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Abstract: Alterations of plasma lipoprotein levels and oxidative stress are frequently observed
in obese patients, including low high-density lipoprotein (HDL) cholesterol (HDL-C) levels and
alterations of HDL composition. Dysfunctional HDL with lower antioxidant and anti-inflammatory
properties have also been demonstrated in obesity. There is increasing evidence that white adipose
tissue (WAT) participates in several metabolic activities and modulates HDL-C levels and function. In
obese subjects, the changes in morphology and function of adipose tissue lead to impaired regulatory
function and are associated with a state of low-grade chronic inflammation, with increased release
of pro-inflammatory adipokines and cytokines. These alterations may affect HDL metabolism and
functions; thus, adipose tissue is considered a potential target for the prevention and treatment of
obesity. A cornerstone of obesity prevention and therapy is lifestyle modification through dietary
changes, which is reflected in the modulation of plasma lipoprotein metabolism. Some dietary
components and metabolites directly affect the composition and structure of HDL and modulate
its anti-inflammatory and vasoprotective properties. The aims of the review are to summarize
the crosstalk between adipocytes and HDL dysfunction in human obesity and to highlight recent
discoveries on beneficial dietary patterns as well as nutritional components on inflammation and
HDL function in human obesity.
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1. Introduction

Obesity is a multifactorial chronic disease defined by excess adipose mass and adipose
tissue expansion, which occurs through adipocyte hypertrophy and hyperplasia. The role
of white adipose tissue (WAT) in molecular mechanisms of obesity has been reviewed [1–3].
In addition to WAT, the human body also contains brown adipose tissue (BAT) and beige
adipose tissue. The physio-pathological role of BAT has mainly been investigated in animal
models. However, some recent studies have demonstrated active brown adipose tissue
in adult humans, and a potential role in molecular mechanisms of dysmetabolic diseases
has been proposed [4–9]. Several factors, such as poor dietary habits, sedentary lifestyle,
decreased sleep duration, poor sleep quality, socioeconomic influences, and genetic factors
are involved in the development of human obesity [10–14]. Previous epidemiological
studies have demonstrated that obesity is considered a risk factor for several complications
and metabolic disorders, including cardiovascular complications, type 2 diabetes, cancer,
and hepatic and renal dysfunction [15,16]. Moreover, elevated body weight can influence
various aspects of reproduction and fertility [17]. Therefore, an excess amount of body fat
not only reduces the quality of life but also increases healthcare-associated costs.

Oxidative stress and WAT dysfunction are involved in the molecular mechanisms of
the health risks of obesity. A higher generation of intracellular reactive oxygen species
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(ROS) and an imbalance of pro-oxidant/antioxidant enzymes has been described in human
obesity as recently reviewed [18–21]. Oxidative stress is confirmed by a significant increase
in biochemical markers of lipid and protein oxidation in plasma or serum lipoproteins
of obese subjects [22–25]. The pro-oxidant state is linked to the excess accumulation of
abdominal fat. In fact, the generation of O2

•− has been related to the increase in plasma free
fatty acids (FFA) as well as excessive fat storage in WAT. In addition, FFA stimulates the
production of reactive intermediates through Protein Kinase C (PKC)-dependent activation
of NADPH oxidase (NOX) in cultured vascular cells [20]. The primary function of WAT
is to store triglycerides as an energy reservoir; however, WAT also participates in several
metabolic activities and modulates cholesterol metabolism and HDL-C levels. The higher
plasma levels of triglyceride (TG), total cholesterol, cholesterol associated with low-density
lipoprotein (LDL-C), and the lower levels of HDL-C levels are involved in the connection
between obesity and aforementioned dysmetabolic diseases. In fact, lipoproteins, in addi-
tion to the transport of plasma lipids, exert several physio-pathological roles. Both LDL and
HDL modulate membrane lipid composition and cell signaling and affect cell proliferation
and apoptosis [26–28]. In addition, several studies have demonstrated that WAT secretes
several bioactive molecules, such as cytokines and adipokines, that exert different roles and
modulate systemic energy balance by regulating appetite signals from the central nerve
system as well as metabolic activity in peripheral tissues [1–3,29,30]. Studies in human
subjects and animal models have demonstrated that the endocrine function of WAT is per-
turbed by an excess of fat and causes dysregulated expression of several factors. Changes
in the number and size of adipocytes are associated with alterations in adipokine secretion,
fatty acid fluxes, and alterations in plasma lipoprotein levels. Abdominal adiposity is also
involved in the development of a state of low-grade chronic inflammation. Besides WAT,
the liver is an important organ involved in inflammation in human obesity. Infiltration of
neutrophils and macrophages into liver and adipose tissue is involved in the activation of
inflammatory pathways that are responsible for the attraction and activation of immune
cells. Adipose tissue infiltrating macrophages contribute to the increased secretion of
proinflammatory cytokines (i.e., TNF-α, IL-6, IL-1). A pro-inflammatory condition in hu-
man obesity is supported by the higher myeloperoxidase (MPO) activity from neutrophils
isolated from obese subjects compared with lean subjects [31–33]. The enzyme MPO is
stocked in neutrophil granules and released upon exocytosis and is one of the main factors
involved in the oxidative stress of plasma lipoproteins in dysmetabolic diseases. Therefore,
obesity may be viewed as a metabolic as well as an inflammatory disease [34].

Dietary factors can trigger a dynamic remodeling of adipocytes, including quantitative
and qualitative alterations in adipose tissue-resident cells. Identification of biochemical
factors and pro-inflammatory factors that cause dysfunctional adipose tissue could be
a useful tool in the clinical setting to prevent cardiometabolic risk independently from
adiposity. The alterations of WAT in obesity and the cross-link with HDL metabolism
and dysfunction have been previously reviewed [35–39], and it has been suggested that
WAT could be considered a potential target for the prevention and treatment of metabolic
alterations in obesity. Over the last decade, an increasing number of studies have found
that activating brown adipose tissue and browning of white adipose tissue can protect
against obesity and obesity-related metabolic disease. Therefore, brown adipose tissue
has gradually become an appealing therapeutic target for the prevention and reversal of
obesity [4–8]. In this review, more recent data on the crosstalk between WAT, inflammation,
and HDL in obesity have been included, with a focus on the new insights into the potential
mechanisms underlying obesity, inflammation, and HDL dysfunction. Recent data on
BAT and its physio-pathological role have also been summarized. In addition, we aim to
highlight recent discoveries on beneficial dietary patterns as well as nutritional components
and their effects on adipose tissue, inflammation, and HDL function in human obesity.
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2. Adipose Tissue and HDL Metabolism
2.1. HDL Metabolism

The structure of HDL is like all lipoproteins. The surface of mature HDL is a monolayer
of glycero-phospholipids, sphingolipids, and free cholesterol. At the surface, there are
ApoA-I and ApoA-II, the main apolipoproteins of HDL. ApoA-I is about 70% of the protein
content associated with HDL. Several other apoproteins contribute to diverse functions,
including lipid transport, immune response, antioxidant properties, and hemostasis. The
hydrophobic nucleus contains triglycerides (TG) and esterified cholesterol (CE). In human
plasma, HDL is a highly heterogeneous population of particles ranging in size and density.
Using ultracentrifugation, human HDL can be separated into two main subclasses on the
basis of density: HDL2 (1.063–1.125 g/mL) and HDL3 (1.125–1.21 g/mL). The biogenesis
and maturation of HDL involve several factors, membrane-bound proteins and plasma
biomolecules. The liver and intestine exert a key role in HDL biogenesis. In fact, hepatocytes
and intestinal cells synthesize ApoA-I, the main HDL apoprotein. Lipid-free ApoA-I
acquires cholesterol and phospholipids from peripheral cells via ATP-binding cassette
transporter A1 (ABCA1), forming nascent discoidal HDL particles (Figure 1). Among
plasma enzymes involved in HDL remodeling and maturation, there is lecithin-cholesterol-
acyl transferase (LCAT). The esterification of free cholesterol by the enzyme LCAT converts
the discoidal HDL to spherical HDL particles (Figure 1). In fact, CE is more hydrophobic
and migrates to the core of the discoidal HDL, promoting its maturation into spherical HDL.
The increase in HDL particle size provides substrates for cholesteryl ester transfer protein
(CETP). CETP contributes to exchanges of TG and CE between HDL and other lipoproteins
(Figure 1). Among the enzymes involved in HDL metabolism there are hepatic lipase
(HL) and endothelial lipase (EL). HL not only hydrolyzes triglyceride and phospholipid
in HDL but also stimulates HDL uptake of CE by hepatocytes [40]. EL is a member of the
lipase family; the enzyme behaves as phospholipase and also contributes to the hydrolysis
of triglyceride to a lesser extent. Recent studies have suggested that EL is an important
modulator of HDL concentrations [41] (Figure 1).
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Figure 1. HDL biosynthesis and maturation. Biosynthesis of HDL starts with the production and
secretion of apolipoprotein A-I (ApoA-I) by the liver and intestine. Lipid-poor ApoA-I interacts with
ATP-binding cassette A1 (ABCA1) to acquire lipids from peripheral cells, including adipose tissue,
resulting in nascent HDL (Pre-HDL). The enzyme lecithin cholesterol acyl transferase (LCAT) esterifies
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free cholesterol to esterified cholesterol (CE). CE migrates to the core of the discoidal HDL, promoting
its maturation into spherical HDL. HDL2 and HDL3, the two subclasses of HDL, can interconvert.
Cholesterol is delivered to the liver via scavenger receptor BI (SR-BI) or transferred to very low-
density lipoproteins (VLDL) by cholesteryl ester transfer protein (CETP). CETP also contributes to
exchanges of TG and CE between HDL and other lipoproteins. HDL-associated triglycerides and
phospholipids are mainly hydrolyzed by endothelial lipase (EL) and hepatic lipase (HL). The final
step of reverse cholesterol transport involves the selective uptake of CE from HDL particles by the
hepatic scavenger receptor class B (SR-BI). A as bidirectional transport of cholesterol-facilitated SR-B1
has also been observed in adipose tissue.

HDL exerts several key roles. One of the main functions of HDL is the ability to
promote reverse cholesterol transport, the uptake of excess cholesterol from peripheral
cells, and the transport to the liver for excretion. This process is considered the major
antiatherogenic effect of HDL and has emerged as a better predictor of cardiovascular
(CV) risk compared to merely plasma HDL cholesterol (HDL-C) levels [42]. Antioxidant
and anti-inflammatory properties of HDL have been widely described [26,28]. In the next
paragraph, HDL alterations observed in human obesity and potential mechanisms and the
role of WAT and BAT are described.

2.2. Role of WAT

WAT exerts a key role in the metabolism of plasma lipids and lipoproteins. In fact,
apart from storing TG, WAT is also the major store for cholesterol within the body and,
therefore, represents a large pool of substrate to support HDL biogenesis. Over half
of the total body cholesterol, about 1–2 mg of cholesterol per gram of wet weight, may
reside within this tissue. Low levels of HDL-C have been frequently observed in obese
subjects. These alterations can be related to changes in the morphology and function of
adipose tissue [35–39]. Table 1 summarizes biochemical factors expressed on WAT and
their modulatory roles on HDL composition and metabolism.

Table 1. Adipocyte proteins and their modulatory role of HDL cholesterol and HDL function.

Factors Produced by Adipocytes Role in HDL Metabolism

ATP-binding cassette A1/G1 (ABCA1/G1) Regulation of the efflux of intracellular cholesterol to HDL

Scavenger receptor class B type I (SR-BI) Promotion of the cholesterol transport from adipocytes to HDL
Bidirectional flux of cholesterol

Cholesteryl ester-transfer protein (CETP) Transfer of CE from HDL to VLDL and LDL and the transfer of
TG from these particles to HDL

Serum amyloid protein (SAA) Pro-inflammatory role

Tumor necrosis factor (TNF-α) Pro-inflammatory role

Adiponectin
Activation LPL;

modulation of hepatic production of Apo-AI and ABCA1,
anti-inflammatory role

Leptin Regulation of hepatic SR-BI expression and HDL cholesterol
levels

Interleukins (IL) (IL-1β and IL-6) Pro-inflammatory role

The relationship between WAT, lipoproteins, and HDL-C levels and metabolism is
supported by the expression of membrane receptors for LDL and membrane cholesterol trans-
porters such as ABCA1 and scavenger receptor class B type I (SR-BI) on adipocytes [39,43,44].
Cholesterol influx in adipocytes is mediated by interactions between LDL particles with LDL
receptors. Adipocytes may also obtain cholesterol from the interaction of their SR-B1 receptors
with hepatic/intestinal HDL particles. Cholesterol efflux by adipocytes involves the ABCA1
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transporter, as well as bidirectional facilitated SR-B1 transport, both of which may provide a
gateway for cholesterol efflux to ApoA-I or HDL particles (Figure 1).

During inflammation, a downregulation of ABCA1 and SR-BI expression impairs
cholesterol efflux from adipocytes to HDL [39,45]. These data confirm the impact of
adipose tissue on the modulation of HDL-C levels. Figure 2 summarizes the metabolic
alterations of WAT in obesity. Adipose tissue is also one of the major sources of CETP
expression [46]. CETP activity modulates lipid exchange between HDL and different
lipoprotein fractions. In addition, an increased CETP-mediated transfer of TG on HDL was
reported in obesity [47]. These alterations may contribute to lipid compositional changes
with an increase in the TG content of HDL and a depletion of CEs and PLs. Therefore, an
increased CETP-mediated transfer of TG on HDL and the subsequent higher hydrolysis of
TG-enriched HDL by lipase appears to be the mechanism that could underline the lower
HDL-C levels and contribute to modifications of HDL heterogeneity with a shift of large
HDL to small and dense HDL particles [35]. The lipid compositional alterations (reduced
levels of free cholesterol, cholesteryl ester, and phospholipids and higher levels of TG and
products of lipid peroxidation) observed in HDL of human subjects, and in particular, the
increased ratio TG/CE ratio, modulates the physico-chemical properties of HDL hydropho-
bic core. Lipids exert a conformational role on HDL apoprotein and modulate alterations
that reflect modifications of lipid-apoprotein interactions. These alterations can explain the
impaired HDL functionality in obese subjects, including decreased HDL-induced eNOS
activation [48], higher HDL susceptibility to oxidation [22,23], and a decrease in their
antioxidant activity [23,24,35,49,50] (Table 2). The lipid and apoprotein compositional
alterations of HDL, including the TG enrichment and the decrease in ApoA-I, are also
associated with a decrease in the vasorelaxant effect of HDL [50]. A decreased capacity
of HDL isolated from obese subjects to promote cholesterol efflux from fibroblasts was
reported by Sasahara et al. [35,51], and a significant inverse correlation between cholesterol
efflux capacity and the body mass index (BMI) has been shown [51]. In addition, HDL
isolated from obese patients exhibits a lower ability to protect endothelial cells against
oxidized LDL (ox-LDL) [50]. The lower activity of the enzyme paraoxonase 1 (PON1) in
HDL of obese subjects may be related to a pro-inflammatory state and/or to compositional
changes in HDL [22–24]. Other enzymes modulate HDL levels and HDL heterogeneity
in obesity, including the activity of hepatic lipase (HL) and lipoprotein lipase (LPL). HL
activity is increased in obesity, leading to faster clearance of triglyceride-rich HDL [52,53].
Moreover, TG-enriched HDL, as those observed in obesity, is a more susceptible substrate
for HL and, therefore, undergoes rapid hydrolysis [54].

Molecules 2024, 29, x FOR PEER REVIEW 8 of 18 
 

 

did not contain increased numbers of MPO-expressing cells in severely obese individuals. 

Therefore, it has been proposed that circulating neutrophils are activated to a greater ex-

tent in severely obese subjects, and a chronic inflammatory condition is associated with 

morbid obesity. MPO-dependent modifications of HDL have been claimed as possible 

pathophysiological mechanisms for higher risk for atherosclerosis. In fact, high nitration 

levels in ApoA-I tyrosine residues were found in obese women and associated with lower 

cholesterol efflux of nitrated HDL [92]. Some authors reported that MPO and PON1 cor-

related with each other, as well as with markers of oxidative stress (asymmetric dimethyl 

arginine) and inflammation (soluble CD40 ligand and soluble intracellular adhesion mol-

ecule) [93]. In a similar population of overweight dyslipidemic patients, MPO correlated 

with suppressed PON1 arylesterase activity and the occurrence of vascular complications 

[94]. 

 

Figure 2. Cross-talk between adipocytes and HDL in obesity. In obesity, altered secretion of adi-

pokines by adipose tissue modulates gene expression of liver proteins. ApoA-I and ABCA1 are 

downregulated; thus, HDL assembly is decreased in the liver. Moreover, hypertrophic adipocytes 

also release inflammatory molecules and ROS, which are able to decrease hepatic ApoA-I and PON1 

expression and secretion. The higher level of SAA displaces PON1 and ApoA-I on the HDL surface. 

ROS may induce oxidative damage in hepatic cells and lipid peroxidation of HDL. All these events 

lead to lower HDL levels and formation of HDL with altered composition and functions. ABCA1, 

ATP-binding cassette transporter A1; ApoA-I, apolipoprotein A-I; HDL, high-density lipoproteins; 

IL-1, interleukin-1; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1, MPO, myelop-

eroxidase; PON1, paraoxonase-1; SAA, serum amyloid A; TNF-α, tumor necrosis factor-α. ↓ de-

crease ; ↑increase. 

2.3. Role of BAT 

The role of BAT in obesity has been paid more recently with respect to WAT. BAT 

content declines in adults and accounts for 0.05-0.1% of body weight in adults. The physio-

pathological role of BAT has been mainly investigated in animal models, and the modu-

latory role of BAT on metabolic and cardiovascular disease in humans is still debated. 

However, some recent studies have demonstrated active brown adipose tissue in adult 

humans [95]. It has been demonstrated that human subjects with BAT activity have lower 

plasma triglycerides and higher HDL cholesterol [6,8,9]. Cholesterol-enriched chylomi-

cron remnants and HDL generated by intravascular lipolysis in BAT are cleared more rap-

idly by the liver, explaining the potential antiatherogenic effects of BAT activation [96]. 

The interest in BAT in inflammation and obesity is supported by proteomics analysis, 

Figure 2. Cross-talk between adipocytes and HDL in obesity. In obesity, altered secretion of adipokines
by adipose tissue modulates gene expression of liver proteins. ApoA-I and ABCA1 are downregulated;
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thus, HDL assembly is decreased in the liver. Moreover, hypertrophic adipocytes also release
inflammatory molecules and ROS, which are able to decrease hepatic ApoA-I and PON1 expression
and secretion. The higher level of SAA displaces PON1 and ApoA-I on the HDL surface. ROS may
induce oxidative damage in hepatic cells and lipid peroxidation of HDL. All these events lead to lower
HDL levels and formation of HDL with altered composition and functions. ABCA1, ATP-binding
cassette transporter A1; ApoA-I, apolipoprotein A-I; HDL, high-density lipoproteins; IL-1, interleukin-
1; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1, MPO, myeloperoxidase; PON1,
paraoxonase-1; SAA, serum amyloid A; TNF-α, tumor necrosis factor-α. ↓ decrease; ↑ increase.

Table 2. Alterations of HDL composition and functions in human obese subjects. ↓ decrease;
↑ increase.

Alteration of HDL Composition and Functions References

Composition
↓ levels of ApoA-I, free cholesterol, cholesteryl ester and
phospholipids [35]

↑ Triglycerides [35]
↑ SAA content [55]
Functions
↓ PON1 activity [23,24]
↑ LCAT [35]
↓ capacity to promote cholesterol efflux from fibroblasts [51]
↓ ability to protect endothelial cells against Ox-LDL [50]
↓ eNOS activation [48]
↑ susceptibility to oxidation [23,24]
↓ vasorelaxant effect [50]

Fat accumulation and low-grade inflammation in WAT cause a dysregulated produc-
tion of adipokines, leading to a reduction of serum levels of adiponectin [56]. Adiponectin,
an anti-inflammatory and anti-atherogenic adipokine secreted from WAT [56] acts as a key
mediator of the crosstalk between adipose tissue, the liver, and the vascular wall [56,57]. The
adiponectin levels indicate an increase in low-grade systemic inflammation [57]. Plasma
adiponectin levels in humans account for 0.01% of the total human plasma proteins, and
this makes it the most abundant adipose tissue protein [58]. Plasma levels of adiponectin
are significantly lower in obese subjects [59], those with metabolic syndrome [60], and type
2 diabetic patients [61]. Previous studies have shown that serum levels of adiponectin
are positively correlated with the serum level of HDL-C [62]. In particular, HDL-C is
positively correlated with high-molecular-weight (HMW) adiponectin, which is considered
the most biologically active fraction of adiponectin [63]. Other authors have confirmed that
dysfunction of adipose tissue due to elevated insulin resistance index and low values of
adiponectin are associated with a higher probability of low HDL-C and small HDL [64].
The study of the mechanism by which adiponectin affects HDL-C levels has demonstrated
that the molecule increases mRNA expression and protein secretion of ApoA-I from HepG2
cells and upregulates ABCA1 expression. Therefore, it has been suggested that adiponectin
might increase hepatic HDL assembly [65].

Obesity is also associated with an imbalance of leptin. Elevated levels of leptin
are observed in overweight and obese individuals [66]. In obesity, leptin is not able to
adequately regulate energy expenditure. Obese individuals with low basal metabolic
rates, despite high circulating leptin concentrations, are commonly referred to as leptin-
resistant [66]. Both in obese children and adults, plasma leptin levels are negatively
correlated with HDL-C [35,67]. Leptin has been reported to modulate the regulator of
hepatic SR-BI expression and, thus, HDL cholesterol levels [68], however, the molecular
mechanisms have not been clarified [69–71]. Recent studies have demonstrated that CETP
levels are correlated with leptin levels. Therefore, the obesity-associated increase in CETP
production is thought to affect HDL-C levels [72,73].
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As aforementioned, human obesity is considered a chronic low-grade inflammatory
disease. When hypertrophic adipocytes predominate, their size correlates with increased
inflammatory adipokine expression and secretion, including leptin, IL-6, IL-8, TNF-α,
IL-1β, chemokines such as monocyte chemotactic protein-1 (MCP-1), and enzymes such
as MPO [74]. The inflammatory cytokines stimulate the production of acute-phase pro-
teins, such as C-reactive protein (CRP), fibrinogen, and serum amyloid A (SAA). MCP-1
increases the infiltration of macrophages and lymphocytes, exacerbating proinflammatory
conditions. TNF-α expression is also elevated in the adipose tissue of experimental models
of obesity. The study of the effect of the secretion of pro-inflammatory molecules in obesity
demonstrated correlations with alterations of HDL structure and functions. For instance,
TNF-α and IL-1β reduce hepatic ApoA-I gene expression in a dose-dependent manner [75]
(Figure 2). This effect occurs at the transcriptional level through a reduction in ApoA-I
promoter activity and is mediated through extracellular-signal-regulated kinase and c-
jun-N-terminal kinase signaling and a cytokine-responsive element within site A of the
promoter [76]. Alterations in hepatic PON1 synthesis, secretion, stability, and its association
with HDL or direct inactivation of the PON1 can also be related to a pro-inflammatory state.
Both cell membrane receptor-mediated signaling pathways and nuclear receptors (such as
peroxisome proliferator-activated receptors, PPARs) modulate HDL synthesis and gene
expression of PON1 [77]. Among modulating factors of hepatic synthesis of PON1, there
are reactive oxygen species (ROS) and lipid peroxidation products [77,78]. The decrease
in PON1 activity and the increased level of markers of lipid peroxidation in the blood of
obese subjects could be due to the increased production of ROS and pro-inflammatory
cytokines (TNF-α, IL-1, and IL-6) from adipose tissue and liver [23,24]. Previous studies
have demonstrated that PON1 is a lipid-dependent enzyme and that HDL modulates PON1
secretion by the liver, the enzyme stability, and stimulates its activity [79]. Dietary lipids
induce changes in HDL lipid composition and physico-chemical properties [78]. Since HDL
has a mean biological half-life longer with respect to other lipoproteins (about four-six
days), it has been suggested that dietary lipids could induce compositional changes in HDL
lipids and modifications of HDL liver secretion and binding of PON1 to the surface of HDL.
In addition, it has been demonstrated that the fatty acid composition of HDL modulates its
sensibility to lipid peroxidation. HDL oxidized in vitro behaves as dysfunctional HDL with
a reduced capacity to stabilize/improve the activity of secreted PON1 [80]. A low-grade
inflammation state in obesity is also supported by the increased levels of serum amyloid A
(SAA) [35]. The hepatic production of SAA, one of the acute phase proteins, is related to
the inflammatory state of the obese and to the elevated plasma levels of pro-inflammatory
cytokines such as IL-6, which modulate the synthesis of hepatic proteins. The association
between SAA and obesity has been recently reviewed [55,81]. Overproduction of SAA
has also been observed in adipose tissue of obese subjects, particularly in morbidly obese
subjects. In detail, SAA is strictly related to the HDL3 subclass [82]. The increased levels
of SAA observed during the acute phase response displace ApoA-I at the HDL surface.
These compositional modifications exert a negative effect on ABCA1-mediated lipidation
of ApoA-I, with reduced formation of nascent HDL [83] and decreased PON1 levels [78]
(Figure 2). The ApoA-I displacement is associated with decreased activities of LCAT and
PON1 on the HDL surface [35,84]. In fact, ApoA-I exerts a modulatory role in the activities
of the enzymes LCAT and PON1. Therefore, SAA-rich HDL are described as dysfunc-
tional, and their ability to regulate cholesterol efflux capacity is impaired [85]. In addition,
SAA-enriched HDL is implicated in the decreased HDL levels observed during inflam-
mation [84]. Moreover, SAA is known to increase the production of cytokines, ROS, and
nitric oxide and to contribute to the molecular mechanisms involved in the development of
complications associated with obesity, including insulin resistance.

Other factors secreted by the liver or adipose tissue can affect the HDL functions of
obese subjects. In fact, the pro-inflammatory state in obesity is also related to the activation
of inflammatory pathways that are responsible for the attraction and activation of immune
cells both in the liver and adipose tissue. Among molecules released after the recruitment
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and activation of phagocytes, there is the enzyme myeloperoxidase (MPO). An increased
attention is devoted to MPO and its physio-pathological relevance. In fact, MPO is a
heme peroxidase considered a principal enzyme in the innate immune response, and it is
discharged into the extracellular compartment following phagocyte activation [86]. The
enzyme uses the substrates hydrogen peroxide (H2O2) and nitric oxide (NO) to produce
nitrated reactive species; these molecules trigger oxidative damage, especially on HDL and
LDL. In a proinflammatory condition, Apo A-I can be damaged by MPO [87]. Higher levels
of MPO are commonly found in obese adults [31,32,88–91]. Adipose and muscle tissue
did not contain increased numbers of MPO-expressing cells in severely obese individuals.
Therefore, it has been proposed that circulating neutrophils are activated to a greater extent
in severely obese subjects, and a chronic inflammatory condition is associated with morbid
obesity. MPO-dependent modifications of HDL have been claimed as possible pathophys-
iological mechanisms for higher risk for atherosclerosis. In fact, high nitration levels in
ApoA-I tyrosine residues were found in obese women and associated with lower cholesterol
efflux of nitrated HDL [92]. Some authors reported that MPO and PON1 correlated with
each other, as well as with markers of oxidative stress (asymmetric dimethyl arginine) and
inflammation (soluble CD40 ligand and soluble intracellular adhesion molecule) [93]. In a
similar population of overweight dyslipidemic patients, MPO correlated with suppressed
PON1 arylesterase activity and the occurrence of vascular complications [94].

2.3. Role of BAT

The role of BAT in obesity has been paid more recently with respect to WAT. BAT
content declines in adults and accounts for 0.05–0.1% of body weight in adults. The
physio-pathological role of BAT has been mainly investigated in animal models, and the
modulatory role of BAT on metabolic and cardiovascular disease in humans is still debated.
However, some recent studies have demonstrated active brown adipose tissue in adult
humans [95]. It has been demonstrated that human subjects with BAT activity have lower
plasma triglycerides and higher HDL cholesterol [6,8,9]. Cholesterol-enriched chylomicron
remnants and HDL generated by intravascular lipolysis in BAT are cleared more rapidly
by the liver, explaining the potential antiatherogenic effects of BAT activation [96]. The
interest in BAT in inflammation and obesity is supported by proteomics analysis, which
also provided data on some cytokines expressed by BAT (frontiers), including leptin,
adiponectin, and IL6 [97,98].

3. Dietary Anti-Inflammatory and Antioxidant Strategies in Human Obesity

Several strategies have been proposed to prevent and treat human obesity. Dietary
treatment and changes in lifestyle are still the major therapeutic bases. The literature
data report that different dietary treatments and/or nutritional factors affect body weight
and lipoprotein levels in human subjects in normal and pathological conditions [99,100].
A thorough discussion of dietary and nutritional therapies is beyond the scope of this
review and reviewed elsewhere [101]. In addition, plasma lipid and lipoprotein levels and
effects of nutritional intake may vary depending on genetic factors, age, race, and environ-
mental factors. Gender differences are also important, as well as the dynamics of weight
changes [102]. Here, we summarize some recent studies that demonstrate that the effects of
some dietary treatments on weight reduction are associated with an improvement in the
levels of inflammatory markers and a decrease in levels of oxidative stress. For instance,
human studies on caloric restriction in non-obese and obese participants have shown that
even short-term dietary interventions with moderate caloric restriction cause a reduction in
body weight as well as an improvement of biochemical parameters and cardiometabolic
health parameters [103–105]. The beneficial effects include a decrease in levels of markers
of oxidative stress and a decrease in fasting insulin levels as well as lower circulating
levels of cytokine such as TNF-α [106] (Figure 3). The potential anti-inflammatory effect
of caloric restriction in morbidly obese patients has been demonstrated by recent studies.
Lopez-Domenech et al. have shown that a very low-calorie diet for six months improved
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anthropometric and biochemical parameters and improved the inflammatory response
with a decrease in the activity of the pro-oxidant enzyme MPO and increased antioxidant
capacity such as catalase activity [107]. Kanikowska et al. have also demonstrated that
energy restriction improved oxidative stress markers in obese patients with a decrease in
MPO and serum oxidative stress markers [108]. Moreover, a decrease in systemic inflam-
matory markers was shown after weight loss with lower concentrations of CRP, IL-6, and
TNF-α after dietary therapy. A decrease in leptin, a pro-inflammatory and pro-oxidative
activity factor, has also been observed after dietary intervention [108]. Modifications of the
levels of biochemical markers of inflammation have been described by Montefusco et al.
after a 6-month hypocaloric diet in patients with metabolic syndrome [109]. The decrease
in pro-inflammatory cytokine levels was associated with lipid compositional changes in
HDL [109]. Weight loss produced by calorie restriction in obese subjects is also associated
with a decrease in levels of SAA mRNA and protein [110] and with increases in plasma
levels of adiponectin [111]. A recent study has confirmed that weight loss produced a
significant decrease in oxidative stress, an increased expression of antioxidant enzymes,
and a decrease in the levels of inflammatory markers, including hs-CRP [112]. All the afore-
mentioned studies confirm the connection between obesity and pro-inflammatory state
and the positive effect of caloric restriction on weight loss and pro-inflammatory pathways.
Anti-inflammatory and protective effects against oxidative stress are also related to eating
habits and patterns, including the Mediterranean diet (MedDiet) associated with or without
physical exercise. The role of MedDiet in the management and prevention of obesity has
been recently reviewed, and a greater reduction of body weight has been described with
respect to other dietary treatments [113]. Moreover, subjects with a higher adherence to
MedDiet had a lower risk of gaining weight over time. As far as concerns the effect of
MedDiet on inflammatory markers, an improvement of HDL function due to suppression
of MPO-mediated oxidative stress with a decrease in the levels of 3-chlorotyrosine and
3-nitrotyrosine has been demonstrated in HDL after 12 weeks of the Mediterranean diet
and exercise [114]. The compositional modifications were associated with an improvement
in HDL cholesterol efflux capacity [114] (Figure 3). Among the nutritional factors involved
in the protective effects of MedDiet, it has been proposed that a key role is exerted by
fruit and vegetables’ bioactive components. Several studies, mainly carried out in animal
models and in cell culture, have demonstrated the anti-inflammatory and antioxidant prop-
erties of bioactive molecules such as polyphenols and carotenoids contained in vegetable
foods [115–117]. The anti-obesity effects of polyphenol-rich diets have been related to
different mechanisms, such as the ability of polyphenols to interact, directly or indirectly,
with adipose tissues (preadipocytes, adipose stem cells, and immune cells) and modulate
their behavior [118,119]. Recent data confirm the beneficial effects of vegetable food compo-
nents and further support the dietary recommendations that emphasize diets rich in fruits
and vegetables for the prevention of chronic diseases associated with oxidative stress and
inflammation [117,120,121], including obesity [119,122,123]. Among polyphenols, some
recent clinical trials have investigated the effect of foods rich in anthocyanins (including
tart cherries and strawberry beverages) on inflammation associated with obesity [121]. A
randomized, double-blinded clinical study showed a reduction in abdominal fat, TG, and
LDL levels, with decreasing TNF-α and MCP-1 levels [124]. Contrasting data have been
obtained by other studies. Zunino et al. showed that people consuming 80 g/serving of
freeze-dried strawberry powder mixed with food and drinks for 3 weeks had no effect on
inflammatory markers (IL-6, IL-1β, TNF-α) [125]. Similarly, consumption of commercially
available red orange juice (250 mg anthocyanins/day) for 12 weeks did not show any effect
on body weight or plasma inflammatory markers [126]. Possible reasons for the lack of
beneficial effects of anthocyanins on obesity-induced inflammation in these studies are
the use of relatively low dosages and the short length of the intervention. Fewer studies
have investigated the effects of caloric restriction and intake of bioactive compounds on
the composition and function of HDL of overweight or obese subjects (Figure 3). Increased
plasma levels of ApoA-I and a decrease in the levels of CETP in the absence of modifications
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of the cholesterol efflux capacity of HDL from THP-1 cells have been observed in diabetic
and obese patients treated with a low-calorie diet (for sixteen weeks) [127]. Another study
has shown that weight loss was associated with an increased activity of the enzyme PON1
after a three-month treatment, including caloric restriction and physical activity in obese
patients with metabolic syndrome [128] (Figure 3). Other authors have not confirmed the
effect of a low-calorie diet on PON1 activity [129]. More recent studies have shown an
effect of polyphenol intake on HDL composition and functional parameters, such as PON1
activity and cholesterol efflux capacity [130,131] (Figure 3). The study of Predimed found an
association between the intake of polyphenol subclasses except phenolic acids and lignans
and higher HDL-c levels in a MetS population of overweight or obese adults. Higher intake
of all the subclasses of polyphenols was associated with a better profile of the components
of MetS, especially with HDL-C levels [132]. Similar findings were described in the HE-
LENA study [133], where flavonoid intake was associated with lower BMI. Research on the
mechanisms of action involved in the anti-obesogenic properties of flavonoids suggests
that the improvements in glucose homeostasis are promoted by reducing insulin resistance
and decreasing oxidative stress levels [134]. Intake of anthocyanin-rich blueberries over
a 6-month period resulted in increased HDL-C levels, as well as HDL particle number
and improved vascular function in overweight and obese subjects [135]. The effect of
green tea on obese animals has been recently reviewed [136]. Green tea appears to act as a
protective agent for dyslipidemia in obesity-induced animals. Supplementation with green
tea extract containing 208 mg epigallocatechin gallate (EGCG) for twelve weeks reduced
total cholesterol, triglycerides, low-density lipoprotein cholesterol, and increased HDL-
C [137]. Studies in overweight and obese women have demonstrated a significant increase
in HDL-C following intake of green as reviewed [138]. Further studies will be necessary
to better investigate the bioavailability of polyphenols and their kinetics of absorption to
find the best combination of products to be used in nutritional therapy. Well-controlled
long-term studies showing the effects of these dietary interventions in humans have not
been fully explored. The improvements are not always maintained over time, and many
subjects have difficulty maintaining healthy behavior changes, many participants regain
half of the lost weight after dietary treatments within a year and return to baseline weight
within 3–5 years [139]. Therefore, long-term maintenance of lost weight is the primary
challenge of obesity treatment. Different strategies can contribute to long-term weight
maintenance, including specific counseling after the treatment. Post-dietary treatments
should be organized to motivate participants, improve their nutritional knowledge of the
effects of correct food choices on health, and make them understand the importance of
lifestyle in the prevention of chronic diseases.
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Figure 3. Effect of dietary factors on HDL functionality in obesity. Caloric restriction, Mediterranean diet,
and antioxidation intake, including polyphenols, are associated with a reduction in pro-inflammatory
cytokines and markers of oxidative stress with subsequent beneficial effects in terms of HDL functionality
in human obesity. ApoA-I, apolipoprotein A-I; HDL, high-density lipoproteins; MPO, myeloperoxidase;
PON1, paraoxonase-1; SAA, serum amyloid A. ↓ decrease; ↑ increase.
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4. Conclusions

Human obesity is associated with oxidative stress, inflammation, and alterations of
HDL-C levels and functions. Dysfunctional hypertrophic adipose tissue in obesity exhibits
a disturbed secretory pattern associated with increased secretion of pro-inflammatory
cytokines and adipokines. These events promote alterations of the synthesis of ApoA-I and
other molecules involved in cholesterol transport and functionality of HDL. Dysfunctional
HDL with lower antioxidant and anti-inflammatory properties, as those observed in obese
human subjects, may be involved in the development of several complications associated
with obesity, including cardiovascular complications, type 2 diabetes, cancer, and hepatic
and renal dysfunction, so they represent a possible therapeutic target. Dietary factors can
trigger a dynamic remodeling of adipocytes of WAT with consequences in the reduction of
inflammation and oxidative stress and beneficial effects in terms of HDL levels and func-
tionality. Among dietary treatments, MedDiet exerts a protective role in the management
and prevention of obesity, and a greater reduction of body weight has been described with
respect to other dietary treatments. Further studies are needed to draw firm conclusions
on the effects of bioactive phytonutrients and to better investigate the effect of dietary
strategies, caloric restriction on body weight, and the molecular mechanisms involved in
the cross-talk between adipose tissue and HDL in human obesity. It also has to be taken
into account that different factors modulate the success of dietary interventions, including
the motivation and willingness of participants and their adherence to the prescription
or provided diet. Studies investigating short-term calorie restriction in human subjects
demonstrate improvement in biochemical markers, weight, and decreases in markers of
oxidative stress and inflammation. However, well-controlled long-term studies showing
the effects of these dietary interventions in humans have not been fully explored. The
improvements are not always maintained over time, and many subjects have difficulty
maintaining healthy behavior changes, many participants regain half of the lost weight
within a year and return to baseline weight within 3–5 years. Therefore, long-term main-
tenance of lost weight is the primary challenge of obesity treatment. Different strategies
can contribute to long-term weight maintenance, including specific counseling after the
treatment. Post-dietary treatments should be organized to motivate participants, improve
their nutritional knowledge of the effects of correct food choices on health, and make them
understand the importance of lifestyle in the prevention of chronic diseases.
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