasome is a multiproteic box able to induce caspase-1 
and subsequently IL-1β and IL-18 release in response to DAMP presence 
at inflamed site. Using Partial Least Squares Discriminant Analysis 
approach, we observed that CVD patients with IR risk have an overall 
reduction of plasma PC-related metabolites when NLRP3 levels 
increased, suggesting the strong impact of meta-inflammation-mediated 
lipid impairment. Indeed, meta-inflammation alters bioactive lipid me
diators into the bloodstream, which function as DAMP and activate 
immune responses driven by NLRP3 inflammasome. It was recently 
demonstrated that NLRP3 is induced by higher level of ceramides in 
myocardial remodeling in an obese rat model (Chaurasia et al., 2021; 
Rayner et al., 2018; Chaurasia and Summers, 2018, 2021). In our study, 

Fig. 2. Differential expression of PE in plasma of CVD patients influenced by insulin resistance (IR) risk. 
The differential expressions of PE in plasma of CVDs patients stratified according to HOMA and ADIPO-IR. a) 10 top differential expressions of PE in plasma are 
represented in the heatmap. The figure shows the PE plasma quantity influenced by IR risk, using both HOMA and ADIPO-IR. 
CVD patients with IR risk (HOMA≥2.5 named 1 on the legend and high value of ADIPO-IR, both in red color) have a distinct PE profile from CVD patients without IR 
risk (HOMA<2.5 named 0 and low ADIPO-IR value marked both with green color). They statistically differ in PE_36:1; PE_38:4; PE_32:0; PE_36:4; PE_34:1; PE_38:5; 
PE_40:6; PE_38:6; PE_36:2; PE_40:4 highlighting that IR risk can influence PE species at systemic level. The correlograms represented in b and c show the positive 
association between PE metabolites in CVD plasma samples and IR risk indexes, highlighting the statistically significative correlations among PE plasma level and 
both ADIPO-IR (b) and HOMA (c) increase. 
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NLRP3 seems to respond to lipotoxicity increasing its level in CVD pa
tients who present IR risk and low level of PC circulating species. In 
contrast, PE plasma level is higher in CVD patients presenting with both 
IR risk and NLRP3 increased level (fourth quartile of NLRP3 plasma 
values). In particular they have increased circulating levels of PE 32:1, 
PE 34:1, PE 34:2, PE 36:2, PE 36:3, PE 38:4, PE 38:5, PE 38:6, PE 40:4, 
PE 40:6, PE_O 40:6. For this reason, we can suggest that circulating 
bioactive PE can be the potential DAMP-induced NLRP3 inflammasome 
in CVD patients with IR risk. The PC bioactive metabolites seem to 
reduce their level when NLRP3 inflammasome is over expressed. These 
results are in line with other studies which demonstrated that a lower 
level of PC individual species is a potential marker of poor cardiovas
cular health (Rivas Serna et al., 2021). In particular, they reported that 
the pressure-induced cardiac failure can accompany marked changes in 
the cardiac lipidome identifying PE38:6 as most PE blood pressure 
markers, susceptible to pressure variation, and obesity related traits(Liu 
et al., 2022). Moreover, recent evidence suggested that in failing hearts 
the most robust alteration is the upregulation of distinct PE species and 
that the pressure-induced cardiac PE induction results in a decreased 
PC/PE ratio (Salatzki et al., 2018). Interestingly, our overall CVD pop
ulation presented with reduced PC/PE ratio in plasma while NLRP3 
plasma levels increased. It is well accepted that a spectrum of diseases 
characterized by chronic low-grade inflammation as obesity-related 
disorders, like IR, referred to NLRP3 inflammasome, but in our study 
we show for the first time the inverse association between NLRP3 
circulating levels and decreased PC/PE plasma ratio in a CVD population 
with IR risk (Warmbrunn et al., 2021). Normally PC is mostly present on 

the outer cell membrane, whereas PE is usually located within the inner 
cell membrane. The disruption of PC and PE distribution on cell mem
branes leads to alterations on its permeability potential (Meikle and 
Summers, 2017) in addition to being positively associated with Fra
mingham score (Warmbrunn et al., 2021). Due to the impact of NLRP3 
and PC/PE molar ratio on heart metabolism and inflammation we also 
investigated the potential involvement of phospholipids metabolites and 
the inflammasome in heart remodeling; and we found that the over
weight CVD patients with IR risk presented a positive association be
tween NLRP3 plasma levels and echocardiographic parameters used to 
describe LV chamber change, including relative wall thickness (RTW%), 
one of the two parameters used to categorize both cardiac remodeling 
and hypertrophy (Lang et al., 2015). Interestingly, in CVD patients who 
present both IR risk and left atrium enlargement, NLRP3 plasma levels 
resulted increased, suggesting that NLRP3 plasma level can be a po
tential signature of early diastolic dysfunction, although no statistically 
significant alterations were found between this target and echo doppler 
parameter (E/A). In contrast, our cohort with IR risk showed a decreased 
level of PC/PE molar ratio, in presence of LV remodeling and cardiac 
failure (reduced ejection fraction) suggesting the potential role of them 
in the clinical management of cardiac decline. Indeed, the major limi
tation of this study is the small number of patients enrolled that only 
allowed the investigation of few IR risk and LV remodeling categories, 
besides the lack of prospective data to better assess the dyslipidemia and 
IR-risk involvement in CVD complications. This study can be seen as an 
initial investigation to better understand the onset of cardiac remodeling 
associated to PC/PE-induced NLRP3 inflammasome in CVD patients 

Fig. 3. PLS-DA categorization of PC and PE plasma species in CVD patients according to IR-risk. a) Scores plot of first two PLS components obtained by Partial Least 
Squares-Discriminant Analysis (PLS-DA). Lipid profile of PC and PE were globally compared using PLS-DA analysis which shows that overweight CVDs patients with 
(1) or without IR risk (0) are separated. Using 3-fold cross validation 2 components with 46 and 8 features were used in PLS-DA classification. b) According to 
component 1, most of PC and PE species are reduced in presence of IR risk (HOMA≥2,5; outcome 1) than its absence (HOMA<2,5; outcome = 0) (c). The selected 
variables are used to create an heatmap (d). On the right side NLRP3 is represented categorized in quartiles: green is the lowest quartile, blue is the second quartile, 
orange the third quartile and red the fourth quartile. The heatmap reveals how PC end PE species are distributed in the plasma of overweight CVD patients with or 
without IR risk in presence of low or high NLRP3 plasma level (right side). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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with IR risk. Further prospective studies should evaluate if the PC/PE 
ratio and NLRP3 inflammasome are indeed important for maladaptive 
LV remodeling onset and progression, to pave the way for new metabolic 
targets of early LV remodeling onset and progression toward CVD pa
tients who present with IR risk. 

5. Conclusion 

Here we show that lipid perturbations occurring during meta- 
inflammation in overweight CVD populations is associated with LV 
maladaptive remodeling. This work highlights the PC and PE systemic 
impairment associated with IR risk with consequence in systemic 
inflammation and heart response. Our data highlight the direct associ
ation between NLRP3 inflammasome and PC/PE molar ratio in plasma 

Fig. 4. sPLS-DA categorization of PC and PE species according to the median value of NLRP3. a) To study the influence of meta-inflammation expressed as the plasma 
mediator NLRP3, circulating species of PC and PE were categorized according to the median value of NLRP3 (1.48ng/ml). b) The 3-fold cross-validation method used 
2 components with 39 and 1 features in PLS-DA classification. In the presence of high NLRP3 (>1.48ng/ml), PC and PE species were reduced (b) compared with 
overweight CVD patients with low NLRP3 (<1.48 ng/ml) (c). The selected variables were used to create a heatmap according to the median cut-off of NLRP3 (d). On 
the right side NLRP3 is represented categorized according to the median NLRP3 cut-off: green represents all NLRP3 values less than 1.48ng/ml and red all values 
greater than up to 1.48/ml. The heatmap shows the statistically significant trend of increasing circulating species of PC and PE in overweight CVD patients without 
risk of IR (0) and with low circulating levels of NLRP3 (green). In contrast, in the presence of IR risk (1) and high circulating plasma levels of NLRP3 (red), PC and PE 
species are reduced. 

Fig. 5. CVD patients with IR risk presented a metabolic profile associated to LV remodeling. CVD patients with IR risk have higher levels of NLRP3 (a) and lower 
levels of PC/PE molar plasma ratio (b) than CVD without IR risk. CVD population presented an inverselly association between NLRP3 level and PC/PE molar ratio in 
plasma (c). 
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suggesting their involvement in maladaptive heart responses. Indeed, 
CVD patients with IR risk presented a reduction in PC/PE molar ratio 
associated with NLRP3 activation in plasma, thus losing their systemic 
protection and predisposing them to LV geometry changes. 
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Zima: Supervision, Funding acquisition. Gregory J. Tsongalis: Vali
dation, Supervision, Writing – review & editing. Massimiliano M. 
Corsi-Romanelli: Funding acquisition, Supervision, Validation. 

Declaration of competing interest 

The authors declare that there are no conflicts of interest. 

Data availability 

Data are available on request from the corresponding author: Elena 
Vianello elena.vianello@unimi.it 

Acknowledgments 

Authors thank the IRCCS Policlinico San Donato of Milan for patient's 
enrollment and tissues recovery. 

Fig. 6. Association between PC/PE ratio and NLRP3 plasma level and cardiac remodeling in overweight CVD patients with IR risk. Overweight CVD patients with IR 
risk (HOMA≥2,5) show a positive association between NLRP3 plasma level and cardiac parameter of LV remodeling, with a direct relations with diastolic blood 
pressure (p < 0,003, Spearman R = 0,57); end diastolic diameter (p < 0,01; Spearman R = 0,29); relative wall thickness (p < 0,04; Spearman R = 0,43); and VTD/BSA 
(p < 0,01; Spearman R = 0,55)(a). Overweight CVD patients with HOMA≥2,5 who present LA enlargement (LA > 4 cm) have also higher level of NLRP3 than patients 
without LA enlargement (1,09 ± 0,53 ng/ml vs 1,59 ± 0,45 ng/ml; p < 0.04), suggesting the potential association between NLRP3 circulating level and diastolic 
disfunction (b). In Overweight CVD patients with IR risk (HOMA<2) PC/PE ratio is reduced in presence of LV remodeling and cardiac failure due to the inverse 
association between their ratio and echocardiographic parameters including systolic blood pressure (p < 0,03; Spearman R = -0,78); end diastolic diameter (p <
0.001; Spearman R = -0,50); relative wall thickness (p < 0,04; Spearman R = -0,46); LV diastolic volume/BSA (p < 0,01; Spearman R = -0,47); LV systolic volume 
/BSA (p < 0,02; Spearman R = -0,44); EF(p < 0,03; Spearman R = -0,41) (c). 
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