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Abstract 

 

 

Fatty acids have biological activities that go far beyond their function as energy sources. A correct 

dietary ratio between the nutritionally essential ω‐6 and ω‐3 polyunsaturated fatty acids (PUFA) 

is fundamental for a physiological production of second messengers, such as eicosanoids and 

other autacoids, and to ensure a controlled biological response to numerous physiological and 

pathological processes. Besides, PUFA, because of the unsaturation of their carbon chains, play 

an important role in maintaining the structure and a correct fluidity state of the membranes, the 

latter is a factor that directly regulates the activity of membrane-bound proteins, including 

ATPase pumps. However, the higher the degree of PUFA unsaturation the higher is their 

peroxidability. Lipid peroxidation (LPO) is a degrading process that, proceeding through a chain 

reaction mechanism, produces various cytotoxic and pro-inflammatory substances involved in 

the etiopathogenesis of numerous pathologies, including cerebro- and cardio-vascular diseases 

and type 2 diabetes mellitus. Several studies suggest protective effects of PUFA on cardio-

metabolic risk, but in recent years some studies have also reported potential negative effects.  
Based on these premises I collaborated on four studies aimed at evaluating: i) the effects of dietary 

supplementation with a multivitamin and ω-3 PUFA (MVP) on maternal biomarkers during the 

second and third trimester of pregnancy; (ii) the effects of ω-3 PUFA enrichment in endothelial 

cell membranes on LPO and the activity of the Na, K pump, which plays an important role in 

regulating the vascular tone of endothelial myocytes; (iii) the effects of diet-induced weight loss 

on the lipid composition of lipoproteins, peripheral cytokine levels and metabolic endotoxemia 

in obese subjects with metabolic syndrome (MetS); and vi) the chemical characterization of 

plasma lipoproteins by Raman microspectroscopy (RS).  The first was a multicenter, randomized, 

and parallel study demonstrating that MVP supplementation led to a significant increase in 

concentrations of erythrocytic docosahexaenoic acid (DHA), omega-3 index, and vitamin D 

levels, while it did not affect the state of oxidative stress during pregnancy. These findings are 

important considering the essential roles of DHA in the developing brain, in visual development, 

and immunomodulation of the fetus. The results of the second study showed that as 

concentrations of EPA and DHA increase, the degree of fluidity and susceptibility to peroxidation 

increases in endothelial cell membranes. Besides, it has been observed that Na, K pump activity 

peaked at a concentration of 3.75 μM of the two PUFA, and then gradually decreased. This study 

highlights that low concentration EPA and DHA minimizes peroxidation potential and optimizes 

pump activity.  The third study revealed a caloric-restriction-induced substantial transfer of 

triacylglycerols from VLDL and LDL to HDL that could impair the functionality of the latter, 

along with positive effects on inflammatory markers in a small group of subjects with MetS.  In 

addition, an interesting positive correlation was also observed among peripheral cytokines levels 

after diet and peripheral levels of cholesteryl ester transfer protein, an enzyme with a key role in 

lipoprotein remodelling. Finally, the latest study allowed the determination of the chemical 

composition of the main classes of lipoproteins through RS identification and characterization of 

the spectra of cholesterol, triacylglycerols, apolipoproteins and carotenoids in a very small 

amount of samples. This study paves the way for the application of this technique in clinical 

nutritional studies and on a better understanding of several metabolic and pathological 

conditions. 
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Riassunto 

 

 

Gli acidi grassi hanno attività biologiche che vanno ben oltre la loro funzione di fonti di energia. 

Un corretto rapporto dietetico tra gli acidi grassi polinsaturi nutrizionalmente essenziali (PUFA) 

delle famiglie ω‐6 e ω‐3 è fondamentale per una produzione fisiologica di secondi messaggeri, 

come gli eicosanoidi e altri autacoidi, e per garantire una risposta biologica controllata a numerosi 

processi fisiologici e patologici. Inoltre, i PUFA, a causa dell'insaturazione delle loro catene 

carboniose, svolgono un ruolo importante nel mantenere la struttura e un corretto stato di fluidità 

delle membrane, quest'ultimo è un fattore che regola direttamente l'attività delle proteine legate 

alla membrana, comprese le pompe ATP-asiche. Tuttavia, maggiore è il grado di insaturazione 

dei PUFA, maggiore è la loro perossidabilità. La perossidazione lipidica (LPO) è un processo 

degradativo che, procedendo attraverso un meccanismo di reazioni a catena, produce varie 

sostanze citotossiche e pro-infiammatorie coinvolte nell'eziopatogenesi di numerose patologie, 

tra cui malattie cerebro- e cardio-vascolari e diabete mellito di tipo 2. Diversi studi suggeriscono 

effetti protettivi dei PUFA sul rischio cardio-metabolico, ma negli ultimi anni alcuni studi hanno 

anche riportato potenziali effetti negativi.  

Sulla base di queste premesse ho collaborato a quattro studi volti a valutare: i) gli effetti 

dell'integrazione della dieta con multivitaminico e ω-3 PUFA (MVP) su biomarcatori materni 

durante il secondo e il terzo trimestre di gravidanza; ii) gli effetti dell'arricchimento in PUFA ω-

3 delle membrane cellulari endoteliali sull'LPO e l'attività della pompa Na, K, che svolge un ruolo 

importante nella regolazione del tono vascolare dei miociti endoteliali; iii) gli effetti della perdita 

di peso indotta dalla dieta sulla composizione lipidica delle lipoproteine, sui livelli periferici di 

citochine e sull'endotossiemia metabolica nei soggetti obesi con sindrome metabolica (MetS); e 

vi) la caratterizzazione chimica delle lipoproteine plasmatiche mediante microspettroscopia 

Raman (RS). Il primo è stato uno studio multicentrico, randomizzato e parallelo che ha dimostrato 

che l'integrazione con MVP ha portato a un aumento significativo delle concentrazioni di acido 

docosaesaenoico eritrocitario (DHA), dell’omega-3 index e dei livelli di vitamina D, mentre non 

ha influenzato lo stato di stress ossidativo durante la gravidanza. Questi risultati sono importanti 

considerando i ruoli essenziali del DHA nel cervello in via di sviluppo del feto, nello sviluppo 

visivo e nell'immunomodulazione. I risultati del secondo studio hanno mostrato che con 

l'aumentare delle concentrazioni di EPA e DHA, il grado di fluidità e la suscettibilità alla 

perossidazione aumenta nelle membrane cellulari endoteliali. Inoltre, è stato osservato che 

l'attività della pompa Na, K raggiugeva un picco ad una concentrazione di 3,75 μM dei due 

PUFA, per poi diminuire gradualmente. Questo studio evidenzia che l'EPA e il DHA a bassa 

concentrazione riducono al minimo il potenziale di perossidazione e ottimizzano l'attività della 

pompa. Il terzo studio ha rivelato un trasferimento sostanziale indotto da restrizione calorica di 

triacilgliceroli da VLDL e LDL alle HDL che potrebbe compromettere la funzionalità di 

quest'ultime, insieme a effetti positivi sui marcatori infiammatori in un piccolo gruppo di soggetti 

con MetS. Inoltre, dopo il dimagramento si è osservata un’interessante correlazione positiva tra i 

livelli di citochine periferiche e i livelli della proteina di trasferimento degli esteri del colesterolo, 

un enzima con un ruolo chiave nel rimodellamento lipoproteico. Infine, l'ultimo studio ha 

permesso la determinazione della composizione chimica delle principali classi di lipoproteine 

attraverso l’identificazione e caratterizzazione degli spettri di colesterolo, triacilgliceroli, 

apolipoproteine e carotenoidi in una piccolissima quantità di campioni mediante RS. Questo 

studio apre la strada all'applicazione di questa tecnica negli studi nutrizionali clinici e a una 

migliore comprensione di diverse condizioni metaboliche e patologiche. 
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Abbreviation List 

AA = Arachidonic Acid  

ALA = alpha-Linolenic Acid 

COX = Cyclooxygenases  

CHD= Coronary Heart Disease  

CRP = C-Reactive Protein 

CVDs= Cardiovascular Diseases 

DAMP= Danger-Associated Molecular Patterns 

DHA = Docosahexaenoic Acid 

DPA = Docosapentaenoic Acid 

EDH= Endothelium-Dependent Hyperpolarization  

EFA= Essential Fatty Acids 

EPA = Eicosapentaenoic Acid  

FA = Fatty Acids  

FFAR= Free Fatty Acid Receptor 

GC-FID= Gas-Chromatography – Flame Ionization Detection 

GC-MS= Gas-Chromatography - Mass Spectrometry 

HDL = High-Density Lipoproteins 

HFD = High-Fat Diet  

HIF-1α = Hypoxia Inducible Factor 1α  

HIF-1β = Hypoxia Inducible Factor 1β  

HNF4 = Hepatocyte Nuclear Factor 4  

4-HNE = 4-Hydroxynonenal  

IBD = Intestinal Bowel Diseases 

IHD = Ischemic Heart Disease  

IKK = Inhibitor of Nuclear Factor-κB (IκB) kinase 

IL = Interleukin  



 

 
 

IR = Insulin Resistance 

LA = Linoleic Acid  

LC-MS = Liquid-Chromatography - Mass Spectrometry 

LC-PUFA = Long-Chain PUFA (See Below)  

LDL = Low Density Lipoprotein  

LGI = Low-Grade Inflammation  

LOX = Lipoxygenases 

LPO = Lipid Peroxidation 

LXR= Liver X Receptor 

MD = Mediterranean Diet 

MDA = Malondialdehyde 

MetS = Metabolic Syndrome 

MUFA = Monounsaturated Fatty Acids 

NAFLD = Non-Alcoholic Fatty Liver Disease  

NEFAs = Non-Esterified Fatty Acids  

NF-kB = Nuclear Factor kappa B 

OxLDL = Oxidized LDL (See Above)  

PA = Palmitic Acid  

PAMP= Pathogen-Associated Molecular Patterns 

PPARs = Peroxisome Proliferator Receptors 

PRR= Pattern Recognition Receptors 

POA = Palmitoleic Acid 

PUFA = Polyunsaturated Fatty Acids  

PURE = Prospective Urban Rural Epidemiological Study 

ROOH = Hydroperoxides 

ROS = Reactive Oxygen Species 

RXR = Retinoic Acid X Receptor 



 

 
 

SdLDL = Small Dense LDL (See Above)  

SFA = Saturated Fatty Acids 

SPMS = Specialized Pro-Resolving Mediators  

SREBPs = Sterol Response Element Binding Proteins  

TAG = Triacylglycerols  

T2DM = Type 2 Diabetes Mellitus 

TFA = Trans Fatty Acids 

TLR = Toll-Like Receptor  

TNFα = Tumor Necrosis Factor Alpha 

VLDL = Very Low-Density Lipoprotein  

VSMC = Vascular Smooth Muscle Cell  

WAT = White Adipose Tissue  
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1.1. Introduction 

 

 

 

Fatty acids have biological activities that go far beyond their 

function as energy sources.  These substances, in fact, affect 

cellular and tissue metabolism, function, and reactivity to 

hormonal signals and other signals through the regulation of 

different biological activities, such as the function of the 

membrane proteins, intracellular signaling pathways, the 

activity of transcription factors, gene expression and the 

production of bioactive lipid mediators. A correct dietary 

ratio between the nutritionally essential polyunsaturated 

fatty acids (PUFA) of the ω‐6 and ω‐3 families is essential to 

determine a physiological production of second messengers 

and autacoids, as well as to ensure a controlled biological 

response to inflammatory and immune processes, pain 

regulation, bone turnover, platelet aggregation, blood 



 

 
 

clotting, smooth muscle contraction, kidney function and 

proliferation of cancer cells. In addition, during pregnancy 

PUFA are necessary to support optimal visual, neural, and 

behavioral development of the newborn/baby. PUFA, 

because of the unsaturation of their carbon chains, play an 

essential role in maintaining the structure and function of cell 

membranes also through their contribution to the fluidity 

state of membranes, a factor that directly regulates the 

activity of membrane-bound proteins, including ATP-ase 

pumps. However, the higher is the degree of PUFA 

unsaturation the higher is their peroxidability. Lipid 

peroxidation (LPO) is a process promoted by the attack of an 

oxidant to lipids, especially PUFA, which proceeds through 

a chain reaction mechanism and results in the production of 

many cytotoxic and pro-inflammatory substances. In 

addition, LPO induces pro-atherogenic and pro-

inflammatory changes of lipoproteins that are involved in the 

etiopathogenesis of atherosclerosis and vascular diseases. 

Numerous scientific data indicate that a chronic low-grade 

inflammatory state is involved in peripheral insulin 

resistance (IR) and etiopathogenesis of various non-

communicable diseases, including cerebro- and cardio-

vascular diseases and type 2 diabetes mellitus (T2DM). IR 

results in hypertriglyceridemia and remodeling of high-

density lipoproteins (HDL) that alters their metabolism and 

functions. Several studies suggest protective effects of PUFA 

on cardio-metabolic risk, but in recent years some reports 



 

 
 

have also reported potential negative effects.  

The object of this thesis are the results of the research I have 

carried out in the wide field concerning fatty acids and their 

role in some physiological and pathological processes. In 

particular, I collaborated on research that specifically 

covered: 

1. The study of the effects of supplementation with 

micronutrients plus ω-3 PUFA during pregnancy on 

nutritional biomarkers of mothers and infants’ 

anthropometric parameters at delivery, as well as on 

oxidative status of mothers. 

2. The concentration-dependent effects of ω-3 LC-PUFA 

on the function of human endothelial cells membrane's, in 

particular with regard to Na,K-ATPase activity. 

3. The effects of diet-induced weight loss on the 

relationship between lipoprotein lipid composition, the 

peripheral levels of cytokines and metabolic endotoxemia in 

overweight and class I obese subjects with metabolic 

syndrome. 

4. The chemical characterization of the plasma lipoproteins 

with Raman spectroscopy. 

 

 

  



 

 
 

1.2. Background  
 
 

1.2.1 Fatty acids 

 

In the diet, blood flow, cells, and tissues of humans there is a 

variety of fatty acids. Fatty acids have biological activities 

that go far beyond their function as energy sources.  These 

compounds, in fact, affect cellular and tissue metabolism, 

function and reactivity to hormonal signals and other signals 

through the regulation of different biological activities, such 

as the structure and function of the membrane, intracellular 

signaling pathways, the activity of transcription factors, gene 

expression and the production of bioactive lipid mediators.  

Digestion and absorption of dietary fatty acids is very 

efficient; however, they can also be synthesized in the human 

body from non-lipid precursors such as glucose or other fatty 

acids; except for essential ones that need to be introduced 

with the diet. Fatty acids are transported into the bloodstream 

as components of more complex lipids (e.g., triacylglycerols, 

phospholipids, cholesteryl esters) within lipoproteins, and to 

a lesser extent as non-esterified fatty acids (NEFAs) bound to 

albumin.  

Fatty acids are classified according to the presence and 

number of double bonds in their carbon chain as saturated 

fatty acids (SFA), monounsaturated fatty acids (MUFA), and 

polyunsaturated fatty acids (PUFA). Unsaturated fatty acids 

can be further categorized into four main families according 



 

 
 

to the position of the first double bond starting from the 

methyl-end of the fatty acid chain: 

• -3 (or n-3) fatty acids include mainly α- linolenic acid 

(ALA) and its derivatives eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA); 

• -6 (or n-6) fatty acids include mainly linoleic acid 

(LA) and its derivative arachidonic acid (AA); 

• -7 (or n-7) fatty acids include mainly palmitoleic acid 

(POA); 

• -9 (or n-9) fatty acids include mainly oleic acid. 

ALA and LA are essential nutrients. 

SFA are present in significant proportions in many cell 

membrane phospholipids, especially in ceramides and 

sphingolipids. Membrane lipid rafts are generally rich in 

SFA–containing phospholipids and sphingolipids. In 

addition, the acylation of proteins with myristic and palmitic 

acids allows the anchoring of proteins involved in cellular 

signaling to the inner leaflet of the plasma membrane and 

protein traffic between different organelles. The liver plays a 

major role in regulating the metabolism of lipids and 

lipoproteins. SFA modulate gene expression through the 

regulation of transcription factors involved in lipid 

metabolism, such as sterol response element binding proteins 

(SREBPs), liver X receptor (LXR) /retinoic acid X receptor 

(RXR), and hepatocyte nuclear factor 4, (HNF4) [1]. High 

intakes of dietary SFA increase plasma cholesterol, 

particularly low-density lipoprotein (LDL) cholesterol, 



 

 
 

through the modulation of these transcription factors in the 

liver with mechanism not yet fully clarified [2,3]. In addition, 

SFA are ligands for Toll-like receptor 4 (TLR4), thereby they 

induce inflammation response through Nuclear factor kappa 

B (NF-κB) activation [4]. These activities contribute to the 

determination of the risk of cardiometabolic diseases by diet 

rich in SFA.  

Oleic acid (18:1ω‐9) is the most abundant MUFA in the diet 

and in complex lipid of Human. Palmitoleic acid (16:1ω‐7) is 

found in low amounts in many plants oils and animal fats and 

is quite abundant in macadamia oil and in fatty fish and fish 

oils. Many cell membrane phospholipids contain significant 

proportions of oleic acid and some palmitoleic acid. Oleic 

acid, the main fatty acid of olive oil, seems to have anti-

inflammatory, hypolipemic and hypoglycemic properties [5]; 

however, its effects on inflammatory processes are modest  

and probably due to polyphenolic substances of olive oil 

rather than oleic acid. The effects of oleic acid on 

cholesterolemia and glycemia are often observed when it is 

used to replace SFA in the diet, and are likely to be due to 

partial removal of the negative effects of SFA rather than a 

direct action of oleic acid [1]. 

In mice, palmitoleic acid acts as a lipid messenger released by 

adipose tissue (lipokine) with effects on insulin sensitivity of 

skeletal muscle and accumulation of liver fat [6]; in addition, 

it interacts with the SREBPs and inflammatory system [7]. 

PUFA play an important role in maintaining the structure 



 

 
 

and function of cell membranes. The dependence of 

membrane fluidity on the extent of unsaturation of fatty acids 

in membrane lipids is a well-characterized phenomenon. The 

physical state of membrane lipids directly regulates the 

activity of membrane-bound proteins, such as the 

translocators of small molecules, ion channels, receptor-

associated protein kinases, sensor proteins and Na/K 

dependent adenosine triphosphatases (ATP-ases). Long-

chain (C ≥ 20, LC) ω‐3 PUFA, are more unsaturated than LC-

ω‐6 PUFA, therefor an increase in the ratio between LC-ω‐3 

PUFA and LC-ω‐6 PUFA resulted in an increase of membrane 

fluidity.  

Individual PUFAs have specific biological roles. LA (18:2 ω‐

6) is the most prevalent ω‐6 PUFA in the human diet, 

followed by AA. LA is the metabolic precursor of γ‐linolenic 

acid, di-homo‐γ‐linolenic acid (20:3 ω‐6), and AA; however, 

the conversion of LA to AA is low in humans (approximately 

0.2%) [8]. LA is essential in skin barrier function and AA in 

brain development and function. LA has also cholesterol and 

blood pressure lowering effects when it replaces dietary SFA 

[9]. AA of membrane phospholipids is involved in cell 

signaling and is the precursor of endocannabinoids 

(compounds with various biological properties [10]), second 

messengers, and eicosanoids. Eicosanoids, which include 

prostaglandins, thromboxanes, and leukotrienes, are 

produced specifically from C 20 PUFA by cyclooxygenases 

(COX) lipoxygenases (LOX) or cytochrome P450 



 

 
 

monoxygenases-mediated pathways and have many 

biological roles [11]. AA play a major role in eicosanoids 

biosynthesis. They often have opposite effects to each other, 

ensuring a controlled biological response on inflammatory 

and immune processes, pain regulation, bone turnover, 

platelet aggregation, blood clotting, smooth muscle 

contraction, kidney function, and proliferation of cancer cells. 

However, too high levels of AA in membrane phospholipids 

can create a pro-coagulant, proinflammatory, pro-allergic, 

and pro-tumor environment [1]. 

ALA is the metabolic precursor of eicosapentaenoic acid 

(EPA; 20:5 ω‐3), docosapentaenoic acid (DPA; 22:5ω‐3) and 

docosahexaenoic acid (DHA; 22:6ω‐3). Conversion of ALA to 

EPA and DHA is also approximately 0.2% [8]. In general, 

membrane phospholipids contain very low amounts of ALA, 

modest amounts of EPA and greater amounts of DPA and 

DHA; while the membranes of the cerebral cortex, retina, 

testis, and sperm are particularly rich in DHA. The structure 

of ω‐3 PUFA, especially DHA, have a strong influence on the 

physical properties of membranes into which they are 

incorporated, on membrane protein function, and on lipid 

raft formation. Furthermore, DHA can influences the 

biosynthesis of neurotransmitters and N-docosahexaenoyl-

ethanolamine (synaptamide, an endocannabinoid-like 

derivative of DHA that promotes neurite growth, 

synaptogenesis and glutamatergic synaptic activity), as well 

as the transmission of signals [12,13]. Furthermore, an 



 

 
 

adequate ω‐3 PUFA, especially DHA, intake is fundamental 

during the pregnancy to sustain optimal visual, neural, and 

behavioral development of the infant/child  [14]. However, 

both EPA and DHA seem to play key  roles in the brain 

function not only in infancy but also throughout the life 

course [1]. 

EPA and AA are parent compounds for eicosanoid 

production. In addition, DHA is the precursor of other 

autacoids termed D-series resolvins, docosatrienes and 

neuroprotectins, that are also produced by COX and LOX and 

act as anti-inflammatory and inflammation resolving 

compounds, especially in the brain [15]. In general, most of 

the autocoids formed from -3 PUFA are considered anti-

inflammatory and/or pro-resolving, whereas those formed 

from ω‐6 PUFA are classified as proinflammatory [15];  

however, recent evidences indicate that -6 PUFA can be also 

metabolized into anti-inflammatory and pro-resolving 

compounds [16]. 

PUFA, like other fatty acids, also regulate the transcription 

factors LXRs and SREBPs inducing the suppression of hepatic 

lipogenic gene expression [1,17]. Besides, LC-PUFA acts as 

endogenous ligand of peroxisome proliferator activated 

receptors (PPARs), LXR, RXR, HNF4α, and free fatty acids 

receptors (FFAR), but often ω‐6 PUFA have opposite effects 

to those of ω‐3 PUFA [18–20]. In particular, the effects of ω‐3 

PUFA modulate inflammation, metabolism fatty acid and 

triacylglycerol, and adipocyte differentiation [21]. EPA and 



 

 
 

DHA, lower  serum triacylglycerol levels [22], through the 

reduction of hepatic secretion of very low-density lipoprotein 

(VLDL)  [23], and lower blood pressure through the 

production of vasorelaxant eicosanoids and by influencing 

the secretion of aldosterone and the endothelial production 

of nitric oxide [24].  

-6 and -3 fatty acids are not interconvertible, and their 

metabolic pathways shares the same enzymes; therefore, 

there is direct competition for metabolism of ω‐6 and ω‐3 

PUFA. Considering that ω‐6 and ω‐3 PUFA are essential 

nutrients, are metabolically and functionally distinct and 

often have important opposite physiological effects, it 

becomes evident the importance of their correct intake with 

the diet to achieve a physiologically balanced ratio of these 

fatty acids in membrane phospholipids. However, intake of 

LA has risen dramatically over the past century in western 

countries, due to a substantial increase in consumption of 

vegetable oils; while overall consumption of n-3 PUFAs has 

simultaneously decreased [25]. As a consequence, the 

membrane phospholipids of inflammatory cells of humans 

consuming Western-type diets typically contain 

approximately 20% of fatty acids as AA and lower 

proportions of di-homo-γ-linolenic acid  and EPA (about 2% 

and <1% of fatty acids, respectively) [15]. Increased  

concentration of EPA and/or DHA in the diet results in higher 

amounts of those fatty acids in phospholipids of 

inflammatory cells [26] and other types of cells [27]. 



 

 
 

The restoration of the balance between ω‐3  and ω‐6 PUFA in 

the diet, obtained by taking foods or supplements rich in ω‐3  

PUFA, and the consequent effects of EPA and DHA on blood 

lipids, vascular function, blood pressure, and inflammation, 

are the basis of the protective effects of these fatty acids 

toward the development of cardiovascular diseases (CVD) 

[28]. 

Animal model have revealed the important role of PUFA, 

especially PUFA ω‐3, in the control of several genes in the 

central nervous tissue in all phases of life, including perinatal 

period, and these effects appear to be mainly independent of 

their effects on membrane composition [29].  

Unfortunately, higher is the degree of unsaturation of a 

PUFA higher is its peroxidability. Lipid peroxidation (LPO) 

is a process promoted by the attack of an oxidant to lipids, 

particularly PUFA, which through a mechanism of chain 

reactions produces lipid peroxyl radicals and lipid 

hydroperoxides. These primary products of LPO give rise to 

several different secondary cytotoxic products, such as 

malondialdehyde (MDA), propanal, hexanal, and 4-

hydroxynonenal (4-HNE). Physiological low LPO rates 

stimulate the endogenous antioxidant defense systems 

resulting in an adaptive response to cell stress. On the 

contrary, when the extent of LPO overwhelms this repair 

capacity the accumulation of cytotoxic products of LPO 

damages proteins and nucleic acids and can promote cellular 

apoptosis or necrosis. LPO have overabundant health 



 

 
 

consequences [30]. 4-HNE has been implicated in the 

activation of protein kinase cascades leading to the activation 

of redox-sensitive transcription factors, such as NF-κB and 

AP-1, and consequently activate several genes of 

inflammatory marker, such as cytokines and chemokines, 

and various cellular proteins involved in the survival, 

differentiation, and death of cells [31]. In addition, at 

membrane level LPO, causes profound alterations in the 

structural organization and functions by decreasing fluidity 

and altering the activities of proteins. Moreover, LPO induces 

proatherogenic and proinflammatory modifications in serum 

lipoproteins that are involved in the etiopathogenesis of 

atherosclerosis and associated vascular diseases. Finally, 

increased levels of LPO end products are implicated in 

neurological disorders and cancer development because of 

their mutagenic and carcinogenic effects.  

In conclusion, fatty acids have different physiological 

functions and can prevent or exacerbate the risk of 

developing numerous pathologies through mechanisms that 

have not yet been fully clarified. These functions are 

performed not only in the regulation of energy and 

lipoprotein metabolism and membrane function; but also, in 

the control of both the production of bioactive lipid mediators 

and the activity of transcription factors and, consequently, 

gene expression. 

 

  



 

 
 

1.2.1.1. ω-3 PUFA in pregnancy. 

 

An adequate ω‐3 PUFA intake is fundamental during the 

pregnancy to sustain optimal visual, neural, and behavioral 

development of the infant/child  [32]. Nevertheless, the 

benefit of   supplementation of LC-PUFA with infant formula 

with respect of standard formula was questioned in a 

Cochrane systematic review [33]; however, the majority of 

the studies included in this systematic review analyzed infant 

formulas contain both DHA and AA, and only few studies 

with DHA alone, in this way is not possible to detect and 

isolate the beneficial effects of DHA in infants. The beneficial 

effect of LC-PUFA was systematically reviewed even in the 

supplementation trials on breastfeeding women. The 

outcome taking in consideration were child 

neurodevelopment, visual acuity, physical growth, infant 

allergy, and mothers postpartum depression. Compared to 

placebo, supplementation with DHA did not produce 

significant effects on childhood neurodevelopment, although 

children's attention improved at 5 years, while other 

outcomes had significantly improved [34]. Another 

systematic review demonstrated a reduce risk for low 

birthweight for offspring of women supplemented with LC-

PUFA [35]. A very recent study of Japanese pregnant women 

cohort showed that dietary intake of fish and PUFAs (both –

3 and –6) in pregnancy was partly associated with a reduced 

risk of suboptimal neurodevelopment outcomes at age 6 



 

 
 

months and 1 year of infant age, while the dietary ω–6/ ω–3 

ratio was positively associated with increased risk for 

problem solving neurodevelopment domain and a reduced 

risk for delay gross motor domain [36]. Therefore, the effects 

of ω-3 LC-PUFA on correct infant’s development, may derive 

from mother diet or supplementation. In addition, DHA and 

EPA can exert positive effects through the regulation of 

inflammatory processes and therefore help to keep under 

control the physiological insulin resistance (IR) typical of 

pregnancy [37–42].  There are many factors that contribute to 

the development of peripheral IR, such as gluco-lipotoxicity, 

oxidative stress, epigenetic factors, activation of various 

transcriptional mediated pathways and increased levels of 

various pro-inflammatory cytokines. Among the various pro-

inflammatory cytokines, the tumor necrosis factor‐alpha 

(TNF‐α) is one of the most important pro-inflammatory 

mediators that is critically involved in the development of 

insulin resistance and type 2  diabetes mellitus [43]. The 

molecular mechanism involved in pregnant physiological IR 

are not well understood, but appear to be related to the 

activities of hormone and pro-inflammatory cytokines [37]. A 

study performed in a small group of subjects  showed that the 

plasma concentration of TNFα was inversely related to 

insulin sensibility measured with euglycemic hyper-

insulinemic clamp in normoglycemic pregnant women [44]. 

Besides, the maintenance of pregnancy depends on the 

inhibition of NF-κB, which it is activated by TNF α. An 



 

 
 

incorrect level of NF-κB for the appropriate stage of 

pregnancy may predispose women to obstetric complications 

(eg. intrauterine growth restriction, pre-eclampsia, and 

premature labour) [45]. 

Pregnancy is physiologically associated with a condition of 

oxidative stress [46], however, this condition is further 

increased in obese pregnant women [47], and even more in 

women with pregnancy complications, such as preeclampsia 

[48]. At molecular level, oxidative stress increase 

inflammatory processes mainly via inflammasome and NF-

κB pathways activation [49,50]. Furthermore, high oxidative 

stress levels have a detrimental effects during pregnancy and 

increase the risk of complications [51]. In this perspective, ω 

–3 LC-PUFA, mainly DHA, are important not only for the 

proper development of children [30], but also for the 

modulation of inflammation, mainly NF-κB pathways [60], 

and oxidative stress of mothers [59]. In fact, given the high 

susceptibility to LPO due to their high degree of 

unsaturation [8], an excessive intake of ω–3 LC-PUFA, could 

increase oxidative stress. Therefore, the safety of an 

integration of DHA in pregnancy should be accompanied by 

monitoring oxidative stress and antioxidant defense 

capacity; for example, by determining lipoperoxidation 

extent through the measurement of plasma concentrations of 

reactive oxygen species (ROS), and by measuring the ratio of 

reduced to oxidized glutathione in erythrocytes as an index 

of red/ox balance at cellular level [61].  



 

 
 

1.2.1.2.  ω-3 PUFA in endothelial membranes. 

 

Healthy endothelium is essential for cardiovascular control 

[52]; on the contrary, dysfunctional endothelium, 

characterized by reduced vasodilation, and a pro-

inflammatory and pro-thrombotic state, plays an important 

role in the development of hypertension and pathogenesis of 

CVD [53].  

The supplementation with , ω–3 PUFA has shown positive 

effects on endothelial function in animal and cellular models 

[54]; while in human studies has led to conflictual results [53]. 

The positive potential effects of ω–3 PUFA on endothelium 

include increased anti-inflammatory properties, improved 

endothelial-dependent vasodilation, and decreased blood 

pressure and arterial plaque development [52]. 

In murine models of essential hypertension, endothelial 

dysfunction can be attributed to marked attenuation of 

endothelium-dependent hyperpolarization (EDH) and 

concomitant production of endothelium-derived contracting 

factors with no or little alteration in the production of nitric 

oxide. This decrease in EDH has been associated with various 

changes in the expression profile/function of the actors 

involved in those responses, including different cellular 

channels such as potassium channels, connexins, and 

Na+/K+-ATPase. In essential hypertension, oxidative stress is 

related to endothelial dysfunction and compromises 

vasodilation in microcirculation and mesenteric artery, while 

the prevention of ROS production restores EDH by 



 

 
 

enhancing an IKCa-Na+/K+-ATPase pathway involved in the 

loss of endothelial tone [55].  

Proper Na,K-ATPase activity is critical to maintaining 

vascular tone [55] and it is well known that lipids that 

increase membrane fluidity, such as ω-3 LC-PUFA, promote 

Na,K-ATPase activation [56], as well as that highly 

unsaturated PUFA peroxidation in membrane lipids has 

opposite effects [57]. Therefore, it is fundamental to reach a 

balance between the risk and benefit of ω–3 LC-PUFA 

membrane enrichment. 

 

 

  



 

 
 

1.2.2. Lipoprotein metabolism, chronic low-grade 

inflammation, and oxidative stress. 

 

 

Growing evidence indicates that a chronic low-grade 

inflammatory state is involved in the etiopathogenesis of 

non-communicable diseases [58,59], including CVDs [59] 

and type 2 diabetes mellitus (T2DM) [60]. 

The main causes of low-grade inflammation (LGI), also 

called ‘silent inflammation’, are not entirely understood, but 

several evidences link life style to this condition [58,61,62]. In 

particular, one of the major factors that promote LGI is the 

so-called “Western lifestyle” [61], that is characterized by 

sedentary life and unbalanced nutrition consisting of 

excessive energy intake, especially in the form of simple fats 

and sugars, high ratio ω -6 / ω -3, excess alcohol and salt, but 

very low intake of fiber, micronutrients and dietary bioactive 

compounds. Such a lifestyle promotes the development of 

obesity that can further contribute to LGI [61].   

Obesity is begun to be defined as an epidemy from World 

Health Organization since 2017 [63]. According to the latest 

Obesity Update report of the Organization for Economic Co-

operation and Development, in 2017 more than one in two 

adults and nearly one in six children are overweight or 

obese. The obesity epidemic continues its widespread rise 

and new projections until 2030 are keeping the same trend 

[64].  

In obesity, the release of proinflammatory cytokines such as 



 

 
 

TNFα and interleukin 6 (IL-6), from the WAT results, up-

regulated, these molecules enhance the hepatic production 

of C- reactive protein (CRP) [65]. 

Indeed in obese people, WAT can become dysfunctional and 

not expand properly to store energy [66]. The causes of 

unhealthy expansion of WAT are not fully understood, but 

the two main factors are the involvement of inflammasome 

activity [67] and the excess of threshold of lipid storage in 

adipocytes, independently of adipocytes inflammation 

[68,69]. Besides, the unhealthy expansion of WAT produces 

different metabolic alteration that leads to ‘lipotoxicity’. 

These alterations consist in a decrease of adipogenesis, 

insulin sensitivity; and increase in adipocytes hypertrophy, 

LGI and macrophages infiltration [70]. Hypertrophic 

adipocytes have elevated basal lipolysis rate and 

consequently released into bloodstream increased levels of 

non-esterified fatty acids (NEFA) [70,71]. In obesity 

complicated by metabolic syndrome (MetS) fat mobilization 

from adipocytes is impaired, and insulin is unable to 

suppress lipolysis, thus NEFA spill-over from hypertrophic 

adipocytes to ectopic sites that are not designed to lipid 

storage function, such as muscle, liver, pancreas and HDL. 

This lipotoxic mechanism contribute to IR [71–73], and 

increases the risk of non-alcoholic fatty liver disease 

(NAFLD) and T2DM and CVDs [70,74]. Furthermore, when 

plasmatic NEFA are in excess, they stimulate NF-κB leading 

to a propagation of inflammatory cascade [75]. The NF-κB 



 

 
 

activation by NEFA pass through various pathway, one of 

the most important is activation of pattern recognition 

receptors (PRR) [74,75].  

PRR are a family of receptors recognizing pathogen-

associated molecular patterns (PAMPs) such as 

lipopolysaccharide (LPS, also called endotoxin), microbial 

peptides and proteins [76]. PRR, recognize not only 

microbial molecules, but also endogenous “danger “signals, 

danger-associated molecular patterns (DAMPs) that include 

free SFA [75].  

Toll Like Receptor 4 (TLR4) and 2 (TLR2) are some of the 

main members of PRRs that recognize free SFA, principally 

palmitic acid (PA) and lauric acid [77,78]. PRR, once 

activated, can induce the innate inflammatory response [79] 

and consequently, the release of interleukin 1 beta (Il-1β), Il-

6, IL-8, IL-12 and TNFα, via stimulation of proinflammatory 

NF-κB pathway [79–82]. The interaction of TNFα to its 

receptor in insulin-responsive cell (muscle/liver), activates 

NF-κB pathways via inhibition of κB kinase (IKK), and 

impairs  the autophosphorylation of insulin receptor 

substrate (IRS) that results in insulin insensitivity [83,84]. 

This is considered the immune-metabolic link between 

obesity and inflammation, that leading to impairment of 

insulin signaling [84].  

In addition, the nutrient overload, leading to excess level of 

glucose and NEFA, increase the production of acetyl-CoA in 

Krebs cycle, with overloading of electron transport chain, 



 

 
 

and subsequent increases of ROS in the cytoplasm, activating 

redox-sensitive transcription factors (e.g. NF-κB), which are 

the principal mediators of the inflammatory cascade [50].  

Noteworthy, dietary factor (eg. SFA, LC-PUFA, amino acids, 

carbohydrates) are involved in LGI and consequent IR [85].  

LC-PUFA, namely EPA and DHA, seems to have an anti-

inflammatory effect by the inhibition of NF-κB pathway, 

both upstream and downstream, through the attenuation of 

the activation of TLR4, which is due mainly by LPS, and to a 

lesser extent by SFA [80,86]. Human studies show that diet 

and meal are effective factors able to mediate postprandial 

endotoxemia [87]. Subjects consuming high SFA diet with 

respect high MUFA or LC-PUFA or low-fat diet had an 

increased postprandial plasma LPS concentration [88] that 

contributes to activation of TLR4, and, consequent of 

inflammatory NF-κB pathways [80]. The activation of NF-κB 

pathways, via TLR4 stimulation, is sustained by NEFA, 

mainly released from WAT adipocytes, and high plasma 

level of post-prandial endotoxin, stimulated by dietary SFA 

[89].  

As mentioned above, hypertrophic adipocytes induced by 

high-fat diet (HFD) generated also ROS [90,91]. Both in mice 

and humans, HFD causes  a significant elevation in ROS 

from mitochondria isolated from skeletal muscle [92]. The 

ROS accumulation has also been shown in adipose, liver and 

kidney tissue’s mitochondria in animals feed with HFD, as 

reviewed by Tan and colleagues [93]. ROS can stimulate 



 

 
 

signal transduction pathways (mainly via NF-κB ), which 

activates the production of TNF-α and IL-6 [93]. This 

contribute to impaired insulin signaling, and perpetrating 

LGI and IR. Obese subjects in comparison with normo-

weight controls have  high levels of several LPO markers, 

such as conjugate-dienes, MDA and lipid peroxides, as well 

as an increased grade of lipoprotein oxidation, in hematic 

circulation [94]. Furthermore, in patients with MetS and/or 

T2DM often there is a dyslipidemic state, characterized by 

increased level of triacylglycerols (TAG), small dense LDL 

(sdLDL) and reduced level of high-density lipoprotein 

cholesterol (HDL-C) [95].  

Overproduction of VLDL is particularly evident in T2DM 

patients, with low insulin sensitivity. In addition, the intra-

abdominal and ectopic liver fat are significant predictor of 

liver production on TAG-rich VLDL [95,96]. Therefore, in 

diabetic dyslipidemia the VLDL production is increased and 

the catabolic rate of apoB-containing lipoproteins, such as 

LDL and IDL is reduced, while the catabolic rate of HDL is 

increased [95]. IR and hypertriglyceridemia could remodel 

HDL lipoprotein particles because of the altered lipoprotein 

lipase (LPL), hepatic lipase (HL), cholesteryl ester transfer 

protein (CETP), and phospholipid transfer protein (PLTP) 

activities [97] and the strong link between HDL and VLDL 

metabolism. As a result, HDL have altered protein and lipid 

composition, in particular a higher TAG to cholesteryl ester 

(CE) ratio in their hydrophobic core, and consequently an 



 

 
 

alteration of their normal biological function and catabolic 

rate. In addition, these changes in HDL lipid composition 

increase their susceptibility to oxidation [98]. Furthermore, 

while high levels of LDL cholesterol increase the risk of 

developing CVD, on the other hand the preventive role of 

high HDL cholesterol levels is still controversial. In the past, 

observational studies had suggested an inverse relationship 

between HDL cholesterol and both cardiovascular disease 

and total mortality [99]. However, recent large-scale cohort 

studies have failed to confirm this association and some 

studies have found increased cardiovascular events and 

increased mortality associated with very high levels of HDL 

[100]. Therefore, more detailed knowledge of the 

composition, chemical-physical properties and oxidizability 

of HDL could be a useful, additional means for better 

understanding of the ethiopathological events that link the 

alteration of HDL metabolism to the increased risk of CDV 

in MetS and diabetic patients. Lipoprotein chemical 

characterization can be determined by using several 

different methodological approaches, including Raman 

spectroscopy (RS) [101].  Most modern Raman instruments 

are coupled with microscopy; therefore, RS is a well-suited 

tool for the characterization of lipid in very small amount of 

samples.  

 

 

  



 

 
 

 

1.2.3. Methods to study fatty acids and oxidative stress. 

 

Many analytical methods are used for the qualitative and 

quantitative evaluation of fatty acids (FAs) in all kinds of 

biological sample, including gas chromatography, liquid 

chromatography, near‐infrared spectroscopy, and NMR 

spectroscopy [102]. Among these methods, gas 

chromatography of fatty acid methyl esters (FAMEs) is one of 

the most employed. Since FAs exhibit low volatility and 

strong polarity, they must be converted into FAMEs to 

increase their volatility and decrease their polarity prior to 

the gas-chromatographic analysis. Moreover, FAs, especially 

PUFA, easily undergo polymerization, deacidification, 

cracking, and other adverse reactions at high temperatures, 

therefore they must be protected during the all the analytical 

process, for example by adding to samples powerful 

antioxidants, such as butylated-hydroxy-toluene (BHT) [103].  

In clinical studies, FAs are measured mainly in blood serum 

or plasma and erythrocyte; however, the profile of the fatty 

acids, especially of the PUFA, of each of these blood 

components has a different meaning both from a nutritional 

and diagnostic point of view. MUFA and SFA can be 

introduced with diet or synthesized de novo by humans, 

whereas PUFA derived directly or indirectly only from 

dietary fats. Hence, the PUFA concentrations in serum reflect 

the dietary intake of the week that preceded the blood 



 

 
 

sampling [104]; whereas,  in erythrocytes indicate the dietary 

intakes of  the past three months [105].  

Free radicals generated in excessive and uncontrollable 

amounts under oxidative stress conditions cause damage to 

DNA, proteins, and lipids, which can severely compromise 

cell health and contribute to disease development.  Oxidative 

stress give rise to several complex reaction of peroxidation 

(autooxidation) of these biomolecules that generate a very 

wide array of end products. Therefore, a correct 

interpretation of oxidative stress requires more than one 

laboratory test, each of which must provide complementary 

information. Methods and approaches to measure oxidative 

stress in clinical samples include the determination of the 

levels of pro-oxidant, such as reactive oxygen substances 

(ROS) and reactive nitrogen substance (RNS) and 

antioxidants, such as vitamin E, Vitamin C and glutathione, 

or the assessment of oxidant-induced damages to proteins, 

DNA and lipids [106]. However, the determination the levels 

of a pro-oxidant cannot be regarded as a general estimate of 

such a complex condition as oxidative stress [107]. The same 

applies to the determination of levels of one or more 

antioxidants and antioxidant enzyme activities. [107]. 

Lipid peroxidation (LPO) has been commonly used as an 

indicator of ROS-mediated damage to lipids. 

Malondialdehyde (MDA) is one of the best-studied end-

products of AA peroxidation in clinical samples that has 

frequently been used to determine oxidative stress 



 

 
 

conditions, especially in scientific research. In fact, the levels 

of MDA can be measured using the rapid and easy, but poor 

specific thiobarbituric acid reactive substances (TBARS) 

method, or by using more specific, but time-consuming and 

labor-intensive methods that involve the use of high-

performance liquid chromatography (HPLC) or gas 

chromatography-mass spectrometry (GC-MS). Since 

peroxidation is one of the most common mechanisms of ROS-

induced damage, the dosage of hydroperoxides (ROOH) is 

frequently used to determine the pro-oxidant state of an 

individual by spectrophotometric assays easily executed both 

manually and automatically [108,109]. ROOH are thought to 

be useful targets to assess pro-oxidant contribution to 

oxidative stress, because they  are the most reactive form of 

ROS, can initiate lipid peroxidation by attacking PUFA, and 

are produced by reactions of peroxynitrite and singlet oxygen 

with lipids, amino acids, peptides, and proteins [110]. ROOH 

present in blood circulation are considered markers and 

amplifiers of tissue damage induced by oxidative stress [111–

113].  

As regards antioxidant capacity assessment, the 

determination of the redox state of glutathione is one of the 

useful approaches to integrate lipid peroxidation 

parameters. In fact, glutathione system is one of the major 

antioxidants in vivo and its activity is closely related to the 

concentration and the redox state of other low-molecular-

weight thiols such as cysteine, cysteine-glycine and 



 

 
 

homocysteine [114]. The reducing power of hydro-soluble 

thiols is necessary to maintain some lipo-soluble antioxidant 

(such as vitamin E and coenzyme Q) in their reduced form, 

the only form active in the prevention of ROS-induced lipid 

peroxidation of lipoproteins and cell membranes [115].  

Alternative approaches are based on the susceptibility of 

lipid specimen to a flux of free radicals, as monitored upon 

exposure to free radical ‘generators’ ex vivo. The response of 

lipid specimens to radical attack may be monitored either at 

one predefined time-point or at multiple consecutive time-

points (kinetically). The kinetic profile of peroxidation can be 

based on continuous measurement of the production of 

oxidation products and/or of the consumption of oxidizable 

lipids and/or oxygen consumption and/or depletion of 

antioxidants. Many analytical methods have been applied to 

monitor different biomarkers, including spectrophotometry, 

chromatography, fluorescent probes, chemiluminescence 

and electrochemistry [116]. In the laboratory of chemical 

biology and biochemical nutrition where I did my doctoral 

thesis work, have been set-up several analytical methods for 

lipid peroxidation kinetic determination using fluorescence 

techniques [117–119]. The kinetic curve individuates three 

phases: a latency phase (lag-time), a propagation phase, and 

a termination phase.  The lag time is commonly used as a 

criterion for the resistance of lipids to peroxidation, while the 

maximal rate of propagation phase is a complex function of 

lipid oxidability and antioxidative potency. Therefore, kinetic 



 

 
 

methods offer the possibility of assessing several meaningful 

parameters from each assay. 

  



 

 
 

CHAPTER 2 

 

 

 

2.1 Studies 
 
 

As above mentioned, my research activity has contributed to 

the publication of four research articles on the following 

topics:  

1. The study of the effects of supplementation with 

micronutrients plus ω-3 PUFA during pregnancy on 

nutritional biomarkers of mothers and infants’ 

anthropometric parameters at delivery, as well as on 

oxidative status of mothers. 

2. The concentration-dependent effects of ω-3 LC-PUFA 

on the function of human endothelial cells 

membrane's, in particular with regard to Na,K-

ATPase activity. 

3. The effects of diet-induced weight loss on the 

relationship between lipoprotein lipid composition, 

the peripheral levels of cytokines and metabolic 

endotoxemia in overweight and class I obese subjects 

with metabolic syndrome 

4. The chemical characterization of the plasma 



 

 
 

lipoproteins with Raman spectroscopy. 

Below are the publications of the studies in which I 

collaborated during my doctoral program in Nutritional 

Science. 
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Abstract: Maternal dietary intake during pregnancy needs to meet increased nutritional demands to
maintain metabolism and to support fetal development. Docosahexaenoic acid (DHA) is essential
for fetal neuro-/visual development and in immunomodulation, accumulating rapidly within
the developing brain and central nervous system. Levels available to the fetus are governed
by the maternal diet. In this multicenter, parallel, randomized controlled trial, we evaluated
once-daily supplementation with multiple micronutrients and DHA (i.e., multiple micronutrient
supplementation, MMS) on maternal biomarkers and infant anthropometric parameters during the
second and third trimesters of pregnancy compared with no supplementation. Primary efficacy
endpoint: change in maternal red blood cell (RBC) DHA (wt% total fatty acids) during the study.
Secondary variables: other biomarkers of fatty acid and oxidative status, vitamin D, and infant
anthropometric parameters at delivery. Supplementation significantly increased RBC DHA levels,
the omega-3 index, and vitamin D levels. Subscapular skinfold thickness was significantly greater
with MMS in infants. Safety outcomes were comparable between groups. This first randomized
controlled trial of supplementation with multiple micronutrients and DHA in pregnant women
indicated that MMS significantly improved maternal DHA and vitamin D status in an industrialized
setting—an important finding considering the essential roles of DHA and vitamin D.

Keywords: docosahexaenoic acid; long-chain polyunsaturated fatty acids; maternal biomarkers;
micronutrients; neurodevelopment; pregnant women; supplementation; vitamin D

1. Introduction

During pregnancy, an adequate maternal dietary intake is essential to meet the increased nutritional
demands required to maintain metabolism and support fetal development [1]. Micronutrients such
as folic acid and other B vitamins, vitamin D, vitamin C, calcium, copper, magnesium, iodine,
selenium, zinc, and iron all have vital roles throughout all stages of pregnancy [2–4]. Poor dietary
intake or deficiencies in both micro- and macronutrients can have adverse effects on pregnancy
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outcomes and neonatal health [5], including an increased risk of neural tube defects, preeclampsia,
miscarriage, and low birth weight [6,7]. Many women are at risk of insufficient nutrient intake in
industrialized as well as developing countries [8–10]. Therefore, micronutrient supplementation is
frequently recommended during pregnancy to help improve pregnancy outcomes in the mother and
child [11,12]. International guidelines (i.e., from the World Health Organization) currently recommend
supplementation of iron and folic acid (0.4 mg/day) during the whole pregnancy for the purpose
of improving pregnancy outcomes and for reducing maternal anemia in pregnancy [13]. Recently,
there have been extensive scientific and medical discussions around the need to include vitamin
D as a standard nutrient to be supplemented during pregnancy, due to low intake. Vitamin D
regulates calcium and phosphate body stores and is therefore critical for bone health [14]. Furthermore,
low concentrations of blood vitamin D in pregnant women have been associated with pregnancy
complications [15,16].

In addition to micronutrients, a balanced macronutrient intake is recommended. In particular,
the long-chain polyunsaturated fatty acids (LCPUFAs) found at high concentrations within the brain and
central nervous system are essential for the development of the fetal brain [17]. Docosahexaenoic acid
(DHA)—representing the largest proportion of LCPUFAs in the brain and retina—plays a key role
during the pre- and early postnatal period [17–20]. After the first trimester, when the neural tube has
closed and grey matter begins to form [21], DHA begins to rapidly accumulate in the brain [18,22];
accumulation continues for up to two years [23,24].

However, the human body is not efficient at producing essential LCPUFAs [22], and maternal
concentrations decrease over the course of gestation [25]. Of note, the levels of DHA available
to the fetus during pregnancy are governed by the diet of the mother [17,26–28]. Studies suggest
that consumption of a diet rich in omega-3 LCPUFAs including DHA may have a reduced risk of
common pregnancy complications such as intrauterine growth restriction, preeclampsia, and preterm
deliveries [29–31]. Supplementation with DHA can also increase the expression of fatty acid transport
proteins, thus increasing transport through the placenta and improving the fatty acid status of both the
mother and child [32,33].

Meta-analyses have demonstrated that there are clinical benefits associated with prenatal multiple
micronutrient [34] and LCPUFA supplementation [35] during pregnancy. However, there is limited
data on the effects of prenatal supplementation in industrialized countries, particularly when used
in combination. Clinical guidelines for pregnant women tend to focus on single nutrients for
supplementation [36,37]. Given the interest in the potential beneficial effects of supplementation with
micronutrients and DHA during pregnancy, we carried out a randomized trial to evaluate the effects
of multiple micronutrients plus DHA supplementation during the second and third trimesters of
pregnancy on maternal biomarkers compared with no supplementation in the control group in an
industrialized country. The primary variable, i.e., the concentration of DHA (weight percent of total
fatty acids (wt% TFA)) in maternal red blood cells (RBC), was considered indicative of LCPUFA status.
Secondary explorative variables were other biomarkers of fatty acid and oxidative status, vitamin D,
and anthropometric parameters of infants at delivery. We included vitamin D status as a secondary
endpoint to investigate whether vitamin D supplementation is needed to maintain adequate status,
and whether the levels of vitamin D in the supplement would be sufficient to maintain an adequate
status. We hypothesized that supplementation might help to improve maternal DHA and vitamin D
status in a healthy population of pregnant women, whereas dietary intake would be insufficient to
meet the increased needs during pregnancy.

2. Materials and Methods

2.1. Trial Design

This was a multicenter, parallel, randomized controlled trial conducted at two centers in Italy to
compare the effects of once daily supplementation with multiple micronutrients plus DHA (hereafter
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referred to as multiple micronutrient supplementation, or MMS) versus no supplementation during
pregnancy on maternal biomarkers and infant anthropometric parameters. Supplementation began at
gestational week 13–15 until delivery. Six visits were conducted during the trial, from screening to final
follow-up, as outlined in Figure 1 and Supplementary Table S1. At baseline (Visit 2; gestational week
13–15), women who fulfilled the eligibility criteria were randomized to the supplementation or control
group in a 1:1 ratio. The sequential randomization list (generated through a validated SAS program by
an independent statistician) was generated according to permutated block codes. A randomization
number was assigned to each woman at each site by means of randomization cards. The study was not
blinded. All blood parameters were measured at Visits 1, 3, and 4 in all women, while dietary intake
was recorded at Visits 2, 3, and 4.
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Figure 1. Study design. Visit 1 (V1, screening): pregnant women were screened for study eligibility 
and blood collection was performed. Visit 2 (V2, baseline): eligible women meeting the inclusion and 
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assessed using a semi-quantitative FFQ. Visits 3 and 4 (V3 &V4, MMS supplementation or no 
supplementation): FFQ was administered and blood sampling took place—the red blood cell DHA 
level measured at Visit 4 was compared with the value measured at Visit 1 to assess the primary 
endpoint. Visit 5 (V5, delivery): obstetric evaluations were performed in all women and infant 
anthropometric parameters were measured. Concomitant medications and adverse events were 
assessed at all Visits. GA, gestational age; DHA, docosahexaenoic acid; FFQ, food frequency 
questionnaire; MMS, multiple micronutrients and DHA supplementation. 

The study was approved by an independent ethics committee (Comitato Etico Milano, Milan, 
Italy). The Institutional Review board Project no. of the study: 2016/ST/024. The study was approved 
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Figure 1. Study design. Visit 1 (V1, screening): pregnant women were screened for study eligibility
and blood collection was performed. Visit 2 (V2, baseline): eligible women meeting the inclusion
and exclusion criteria were randomized equally to one of the two study groups; nutritional status
was assessed using a semi-quantitative FFQ. Visits 3 and 4 (V3 &V4, MMS supplementation or no
supplementation): FFQ was administered and blood sampling took place—the red blood cell DHA level
measured at Visit 4 was compared with the value measured at Visit 1 to assess the primary endpoint.
Visit 5 (V5, delivery): obstetric evaluations were performed in all women and infant anthropometric
parameters were measured. Concomitant medications and adverse events were assessed at all
Visits. GA, gestational age; DHA, docosahexaenoic acid; FFQ, food frequency questionnaire; MMS,
multiple micronutrients and DHA supplementation.

The study was approved by an independent ethics committee (Comitato Etico Milano, Milan, Italy).
The Institutional Review board Project no. of the study: 2016/ST/024. The study was approved
on 30 March 2016. The study was conducted in accordance with the Declaration of Helsinki and in
compliance with all current Good Clinical Practice guidelines, local laws, regulations, and organizations.
The trial was registered at ClinicalTrials.gov (ClinicalTrials.gov Identifier: NCT04438928). The trial
protocol can be obtained from the corresponding author, upon reasonable request.

2.2. Study Population

Healthy, pregnant Caucasian women aged 18–42 years were screened during their first trimester
prenatal visit (gestational age (GA), week 11–14) at Hospital Sacco and Hospital Buzzi in Milan, Italy.
The study was proposed to all pregnant women with a singleton pregnancy within the gestational age
indicated. Women were included in the study if they were having a singleton pregnancy, hemoglobin
level >105 g/L, normal ultrasound examination, and inconspicuous fetal anomaly screening, taking
at least 400 µg folate per day, and provided written, signed informed consent for participation in
the study. Women were excluded if they had experienced previous adverse pregnancy outcomes,
followed a specific diet, or were already taking DHA/multivitamin supplements (except folate or iron).
Full inclusion and exclusion criteria are listed in Supplementary Table S2.
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2.3. Study Product

The study product was an oral MMS soft gel capsule (Elevit, Bayer) that contained 12 vitamins,
six minerals, and DHA (200 mg) to meet the requirements of women during pregnancy, especially during
the second and third trimester [38,39] (Supplementary Table S3). One capsule was taken per day
with a sufficient amount of liquid, from GA week 13–15 (Visit 2, baseline) until delivery (Visit 5;
approximately 27 weeks of supplementation). The control group did not receive a placebo during
this time.

2.4. Parameters Assessed

Analyses were performed at the “Luigi Sacco” Department of Biomedical and Clinical Sciences
(Università degli Studi di Milano) and ASST Fatebenefratelli Sacco, Milan, Italy. In total, approximately
56 mL of blood was taken in the fasted state from each subject for the efficacy and safety assessments
during the whole study. Blood samples were centrifuged for 10 min at 1000 g at 4 ◦C; plasma for
8-isoprostane and dROMs analysis was separated from the erythrocyte pellet, and the buffy coat was
discarded. Erythrocytes for fatty acid and glutathione analyses were washed once with a 0.2 M EDTA
+ 150 nM NaCl solution through gentle inversion, and then 15 min centrifugation at 2000 g at 4 ◦C.

The efficacy parameters assessed are outlined in Supplementary Table S4. The change in RBC
DHA (wt% TFA) from Visit 1 to Visit 4 was the primary maternal variable to assess the beneficial effects
of supplementation with micronutrients and DHA during the second and third trimesters of pregnancy.
Secondary maternal variables included other RBC fatty acid parameters (TFA, eicosapentaenoic acid
(EPA), wt% TFA, DHA/TFA ratio, and omega-3 index), calcidiol (25-hydroxyvitamin D), and oxidative
stress markers in blood including reduced glutathione (GSH)/oxidized glutathione (GSSG) ratio,
plasma reactive oxygen metabolites (ROMs, which are hydroperoxides), and plasma 8-isoprostane.
The erythrocyte membrane fatty acid composition was determined by gas chromatography of fatty
acid methyl esters [40–42]. The amount of each considered fatty acid was calculated as µg/mL of
RBCs and expressed as a percentage of the total fatty acid concentration. The omega-3 index was
calculated by summing the percentage of EPA and DHA [43]. Calcidiol levels were measured using
radioimmunoassay [44], the GSH/GSSG ratio using fluorimetric assay [1], ROMs using photometric
assay [45,46], and 8-isoprostane using competitive enzyme immunoassay with an ELISA kit (Cayman
Chemical, Ann Arbor, MI, USA) following the manufacturer’s instructions [47]. Briefly, 500 uL of
heparinated plasma were stored at –80 ◦C with a preservative ethanol solution containing butylated
hydroxytoluene (BHT) until analysis. Alkaline hydrolysis was performed to allow total 8-isoprostane
(both free and esterified fractions) quantification; after neutralization, proteins were removed by
ethanol precipitation and samples were purified by solid phase extraction (SPE) using octadecyl (C-18)
silica affinity cartridges. Total 8-isoprostane levels in purified plasma samples were then analyzed by
ELISA. Dietary intake was evaluated using a semi-quantitative Food Frequency Questionnaire of five
food categories to assess the usual daily intake of foods and nutrients (adapted from Vioque et al. [48],
which was validated in pregnant women) at Visits 2, 3, and 4. Dietary intake data and results of a small
subgroup analysis in women who underwent a cesarean section (cord blood and placenta samples)
will be presented elsewhere.

Safety and tolerability were assessed by evaluating the incidence and severity of adverse events
(AEs) and their relationship to trial treatment. Laboratory parameters, physical examination, and vital
signs were also recorded.

2.5. Statistical Analysis

Assuming a treatment difference of 1.6 (standard deviation (SD) 3.4), as observed by
Bergmann et al. 2008 [49], 70 subjects per arm were required to achieve 80% power with 0.05 of
alpha to detect the treatment difference between the supplementation and control groups. To account



Nutrients 2020, 12, 2432 5 of 16

for a drop-out rate of 15%, approximately 164 subjects (82 per treatment group) were to be randomized
to get 140 evaluable subjects.

The primary efficacy analysis was performed on the per protocol (PP) population (all subjects
with efficacy data for the primary efficacy endpoint at Visit 4 who did not have protocol violations).
Results were corroborated using data from the intent-to-treat (ITT) population (i.e., all subjects in
the safety population who had at least one post-baseline measurement of efficacy data). The safety
population comprised all subjects who were randomized into the study, and took at least one dose of
the supplement for those randomized to the treatment group.

The primary efficacy endpoint was defined as the change in maternal RBC DHA (wt% total fatty
acids) from Visit 1 to Visit 4, analyzed using the analysis of covariance (ANCOVA) with treatment
as a fixed effect and the Visit 1 value as covariate. Secondary maternal efficacy endpoints were
changes from Visit 1 to Visit 4 in blood fatty acid parameters (RBC EPA (wt% total fatty acids),
DHA/EPA ratio, RBC omega-3 index), 25-hydroxyvitamin D, and antioxidant status (GSH/GSSG
ratio, plasma ROMs, 8-isoprostane). All secondary endpoints were analyzed similarly to the primary
endpoint. Secondary infant efficacy endpoints (gestational age, head circumference, weight and length
measurements, ponderal index, infant skinfold thickness, Apgar score, bone density) were collected at
delivery (Visit 5) or within 10 days after delivery for bone density and analyzed using ANCOVA with
treatment as fixed effect.

Safety and tolerability variables were assessed by evaluating incidence and severity of AEs,
their relationship to trial treatment, and the incidence of abnormal findings in measurement of
objective tolerability through vital signs, physical examination, and clinical laboratory findings.
Only treatment-emergent AEs (TEAEs) were analyzed, i.e., AEs that began or worsened
after randomization.

Two-sided p-values < 0.05 were considered statistically significant. Results are presented as
mean ± standard deviation (range), n (%), or LSMEANS (least squares means) of change from Visit 1
(95% confidence interval, CI), as appropriate. All statistical tables, listings, and analyses were produced
using SAS® release 9.4 or later (SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. Subject Characteristics

The study took place between September 2016 to December 2019. After screening, 176 subjects were
randomized to the MMS (n = 87) or control (n = 89) groups (Figure 2). All subjects were included in the
safety population. Forty-six subjects discontinued the study, mainly because of adverse events (32 (69.6%)
subjects). The PP population comprised 141 subjects (MMS, n = 65; control, n = 76). The mean study
duration was 24.5 ± 6.49 (1.0–30.9) weeks, and was comparable in both groups. Overall compliance was
≥80% in 63 (72.4%) of MMS subjects, ≤80% in four (4.6%), and unknown in 20 (23%).

Subject baseline demographics, clinical characteristics, and delivery information are shown in
Table 1. The mean age was 31.9 ± 4.64 (18–41) years and all subjects were Caucasian. All demographics
were similar between groups, with no significant differences. No abnormalities in physical or
gynecological examinations were reported at Visit 1 or Visit 2. Although not statistically significant, a
higher proportion of subjects in the control group compared with the MMS group experienced delivery
complications (16 (23.2%) vs. eight (12.9%) subjects, respectively) or had an induced labor (13 (18.8%)
vs. nine (14.5%) subjects). The groups were well balanced regarding infant sex (male 58.1% in the
MMS group, 56.5% in the control group).
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Table 1. Subject characteristics at baseline (values expressed as n, mean ± standard deviation, and
median (range), unless otherwise stated) and delivery information (values expressed as n (%), unless
otherwise stated) (per protocol population).

Characteristics No Supplementation (n = 76) MMS (n = 65)

Age (years) 76 65
32.3 ± 4.72 31.4 ± 4.52
33.0 (18–41) 32.0 (20–40)

Weight (kg) 76 65
61.5 ± 9.96 63.2 ± 9.48
59.0 (45–87) 47.0 (47–95)

Height (cm) 76 65
164.1 ± 7.08 165.9 ± 5.60

165.0 (147–184) 165.0 (150–178)
Body mass index (kg/m2) 76 65

22.8 ± 3.24 22.9 ± 3.10
21.7 (18.0–29.7) 22.0 (18.1–29.9)

Previous pregnancy, n (%)
No 30 (39.5) 30 (46.2)
Yes 46 (60.5) 35 (53.9)

Smoking status, n (%)
Never 49 (64.5) 49 (75.4)

Former a 27 (35.5) 16 (24.6)
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Table 1. Cont.

Characteristics No Supplementation (n = 76) MMS (n = 65)

Delivery information
Subjects performing delivery visit 69 62

Type of delivery, n (%)
Vaginal 55 (79.7) 49 (79.0)

Caesarean 14 (20.3) 13 (21.0)
Delivery complications, n (%)

No 53 (76.8) 54 (87.1)
Yes 16 (23.2) 8 (12.9)

Induced labor, n (%)
No 56 (81.2) 53 (85.5)
Yes 13 (18.8) 9 (14.5)

Infant sex, n (%)
Male 39 (56.5) 36 (58.1)

Female 30 (43.5) 26 (41.9)
a Stopped smoking prior to pregnancy/when becoming aware of pregnancy consent signature plus one day.
MMS, multiple micronutrients and docosahexaenoic acid supplementation.

3.2. Efficacy Endpoints

Primary. Maternal RBC DHA (wt% TFA) increased every visit in both groups (Figure 3 and
Table 2), but the mean change from Visit 1 to Visit 4 was significantly greater in the MMS group
compared with the control group, with an estimated treatment difference of 0.96 (95% CI 0.61, 1.31)
(p < 0.0001) (Table 2). Furthermore, RBC DHA levels in women at the lower ranges increased by a
greater extent in the MMS group (1.1% at Visit 3 and 1.6% at Visit 4 vs. Visit 1) compared to those in
the control group (increase of 0.2% at Visit 3 and 0.5% at Visit 4 vs. Visit 1), and reached threshold
levels (5% [50]) by Visit 4 (Table 2).

Secondary maternal endpoints. Significant differences were observed in favor of MMS for
maternal RBC DHA/TFA ratio (estimated difference 0.01 (95% CI 0.006, 0.013); p < 0.0001), omega-3
index (estimated difference 1.00 (95% CI 0.64, 1.37); p < 0.0001), and calcidiol (estimated difference 3.96
(95% CI 0.88, 7.04) µg/L; p = 0.0122) (Figure 3 and Table 2).

The remaining secondary efficacy endpoints (maternal RBC TFA, RBC EPA (wt% TFA, GSH/GSSG
ratio, ROMs, 8-isoprostane)) were comparable between groups, albeit slightly higher in the MMS
group, with no significant differences (Supplementary Table S5).

Secondary infant endpoints. As outlined in Supplementary Table S6, infant variables were
comparable between groups, with no statistically significant differences apart from subscapular
skinfold thickness (thicker in the MMS group, p = 0.0292) and bone density in m2 (borderline
significantly greater in the control group, p = 0.0486).

Dietary intake. Assessment of dietary intake showed that consumption of the macro- and
micronutrients measured was comparable between groups at each visit (Supplementary Table S7).
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Figure 3. Mean change (± standard deviation) from Visit 1 to Visit 4 in maternal (a) RBC DHA
(wt% TFA) (p < 0.0001 in favor of MMS), (b) omega 3 index (p < 0.0001 in favor of MMS), and (c) calcidiol
(25-hydroxyvitamin D) (p = 0.0122 in favor of MMS) (per protocol population; LOCF approach). Visit 1:
Screening (GA Week 11/14); Visit 3: GA Week 24/26; Visit 4: GA Week 34/36. DHA, docosahexaenoic
acid; GA, gestational age; LOCF, last observation carried forward; MMS, multiple micronutrients and
DHA supplementation; RBC, red blood cells; SD, standard deviation; TFA, total fatty acids; wt, weight.
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Table 2. Primary and secondary outcomes at each visit (LOCF approach; values presented as mean ± standard deviation (range)) and differences between groups from
Visit 1 to Visit 4 (presented as LSMEANS (95% confidence interval), ANCOVA model) (per protocol population).

No Supplementation (n = 76) MMS (n = 65)

Visit 1 Visit 3 Visit 4 Visit 1 Visit 3 Visit 4

RBC DHA (wt% TFA) 6.1 ± 1.23 (3.8–9.3) 6.6 ± 1.30 (4.0–10.4) 6.7 ± 1.34 (4.3–9.6) 6.1 ± 1.26 (3.4–10.2) 7.0 ± 1.30 (4.5–10.5) 7.5 ± 1.48 (5.0–13.0)
LSMEANS difference/p value — — — — — 0.96 (0.61, 1.31)/ < 0.0001 *

RBC DHA/TFA ratio 0.06 ± 0.01 (0.04–0.09) 0.07 ± 0.01 (0.04–0.10) 0.07 ± 0.01 (0.04–0.10) 0.06 ± 0.01 (0.03–0.10) 0.07 ± 0.01 (0.04–0.11) 0.08 ± 0.01 (0.05–0.13)
LSMEANS difference/p value — — — — — 0.010 (0.006, 0.013)/ <0.0001 *

Omega 3 index (%) 6.7 ± 1.38 (4.2–10.1) 7.0 ± 1.43 (4.2–10.7) 7.1 ± 1.45 (4.5–10.0) 6.5 ± 1.40 (3.7–10.9) 7.5 ± 1.43 (4.7–11.1) 8.0 ± 1.59 (5.3–13.6)
LSMEANS difference/p value — — — — — 1.00 (0.64, 1.37)/ <0.0001 *

Calcidiol (ug/L) 21.6 ± 8.94 (5.5–48.8) 19.9 ± 9.87 (4.6–64.1) 17.8 ± 9.72 (4.0–45.0) 20.5 ± 7.54 (4.4–36.5) 22.8 ± 8.94 (4.0–48.6) 21.4 ± 9.07 (5.5–42.7)
LSMEANS difference/p value — — — — — 3.96 (0.88, 7.04)/ 0.0122 *

* Two-sided p value <0.05 considered statistically significant. Visit 1: Screening (GA Week 11/14); Visit 3: GA Week 24/26; Visit 4: GA Week 34/36. DHA, docosahexaenoic acid;
GA, gestational age; LOCF, last observation carried forward; LSMEANS, least squares means (difference = supplementation—no supplementation); MMS, multiple micronutrients and
DHA supplementation; RBC, red blood cells; TFA, total fatty acids; wt, weight.
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3.3. Safety Analysis

As outlined in Table 3, 125 (71.0%) subjects reported at least one TEAE pertinent to the mother
(232 TEAEs overall) and 23 (13.1%) subjects reported them as serious, with a comparable number in each
group. In the MMS group, 19 (21.8%) had one TEAE that led to permanent treatment discontinuation.
Only three (3.5%) subjects in the MMS group had at least one suspected related TEAE (vomiting,
with mild severity). At least one TEAE pertinent to the fetus/child were reported in ten (5.7%) subjects
(13 TEAEs overall), and five (2.8%) reported them as serious. A higher proportion of subjects reported
a TEAE in the MMS group, but none were considered to be treatment related. One (1.6%) subject
had one TEAE pertinent to the fetus/child that led to permanent discontinuation. There was one
fatality in the MMS group unrelated to study treatment. No relevant changes in clinical laboratory
parameters (i.e., hematology, kidney function, liver function, blood coagulation, CRP) were observed,
although there was a decrease in mean ferritin levels in both groups over the course of the study.
Physical and gynecological examinations were normal throughout.

Table 3. Summary of participants with treatment-emergent adverse event (safety population; values
expressed as n (%) subjects).

Parameters No Supplementation
(n = 89) MMS (n = 87) Total (n = 176)

Number of TEAEs pertinent to the mother 114 118 232
Any TEAEs pertinent to the mother 64 (71.9) 61 (70.1) 125 (71.0)

At least one suspected related a NA 3 (3.5) 3 (1.7)
At least one serious TEAE 11 (12.4) 12 (13.8) 23 (13.1)

At least one leading to temporary treatment interruption b NA 1 (1.2) 1 (0.6)
At least one leading to permanent treatment

discontinuation c NA 19 (21.8) 19 (10.8)

Fatal outcome 0 0 0
Number of TEAEs pertinent to fetus/child 4 9 13

Any TEAEs pertinent to fetus/child 3 (3.4) 7 (8.1) 10 (5.7)
At least one suspected related a NA 0 0

At least one serious TEAE b 2 (2.3) 3 (3.5) 5 (2.8)
At least one leading to temporary treatment interruption c NA 1 (1.2) 1 (0.6)

At least one leading to permanent treatment
discontinuation d NA 1 (1.2) 1 (0.6)

Fatal outcome 0 1 (1.2) 1 (0.6)
a Suspected related adverse events were those events with causal relationship equal to related; b No Supplementation
group, the TEAEs pertinent to the fetus/child classified as severe were: fetal distress syndrome 1 (1.12%), fetal growth
restriction 1 (1.12%); MMS group, the TEAEs pertinent to the fetus/child classified as severe were “Duodenal atresia”
(1, 1.15%), “Fetal compartment fluid collection “(1, 1.15%), “Fetal growth restriction” (1, 1.15%) and “Polyhydramnios”
(1, 1.15%). No TEAE pertinent to the fetus/child was suspected of being related to the study product; c adverse
events leading to temporary treatment interruption were those events with action taken equal to drug interrupted;
d adverse events leading to permanent treatment discontinuation were those events with action taken equal to drugs
withdrawn. MMS, multiple micronutrients and docosahexaenoic acid supplementation; NA, not applicable; TEAEs,
treatment-emergent adverse events.

4. Discussion

Supplementation with MMS plus DHA throughout the second and third trimester of pregnancy
led to a significant increase in RBC levels of DHA, as well as the proportion of DHA compared with EPA
and TFA. There was also a significant increase in the omega-3 index, while vitamin D levels increased
during the course of the study compared to a decrease in women who did not receive supplementation.
In the infant, a significantly greater subscapular skinfold thickness was observed in the MMS group.
Safety outcomes were comparable between groups and MMS was well tolerated.

Our findings demonstrate that RBC DHA levels were significantly higher in the MMS group
than in the control group. In pregnant women, the target RBC DHA level is 5% [50] (with <4.3%
considered very low [51]). In our study, although average RBC DHA levels were above 6% at each visit
(with higher levels in the MMS group), the lower ranges indicated that some women in both groups
fell below this value. Nevertheless, RBC DHA levels in women at the lower ranges increased by a
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greater extent in the MMS group compared to those in the control group over the course of the study,
and reached the threshold by the third trimester (Table 2).

The omega-3 index was also significantly higher after supplementation. As RBC EPA values were
comparable between groups, the increase in omega-3 index must be the result of an increase in DHA.
In cardiovascular disease, the target range for the omega-3 index is 8–11%; it has been suggested that
this range might also be suitable during pregnancy and lactation [52]. Reference values of 7.5–10.0%
have also been recommended in pregnant women [53]. In our study, while the omega-3 index increased
from 6.7% to 7.1% in the control group, the increase was greater (6.5% to 8.0%) in the MMS group.
Therefore, supplementation with DHA helped women to reach target levels during pregnancy.

Current nutritional recommendations indicate that pregnant and lactating women should aim to
achieve an average dietary intake of at least 200 mg DHA/day [54]. However, consumption of omega-3
fatty acids remains low particularly in pregnant and lactating women [55]. This is of relevance considering
the vital roles of DHA in neurodevelopment, visual development, and neuroinflammation [56]. Moreover,
pregnancy syndromes such as gestational diabetes and preeclampsia have also been associated with
altered maternal omega-3 status and placental omega-3 metabolism [57–59].

The finding that there was a significant increase in calcidiol levels in supplemented women,
but not in the non-supplemented control group, is also of interest. Vitamin D is essential for the health
of both the developing fetus and the mother [60], and insufficient levels may have an adverse effect on
skeletal homeostasis in the infant [61] and increase the maternal risk of preeclampsia [5].

In our study, no significant differences were observed between supplemented and control
women regarding the markers of oxidative status. Oxidative stress has been implicated in many
pathological processes during pregnancy [5]. However, this particular population of pregnant women
was selectively chosen as a low-risk population, likely not at risk for decreased antioxidant status.
Moreover, the sample size of the study was calculated based on the primary outcome; therefore, these
results must be considered exploratory.

To our knowledge, this is the first randomized controlled trial evaluating the combination
of MMS plus DHA in pregnant women. Our results indicate that in a high-income country
setting, supplementation with micronutrients in combination with DHA can optimize maternal DHA
status [49,62,63], despite the women in our supplemented group having a slightly lower intake of DHA
from food. The timing of supplementation is important, and should occur in line with the development
and growth of the embryonic brain, particularly during the later stages of pregnancy [17,21] when DHA
rapidly begins to accumulate [18,22]. Furthermore, supplementation with MMS during pregnancy,
as in our study, can improve maternal and infant outcomes, leading to reductions in the incidence of
pre-eclampsia [64], neural-tube defects [64,65], low birthweight and small-for-gestational age babies [3],
limb reduction defects, and congenital urinary tract abnormalities [64]. There may also be long-term
benefits in children [4] (e.g., cognitive development [66,67]). Although many of these results have been
reported from low- to middle-income countries, micronutrient levels in pregnant women are often
insufficient even in industrialized countries, where dietary resources are more readily available [12].
However, the routine use of multivitamins during pregnancy has not yet been recommended in
high-income countries, despite the benefits on clinical outcomes [68]. Currently, only folic acid and
iron are recommended as standard interventions in pregnancy in industrialized countries [37].

Further research is necessary to better understand whether the improvements in maternal DHA
status, as well as other improvements in omega-3 index and calcidiol levels, have a positive impact
on maternal and infant clinical outcomes. Large, long-term randomized controlled trials on MMS
supplementation including DHA are essential.

Our study has some limitations, including the lack of a placebo control group and the consequent
unblinded nature of the study (which could have led to expectation bias [69]), the small sample size,
and the fact that only Caucasian women were included (which limits the generalizability of the results).
Adequately powered studies with a varied study population are necessary to better establish the
impact of different baseline characteristics in pregnant women and to evaluate clinical outcomes.
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5. Conclusions

Supplementation with MMS plus DHA in pregnant women can complement dietary intake
and significantly improve maternal DHA and vitamin D status. This finding is important in
light of the essential roles of DHA in the developing brain of the fetus, in visual development,
and in immunomodulation.
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Abstract: N-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) seem to prevent
endothelial dysfunction, a crucial step in atherogenesis, by modulating the levels of vasoactive
molecules and by influencing Na,K-ATPase activity of vascular myocytes. The activity of endothelial
Na,K-ATPase controls the ionic homeostasis of the neighboring cells, as well as cell function. However,
controversy exists with respect to the vascular protective effect of EPA and DHA. We argue that
this dispute might be due to the use of different concentrations of EPA and DHA in different
studies. Therefore, this study was designed to define an optimal concentration of EPA and DHA
to investigate endothelial function. For this purpose, human endothelial cells were exposed for
24 h to different concentrations of DHA or EPA (0–20 µM) to study membrane fluidity, peroxidation
potential and Na,K-ATPase activity. EPA and DHA were linearly incorporated and this incorporation
was mirrored by the linear increase of unsaturation index, membrane fluidity, and peroxidation
potential. Na,K-ATPase activity peaked at 3.75µM of EPA and DHA and then gradually decreased. It is
noteworthy that DHA effects were always more pronounced than EPA. Concluding, low concentrations
of EPA and DHA minimize peroxidation sensitivity and optimize Na,K-ATPase activity.

Keywords: endothelium; sodium pump; eicosapentaenoic acid; docosahexaenoic acid; membrane
fluidity; lipid peroxidation

1. Introduction

The Na,K-ATPase or Na+ pump (EC 3.6.37) is an ubiquitous membrane transport protein whose
activity determines and maintains high K+ and low Na+ concentrations in the cytoplasm, generates
a potential across the membrane and provides the driving force for secondary ion transport [1].
Na,K-ATPase consists of two subunits: A large ouabain-sensitive polypeptide (α) responsible for
transporting ions and a smaller glycoprotein (β) needed for enzymatic activity. These subunits are
closely associated with lipids that modulate the activity of the pump [2]. Ion homeostasis, that is
maintained by Na,K-ATPase, is critical for numerous cellular functions and processes, including cell
growth, differentiation, migration, contraction, secretion, and volume regulation [3]. At vascular level,
Na,K-ATPase plays a key role in modulating blood pressure. Experimental evidence has shown that
Na+ pump inhibition causes the contraction of smooth muscle cells [4–6] by promoting Ca2+ entry into
the smooth muscle cells through the inversion of the Na+-Ca2+ exchange system. Endothelial cells
modulate vascular tone by releasing vasoactive mediators [1] and by permitting active solute transport
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between lumen and sub-endothelium. In particular, an asymmetrical localization of Na,K-ATPase
between luminal and abluminal membranes of endothelial cells [4,5] determines trans-endothelial
ionic gradients. These gradients control ionic homeostasis and the performance of the neighboring
smooth muscle cells [7], while transendothelial K+ and Na+ transport regulates the activity of myocytal
Na,K-ATPase [8], crucial for the regulation of vascular tone.

Controversy exists about the role of n-3 eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) in cardiovascular disease prevention and endothelial function [9–11]. Several human studies
suggest that high levels of the n-3 long-chain (LC) polyunsaturated fatty acids (PUFAs) eicosapentaenoic
acid and docosahexaenoic acid in membrane phospholipids reduce cardiovascular risk [12,13] and
improve endothelial function [14]. N-3 LC-PUFAs seem to regulate blood pressure and improve
vascular integrity by preventing vascular inflammatory and adhesion cascades, and by enhancing the
generation and bioavailability of nitric oxide through upregulation and the activation of endothelial
nitric oxide synthase [15]. Surprisingly, incubation with high concentrations of n-3 LC-PUFAs has been
shown to decrease Na, K-ATPase activity of human umbilical vein endothelial cells [16] and sheep
pulmonary artery rings [17]. However, the underlying mechanisms of the effects of EPA and DHA
have not yet been fully clarified. Na,K-ATPase activity is regulated by several factors, including the
availability of substrates [18], hormones [19], circulating endogenous inhibitors, such as cardiotonic
steroids (ouabain, digoxin, etc.) [3], as well as the chemical-physical features of the surrounding
membrane lipid micro-environment, and in particular, the degree of membrane fluidity, the ratio
between phospholipids and cholesterol [20]. It is widely believed that lipids that increase membrane
fluidity promote Na,K-ATPase activation, and, vice versa, those that stiffen the membranes reduce
pump activity [20].

Membrane lipids, such as phospholipid species, their fatty acyl chain length and degree of
unsaturation, and cholesterol content all contribute to the fluidity of the membranes. In general, low
cholesterol content and high degree of unsaturation of phospholipid fatty acyl chains are associated
with fluid membranes [21–23]. The most unsaturated PUFAs in mammalian cell membranes are the
long chain polyunsaturated FAs (LC-PUFAs) of the n-3 and n-6 families, such as EPA (C20:5 n-3), DHA
(C22:6 n-3) and arachidonic acid (ARA, C20:4 n-6) derived from the nutritionally essential linolenic acid
(C18:3 n-3), and linoleic acid (C18:2 n-6), respectively. The LC-PUFAs of these two families compete
for the enzymes needed for their synthesis from the C18 precursors as well as for the enzymes that
synthesize their derivatives. A diet rich in n-3 PUFA, or a dietary supplementation of EPA and/or
DHA, increases the concentration of these FAs in membranes at the expense of ARA and, consequently,
increases the degree of unsaturation of membrane lipids. It also reduces the levels of vasoconstrictor
lipid mediators originating from ARA [24,25]. Moreover, recent studies on lipid bilayers and cellular
systems have shown that EPA and DHA influence the size and order of membrane lipid microdomain.
However, the complex effects of n-3 LC-PUFAs on membrane remodeling still need to be clarified [26].

The higher number of double bonds predispose LC-PUFAs to both enzymatic and non-enzymatic
oxygenation. Enzymatic oxygenation gives rise to a plethora of metabolites that modulate receptor
signaling and gene expression [27–29], whereas the non-enzymatic oxidation or peroxidation determines
LC-PUFAs degradation to cytotoxic products, including peroxides and aldehydes that can greatly
alter the physicochemical properties of membrane lipid bilayers [28,30,31], also through a reduction of
their fluidity [32]. Moreover, lipid peroxidation-derived aldehydes react selectively with proteins or
enzymes containing SH groups such as Na,K-ATPase, altering their functions [33]. Since peroxidation
potential of PUFA increases with the degree of unsaturation, the enrichment in n-3 LC-PUFAs could
enhance membrane lipid susceptibility to peroxidation. Therefore, high concentrations of LC-PUFA on
one hand could improve Na,K-ATPase’s activity through their fluidizing action on membranes, on the
other hand, they could reduce pump activity by increasing peroxidation potential.

The controversy around the vascular protective effect of EPA and DHA might result from the
different concentrations of these compounds used in different studies. Therefore, we designed the
present study to investigate the effects of different concentrations of EPA or DHA on Na,K-ATPase
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activity and membrane chemical-physical parameters that could affect the activity of this ATPase, such
as the degree of membrane fluidity and the susceptibility to lipid peroxidation in human microvascular
endothelial cells (HMEC).

2. Results and Discussion

2.1. Incorporation of N-3 LC-PUFA in Confluent HMEC

Membrane phospholipid (PL) fatty acid composition results from both de novo synthesis (Kennedy’s
pathway) and PL remodeling, through the deacylation-reacylation processes (Lands’ pathway).
The extent of the contribution of these two pathways varies from cell-to-cell, and depends on how
fatty acids are supplied to cells. Human endothelial cells incorporate both free fatty acids and fatty
acid-albumin complexes added to culture medium [34]. Since free FA form micelles in solution and
act as detergents in the presence of lipid membranes [35], we have supplemented HMEC with EPA
or DHA complexed with human albumin. PUFA supplied to human endothelial cells as albumin
complexes are readily incorporated into the cellular PLs and, after 24 h of incubation, were found
mainly (95%) in membranes where they modify fatty acid composition of PLs primarily via the Lands’
pathway [34].

Since 18 h of incubation with lipids suffice to modulate Na,K-ATPase activity of human endothelial
cells [16,36], we considered it reasonable to perform our experiments after 24 h exposure to EPA or
DHA in HMEC.

As shown in Figure 1, 24 h of incubation with different concentrations of EPA or DHA did not
affect cellular viability.
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Figure 1. HMEC were incubated with increasing amounts of N-3 eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) complexed with human defatted albumin or an equivalent amount of
human defatted albumin (control) for 24 h. Viable cells were evaluated by MTT assay. Results from
three separate experiments are shown as % of the control ± standard deviation.

Cell lipids were then extracted, and the levels of EPA and DHA measured by gas chromatography.
The incorporation of both fatty acids after 24 h of incubation is reported in Figure 2. We found
significantly different amounts of EPA and DHA in unstimulated cells. Indeed, the basal levels of EPA
and DHA were 0.408 ± 0.019 nmol/106 cells and 3.8 ± 0.24 nmol/106 cells, respectively (Figure 2A).
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The highest value incorporated of EPA and DHA were 18.0 ± 0.99 nmol/ 106 cells, and 16.9 ± 0.97
nmol/ 106 cells, respectively (Figure 2B).
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Figure 2. Incorporation of EPA or DHA in HMEC. (A): Basal levels of EPA and DHA. * EPA vs DHA p
≤ 0.001 (B): incorporation of EPA (�) and DHA (�) after 24 h of cell incubation with increasing amounts
of these n-3-LC-PUFAs. (C): Changes of unsaturation index (UI) after cell incubation with increasing
amounts of EPA (�) and DHA (�). Pearson’s r = 0.9999, p < 0.0001 and Pearson’s r = 0.9996, p < 0.0001.
Slope EPA vs. slope DHA p ≤ 0.0001.

In agreement with previous studies [34], fatty acid analysis of HMEC, enriched with EPA and
DHA, revealed an increase of the ratio between saturated and polyunsaturated fatty acids, and a
consequent increase in the concentration of double bonds in membrane phospholipids (unsaturation
index, UI). As expected and depicted in Figure 2C, at each dose of n-3 LC-PUFA added to cell culture
medium, DHA (six double bonds) determined a greater increase of UI than EPA (five double bonds).

All the experiments were repeated at least three times. Data are expressed as mean ± SD
of replicates.

2.2. Effects of N-3 LC-PUFA Incorporation on Membrane Fluidity in HMEC

Membrane fluidity after incubation with EPA and DHA was evaluated in HMEC by measuring
fluorescence anisotropy (rs) of 1,6-diphenyl-1,3,5-hexatriene (DPH), a hydrophobic compound almost
non-fluorescent in water. When supplied to the cells, it is readily absorbed into the membranes
where, after intercalation with PL acyl chains, it becomes fluorescent. Rs is a measure of the rotational
mobility of this fluorophore when it is excited with polarized light. The higher the rs, the lower
the fluidity, and vice versa. We found that the incorporation of increasing amounts of EPA and
DHA fluidized membranes, as indicated by the corresponding rs decrease (Figure 3). Interestingly,
DHA increased membrane fluidity significantly more than EPA. The study of correlations showed
that the concentration of these n-3 LC-PUFA significantly correlates with rs (Pearson’s r = 0.9999,
p < 0.0001 and Pearson’s r = 0.9996, p < 0.0001; EPA and DHA, respectively). The comparison of linear
regression curves by one-way ANOVA showed significant differences between the slopes (p ≤ 0.0001).
These results are in agreement with previous studies, showing that the unsaturation index (UI) of
membrane phospholipids is one of the major factors influencing membrane fluidity [21–23]
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Figure 3. Effect of the incubation with increasing amounts of EPA (�) and DHA (�) on fluorescence
anisotropy (rs) of DPH in HMEC membranes. Experiments were performed in triplicate. Data are
expressed as mean ± SD of replicates. Pearson’s r = 0.9999, p < 0.0001 and Pearson’s r = 0.9996,
p < 0.0001; EPA and DHA, respectively. Slope EPA vs. slope DHA p ≤ 0.0001.

2.3. Effects of N-3 LC-PUFA Incorporation on Peroxidation Potential in HMEC

In confluent HMEC enriched with EPA or DHA, peroxidation was induced by a flux of
aqueous peroxyl radicals derived from the thermal decomposition of 2,2′-azobis(2-amidinopropane)
dihydrochloride (AAPH) and monitored by measuring intracellular oxidation of dichlorofluorescin
diacetate (DCFD). The increase of EPA and DHA contents in the cells was associated with an
increase in susceptibility to peroxidation, as shown by the concentration-dependent increase of the
propagation rate (slope) of the kinetic peroxidation curves (Figure 4). The study of correlations showed
that the concentration of these n-3 LC-PUFA significantly correlated with rs (Pearson’s r = 0.9921,
p ≤ 0.0001 and Pearson’s r = 0.9973, p ≤ 0.0001; EPA, and DHA, respectively). The comparison
of linear regression curves by ANOVA showed significant differences between slopes (p ≤ 0.0001).
The concentration-dependent curves indicate that the effect of DHA was significantly higher than that
of EPA.

AAPH is an extensively reported generator of free radicals that are physiologically relevant to
biological systems [37,38]. The kinetic profile of peroxidation induced by AAPH is typically sigmoidal
and characterized by a latency phase, a propagation phase, and termination [38]. In our experimental
model, AAPH was added to culture medium, which contains antioxidants that protect the cells
against peroxidation. Once the antioxidants are exhausted, AAPH radicals can attack the molecules
of cell membranes. Given that PLs are more sensitive to these radical species than cholesterol and
proteins [39], it is reasonable to propose that the PUFA of PLs are the first substrates to be oxidized,
thereby promoting the initial formation of lipid peroxide in cell membranes. Lipid peroxidation of the
membranes promotes the alteration of the redox homeostasis of cells and consequently the oxidation of
DCFD. The compositional variation, due to the increased incorporation of n-3 LC-PUFAs, resulted in a
higher concentration of carbon-carbon double bonds, which are the substrates of lipid peroxidation
reactions. Moreover, the consequent increase in membrane fluidity renders PUFA easily accessible
by the oxidants. As mentioned above, the incorporation of DHA increased IU and the fluidity of the
membrane more than EPA.
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Figure 4. Effect of the incubation with increasing amounts of EPA (�) and DHA (�) enrichment on
peroxidation kinetics of HMEC. Experiments were performed in triplicate. Data are expressed as mean
± SD of replicates. Pearson’s r = 0.9921, p < 0.0001 and Pearson’s r = 0.9973, p < 0.0001; EPA and DHA,
respectively. Slope EPA vs. slope DHA p ≤ 0.0001.

2.4. Effects of N-3 LC-PUFA Incorporation on Na,K-ATPase

Na,K-ATPase in the endothelium was the topic of several investigations. In cerebral endothelial
cells, the inhibition of the pump increased Ca2+ release from the endoplasmic reticulum, thus leading
to endothelial injury [40]. Accordingly, in the present study, we tested the effect of EPA or DHA
exposure on Na,K-ATPase activity in HMEC. As reported in Figure 5, the activity of the pump peaked
with the lowest concentration of EPA and DHA utilized (3.75 µM) and then gradually decreased as the
concentration of these n-3 LC-PUFA increased. Interestingly, DHA-induced peak was significantly
higher than EPA’s (p < 0.001, Student’s t test). It is complex to translate these results to human
physiology, because serum levels of these nutritional essential fatty acids are influenced by several
factors, including genetic factors, diet, and lipemia. A few studies report the serum levels of EPA,
ranging from approximately 1 µmol/L [41], to 400 µmol/L [42] while the concentrations of DHA varied
between 2.3 µmol/L [41] and 580 µmol/L [42]. In our experimental model, the lowest concentration of
n-3 LC-PUFAs added to culture medium was 3.75 µM, which falls within the physiological range [41,42],
and determined a 3.5-fold and 1.5-fold increase of EPA and DHA, respectively, if compared to the basal
level (p < 0.001, Student’s t test). Based on the concentration-dependent effects of n-3 LC-PUFAs, on all
the parameters that we have measured, this seems to be the correct concentration to optimize the activity
of Na, K-ATPase, since it exerts a fluidifying action without appreciably influencing peroxidability.

On the contrary, higher amounts of these PUFAs alter the chemical-physical properties of the
membranes and inhibit the pump activity. Mayol et al. found that EPA and DHA inhibited Na,K-ATPase
activity of macrovascular human endothelial cells by adding these n-3 LC-PUFAs to a culture medium
at much higher concentrations (0.1 mM in form of emulsion with lecithin) than the ones we used in
this study [16]. Similarly, Singh et al. found that 30 µM EPA inhibited pump activity in pulmonary
vessel rings [17].

To the best of our knowledge, this paper is the first to describe a concentration dependent effect
of n-3 LC-PUFA on Na+ pump activity in endothelial cells and to individuate a concentration that
minimizes detrimental effects and optimizes pump activity.
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Figure 5. Effect of the incubation with increasing amounts of EPA (�) or DHA (�) on Na,K-ATPase
activity of HMEC. Experiments were performed in triplicate. Data are expressed as mean ± SD of
replicates. The incubation of HMEC for 24 h with 3.75 µM of n-3 LC-PUFAs significantly increased
pump activity when compared to basal levels and the other concentrations (*, p < 0.001, Student’s t
test). DHA vs. EPA, p < 0.001, Student’s t test (&).

3. Materials and Methods

3.1. Cell Culture

HMEC (LGC Standards-ATCC, Sesto S.G (MI), Italy) were grown in MCDB131 containing
epidermal growth factor (EGF) (10 ng/mL), glutamine (2 mM) and 10% fetal bovine serum (FBS) on
2% gelatin-coated flasks. All culture reagents were from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). HMEC grown to confluence were incubated for 24 h in the presence of increasing amounts
(from 3.75 to 20 µM) of DHA or EPA (Sigma-Aldrich, Milan, Italy) in complex with human defatted
albumin (Sigma-Aldrich, Milan, Italy) or human defatted albumin (control). To test cell viability, the
MTT assay was utilized as previously described [43]. In other experiments, the cells were harvested
for lipid extraction and subsequent determination of membrane fluidity, peroxidation potential and
Na,K-ATPase activity.

3.2. Fatty Acids Analysis

To determine cell fatty acid composition, lipids were extracted in 2:1 chloroform/methanol
(Sigma-Aldrich, Milan, Italy) containing 0.2% butylated hydroxytoluene (Merck, Darmstadt, Germany),
according to the method by Folch et al. [44]. The lipid extracts were evaporated under nitrogen stream
and trans-methylated with methanol/BF3 (Sigma-Aldrich, Milan, Italy) at 90 ◦C for 2 h. Fatty acid
methyl esters were extracted 3-fold with hexane, concentrated under nitrogen stream and analyzed
using capillary gas chromatography as previously described [45]. The amount of each considered
fatty acid was calculated as nmol/106 cells. The degree of unsaturation (unsaturation index, U.I.) was
calculated as the sum of each unsaturated fatty acid concentration, multiplied by its double bond
number and divided by the total unsaturated fatty acid concentration.

3.3. Membrane Fluidity and Peroxidation Potential

The effects of the enrichment of HMEC with n-3 LC-PUFA on both peroxidation potential
and membrane properties were determined after 24 hours of incubation performed, as described
above. Membrane fluidity status was determined measuring the anisotropy of the fluorescent probe
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1,6-diphenyl-1,3,5-hexatriene (DPH) [32,46]. The DPH probe was excited at a wavelength of 340 nm,
and the emission wavelength was set at 420 nm. Samples were then excited with vertically polarized
light and the intensity of the emitted light, vertically (Iv) and horizontally (Ih) polarized, were measured.
Anisotropy (rs) was calculated with the equation: rs = Iv − Ih/Iv + 2Ih

Membrane fluidity is a biophysical property of membranes that quantitatively expresses the
mobility and the rate of membrane lipid molecule rotational motion. The anisotropy of DPH is inversely
related to membrane fluidity when inserted between the outermost portions of the fatty acyl chains.

The sensitivity to peroxidation was determined by detecting the kinetics of intracellular reactive
oxygen species formation after adding 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH) at
37 ◦C, using dichlorofluorescin diacetate as probe [47]. AAPH is a thermolabile compound that can
give rise to a flux of hydro-soluble free radicals. The slope of the kinetics of the peroxidation curves
was used as an index of peroxidation sensitivity.

3.4. Na,K-ATPase Activity

The effects of n-3 LC-PUFA enrichment on the activity of the membrane enzyme Na,K-ATPase
were measured by determining its inhibition by oubain (1 mM), as previously described [48].
This concentration guarantees the inhibition of both the isoforms of human endothelial cell sodium
pump [16]. Briefly, after 24 h of incubation performed as described above, the cells were trypsinized,
centrifuged (Megafuge 8 series, Heraeus™, Thermo Scientific, Monza, Italy) at 120× g for 5 min and
washed twice with PBS. To lyze the cells, HMEC were resuspended in 25 volumes of cold hypotonic
buffer (10 mM Tris-HCl, pH 7.4) and incubated on ice for 5 min. Lysates were then centrifuged
for 30 min at 100,000× g, 4 ◦C (Optima Max, Beckman Coulter, Cassina De' Pecchi, Milan, Italy).
The membrane pellet was then re-suspended in cold hypotonic buffer and the centrifugation step was
repeated 3 times. Protein concentrations were determined by the method of Lowry et al. [49] using
bovine serum albumin (Sigma-Aldrich, Milan, Italy) as a standard. ATP-ase activity was measured
by preincubating the cells at 37 ◦C for 10 with 92 mM tris-HCl pH 7.4 containing 100 mM NaCl,
20 mM KCl, 5 mM MgSO4,1 mM EDTA (Sigma-Aldrich, Milan, Italy), with or without 1 mM oubain
(Sigma-Aldrich, Milan, Italy). After incubation at 37 ◦C for 10 min with 4 mM vanadate-free ATP
(Sigma-Aldrich, Milan, Italy), the reaction was stopped by adding ice-cold trichloroacetic acid (final
concentration 5%). Cells were then centrifuged for 10 min at 5,500× g at 4 ◦C and the supernatant
was used for the determination of inorganic phosphate (Pi) [50]. Pump activity was calculated as the
difference between the Pi concentrations, obtained in the presence or in the absence of oubain, and
expressed as nmol Pi/hour/mg protein.

3.5. Statistical Analysis

All the measurements were repeated at least three times in triplicate. Data are expressed as the mean
± SD. The linear relationships between n-3 LC-PUFA concentration and EPA and DHA incorporation,
membrane fluidity and peroxidation potential were assessed using Pearson’s correlations. Linear
regression curves were compared by one-way ANOVA. The significance of the difference between
the means was assessed by unpaired t-test. A p-value ≤ 0.05 was considered statistically significant.
Statistical analysis was performed by using StatistiXL software (version 1.5; StatistiXL, Nedlands,
Australia).

4. Conclusions

Increased dietary intake of long-chain n-3 polyunsaturated fatty acids has been shown to be
beneficial for the vascular tree [51]. However, controversies exist on this topic [10]. Recently, EPA was
shown to improve endothelial function [52]. This is crucial since endothelial cells are considered the
gatekeeper of vascular health. Whereas high concentrations alter membrane properties and inhibit
Na,K-ATPase pump activity, our study highlights that a low concentration, namely 3.75 µM/mL, of
EPA and DHA minimizes peroxidation potential and optimizes activity. While this concentration will
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be useful for designing new in vitro and in vivo studies that might reconcile the contrasting reports
available in the literature, it should be noted that our results are complex to translate into clinical
observation because the normal range of EPA and DHA fall within a very wide range.
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Abstract
Background Weight loss in patients with metabolic syndrome has positive effects on cardiovascular and type 2 diabetes 
risks, but its effects on peripheral cytokines and lipid profiles in patients are still unclear.
Aim To determine the effects of diet-induced weight loss on metabolic parameters, lipids and cytokine profiles.
Methods Eighteen adult males with metabolic syndrome (defined according to IDF 2009) and Body Mass Index (BMI) 
between 25 and 35 kg/m2 were subjected to a balanced hypocaloric diet for 6 months to reach at least a 5% body weight loss.
Results After weight loss, a significant improvement in BMI, waist circumference, insulin, fasting blood glucose and HOMA-
IR (homeostasis model assessment of insulin resistance) was observed. The analysis of LDL (low-density lipoprotein cho-
lesterol) and HDL (high-density lipoprotein cholesterol) lipoproteins showed a change in their composition with a massive 
transfer of triacylglycerols from HDL to LDL. This was associated with a significant reduction in peripheral pro-inflammatory 
cytokines such as IL-6, TNF-α, IL-8 and MIP-1β, leading to an overall decreased inflammatory score. An interesting positive 
correlation was also observed among peripheral cytokines levels after diet and peripheral levels of CETP (cholesteryl ester 
transfer protein), an enzyme with a key role in lipid change.
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Conclusion Weight loss through caloric restriction is associated with an improvement in peripheral lipid and cytokine profiles 
that may play a major role in improving cardiovascular risk.
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Introduction

Prevalence of obesity and metabolic syndrome (MetS) are 
worldwide increasing to epidemic proportions, leading to 
increased risk of cardiovascular disease (CVD) and type 2 
diabetes. The prevention of these diseases is a public health 
challenge. Diet, particularly Mediterranean diet, is one of 
the most important instruments to reduce obesity, MetS, 
cardiovascular diseases [1–3] and the risk of developing 
type 2 diabetes [4–7]. To this end, mechanisms whereby 
diet controls metabolic parameters are still poorly under-
stood; however,, it seems that the pro-atherogenic inflam-
matory system may be involved [8]. It has been already 
demonstrated that diet may reduce circulating markers of 
inflammation in obese non-diabetic subjects [8, 9]. Moreo-
ver, this reduction seems to be directly linked to kind of food 
consumed (cereals, fruits, nuts, virgin oil) [5]. Conversely, 
some pro-inflammatory markers, such as IL-6 and C-reactive 
protein, may predict the risk of future type 2 diabetes and 
those are increased in MetS [9]. Interestingly, while robust 
association has been found among pro-inflammatory mark-
ers’ changes and glucose metabolism or insulin resistance 
changes, an association has not been equally demonstrated 
with lipid changes [8]. A major player in driving lipid 
changes is cholesteryl ester transfer protein (CETP), which 
enables the exchange of cholesteryl esters and triglycerides 
between high-density lipoprotein cholesterol (HDL) and 

triglyceride-rich lipoproteins. Reduced CETP activity leads 
to reduction of low-density lipoprotein cholesterol (LDL) 
and increased HDL [11] and consequently to significantly 
lower risk of atherosclerotic cardiovascular disease mainly 
in genetic studies [12], but not in pharmacological study 
aimed at targeting CETP activity [11]. Patients affected by 
type 2 diabetes showed increased CETP activity [13, 14]; 
whether CETP levels are associated with changes of lipid 
profile during weight loss has not been described yet. The 
aim of this study was to determine the effects of a diet-
induced weight loss achieved with a balanced low-calorie 
diet on physical and biochemical metabolic parameters, on 
the pro-inflammatory profile and on the chemical composi-
tion of lipoproteins in patients suffering from overweight/
mild obesity and metabolic syndrome.

Subjects and methods

Patients

The subjects included in the present study were originally 
part of the “Oxidative Stress, Inflammation, and Lipoprotein 
in Metabolic Syndrome” study (ClinicalTrials.gov Identifier: 
NCT03553381). From this cohort we defined 18 overweight 
and moderately obese male Caucasian subjects with Body 
Mass Index (BMI) comprised between 25 and 35 kg/m2, 
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who on enrolment had metabolic syndrome (MetS) defined 
according to International Diabetes Federation 2009 [15] 
and who after following a balanced hypo-caloric diet had 
lost at least 5% of their initial weight. Subjects were told and 
trained to reduce their daily energy intake of 800 kcal/day 
for 8 weeks with dietary counseling performed by a regis-
tered dietician. Macronutrient content of hypocaloric diet, 
expressed as percentage of ingested energy, was 25% fat, 
60% carbohydrate and 15% protein. All subjects were non-
smokers. Inclusion criteria also included the following: (i) 
alcohol consumption < 25 g/die, (ii) no use of antioxidant-
based supplements and (iii) absence of hormonal treatments. 
Patients receiving hypoglycemic treatment, treatments that 
alter lipoprotein metabolism and pregnant women were 
also excluded (Fig. 1). The study was approved by the eth-
ics committees of the Istituti Clinici di Perfezionamento of 
Milan and of L. Sacco Hospital of Milan and was carried 
out in accordance with the principles of the Declaration of 
Helsinki as revised in 2000. Subjects gave their written con-
sent to the study. The primary endpoint of the study was to 
evaluate the change in the lipoprotein profile and the reduc-
tion in inflammation in patients who underwent a balanced 
hypo-caloric diet and lost at least 5% of their initial weight. 
Sample size was set at 18, as it would provide the study with 
80% power to detect a reduction of at least 0.4 pg/ml in the 
cytokine levels after weight loss, with a significance level of 
α = 0.05, given that an increase of 0.4 pg/ml in IL-6 plasma 
level has been observed in patients with glucose intolerance 
[16].

Blood collection and analyses

As previously described [17], overnight fast blood was 
drawn from subjects (12 h without food) in the morning at 
study entry and at the end of treatment after body weight 
loss. Blood collection and handling were carried out under 
strictly standardized conditions and in line with manufac-
turer recommendations. C-reactive protein level (CRP) 
was measured with the high-sensitivity assay. Plasma 
samples (EDTA as anticoagulant) were stored at − 80 °C 
until use. Lipoproteins were isolated from plasma as previ-
ously described [18] by adapting the procedure to “Optima 
Max” tabletop ultracentrifuge (Beckman Coulter). For a 
complete removal of albumin, the HDL fraction (density, 
1.063–1.210 g/ml) was subjected to a second centrifugation 
[procedure 15 in ref. [18]]. After separation, lipoproteins 
were dialyzed and their levels of proteins, cholesterol (total 
and free), phospholipid and triacylglycerols were determined 
[18, 20].

Lipopolysaccharide and lipopolysaccharide binding 
protein

Plasma lipopolysaccharide (LPS) levels were measured 
by Limulus amebocyte lysate test according to manufac-
turer instructions (Euroclone S.p.A, Milan, Italy). Plasma 
lipopolysaccharide binding protein (LBP) concentration was 
measured using an enzyme-linked immunosorbent assay kit 
(BioSource, Milan, Italy).

Fig. 1  Flow-chart describing the 
study population N=80 patients included in the initial study

N=18 pa�ents undergoing low-caloric
restric�on diet who lost 5% body weight

N=18 pa�ents were evalutated for: 
Secretome profile

Clinical and biochemical analysis
Lipoproteins analysis

N=11 pa�ents were evaluated for:
CETP levels measurements

Inclusion criteria:
BMI: 25 e 35 Kg/m2

Diagnosis of MetS
No smoking

No an�oxidant or hormonal treatments

Exclusion criteria:
BMI <25  and > 35 Kg/m2

Hypoglycemic drugs
Treatments that alter lipoprotein metabolism
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Measurement of plasma cytokines

Levels of cytokines were assessed in plasma of patients 
enrolled in the study using the Bio-Plex Pro human cytokine 
17-plex panel (M5000031YV, Bio-Rad) according to the man-
ufacturer’s protocol [21]. The secretome profile was assessed 
at baseline (T0) and after diet/weight loss (T1) and a delta 
(T1–T0) of plasma cytokine level has been also calculated.

Inflammatory score

Each plasma cytokine value was stratified into quartiles to 
determine cutoff points and assign a score ranging from 0, 
which was assigned to the lowest quartile, to 4, which was 
assigned to the highest quartile [22].

Measurement of CETP

CETP levels were assessed using commercially available 
ELISA kit, according to the manufacturer’s instructions 
(MyBioSource, MBS266702, Milan, Italy). Human-derived 
hepatoma cell line (Huh7) was cultured for 5 days in Dulbec-
co’s Modified Eagle’s (DMEM) containing 10% Fetal Bovine 
Serum (FBS) at different glucose concentrations: 5.5, 20 and 
35.5 mM as already described [23]. Culturing supernatant was 
collected, and CETP levels were assessed by ELISA.

Statistical analysis

Data are expressed as median ± standard error of mean 
(SEM) unless otherwise reported. Since the Kolmogo-
rov–Smirnov normality test revealed non-normal distribu-
tion, the results were analyzed by non-parametric tests. The 
effects of the hypo-caloric diet were analyzed by paired 
comparison (values before vs. after the intervention) using 
Wilcoxon tests. Two-tailed p-values ≤ 0.05 were considered 
significant. All statistical analyses were performed by using 
StatistiXL software (version 1.5; StatistiXL, Western Aus-
tralia) and Prism Graphpad 7. A Pearson/Spearman correla-
tion analysis was used as appropriate to define correlations 
between each cytokine level and CETP quantification, and 
also relations among improvement in glucose metabolism 
(glycemia reduction, insulin reduction, HOMA-IR reduc-
tion) and CEPT levels.

Results

Clinical characteristic at baseline and at the end 
of follow up

The anthropometric characteristics of patients, including 
blood pressure and blood parameter values before and after 

weight loss are summarized in Table 1. The mean age of 
the enrolled subjects was 47.5 ± 8.7 years and a 5% body 
weight loss was achieved in the study patients after a mean 
of 191.0 ± 46.2 days. All variables included in the meta-
bolic syndrome improved significantly after diet and all 
patients reversed MetS. In particular, the diet treatment 
significantly improved BMI, waist circumference, systolic 
and diastolic blood pressure, fasting glycaemia, fasting 
insulin and HOMA-IR (homeostasis model assessment 
of insulin resistance). With regard to other biochemical 
parameters measured (serum protein, electrolyte, iron, uric 
acid, creatinine, thyroid hormone, white and red blood 
cells) no difference was observed, except for a slight 
reduction of CRP values although not reaching statisti-
cally significant difference (Table 1).

Lipid profile

While a change in total LDL and HDL levels was not evi-
dent, the analysis of extracted lipoproteins demonstrated 
that diet-induced weight loss also substantially reshaped 
lipoprotein chemical compositions. In fact, as shown in 
Table 2, a significant change in the concentration of tri-
acylglycerols that increased in LDL while decreased in 
HDL (p < 0.01) was found. A significant increase in HDL 
Apo concentration has been observed after diet. Dietary 
treatment did not significantly influence LPS and LBP 
plasma levels (data not shown).

Table 1  Anthropometric characteristics, blood pressure and blood 
parameters of subjects before (T0) and after (T1) weight loss

BMI body mass index, HOMA-IR homeostasis model assessment of 
insulin resistance, CRP C-reactive protein
 *p ≤ 0.05
**p ≤ 0.01

T0 T1

BMI (kg/m2) 34.7 ± 3.4 31.6 ± 2.9**
Waist circumference (cm) 113.0 ± 10.7 106.0 ± 8.4**
Systolic blood pressure (mmHg) 140.0 ± 15.5 128.0 ± 11.2**
Diastolic blood pressure (mmHg) 88.0 ± 9.4 79.0 ± 8.8**
Glycemia (mg/dL) 103.0 ± 22.5 97.0 ± 14.**
Insulin (µU/L) 16.1 ± 11.3 10.8 ± 5.4*
HOMA-IR 4.1 ± 3.0 2.5 ± 1.4**
HbA1c (mmol/mol) 5.6 ± 0.7 5.8 ± 0.2
Total cholesterol (mg/dL) 198.0 ± 30.6 198.0 ± 35.3
Triacylglycerols (mg/dL)
LDL cholesterol (mg/dL)
HDL cholesterol (mg/dL)

125.0 ± 66.4
123 ± 30.0
48 ± 12.8

135.0 ± 81.6
123 ± 29.6
48 ± 15.3

CRP (mg/L) 0.5 ± 0.35 0.4 ± 0.6
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Peripheral pro‑inflammatory cytokines profile

The quantification of cytokines is reported in Table 3, with 
data showing a significant decrease of the peripheral levels 
of IL-6, TNF-α, IL-8 and MIP-1β (Table 3). Moreover, for 
other cytokines, such as IL-17, GM-CSF and MCP-1, a trend 
toward a downregulation, albeit non statistically significant, 
was observed (Fig. 2a). We next stratified cytokines levels 
based on quartiles and calculated an inflammatory score, 
which summarizes the overall inflammatory state detected 
in the periphery. Our results further confirmed that a higher 
inflammatory state was evident in patients before weight loss 
and that dietary treatment was able to reshape it (Fig. 2c, d). 
Finally, unchanged CETP peripheral blood levels have been 
observed after weight loss (Table 3). However, an interesting 
correlation between CETP levels and different peripheral 

cytokine levels, in particular MIP-1b and IL-8, has been 
observed after weight loss (Fig. 3a, b), while that between 
reduction of cytokines levels and CETP did not result statis-
tically significantly different. Spearman’s correlation analy-
sis was also performed among CEPT level and glycemia 
levels, insulin levels and HOMA-IR index, but no significant 
correlations have been found (data not shown). In order to 
understand the basis for influence of cytokine changes on 
CEPT production, which is primarily released by the liver, 
we cultured a human hepatocytes-derived cell line (Huh7) 
in vitro with sera obtained from patients with MetS before 
and after diet and did not demonstrate a significant change 
in supernatant secretion of CETP. Similarly, no differences 
have been observed among supernatant CETP levels from 
human hepatocyte-derived cell line (Huh7) cultured in vitro 
with sera obtained from patients with MetS as compared to 
those obtained from healthy controls (data not shown).

Discussion

Our study showed the efficacy of body weight loss 
obtained through caloric restriction in reducing inflam-
matory cytokine levels and in reshaping lipid composi-
tion. In previous studies adherence to Mediterranean diet 
led to an improvement in clinical cardiovascular outcomes 
with a reduction 10–30% in relative risk of CVD [6], to 
a protection against recurrent coronary heart disease [3], 
to a reduction of 18–40% in incident diabetes and to a 
reduction of 14% in the prevalence of MetS [6, 7]. The 
results of present study show as expected [1, 5], an effi-
cacy of balanced caloric restrictions in reverting MetS 
by reducing body weight, associated with a reduction in 
blood pressure, glycaemia levels and insulin resistance. 
Interestingly in this cohort, balanced caloric restriction 
leads also to an improvement in lipid composition, with an 
increase in the triacylglycerol concentration in LDL and 
with a decrease in HDL, and an increase in Apo concen-
tration in HDL. It is also known that obesity is associated 
with a chronic low-grade inflammatory state of adipose 

Table 2  Protein (Apo) and lipid 
concentrations of lipoproteins 
before (T0) and after (T1) 
weight loss

Apo apolipoprotein; TC Total Cholesterol; TAG  Triacylglycerols; PL Phospholipids; TL Total Lipids 
*p ≤ 0.05
**p ≤ 0.01

VLDL LDL HDL

T0 T1 T0 T1 T0 T1

Apo (mg/dL) 9.8 ± 5.7 9.7 ± 5.4 12.3 ± 2.8 11.8 ± 2.4 9.0 ± 2.8 11.1 ± 2.8**
TC (mg/dL) 37.3 ± 20.7 34.4 ± 19.6 103.2 ± 29.9 108.6 ± 32.4 43.6 ± 11.7 42.8 ± 16.4
TAG (mg/dL) 60.0 ± 33.2 67.1 ± 42.5 45.3 ± 12.5 61.2 ± 16.2** 29.3 ± 7.8 21.9 ± 8.1**
PL (mg/dL) 18.7 ± 9.9 19.7 ± 11.6 72.2 ± 19.8 76.4 ± 19.7 47.8 ± 12.4 45.0 ± 14.2
TL (mg/dL) 116.3 ± 61.5 121.6 ± 76.1 220.7 ± 59.6 246.2 ± 66.7* 121.0 ± 31.5 110.3 ± 37.5*

Table 3  Peripheral cytokine and CETP levels before (T0) and after 
(T1) weight loss

 Data are expressed as mean ± SEM (standard error of the mean)
IL-2 interleukine 2; IL-6 interleukine 6; IL-7 interleukine 7; IL-8 
interleukine 8; IL-10 interleukine 10; IL-12 interleukine 12; IL-17 
interleukine 17; GM-CSF Granulocye-Macrophage Colony Stimulat-
ing Factor; MCP1 Monocyte Chemoattractant Protein 1; MIP1b Mac-
rophage Inflammatory Protein 1b.; CETP cholesterol ester transferase 
protein 
*p ≤ 0.05

T0 T1

IL-6 (pg/mL) 1.9 ± 0.7 1.5 ± 0.6*
TNFα (pg/mL) 0.8 ± 0.3 0.3 ± 0.8*
IL-8 (pg/mL) 2.7 ± 0.6 1.6 ± 0.3*
IL-10 (pg/mL) 3.5 ± 1.2 2.5 ± 0.6
IL-12 (pg/mL) 8.1 ± 2.2 6.2 ± 1.8
IL-7 (pg/mL) 1.3 ± 0.4 1.0 ± 0.2
IL-17 (pg/mL) 8.0 ± 2.7 6.9 ± 2.4
G-CSF (pg/mL) 17.9 ± 3.8 12.1 ± 2.6
MIP-1β (pg/mL) 20.2 ± 1.4 18.4 ± 1.4*
MCP-1 (pg/mL) 31.4 ± 4.5 31.6 ± 4.5
CETP (ng/mL) 356.2 ± 57.4 405.8 ± 97.9
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tissue and that this independently increases the risk of 
adverse cardiovascular outcomes [24, 25]. Previous diet 
intervention studies showed that weight loss has positive 
effect on pro-inflammatory cytokines levels, particularly 
it is effective in reducing IL-6 and CRP levels, but this 
cytokine reduction was not related to significant lipids lev-
els and composition improvement [8, 26]. Interestingly, 
in our study we described a significant reduction of not 
only several inflammatory cytokines such as IL-6 but also 
IL-8, TNF-α and MIP-1b after diet, which was ultimately 
summarized in a reduction of the inflammatory score upon 
dietary treatment. The aforementioned cytokines have 
been mainly linked to the innate immunity response [27] 
and we may suggest that the metabolic syndrome itself 

may promote an increased release of cytokines by circu-
lating monocytes. Given the beneficial effect obtained in 
reducing those cytokines’ level through the weight loss in 
our study, in which a reduction of the waist was evident, 
we may further speculate that adipocytes residing in the 
visceral adipose tissue may also be responsible for the 
cytokine production. Moreover, we have found a correla-
tion between the levels of different inflammatory cytokines 
and CETP levels after diet, in particular lower IL-8 and 
MIP-1b levels were associated with lower CETP level, 
which has been associated with the formation of HDL and 
a reduced the risk of atherosclerosis [28]. Beyond the role 
in the lipid exchanges among lipoprotein classes, CETP 
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IL-6 0,456 1
IL-7 0,803 0,835 1
IL-8 0,576 0,284 0,452 1
IL-10 0,384 0,934 0,801 0,246 1
IL-12 0,665 0,802 0,879 0,616 0,848 1
IL-17 0,794 0,493 0,738 0,735 0,549 0,871 1

G-CSF 0,421 0,251 0,370 0,795 0,235 0,639 0,732 1
MIP-1b 0,286 0,490 0,432 0,428 0,422 0,553 0,395 0,604 1
TNF-a 0,484 0,520 0,560 0,230 0,402 0,326 0,257 -0,003 -0,067 1
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Parameters T1 IL-2 IL-6 IL-7 IL-8 IL-10 IL-12 IL-17 G-CSF MIP-1b TNF-a Blood glucose HOMA-I 
IL-2 1
IL-6 0,209 1
IL-7 -0,050 0,045 1
IL-8 0,420 0,296 0,618 1

IL-10 0,691 0,378 -0,051 0,478 1
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Fig. 2  a Relative variation in peripheral cytokine levels of patients 
included in the study. Cytokines levels are expressed in pg/mL. b 
Inflammatory score assessed in patients before (T0) and after weight 
loss (T1). c, d Correlation matrix between cytokines level and clini-
cal parameters before (T0) and after weight loss (T1). IL interleukin; 

TNF tumor necrosis factor; G-CSF Granulocyte-Colony Stimulat-
ing Factor; MCP1 Monocyte Chemoattractant Protein 1; MIP1b 
Macrophage Inflammatory Protein 1b; A.U. Arbitrary Unit; HOMA-
IR homeostasis model assessment of insulin resistance. *p ≤ 0.05; 
**p < 0.01
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has also postulated roles in inflammatory processes and 
in the immunological defenses of the organism [29]. This 
has been also suggested by our study, which showed a 
link between peripheral CETP level and that of some pro-
inflammatory cytokines, such as IL-8 and MIP-1b, with 
an emerging key-role in the field of metabolic disease 
and diabetes. Further studies are needed to better unveil 
the relationship between lipid changes, pro-inflammatory 
cytokine profile modifications and CEPT, both level and 
activity. Finally, we acknowledge that the lack of a control 
group and the small sample size are probably a limita-
tion of this study and further larger case–control studies 
would be required to confirm our results. However, our 
study demonstrates that a link exists between lipids and 
pro-atherogenic inflammatory cytokines and that it can be 
strongly modulated by diet. In conclusion, body weight 
loss through balanced caloric restriction in patients with 
metabolic syndrome leads to a protective anti-atherogenic 
lipid profile and a reduced peripheral inflammatory envi-
ronment, which are both associated with a decrease in 
cardiovascular risk.
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A B S T R A C T

Raman spectroscopy has been vastly employed for the characterization of different bio-molecular species
spanning from single protein to the in-vivo analysis of tissues. However, despite the huge work done, a detailed
description of the Raman spectra acquired from the main classes of plasma lipoproteins is still missing.

In this work, we extracted, the major classes of lipoproteins: the triacylglycerol-rich very low density lipo-
proteins (VLDL); the more cholesterol-rich low density lipoproteins (LDL); and the high density lipoproteins
(HDL); from human plasma of six fasting healthy volunteers. The extracted lipoproteins were dried on CaF2
slides and analysed using a 633 nm laser line non-in resonance with the carotenoids present in the sample.

The obtained spectra showed peaks relative to the different biomolecules composing lipoproteins: cholesterol,
triglycerides, membrane lipids, carotenoids, and apolipoproteins (proteins). The intensity of the peaks from
lipids and proteins are well in accordance with the measured composition of lipoproteins; but the information is
acquired in a much faster way by Raman spectroscopy. Besides, Raman spectroscopy provides easily information
on the levels of carotenoids and unsaturated fatty acid present in the samples.

Overall, our data provide a clear comprehension of the Raman spectra from lipoproteins ad suggest that
Raman spectroscopy could be a viable approach for the fast characterization of lipoproteins.

1. Introduction

Raman spectroscopy (RS) has been extensively used for the char-
acterization of many biochemical species and extensive literature is
now available proving that RS can be used for the characterization of
cells, tissues, and biofluids [1–3]. More recently, the coupling of RS
with multivariate statistical analysis was successfully applied for the
analysis and classification of patients affected by several diseases [4–6].
Until now, most of the studies seem to focus on the analysis of proteins
and other small metabolites (such as carotenoids) present in the sam-
ples, while the analysis of biological lipids by RS remained a slightly
less explored field of study, even if they have very clear spectra [7,8].

Due to their hydrophobic nature, lipids travel in blood inside lipo-
proteins (LPs); complex particles responsible for the transport of fatty
acids, cholesterol, carotenes, and vitamin E. LPs fractionation and
quantification are a matter of primary interest in clinical medicine since
several large-scale epidemiological studies showed that elevated

concentrations of fasting cholesterol and triacylglycerols, stored in
specific LPs, are associated with an increased incidence of cardiovas-
cular events [9,10]. Therefore, the quantification of cholesterol and
triglycerides transported within LPs is a standard clinical practice
commonly applied to subjects at risk of cardiovascular events and to
those undergoing cardiac rehabilitation [11]. More recently, new re-
searches suggest that LPs are likely related with neurological diseases,
such as Alzheimer’s disease and Amyotrophic Lateral Sclerosis [12,13].

In the blood of a fasting subject, three major lipoprotein classes are
present: the triacylglycerol-rich very low density lipoproteins (VLDL);
the more cholesterol-rich low density lipoproteins (LDL); and the high
density lipoproteins (HDL).

The main aim of the present work is to demonstrate the suitability of
RS as a valuable tool to extract, easily and with a reduced sample
preparation, valuable information about the lipid content of the main
classes of LPs present in blood: VLDL, LDL and HDL.

Although RS was previously used to characterize LPs used in
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functional studies on macrophages, [14] most of the works published
until now were focused on the attempt to extract by RS information on
LPs content in serum or plasma [15,16]. To the best of our knowledge, a
systematic description of the Raman spectra of the main classes of LPs
extracted from human plasma of the same subjects is still lacking.

On the contrary, RS is a well-suited tool for this task. In fact, RS was
previously used for the characterization of edible oils, such as olive oil
or sunflower oil, [17] and as a rapid method to unveil oil adulterations
[18]. Equally important, most modern Raman instruments are coupled
with microscopy (micro-Raman) and this makes them suitable for the
analysis of very small amount of samples such as the volumes of LPs
extracted from the blood plasma.

In this work, we extracted VLDL, LDL and HDL by ultracentrifuga-
tion from the plasma sample of six healthy volunteers in fasting con-
ditions. For all the subjects, Raman spectra from lipoproteins were
collected in the regions between 400 cm−1 and 1800 cm−1 (low fre-
quency region) and between 2600 and 3200 cm−1 (high frequency
region). The data here presented show the main bands that are ob-
served on the different LPs and how the intensity ratio of the peaks
reflect their different biochemical composition.

2. Material and methods

2.1. Subjects and methods

Six healthy volunteers were recruited for the study. The study
participants comprised three women and three men, age 30± 3 years.
Blood was collected from fasting subjects (at least 12 h after food in-
take). Blood samples were obtained by venepuncture and were col-
lected in EDTA-containing Vacutainer tubes. Plasma was prepared by
centrifugation at 3000 rpm for 20 min at 4 °C, then centrifuged again
under the same conditions to completely remove the erythrocytes.
Plasma samples were aliquoted and stored at −80 °C until used.
Subjects gave their written consent to the study.

2.2. Lipoprotein isolation and characterization

Major lipoproteins classes (VLDL, LDL and HDL) were isolated from
plasma by ultracentrifugation in discontinuous KBr density gradient
adapting procedure 16 in ref. [19] to “Optima Max” tabletop ultra-
centrifuge (Beckman Coulter) as previously described [20]. To remove
albumin completely, the HDL fraction (density, 1.063–1.210 g/mL) was
subjected to a second centrifugation [procedure 15 in ref. [19]. After
separation, lipoproteins were dialyzed overnight in 10 mM phosphate
buffer pH 7.4 containing 154 mM NaCl. The concentration of proteins
was determined by the Lowry method using bovine serum albumin as
standard. Lipids were extracted by the Folch procedure [21]. The levels
of cholesterol, phospholipid, and triacylglycerols in lipid extracts were
determined as previously described [22]. Ultrastructural characteriza-
tion of VLDL, LDL and HDL has been performed by Transmission
Electron microscopy, as follows: a drop of VLDL, LDL or HDL suspen-
sion was dried on the Formvar net at RT, stained with uranil-acetate 1%
for 30 s at RT and dried overnight at RT. Samples were evaluated by
Transmission Electron Microscopy (Tecnai Spirit, FEI).

2.3. Raman spectra acquisition and analysis

Raman spectra were acquired using an InVia Reflex confocal Raman
microscope (Renishaw plc, Wotton-under-Edge, UK) equipped with a
He-Ne laser light source operating at 633 nm. The Raman spectrometer
was calibrated daily using the band at 520.7 cm−1 of a silicon wafer.

In a typical experiment, a 3.5 μL drop of LPs was dropped on the
surface of Raman-compatible CaF2 discs (Crystran, UK) and dried for 20
min at room temperature. The Raman study was performed using a 633
nm excitation laser with 100 % power (around 125 mW at source), a
1200 L/mm grating and a 100× objective (Leica). The diameter of the

laser spot on the surface was ≈ 1 μm. Spectra were acquired in-
dependently in the region between 400 and 1800 cm−1 (low frequency
region) and between 2600 and 3200 cm−1 (high frequency region) as
the sum of five acquisitions of 30 s. Spectra resolution was about 1.1
cm−1. For each sample, five different spectra were collected on dif-
ferent positions of the drop. The software package WIRE 5 (Renishaw,
UK) was used for the spectral acquisition and to remove cosmic rays.
Background fluorescence was removed by Asymmetric Least Square
Smoothing Baseline using OriginPro software. The spectra acquired for
each sample were normalized by dividing each value for the intensity of
the peak at 1439 cm−1 in the low frequency region. For the intensity of
the peak at 2894 cm−1 in the high frequency region. The average of the
five spectra was considered as the final spectrum representative of each
subject. Baseline subtraction, spectrum normalization and data analysis
were performed using OriginPro, Version 2019 (OriginLab Corporation,
Northampton, MA, USA).

3. Results

3.1. Isolation of lipoprotein

The chemical composition of LPs extracted by ultracentrifugation is
reported in Table 1. Each lipoprotein class showed its expected dis-
tinctive chemical composition [23]. VLDL contained approx. 11±1 %
protein and 89± 5 % total lipids of which cholesterol, triacylglycerol
and phospholipid concentrations were approx. 21.7±0.6 %,
49.5±4.2 % and 17.9±0.1 %, respectively. LDL contained approx.
32± 2 % protein and 68±4 % total lipids of which cholesterol, tria-
cylglycerol and phospholipid concentrations were approx. 37.5± 0.8
%, 6.7± 0.5 % and 23.8± 0.2 %, respectively. Finally, HDL contained
approx. 49±2% protein and 51±2 % total lipids of which choles-
terol, triacylglycerol and phospholipid concentrations were approx.
20.2±0.7 %, 4.5± 0.4 % and 26.4± 0.1 %, respectively. Extracted
LPs were also characterized by Transmission Electron Microscopy to
confirm, through the morphological analysis, the nature of LPs col-
lected in each fraction. As expected, VLDL, LDL and HDL images re-
ported in Fig. 1 resumes typical features of different classes of LPs.

3.2. Raman Spectra in the high frequency region

As first step, we acquired spectra from LPs in the high frequency
region between 2600 and 3200 cm−1. This region of the spectrum is
dominated by three main peaks related to CH2 bonds at 2851, 2894 and
2930 cm−1 in all the samples analysed. Besides, the fourth peak at 3012
cm−1 refers to the eCH moieties present in the samples. Interestingly,
while the position of the peak was constant in VLDL, LDL and HDL their
relative intensity was strongly dependent on the analysed class (Fig. 2
A–C). In particular, we observed a drastic variation of the intensity of
the peaks at 2851 cm−1, which mostly refers to CH2 in lipids, and at
2930 cm−1, that refers to CH2 in proteins [24]. As expected, the peak
relative to lipids decreased its intensity from VLDL to LDL and HDL,
while the one relative to the protein content had an opposite behaviour.
Notably, the ratio between the two peaks, when calculated for each
class of LPs on all the six subjects included, was univocally able to

Table 1
Lipoprotein chemical composition. Data are expressed as mean± standard
deviation.

% Dry weight VLDL LDL HDL

Protein 10.8± 1 31.8± 2 48.9± 2
Lipids:
Total 89.1± 5 68.2± 4 51.1± 2
Cholesterol 21.7± 0.6 37.5± 0.8 20.2± 0.7
Triacylglycerols 49.5± 4.2 6.7±0.5 4.5± 0.4
Phospholipids 17.9± 0.1 23.8± 0.2 26.4± 0.1
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discriminate between the three major classes of LPs (Fig. 2 D). How-
ever, because of the limited number of subjects included in the study,
these results need to be further validated. On the contrary, the peak at
3012 cm−1 remained constant in both its Raman shift and intensity,

regardless of the subject and of the class of LPs analysed.

Fig. 1. Transmission electron microscopy images of VLDL, LDL and HDL extracted from a single subject. Scale bar=100 nm.

Fig. 2. Raman spectra acquired in the high
frequency region on VLDL (A), LDL (B) and
HDL (C) extracted from a single subject. The
black line is the mean value of the five spectra
acquired from each sample. The grey shadow
represents the standard deviation of the five
measures. D) Ratio between the peaks at 2851
and 2930 cm−1 calculated on VLDL, LDL and
HDL forthe six subjects included in the study.
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3.3. Raman spectra in the low frequency region

A second series of Raman spectra were acquired in the low fre-
quency region between 400 and 1800 cm−1. For all the classes of LPs,
we were able to acquire very clear spectra (Fig. 3) presenting several
peaks clearly related with the major classes of biomolecules present:
cholesterol, lipids, proteins and antioxidants (carotenoids). Even in
these spectra the shift of the peaks was the same in all the different
classes of LPs reflecting the fact that their basic constituents remained
constant. This region of the spectrum allowed us to clearly evidence the
presence of cholesterol, presumably in its esterified form as part of the
hydrophobic core of the LPs, as peaks at 700 and 740 cm−1 and as a
shoulder at 1668 cm−1, [25]. Other peaks at 1061, 1127, 1300 and

1439 cm−1 were related with the hydrophobic chains of lipids. Other
important peaks, that were present in all the spectra and that referred to
lipids, were the one at 716 cm−1, very characteristic for the asymmetric
stretching of choline N+(CH3)3 groups present in the hydrophilic head
of phosphatidylcholine, and the one at 1656 cm−1 of trans C]C groups
[26]. The first peak, can be used as an indicator of the ratio between the
lipids in the hydrophobic core and the ones in the hydrophilic mem-
brane; the latter could represent a way to measure the unsaturated li-
pids within LPs. The last peak typical of lipid was observed in the region
between 1730 and 1745 cm−1 due to the C]O stretching bands of the
ester bonds [25].

The peaks at 1154 and 1520 cm−1 were well known to be peaks
relative to the presence of carotenoids and, in general, of antioxidants
micronutrients [27]. Other, less intense peaks are typical of aromatic
amino acids: 760 and 1355 cm−1 for tryptophan; 1003 and 1603 cm−1

for phenylalanine [28].
Even in the low frequency region, the intensity of the peaks ob-

served changed between the different classes of LPs and, in some cases,
even between the single subjects included in the study. Io order to
better understand the extent of the variations, we selected three por-
tions of the spectra, particularly relevant and informative, that were
analysed more in detail: the region between 650 and 800 cm−1; the
region between 1200 and 1400 cm−1 and the region between 1400 and
1800 cm−1.

3.4. Region between 650 and 800 cm−1

The region of the spectra between 650 and 800 cm−1 is char-
acterized by the presence of three main peaks at 700, 717 and 740
cm−1. As previously introduced however the intensity of these peaks
was not the same in all the classes of LPs studied. In particular the peak
of the in-plane deformations of the B ring of cholesterol at 700 cm−1

was more intense in LDL spectra (Fig. 4B,D), than in HDL (Fig. 4C,D)
and VLDL (Fig. 4A,D). This trend is in good accordance with the com-
position of LPs measured and with the composition of LPs reported in
literature. In fact, LDL are the main vector for the transport of

Fig. 3. Raman spectra acquired in the low frequency region on VLDL (top), LDL
(middle) and HDL (bottom) extracted from a single subject. The black line is the
mean value of the five spectra acquired from each sample. The grey shadow
represents the standard deviation of the five measures. Color bands highlight
the classes of a biomolecules that are represented by the peaks in the spectra.
Yellow bands highlight peaks relative to the lipid content; light blue bands
highlight peaks relative to proteins, while the pink band highlight peaks re-
lative to carotenoids.

Fig. 4. Raman spectra acquired between 650 and 800 cm−1 on VLDL (A), LDL (B) and HDL (C) extracted from a single subject. The black line is the mean value of the
five spectra acquired from each sample. The grey shadow represents the standard deviation of the five measures. D) Intensity of the peaks at 700 cm−1 measured on
VLDL, LDL and HDL of the six subjects included in the study. E) Intensity of the peaks at 717 cm−1 measured on VLDL, LDL and HDL of the six subjects included in the
study. In Fig. 4D-E black dots are the mean of the five spectra acquired on each sample, brackets are the standard deviations.
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cholesterol and are composed of 35–40 % of their weight by esterified
cholesterol and by free cholesterol (see Table 1). On the contrary, the
peaks at 717 cm−1 of the polar head of phosphatidylcholine were more
pronounced in HDL than in VLDL and LDL, (Fig. 4E). Even these data
were in close accordance with the literature. HDL are very small par-
ticles (5−20 nm) and, in fasting subjects, their main constituents are
the membrane lipids (as phosphatidylcholine) and apolipoproteins. The
percentage of membrane lipids is higher in HDL than in other LPs as
also appears in Table 1. The good accordance of RS with the compo-
sition of LPs was also proven by the presence of the peak of tryptophan
at 760 cm−1 in HDL spectra where proteins are much more con-
centrated (about 50 % of dry weight according to our measures). The
same peak was almost undetectable in LDL and VLDL, where proteins
are significantly diluted.

By comparing the intensity of the two peaks at 700 and 717 cm−1 in
the different subjects, it was also remarkable to observe how values
remained rather constant and did not have a large inter-subjects
variability.

3.5. Region between 1200 and 1400 cm−1

The region of the spectra between 1200 and 1400 cm−1 is char-
acterized by the presence of three main peaks at 1270, 1300 and 1355
cm−1 (Fig. 5A–C). The peak at 1270 cm−1 of = C–H in-plane de-
formation was very constant in all samples studied and did not provide
any significant information to the analysis except to the presence of
unsaturated lipids. The peak at 1300 cm-1 of CH2 twisting mode is a
marker of the presence of the hydrophobic chains of fatty acids [25]. It
is notable that even if cholesterol esters are also characterized by the
presence of CH2 chains, they do not have a peak at 1300 cm−1 (or it has
a very reduced intensity). This was previously reported in the literature
[25] and can be observed in the Raman spectrum of cholesteryl pal-
mitate reported in the supplementary materials (Figure S1). For this
reason, the peak at 1300 cm−1 can be used as a marker of the amount of
triglycerides in LPs and was more pronounced in the triglycerides rich
VLDL (Fig. 5D).

Moreover, the shoulder observed at 1355 cm−1 is a band of the
indole ring from tryptophan. The different intensity observed in VLDL
compared to LDL and HDL might be due to a different exposure of the
indole ring to the surface of the particles [29].

3.6. Region between 1400 and 1800 cm−1

The last region of the spectra identified as particularly informative
was the one between 1400 and 1800 cm−1. Here, LPs have four main
peaks at 1439, 1524, 1656 and 1738 cm−1. The one at 1439 cm−1 of
CH2 scissoring vibrations appeared to be rather constant in all the ac-
quired spectra and was selected as reference peak for the normalization
of data. The band at around 1524 cm−1 of carotenoids, on the opposite,
was highly variable between the classes of LPs and subjects. VLDL
consistently had a very low, or absent, band of carotenoids, while LDL
and HDL had bands with drastically different intensity (Fig. 6D). It is
also notable to observe that also the position of the band of carotenoids
changed between the subjects. This reflect the fact that the composition
of anti-oxidants in LPs is not constant. For most of the analysed sample,
the maximum of the carotenoids band was recorded at 1525 cm−1,
suggesting that beta-carotene is the most concentrated carotenoid in
accordance with the scientific literature on the topic [30]. However, the
shape of the band was not constant and, in some spectra, the maximum
was shifted to 1530 cm−1 or 1515 cm−1. The band at 1655 cm−1 of
trans C]C stretching vibrations allowed to detect the presence of un-
saturated lipids. In fact, the ratio between the peaks at 1655 and the
one at 1439 cm−1 was reported as a method to measure the level of
instauration in living cells [31]. This might be a particularly interesting
finding as numerous studies focus on the different nutritional values of
lipids with different level of unsaturation. A rapid and simple method to
study how different nutritional lipids reflects on the unsaturation level
of LPs could thus be of potential clinical interest. Even if our data are
preliminary, we must notice that no clear difference emerged in the
intensity of this peak at 1655 cm−1 between LVDL, LDL and HDL.
Otherwise, it was highly variable between subjects.

The band at 1735 – 1750 cm−1 of C]O stretching in esters was

Fig. 5. Raman spectra acquired between 1200 and 1400 cm−1 on VLDL (A), LDL (B) and HDL (C) extracted from a single subject. The black line is the mean value of
the five spectra acquired from each sample. The grey shadow represents the standard deviation of the five measures. D) Intensity of the peak at 1300 cm−1 measured
on VLDL, LDL and HDL of the six subjects included in the study. E) Intensity of the peaks at 1355 cm−1 measured on VLDL, LDL and HDL of the six subjects included
in the study. In Fig. 4D-E black dots are the mean of the five spectra acquired on each sample, brackets are the standard deviations.
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found in all classes of LPs and its intensity remained rather stable in all
subjects. However, the position of this peak is shifted at 1750 cm−1 in
LDL remarking the fact that they were mostly cholesterol esters, while
HDL are constituted mostly by triglycerides and membrane lipids.

4. Conclusion

The aim of this study, performed on a limited number of healthy
subjects, was to demonstrate how it is possible to obtain clear and re-
producible Raman spectra from LPs extracted from plasma by ultra-
centrifugation in discontinuous KBr density gradient. The spectra ob-
tained showed several peaks relative to the different biomolecules
composing LPs and their intensity well reflects their relative composi-
tion. However, the Raman characterization of LPs is faster and requires
significantly less work if compared with the traditional approaches used
in lipidomic.

Since the composition of LPs is known to be altered in many pa-
thological conditions, such as dyslipidaemias, this study paves the way
for the application of RS in clinical nutritional studies on a better un-
derstanding of several metabolic and pathologic conditions.
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