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Although initially regarded as a passive system to store energy, lipids are now considered to
play crucial, structural and functional roles in almost all the biological processes involved in the
regulation of physiological and pathological conditions. For instance, they are pivotal constituents of
cell membranes, where they essentially contribute to the assembly of the bilayer configuration. Lipid
species are not uniformly distributed in cell membranes, as they are mainly concentrated in specialized
sphingolipid- and cholesterol-rich domains called lipid rafts and caveolae, which serve as a matrix for the
attachment and the interaction of several proteins implicated in membrane-initiating signal transduction
pathways [1]. Besides the involvement in the organization of membrane domains, lipids may influence
numerous cellular processes by directly participating as both primary and secondary messengers.
In recent decades, lipids derived from both dietary sources and endogenous biosynthesis gained
considerable clinical relevance for their implications in a plethora of human diseases. Hyperlipidemia
often results in a premature and increased risk of cardiovascular diseases [2]. Increasing evidence
highlights that the metabolic reprogramming of cancer cells also involves many lipid compounds,
such as fatty acids and cholesterol, which contribute to key oncogenic functions [3,4]. Furthermore,
a variety of experimental and clinical studies demonstrated that lipids, particularly cholesterol,
play essential roles in brain physiology [5]. Thus, it is not surprising that numerous neurological and
neurodegenerative disorders are often accompanied by misbalances in lipid homeostasis [6].

Despite a satisfying level of knowledge being reached in the field of lipid research, several
questions still remain unanswered; a deeper comprehension will be important to fully elucidate the
molecular mechanisms regulating lipid homeostasis in health and loss of homeostasis in disease, and to
design innovative therapeutic strategies. This Special Issue, entitled “Emerging Role of Lipids in
Metabolism and Disease”, comprises a collection of seven research articles, seven review articles and
one concept paper reporting new insights into the biological role of lipids.

Lipid homeostasis is guaranteed by a delicate equilibrium among biosynthesis, uptake and
catabolism. Kloska and colleagues [7] systematically reviewed the current knowledge on lipophagy
and cytosolic lipolysis, two selective lipid catabolic processes whose activity is essential for the
proper regulation of energy homeostasis in cells. The authors provide an in-depth discussion of
the transcriptional modulation of these pathways by the mammalian target of rapamycin complex 1
(mTORC1) and by the transcription factor EB (TFEB). In addition, alterations of both lipophagy and
lipolysis in pathological conditions are also documented. Even though basic molecular pathways
underlying the maintenance of lipid homeostasis are now well established, several regulatory
mechanisms still remain unknown. In this context, the experimental work provided by Tonini and
colleagues report a novel epigenetic pathway by which cells physiologically control lipid homeostasis [8].
Notably, the authors unravel that bromodomain and extraterminal domain (BET) proteins, which
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are epigenetic readers particularly committed to the regulation of cell cycle progression, govern
lipid metabolism by modulating the expression of proteins and enzymes implicated in fatty acid and
cholesterol biosynthesis, trafficking and uptake. Coherently, BET protein blockade by the small inhibitor
JQ1 strongly reduces the amount of intracellular lipids. In addition, Tonini and colleagues also showed
that the decreased proliferation of HepG2 cancer cells induced by JQ1 is dependent on the modulation
of cholesterol metabolism. The connection between lipid metabolism and the biology of cancer cells
is also investigated by Avril et al., who studied the impact of epinephrine-infiltrated adipose tissue
(AT) on MCF-7 breast cancer cells [9]. They observed that epinephrine-infiltrated AT secretes different
factors, including lipids, which may act as signaling molecules. Indeed, both epinephrine-infiltrated
AT and its corresponding conditioned medium (CM) enhance the proliferation of MCF-7 breast cancer
cells in vitro. The secreted factors contained in CM also appear to increment the in vivo growth of
MCF7 cells in mice. However, injection of whole epinephrine-infiltrated AT did not induce any change
in the progression of MCF-7- tumor in mice, suggesting that the employment of CM to mimic the
secretome of cells or tissues may explain some divergences observed among in vitro, pre-clinical and
clinical data using AT samples.

Besides cancer biology, alterations of lipid metabolism are a major public health concern because
of their association to cardiovascular diseases. Atherosclerosis, a complex process characterized by
progressive inflammation and build-up of cholesterol and other lipids in the artery walls, is the leading
cause of cardiovascular diseases. The exact etiopathogenesis of atherosclerosis is not fully elucidated,
however, several risk factors have been identified, such as high blood pressure, hypercholesterolemia,
obesity and diabetes. In their review article, Poznyak and colleagues provided up-to-date information
about the use of knockout mice as experimental models to investigate genes involved in atherosclerosis
and dyslipidemia [10]. In addition, Poznyak et al. discuss the current knowledge concerning
the mechanisms by which diabetes mellitus promotes the atherogenic process, and summarize the
physiopathological hallmarks linking atherosclerosis and diabetes mellitus, such as protein kinase
signaling, oxidative stress, miRNA alterations and epigenetic changes [11]. The breakdown of
homeostatic regulation of lipids occurring during diabetes has also been examined by Primer and
collaborators [12]. In particular, they summarize the current understanding of endothelial cell
metabolism and its dysregulation during diabetes and discuss the different mechanisms by which
high-density lipoproteins (HDL) modulate endothelial cell metabolic reprogramming and counteract
diabetes-impaired angiogenesis.

Lipid metabolism is also finely regulated within the brain: it maintains neuronal functionality and
signals the nutrient status to regulate the whole-body metabolism by modulating key peripheral organs
and tissues, such as the liver and adipose tissue. Alterations of lipid metabolism have been frequently
associated with disturbances in brain functioning, such as neurodegeneration, neuroinflammation,
cognitive alterations and neurodevelopmental problems. It is becoming increasingly clear that
high levels of dietary fats and sugars, which are typically comprised in a western diet, may be
detrimental to brain health. Mazzoli and colleagues provided an experimental work aimed at
analyzing the putative effects of a western diet on the metabolic response of nervous and adipose
tissue [13]. For instance, they reported that the expression of specific cyto/adipokines, such as TNFα
and adiponectin, are significantly affected in both brain and adipose tissue of rats fed with a diet
high in saturated fats and fructose (HFF). The observed changes are accompanied by a reduction
in brain-derived neurotrophic factor (BDNF) and synaptotagmin I levels, and by an increase in the
expression of the post-synaptic density protein, PSD95, in HFF-fed animals. When evaluated as a whole,
these results underline that a western diet may induce similar metabolic alterations in adipose tissue and
brain. Chun and Chung further confirmed the involvement of dietary lipids in brain physiology [14].
Specifically, they show experimental evidence that a high-cholesterol diet significantly decreases the
expression levels of phospholipase C β1 (PLCβ1) and of phosphatidylinositol 4,5-bisphosphate (PIP2).
Interestingly, there is no direct correlation between the amount of cholesterol and of PIP2, suggesting
that PIP2 levels are modulated by cholesterol through changes in the expression of PLCβ1. Since
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the reduction in PIP2 levels has been associated with β-amyloid production, these results indicate
that a high cholesterol diet may influence brain cholesterol, which reflects in PIP2 changes that
could contribute to the pathogenesis of neurodegenerative conditions. Considering that the blood
brain barrier prevents the uptake of lipoprotein-bound cholesterol from the bloodstream, it will be a
stimulating challenge to comprehend how diet-derived cholesterol can influence neuronal processes.

Among lipids, sphingolipids represent a major subcategory. These molecules are not only
structural components, but also act as bioactive compounds in the mediation of physiological processes
involved in cell proliferation, survival, inflammation, senescence and death. A number of experimental
evidence sustains that the metabolic pathway, which governs sphingolipid metabolism, exerts a pivotal
role in the regulation of the response to DNA damage. Francis and colleagues analytically reviewed
how sphingolipid signaling influences the DNA damage response (DDR) induced by metabolic
stress, ionizing radiation or other genotoxic stimuli [15]. In particular, they illustrate how different
sphingolipid metabolites interact with the mediators of DDR to define cell fate. In the field of
sphingolipid research, Cataldi and colleagues provided new interesting insights about the involvement
of sphingomyelinases in the effects of ionizing radiations. Notably, experimental data highlighted
that ionizing radiations cause altered hepatic cell structure and increased caspase-1 expression in
mice. These effects are attenuated by the administration of recombinant manganese superoxide
dismutase (rMnSOD). Importantly, rMnSOD counteracts the radiation-induced liver damage exerting a
protective role via acid sphingomyelinase (aSMase), and a preventive role via neutral sphingomyelinase
(nSMase) [16]. Cataldi et al. also demonstrated that nSMase is responsible for the preventive and
protective effect elicited by rMnSOD against radiation-induced damage in the brain [17].

As already mentioned above, lipids not only serve as structural components, but also exert crucial
biological roles as signaling molecules. This aspect is extensively discussed in the review article
proposed by Kloska and collaborators, who focused their attention on the role of lipid mediators
in the risk and pathology of ischemic stroke [18]. Notably, a lively metabolism of polyunsaturated
fatty acid has been documented in ischemic brain, and different lipid mediators are implicated in the
neuroprotective or neurodegenerative effects occurring in the post-stroke brain tissue. Among signaling
molecules, eicosanoids seem to play crucial roles in the disease pathology, and a variety of reports
suggest them as useful molecular targets for innovative therapeutic interventions. The involvement
of lipid molecules as signaling mediators is further examined in the comprehensive review by
Suryadevara et al., which collects up-to-date knowledge about the pathways mediated by lipid
mediators in pulmonary fibrosis [19]. Indeed, the metabolism of phospholipids, sphingolipids, and
polyunsaturated fatty acids may generate key molecules capable of signaling properties, which exhibit
pro- and anti-fibrotic effects in patients and preclinical models of idiopathic pulmonary fibrosis (IPF).
In light of this evidence, it is not surprising that prostanoids, lysophospholipids, sphingolipids and
their metabolizing enzymes are currently under active investigation as potential pharmacological
targets to treat IPF.

Finally, Carbone and collaborators contributed to this Special Issue with a research article aimed at
assessing the association of circulating C-reactive protein (CRP) levels with epicardial and visceral fat
depots in women with one or more defining criteria for metabolic syndrome [20]. The main findings
highlight that men and women have a different epicardial fat deposition and systemic inflammation.
Intriguingly, a correlation between visceral/epicardial fat depots and chronic low-grade inflammation
was also noted, suggesting that sex may play an essential role in the stratification of obese individuals
and dysmetabolic patients.

In conclusion, the experimental data summarized and presented in this Special Issue further
strengthen the centrality of lipids in a plethora of biological processes and underline the importance of
lipid research in physiopathology. Indeed, lipids may represent useful biomarkers for a number of
diseases, and alterations in their metabolism may concur to the development of different disorders.
Lipids can also be combined or conjugated to drug compounds, determining several benefits in terms
of treatment effect. In this context, further basic, translational, and clinical research are imperative to
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discover novel mechanisms controlling lipid metabolism in health and disease, and to set up optimal
drug design. All these concepts are clearly debated in the concept paper by Markovic et al. [21].
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Abstract: This review discusses how lipophagy and cytosolic lipolysis degrade cellular lipids, as well
as how these pathway ys communicate, how they affect lipid metabolism and energy homeostasis
in cells and how their dysfunction affects the pathogenesis of lipid storage and lipid metabolism
diseases. Answers to these questions will likely uncover novel strategies for the treatment of
aforementioned human diseases, but, above all, will avoid destructive effects of high concentrations
of lipids—referred to as lipotoxicity—resulting in cellular dysfunction and cell death.

Keywords: lipophagy; lipolysis; lipid metabolism; lipid droplets; lipid storage diseases; lipid
metabolism diseases; mTORC1; TFEB

1. Introduction

Lipids are water-insoluble biological macromolecules that are essential for maintaining cellular
structure, function, signaling and energy storage. They are basic components of all cellular
membranes which separate cell compartments in eukaryotic cells and provide a permeability barrier.
These membrane boundaries are necessary for maintaining cellular homeostasis [1,2]. Moreover,
lipids affect the function of membrane proteins. Lipid rafts play a specific role in protein segregation;
membrane proteins can interact with lipids, which serve as cofactors [3,4]. Finally, changes in lipid
organization influence signal transduction and membrane trafficking [2]. Cholesterol serves as
a precursor for steroid hormones and bile acid biosynthesis [5]. Lipids are also molecules that serve as
a source of energy when tissue energy is depleted [6]. Despite their role in essential cellular functions,
incorrect lipid distribution or metabolism can result in abnormal concentrations of lipids being toxic
because of their limited solubility and amphipathic nature, their adverse impact on cellular homeostasis
and their ready transformation into highly bioactive, cytotoxic lipid species. These effects have serious
consequences for cellular function and homeostasis and may even lead to cell death [2].

In this review, we provide information about lipid metabolism in health and disease, focusing on
lipid storage diseases and lipid metabolism diseases. We summarize the current knowledge about the
role of two cytosolic pathways designed for lipid selective catabolism—lipophagy and lipolysis—and
discuss the transcriptional regulation of these processes by the mechanistic target of rapamycin kinase
complex 1 (mTORC1)—transcription factor EB (TFEB) signaling. We also characterize lipid storage
and lipid metabolism diseases, highlighting the latest research on the contribution of mTORC1-TFEB
signaling in the regulation of lipophagy, a subtype of macroautophagy, and lipolysis, an enzymatic
hydrolysis process, in the selected human dysfunctions.
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2. Lipids in Eukaryotic Cells

Based on the chemical origin (i.e., whether ketoacyl groups or isoprene groups serve as
fundamental “building blocks”), lipids are divided into eight categories: fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, saccharolipids, polyketides, sterols and prenols [7].

2.1. Fatty Acids and Cholesterol—Essential and Toxic

Fatty acids (FAs) are hydrophobic molecules consisting of an aliphatic hydrocarbon chain
terminating in a carboxylic acid moiety. FAs usually contain 16–18 carbons, and the chain can be
fully saturated (saturated FA) or may contain one or more double bonds (unsaturated FAs). The main
source of FAs for humans and other animals are dietary fats and oils, but they can also be synthesized
de novo from metabolites of sugar and protein catabolic pathways [8]. Fatty acids can be harmful
to cells because of lipotoxicity; thus, cells convert FAs into neutral lipids for storage in organelles
called lipid droplets (LDs). Biogenesis of LDs is stimulated upon the increase in cellular free FA levels.
Different cell types have LDs of various sizes and numbers, potentially reflecting the capacity of the cell
for managing lipid storage. Moreover, these organelles are often heterogeneous within a population of
a single cell type. It is believed that LDs not only serve as lipid storage organelles, but also interact
with most, if not all, cellular organelles, mediating lipid transfer via direct contact [9].

Cholesterol is an elementary component of mammalian cell membranes. It interacts with
phospholipids and sphingolipid fatty acyl chains in order to maintain appropriate membrane fluidity.
Interactions between these lipids also regulate water and ion membrane permeability [10]. Cholesterol is
required for normal prenatal development, as embryonic and fetal cells demonstrate high membrane
formation rates [11,12]. At both fetal and adult stages of development, cholesterol is the precursor
for biosynthesis of five major classes of steroid hormones (i.e., androgens, estrogens, glucocorticoids,
mineralocorticoids and gestagens), vitamin D and bile acids [10,11,13]. Mammalian cells require
cholesterol for proliferation. Moreover, cholesterol is specifically required for the transition from G1 to
S during cell cycle progression [14,15]. Additionally, cholesterol is essential for mitosis progression
and its deficiency leading to aberrant mitosis and polyploid cell formation [15,16].

The cell synthesizes cholesterol de novo or internalizes it from exogenous sources. Interestingly,
cells do not have any enzymes to break down the sterol core to acetyl-CoA units; thus, cholesterol
cannot be used as an energy source [10]. Regardless of its source, free cholesterol must be esterified;
otherwise, it has a toxic effect on cellular membranes and induces cell death. Esterified cholesterol is
stored in cells in cytoplasmic lipid droplets [2,5].

2.2. Lipid Droplets—Storage of Neutral Lipids

LDs are highly dynamic cellular organelles responsible for the storage of neutral lipids. They are
found in most eukaryotic cell types. The size of LDs varies within the range 0.4–100 μm in different
cell types or within the same cells, depending on physiological conditions. Lipid droplets originate
from the endoplasmic reticulum (ER) and have a unique architecture consisting of a hydrophobic
core of neutral lipids which is enclosed by a phospholipid monolayer with hundreds of resident and
transient proteins that influence LD metabolism and signaling, known generically as perilipins (PLINs)
(Figure 1A). Organization of these organelles is quite different than any other because the core of a LD
is hydrophobic, the hydrophobic acyl chains of the monolayer’s phospholipids are in contact with
neutral lipids and the polar head groups face the aqueous cytosol [17]. Furthermore, LDs can also
be found in the nuclei, where they are thought to regulate nuclear lipid homeostasis and modulate
signaling through lipid molecules [18]. Cells preserve lipids by converting them into neutral lipids
such as triacylglycerols (TAGs) and sterol esters (ESs), which are in various ratio deposit in LDs.
Depending on the cell type, many other endogenous neutral lipids, such as retinyl esters, ether lipids
and free cholesterol, can be stored in the LD core. Defects in LD biogenesis lead to insufficient or excess
storage. Beyond the main function in energy metabolism, LDs play an important role in various cellular
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events, such as protein degradation, sequestration of transcription factors and chromatin components,
generation of lipid ligands for certain nuclear receptors and serving as fatty acid trafficking nodes [19].

 

Figure 1. Structure and catabolism of a lipid droplet (LD). (A) LD is surrounded by the phospholipid
monolayer enclosing a core filled with neutral lipids, e.g., triacylglycerol (TAG) and sterol esters.
Polar heads of phospholipids are oriented toward the cytosol, whereas their acyl chains contact the
hydrophobic lipid core. The LD surface is associated with various proteins, e.g., members of the perilipin
(PLIN) family. There are two major types of LD catabolism: lipolysis—an enzymatic hydrolysis of
lipids in cytosol, and lipophagy—an autophagic/lysosomal pathway in the form of macroautophagy or
chaperone-mediated autophagy (CMA). (B) In lipolysis, protein kinase A (PKA) phosphorylates PLIN1
proteins, leading to their proteasomal degradation and activating adipose triglyceride lipase (ATGL),
which then initiates TAG hydrolysis to generate diacylglycerols (DAGs) and free fatty acids (FAs).
Further degradation of DAGs occurs through activation of the hormone sensitive lipase (HSL), leading
to monoacylglycerol (MAG) and FAs production. MAGs are released to the cytosol and cleaved by
monoacylglycerol lipase (MGL) to generate glycerol and FAs. (C) In macroautophagy, the phagophore
is formed and LC3 positive membranes engulf small LD or sequester portions of a large LD to form the
autophagosome, which later fuses with lysosome where LD degradation and neutral lipid catabolism
occur. (D) In chaperone-mediated autophagy, lipid droplet-coat proteins—PLIN2 and PLIN3—are
degraded through a coordinated action of Hsc70 protein and lysosome-associated membrane protein
2A (LAMP2A) receptor; this makes the LD surface accessible to cytosolic lipases, which hydrolyze LD
cargo to generate FAs, which next are released to the cytosol and undergo subsequent mitochondrial
β-oxidation.

In mammalian cells, the phospholipid composition of LD membranes differs from that of
the ER and other organelles. The main constituent is phosphatidylcholine (PC), followed by
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and sphingomyelin
(SM), as well as free cholesterol and phosphatidic acid in minor amounts. The unique phospholipid
membrane composition affects LD synthesis, size and catabolism. The homeostasis of these organelles
under physiological conditions is maintained through changes in membrane phospholipid ratios
in various cell types [20].

In addition to the composition of phospholipids, LD membrane surface proteins are another
key factor that is important for their homeostasis and intracellular interactions. Each LD has many
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different structural and functional proteins on its surface. In mammalian LDs, predominant proteins
are PLINs, adipophilin (ADRP) and a tail-interacting protein of 47 kDa (TIP47)—all belonging to
the PAT (PLIN/ADRP/TIP47) protein family, which was named after its members [21]. Of these
proteins, the structure and function of PLINs that regulate lipase access to the LD core is best known,
and increased lipolysis in adipocytes is observed in their absence [22]. Furthermore, there are many
other proteins involved in the maintenance of lipid homeostasis, including signaling and membrane
trafficking proteins, chaperones and proteins associated with cellular organelles. Mitogen-activated
protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) play the major role among signaling
proteins associated with the LD surface [23]. Caveolin 1 (CAV1) and 2 (CAV2) are other proteins present
on the LD surface; they generate membrane domains that serve as regulators of signaling proteins.
In general, caveolins form a coat by making invaginations in surrounding cellular membranes. The coats
are called caveolae and they function in endocytosis, signal transduction, cholesterol transport and
growth control [24]. Amongst membrane trafficking-related proteins, five subgroups are distinguished:
small GTPases governing vesicle formation and motility; proteins that carry LDs on the cytoskeleton,
such as kinesin and myosin; proteins that mediate membrane docking and fusion, such as soluble
N-ethylmaleimide-sensitive factor attachment receptor (SNARE); proteins that regulate cargo sorting
and vesicle budding, such as ADP-ribosylation factor (ARF)-related proteins and coat proteins (COPs);
and other proteins of miscellaneous function [19].

Generally, once LDs are synthesized they keep growing because of excessive amounts of
intracellular FAs until they reach a final size. It has been shown that many proteins, e.g., PLIN1 and
lipids, such as PC, are involved in LD growth mechanisms [25].

3. Lipophagy and Lipolysis—Two Pathways that Play a Crucial Role in Lipid Metabolism

Mobilization of fat stores from LDs is regulated by the metabolic and energy demands of the cell.
This process usually appears in the form of lipophagy or lipolysis. They are the catabolic pathways that
have a fundamental role in breaking down lipids during nutrient deprivation. Both have an impact on
cellular energetic balance: directly through their important role in the early steps of lipid breakdown
and indirectly by regulating food intake. Defects in lipophagy and lipolysis have been linked to many
metabolic disorders; among them are lipid storage and lipid metabolism diseases.

3.1. Catabolism of Lipid Droplets

Catabolism of LDs into free FAs is a crucial cellular pathway that is required to generate energy
in the form of ATP. Their catabolism is strictly under the control of hormone and enzyme activation.
Moreover, it is required to provide building blocks for biological membranes and precursors in hormone
synthesis. Degradation of LDs is strictly regulated by the protein composition on the surface of the
vesicle and generally occurs by two mechanisms: lipolysis or lipophagy.

Lipolysis is a biochemical catabolic pathway that relies on direct activation of LD-associated
lipases, such as adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and monoglyceride
lipase (MGL), which, together with regulatory protein factors (ATGL activators and inhibitors),
constitute the basis for this process [26]. Under fed conditions, LDs mainly store TAGs in adipose
tissue, and lipolytic hydrolysis is based on the hydrolysis of ester bonds between long-chain FAs and
the glycerol backbone. During the first step of this process, protein kinase A (PKA) phosphorylates
PLIN1, leading to its proteasomal degradation. This results in the release of an ATGL activator
protein—comparative gene identification-58 (CGI-58)—which selectively activates ATGL, which then
catalyzes TAG hydrolysis to diacylglycerols (DAGs) and free FAs. The next step of the process depends
on the activation of a multifunctional enzyme, hormone sensitive lipase (HSL), that hydrolyzes DAGs
and produces monoacylglycerol (MAG) and FAs (Figure 1B). HSL functions as a rate-limiting enzyme
for DAG catabolism. HSL also retains specificity to other lipid ester bonds, such as cholesteryl esters,
retinyl esters and short-chain carbonic acid esters [27]. It is responsible for mediating the hydrolysis of
diacylglycerol and triacylglycerol. In testis, HSL is the only esterase that can hydrolyze cholesteryl
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ester, and the loss of this activity results in cholesteryl ester and diacylglycerol accumulation [28],
as well as altered lipid homeostasis [29]. In the last step of the lipolysis cascade, MAGs are released
into the cytosol and cleaved by MGL, generating glycerol and FAs [30,31]. Products of lipolysis
secreted from adipose tissue are transported to other tissues and used for β-oxidation and ATP
production. In non-adipose tissues, mitochondria or peroxisomes can directly oxidize products of
lipolytic hydrolysis through β-oxidation and release acetyl CoA [32].

In turn, the lysosomal–autophagic pathway that plays an important role in the early steps of
lipid degradation has been termed lipophagy. In general, autophagy is one of the major degradation
pathways that enables the cell to survive under stress conditions by recycling metabolic components.
This process is initiated by sequestering cytosolic organelles or macromolecules in a double membrane
vesicle, which is then delivered to lysosomes for degradation by lytic enzymes. Degradation products
that can be reused by the cell in synthesis processes are then released into the cytosol. Proper functioning
of autophagy allows the cell to maintain homeostasis [33]. Due to the mechanism of the process,
we can distinguish three types of autophagy: macroautophagy, which targets large substrates in
a selective or nonselective manner to form autophagosomes prior to fusion with lysosomes [34];
microautophagy, which degrades molecules through direct engulfment by membranes of lytic
compartments (lysosomes or late endosomes); and chaperone-mediated autophagy (CMA), which is
a selective form of autophagy, targeting specific proteins through the recognition activity of chaperone
protein heat shock cognate 70 (Hsc70) [35].

Uptake of LDs by macroautophagy is an alternative route for the mobilization of lipid storage
and degradation of intracellular LDs (Figure 1C). Such a process is called lipophagy, in which LDs are
selectively delivered to a lytic compartment for degradation via actions of autophagic (Atg) proteins.
This process was first described in mouse hepatocytes under starvation, when LDs were mobilized
in order to generate free FAs [36]. LC3, a classical marker of the autophagosome, was able to directly
interact with ATGL and HSL at the surface of LDs. LC3 binds ATGL via an LC3 interaction region
(LIR) and, under fed deprivation and LIR deficiency conditions, reduced basal ATGL localization to
LDs, preventing the ATGL translocation to the LD surface, was observed. When we consider the
above, it seems that LC3 is required for translocation of ATGL to the surface of LDs, to facilitate TAG
hydrolysis [37].

Numerous Rab proteins have been identified on LDs. In general, Rab proteins are a family of
small GTPases, acting as important mediators of endosomal trafficking events. They are molecular
switches, cycling between active GTP-bound and inactive GDP-bound states, regulating the vesicular
trafficking network within the cell. Perturbation to some members of the Rab family proteins has
deleterious effects on LD turnover in response to classical lipophagy-inducing causes [38]. The most
predominant Rab protein on the LD surface is Rab7, which is a well-characterized marker of the late
endocytic pathway and a participant in the process of autophagosomal maturation. This protein
assists in the regulation of lysosome–autophagosome interaction. Rab7 GTPase on the surface of
LDs becomes active upon nutrient deprivation, resulting in its increased activity for GTP over GDP.
Such an activated state promotes the requirement of lysosomes near LDs and their target degradation
via lipophagy [39]. Another LD-localized protein from the Rab family that potentially participates
in lipophagy is Rab10, which in its active state is significantly redistributed on the LD surface under
nutrient deprivation conditions. This GTPase co-localizes with autophagic membrane markers such
as LC3 and Atg16. However, it seems that Rab10 acts downstream of Rab7 as a part of a complex
that promotes the envelopment of LD during lipophagy progression [40]. There are several other Rab
proteins that have been studied to determine their role in LD catabolism via conventional lipolysis and
selective lipophagy, such as Rab32, Rab18 and Rab25.

In LD catabolism, a link between PLIN proteins and CMA has been identified (Figure 1D). For the
CMA process, LAMP2A is required and lack of LAMP2A leads to LD accumulation. Moreover, Hsc70
binds to CMA recognition motif (KFERQ) within PLIN proteins, acting as a signal for CMA-mediated
degradation in the lysosome. It appears that degradation of PLIN proteins is required to promote LD
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catabolism by allowing ATGL and autophagic proteins to access the LD surface. Blocking the CMA
process reduces lipase-mediated lipolysis and lipophagy. Therefore, CMA-mediated degradation of
PLIN proteins seems to be a crucial event for initiating lipophagy [41,42].

3.2. Energy Release from Fatty Acids

Triacylglycerols are highly concentrated forms of metabolic energy because they are reduced and
anhydrous. They are made up of three FAs that are ester-linked to a single glycerol. Complete oxidation
of FAs provides more than twice as much energy than is obtained from carbohydrates or proteins.
TAGs have much lower toxicity compared to FAs; thus, they can reach much higher concentrations
(e.g., in plasma). For this reason, TAGs are the major form of FA storage and transport [6,43].

Before FAs can be used as a source of energy, they must be released from TAGs by lipolysis or
lipophagy. Products of lipid stores that are broken down by lipolysis or lipophagy are subsequently
utilized in β-oxidation for ATP production (Figure 2). At the outer mitochondrial membrane,
FAs are activated by thioesterification to acyl-CoA esters. Next, carnitine, together with acylcarnitine
translocase, transports FAs across the inner mitochondrial membrane to the matrix, where β-oxidation
takes place. FA β-oxidation consists of four cyclic biochemical reactions. First, acyl-CoA is oxidized
with the participation of flavin-adenine dinucleotide (FAD). At this stage, electrons from FADH2 reduce
ubiquinone to ubiquinol, which transfers them on the respiratory chain and leads to the generation of
1.5 ATP molecules. Acyl-CoA oxidation introduces a double bond in the FA chain, which is hydrated
in the second step of β-oxidation. The third reaction involves oxidation with creating ketone group at
C-3 and reduction of NAD+ to NADH (to generate 2.5 ATP molecules). In the fourth and final step,
the thiol group of the next CoA molecule resolves 3-ketoacyl-CoA into acyl-CoA (two carbon atoms
shortened) and acetyl-CoA by thiolytic cleavage. B-oxidation is repeated until the initial FA chain is
converted into acetyl-CoA, which enters the Krebs cycle (to generate 10 ATP molecules) [44,45].

Figure 2. Energy release from saturated fatty acids in mitochondrial β-oxidation. Fatty acids are
released from triacylglycerol by lipolysis or lipophagy and translocated into the mitochondrion.
Fatty acid is shortened by two carbons in one β-oxidation cycle; the β-oxidation steps are repeated
until only two carbon units remain. The FADH2 and NADH are utilized to generate ATP in the electron
transport chain and acetyl-CoA enters the Krebs cycle. The β-oxidation steps are shown in red italics,
numbered 1–4. The number of ATP molecules obtained from β-oxidation and Krebs cycle is shown in
red. ATP, adenosine triphosphate; CoA, coenzyme A; FAD and FADH2, flavin-adenine dinucleotide,
oxidized and reduced forms, respectively; NAD+ and NADH, nicotinamide adenine dinucleotide,
oxidized and reduced forms, respectively.
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Mitochondrial β-oxidation is more complex with unsaturated FAs or odd-chain FAs being
the source of energy. Degradation of unsaturated FAs involves the participation of additional
enzymes. Isomerase converts configuration of the double bond in mono- and poly-unsaturated FA.
Next, mono-unsaturated FA is hydrated, and β-oxidation progresses as for saturated FA. In turn,
poly-unsaturated FA is oxidized with the participation of FAD and then reduced by mitochondrial
NADPH-dependent reductase. Another double bond is formed and FA is again converted by isomerase
until a regular intermediate of β-oxidation pathway is obtained, which is entered into the cycle at the
stage of hydration [46]. At the end of odd-chain FA β-oxidation, acetyl-CoA and propionyl-CoA are
produced in place of two molecules of acetyl-CoA. Propionyl-CoA enters into the Krebs cycle after it
has been converted into succinyl-CoA [47].

3.3. Transcriptional Regulation of Lipophagy, Lipolysis and Lipid Metabolism

Lipophagy control depends on several transcription factors, activators and nuclear receptors,
which, in response to nutrient status, enhance or decrease the process of lipid breakdown, in order to
support current energy demands of the cell. Expression of many autophagy- and lipophagy-related
genes is controlled by transcription factors belonging to the microphthalmia (MiT/TFE) family. One of
these factors is TFEB, which regulates not only the general autophagic process, but lipophagy and
lipid metabolism, as well [48]. Phosphorylation and dephosphorylation of TFEB determines its
cellular localization and activity. Both events are mainly controlled by the nutrient or lysosomal
storage status of the cell [48]. Under nutrition-rich conditions, the phosphorylated form of TFEB is
retained in the cytoplasm (Figure 3A). However, nutrient depletion or aberrant lysosomal storage
results in dephosphorylation of TFEB, causing its translocation from the cytoplasm to the nucleus,
where it induces the transcription of target genes (Figure 3B). Promoters of many lysosome-related
genes share a common 10-base E-box-like palindromic sequence; they compose the coordinated
lysosomal expression and regulation (CLEAR) gene network that TFEB directly targets and controls
the transcription process of [49]. Chromatin immunoprecipitation assays identified over 600 endocytic
genes regulated by TFEB; among them are genes related to lysosomal biogenesis and autophagy, as well
as lipid catabolism. TFEB phosphorylation is mainly exerted by two kinases: mTORC1 (one of two
complexes having mTOR kinase as a core component) or extracellular signal-regulated kinase 2 (ERK2,
also known as MAPK1). MTORC1 is the main negative regulator of autophagy, acting in response to
amino acids, growth factors or cellular energy status [50]. Under sufficient intracellular availability of
nutrients, mTORC1 is activated and inhibits autophagy, but as nutrients are deprived, this kinase is
switched off, leading to autophagy activation and inhibition of anabolic processes. Active mTORC1
phosphorylates TFEB, preventing its translocation to the nucleus and thus indirectly inhibiting
autophagy as the TFEB-dependent transcription of genes related to autophagy and lysosomal biogenesis
stays suppressed [51].

The role of TFEB in lipophagy was firmly revealed by Settembre et al. [52], as they demonstrated
that TFEB regulates lipid degradation in the mouse liver. They showed that, upon nutrient depletion,
TFEB deficiency lead to accumulation of LDs and impairment of FA oxidation in the liver [52]. In animals
receiving a high-fat diet, overexpression of TFEB prevented the development of obesity and improved
the metabolic syndrome phenotype by reducing abnormal levels of circulating triglycerides, cholesterol,
glucose and insulin [52]. High TFEB activity was also able to revert the metabolic syndrome when it was
already present [52]. A functional autophagic pathway was required to observe TFEB-mediated lipid
degradation, as overexpression of TFEB was not able to decrease the lipid droplet number, liver weight
gain or lipid content in livers of mice with blocked autophagy [52]. Upon starvation, TFEB enhanced
the expression of genes related to lipid metabolism and lipophagy [52]. In mice, TFEB-dependent
transcriptional upregulation of monocarboxylic acid, FA, ketone catabolism and FA oxidation pathways
was observed [52]. Several genes involved in lysosome organization and autophagy were also
upregulated by TFEB, upon reduced nutrient availability; these include ATPase subunits, proteases,
membrane proteins and fusion proteins [52]. Additionally, TFEB downregulated gene expression of lipid
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biosynthetic pathways; these included pathways of steroid, lipid, isoprenoid and FA biosynthesis [52].
TFEB was shown to regulate expression of genes involved in several steps of lipid catabolism, including
genes related to FA transport across the plasma membrane (e.g., Cd36 and Fabps), β-oxidation of free
FAs in mitochondria (e.g., Cpt1, Crat, Acadl, Acads and Hdad) and peroxisomes (Cyp4a genes) [52].
Moreover, TFEB controls its own expression in an autoregulatory feedback loop [52]. CLEAR elements
are present in the TFEB gene promoter; thus, as TFEB translocates to the nucleus, it is able to bind to
its own promoter, enhancing transcription of itself in response to cellular status [52]. Interestingly,
the role of TFEB in lipophagy appears to be evolutionarily conserved. In Caenorhabditis elegans, a gene
encoding the worm’s TFEB orthologue, HLH-30, regulates the expression of fat catabolism enzymes and
autophagy genes in response to nutrient availability. Moreover, loss-of-function mutations of this gene
result in impairment of lipophagy [53]. Transcriptional control of genes involved in lipid metabolism
by TFEB is exerted through the peroxisome proliferator-activated receptor gamma coactivator 1α
(PPARGC1α; also known as PGC1α) and the downstream nuclear receptor peroxisome proliferator
activated receptor 1α (PPAR1α) [52]. The promoter of the PGC1α-encoding gene was shown to have
three CLEAR sites and upon starvation TFEB bound to two of them [52]. Thus, TFEB induces PGC1α
expression upon starvation and regulates the expression of genes related to lipid metabolism by
controlling the downstream PPARα activity [52,54]. Independently from TFEB, lipophagy control is
also mediated by nuclear farnesoid X receptor (FXR) and transcriptional activator cAMP response
element-binding protein (CREB) [55]. Under nutrient-deprived conditions, CREB promotes lipophagy
by the upregulation of autophagy-related genes, including Atg7, Ulk1 and Tfeb, but FXR, a fed-state
sensing gene regulator, inhibits this response after feeding [55].

 
Figure 3. Transcriptional regulation of autophagy/lipophagy, lipolysis and lipid metabolism by
transcription factor EB (TFEB) under nutrition-rich conditions (A) and nutrient depletion or aberrant
lysosomal storage (B). Bold red arrow indicates the fed metabolic state during nutrient sufficiency, while
bold green arrow shows low metabolic state due to nutrient limitations or abnormal lysosomal storage.

Lipolysis, another process involved in intracellular lipid breakdown, was shown to be
transcriptionally modulated by forkhead homeobox type O (FOXO) and TFEB transcription factors.
Nutrient restriction upregulates FOXO1, which then activates lipid catabolism by inducing lysosomal
acid lipase (LAL) expression [56]. In this case, colocalization of LDs with lysosomes was observed.
In response to nutrient restriction, FOXO1 and TFEB were shown to induce the expression of LIPA,
a gene encoding LAL. In a mouse atherosclerosis model, lysosomal stress conditions induced by
atherogenic lipids were shown to promote TFEB translocation to the nucleus and upregulation of LIPA
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gene expression and lysosomal biogenesis [57]. TFEB overexpression in macrophages loaded with
acetylated low-density lipoprotein (LDL) enhanced cholesterol efflux [57].

Lipophagy and lipid metabolism are also regulated by transcription factor E3 (TFE3), which is
another transcription factor belonging to the MiT family. In the liver, TFE3 was shown to induce
lipophagy as its overexpression alleviated steatosis of this organ in mice [58]. Similarly to TFEB,
TFE3 induces expression of genes that modulate mitochondrial fatty acid β-oxidation; an increased
mRNA level of PGC1α and PPARα was found upon TFE3 overexpression [58]. Another study
also showed that TFE3 deficiency resulted in altered mitochondrial morphology and function [59].
Tfe3-knockout mice show abnormalities in energy balance and alterations in systemic glucose and lipid
metabolism, resulting in high-fat-diet-induced obesity and diabetes [59]. However, overexpression of
TFE3, as well as TFEB, was shown to improve this metabolic outcome [59]. Because TFE3 and TFEB
were able to compensate for each other’s deficiency, the authors suggested that both play a cooperative
role in controlling metabolism.

Generally, autophagy was thought to contribute to lipid oxidation by increasing the supply of free
FAs by lipophagy. However, a recent study demonstrated that autophagy regulates lipid metabolism by
participating in regulation of PPARα activity through the degradation of nuclear receptor co-repressor
1 (NCoR1) [60]. Autophagic degradation of NCoR1 was shown to contribute to PPARα activation to
effectively promote β-oxidation in response to physiological fasting [60]. Defects of liver autophagy
were accompanied by accumulation of NCoR1 and suppression of PPARα activity leading to defective
β-oxidation and ketogenesis [60].

4. Lipid Metabolism and Diseases

Lipids have been found necessary in tissues such as adipose tissue, intestine and liver for energy
storage or lipid turnover, but they are accreted in skeletal muscles, macrophages, mammary glands
and the adrenal cortex. Under energy-poor conditions, lipid accumulation allows organisms to
survive, and stored lipids are then used to produce energy [61]. Abnormal lipid metabolism is
associated with many diseases, including type 2 diabetes, obstructive sleep apnea, non-alcoholic
fatty liver disease, coronary artery disease and cancer. A number of studies have been published
to reveal the important role of lipid metabolism in energy homeostasis and metabolic diseases [62].
Inherited metabolic disorders are genetic conditions that cause metabolism problems. There are
hundreds of different genetic metabolic disorders, and their symptoms, treatment and prognosis vary
significantly. Genetic disorders associated with abnormal lipid turnover belong to two groups of
inherited metabolic disorders: lipid storage diseases and lipid metabolism diseases [63].

The pathological accumulation of undigested biomaterials in the lysosome, including lipids,
leads to the development of metabolic disorders collectively called lysosomal storage diseases (LSDs).
LSDs are traditionally classified due to the nature of undigested materials in the lysosome; in this group,
mucopolysaccharidosis, cystinosis, mannosidosis and lipid storage diseases can be distinguished.

4.1. Characterization of Lipid Storage Diseases and Lipid Metabolism Diseases

Lipid storage diseases are the most common LSDs and constitute the largest group of these
diseases [64]. However, undigested lipids can also accumulate due to secondary mechanisms,
e.g., mechanisms secondary to carbohydrate or protein accumulation or membrane trafficking.
Most LSDs are caused by lysosomal hydrolase mutations. Lipid storage diseases are a genetically
determined group of disorders characterized by excessive lipid (fatty acids, cholesterol or complex
lipids) accumulation due to inherited abnormalities in lipid metabolism. Excessive lipid deposition
ultimately causes damage to cells and tissues, resulting in neurodegeneration and also often heart, liver,
spleen and kidney problems [65]. In most lysosomal lipid storage diseases, the accumulation of one or
more lipids leads to the co-precipitation of other hydrophobic substances in the endolysosomal system,
such as lipids and proteins [66]. The progressive accumulation of undigested lipids in lysosomes
leads to the accumulation of enlarged (>500 nm) but dysfunctional lysosomes [67]. These swollen
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lysosomes are mainly endolysosomes and autolysosomes; therefore, LSD is a state of endocytic and
autophagic “block” or “arrest”. Although the total number of lysosomes is not reduced in LSDs,
the overall lysosomal function in the cell is blocked, which can lead to serious cell consequences [68].
The accumulation of undigested materials in lysosomes can cause a deficiency of building block
precursors for biosynthetic pathways, while the accumulation of various membrane-associated lipids
can affect the properties and integrity of the cell membrane. In addition, lipid storage may alter
the functionality of lysosomal membrane proteins, such as lysosomal ion channels or catabolite
exporters, affecting the physiology and ionic composition of lysosomes. In turn, altered heavy metal
ion homeostasis can increase oxidative stress, causing lipid peroxidation and affecting membrane
integrity. Over time, excessive lipid storage can cause permanent damage to cells, tissues in the brain
and peripheral nervous system and other organs [64]. The brain is particularly sensitive to lipid
accumulation, as any increase in fluid or deposits can lead to changes in pressure and disruption of
normal neurological function [69]. Symptoms may appear early in life or develop in teenage years or
even adulthood. Neurological complications of lipid storage diseases depend on the type of storage
material and may include: lack of muscle coordination, brain degeneration, seizures, loss of muscle
tone, spasticity, difficulty feeding and swallowing, pain in arms and legs and corneal opacity [70].

Congenital lipid metabolism errors are a heterogeneous group of disorders characterized by
problems with the breakdown synthesis of lipids. Diseases that affect lipid metabolism can be caused
by defects in the structural proteins of lipoprotein particles, in the cell receptors that recognize
different types of lipoproteins or in fat-breaking enzymes [71]. As a result of such defects, excessively
accumulating lipids can deposit in the walls of blood vessels, which can lead to atherosclerosis and,
as a consequence, strokes or coronary heart diseases. Lipid metabolism diseases are associated with
an increase in plasma lipoprotein levels, such as LDL cholesterol, very low-density lipoprotein (VLDL)
and triglycerides, or combinations thereof. The historical framework for the classification of lipoprotein
disorders is dominated by the Fredrickson classification, which is based on the pattern of lipoproteins on
electrophoresis or ultracentrifugation [72]. The phenotypic classification of lipid metabolism diseases,
which is widely used and has been accepted internationally, is based on the affected lipoprotein; however,
the clinical approach is to classify dyslipidemia according to the high lipid content fraction: cholesterol
(hypercholesterolemia, Fredrickson class IIa), triglycerides (hypertriglyceridemia, Frederickson classes
I, IV and V) or a combination of the two (hypercholesterolemia and hypertriglyceridemia, Fredrickson
classes III or IIb) [73]. In addition, it is crucial to consider the etiological aspects of dyslipidemias,
which may help in the diagnosis or initial treatment.

Table 1 contains a list of examples of diseases classified as lipid storage diseases and lipid
metabolism diseases. The classification was based on data contained in Mammalian Phenotype
Ontology [63], with the exception of sitosterolemia. This disease is sometimes classified as rarer
inherited metabolic disorder [72].
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4.2. Dysregulation of Autophagy or Lipolysis in Diseases

Due to the important role of the lysosome in autophagy, this pathway is an obvious candidate
in the pathogenesis of LSDs [167]. Autophagy has been identified as the primary pathway of
lipid metabolism in cells [36]; therefore, it is believed that perturbances in autophagy, particularly
lipophagy, are responsible for cellular lipid accumulation in patients with lipid storage diseases [168].
Studies have documented autophagic dysregulation in patient samples and disease models of
various LSDs (i.e., Tay–Sachs disease, Fabry disease and Krabbe disease) [77,169]. Although impaired
autophagy has been seen in many storage diseases, the defects observed relate to different stages of
the autophagic pathway (Table 1 and Figure 4). While in GM1 gangliosidosis and Niemann–Pick
disease, the impairment is due to overactivation of autophagy, in other LSDs, e.g., MSD and MLD,
the autophagosome–lysosome fusion is defective [96]. Similar abnormalities of autophagy can be
observed in diseases with secondary lipid accumulation (Figure 4). Although there is an increasing
evidence of dysregulation of autophagy in lipid storage disorders, the role of these abnormalities in the
pathogenesis of the diseases is still not well understood and requires further research. Impairment of
autophagy has also been observed in lipid metabolism diseases; for example, autophagy induction
occurs in the familial hypercholesterolemia and familial defective apoB-100. Impaired lipolysis has been
reported in two groups of diseases—the neutral lipid storage diseases and the familial chylomicronemia
syndromes (lipid metabolism diseases).

Figure 4. Alterations in different stages of autophagy in the pathogenesis of lipid storage diseases.
Lysosomal lipid storage leads to a reduced ability to autophagosome formation, maturation, or fusion
of lysosomes with autophagosomes. This results in a block of the autophagic flux. The steps of
these abnormalities are presented in blue boxes. Consequently autophagy substrates (orange boxes)
such as protein aggregates and dysfunctional mitochondria accumulate and promote cell death.
The inflammatory response, cellular damage or neurodegeneration (orange boxes) further contribute to
cell death (red box).
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4.3. Secondary Lipid Accumulation in Lysosomal Storage Diseases

Storage processes in LSDs are much more complex than one would expect from the deficiency
of a single enzyme altering a single substrate degradation in a particular catabolic pathway.
Multiple substrates at variable ratios are detected as the storage material; this may result from
metabolic links, e.g., when one enzyme is committed in the catabolism of multiple compounds.
Secondary storage compounds can be actively involved in the pathogenesis of LSDs and the most
common group of compounds that are subject to secondary storage are lipids. Phospholipids,
glycosphingolipids and cholesterol are mainly identified as secondary storage materials. In numerous
LSDs, one or more of these compounds, in various proportions, may accumulate inside cells (Table 2).

Table 2. Secondary lipid storage in lysosomal storage diseases. The individual classes of lipids are
indicated in the lines with a gray background.

Secondary Storage Lipid Disease Compartment Cellular Disturbance Reference

Phospholipids

Sphingomyelin Sphingolipidoses: Niemann–Pick
type C Lysosomes Altered membrane lipids

trafficking [170,171]

Bis(monoacylglycero)phosphate
(BMP)

Sphingolipidoses: Niemann–Pick
type C, Fabry disease, Gaucher

disease, GM1 gangliosidosis, GM2
gangliosidosis

Mucopolysaccharidoses: Hurler
syndrome, Hunter syndrome
Neuronal ceroid lipofuscinoses:

NCL 10

Endosomes,
lysosomes

Altered membrane lipids
trafficking, lamellar bodies

formation
[171,172]

Glycosphingolipids

Gangliosides—GM1, GM2, GM3,
GD1a, GD2, GD3

Sphingolipidoses: Niemann–Pick
type A, B and C, Gaucher disease,

prosaposin deficiency
Mucopolysaccharidoses: Hurler
syndrome, Hunter syndrome,

Sanfilippo syndrome,
Maroteaux–Lamy syndrome, Sly

syndrome
Glycoproteinoses: Galactosialidosis,

α-mannosidosis, sialidosis
Mucolipidoses: mucolipidosis II/III,

mucolipidosis IV
Neuronal ceroid lipofuscinoses: NCL

3, NCL 6, NCL 10

Late endosomes,
lysosomes,

cytoplasmic
vesicles

Alteration of lysosomal pH,
autophagy dysregulation, rupture
of H+/Ca2+ homeostasis, altered
vesicle trafficking, dysregulation

of signaling pathways,
accumulation of

polyubiquitinated proteins,
reduced capacity of immune cells

to produce cytokines and
antibodies, neurodegeneration
(gliosis, demyelination of white
matter, astrocyte and microglial

activation)

[173–181]

Cholesterol

Cholesterol

Sphingolipidoses: Niemann–Pick
type A and B

Mucopolysaccharidoses: Hurler
syndrome, Hunter syndrome,

Sanfilippo syndrome,
Maroteaux–Lamy syndrome

Glycoproteinoses: α-mannosidosis

Late endosomes,
lysosomes,

cytoplasmic
vesicles

Impaired vesicle trafficking,
abnormal sequestration of

materials, foam cells in cerebral
blood vessels and liver

[171,174,176–178]

Subgroups (regular font) or classes (italic font) of disorders related to abnormal lipid storage or lipid metabolism are
indicated in the lines with a gray background.

Two phospholipids, i.e., sphingomyelin and bis(monoacylglycero)phosphate (BMP), are identified
as the secondary storage lipids in LSDs. Sphingomyelin is a primary storage material in Niemann–Pick
type A and B, but cholesterol is the primary material in Niemann–Pick type C, while sphingomyelin
is the secondary storage material. A moderate sphingomyelin increase already occurs in livers from
20-week-old fetuses with Niemann–Pick type C and remains at this level; sphingomyelin levels in the
spleen are much more elevated, as compared to those in the liver [171]. Interestingly, the main organ of
sphingomyelin accumulation in mice is the liver [182]. Currently, no secondary sphingomyelin storage
has been identified in the brain from LSDs. Accumulation of BMP occurs in the liver and spleen of
humans with all three types of Niemann–Pick disease, but it has not been identified in the brain [171,182].
BMP storage in the brain was described for humans with infantile neuronal-ceroid lipofuscinosis
(CLN1 disease) [183] and for mouse models of other types of neuronal-ceroid lipofuscinosis, CLN6 and
CLN10 diseases [184].

Secondary accumulation of GM2 and GM3 gangliosides is very often observed in diseases with
progressive neurodegeneration. In the brains of healthy humans or wild-type mice, GM2 and GM3
constitute only 1–2% of total gangliosides in humans and even less in mice. In immunostaining,
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these gangliosides appear as punctate, granular structures in the cytoplasm, suggesting that they
are sequestered in vesicles [171]. More precise analysis has shown that GM2 and GM3 are found
in separate vesicle populations in the same cell; this may suggest that they are metabolized in separate
cell compartments or are generated by independent processes [173]. GM2 and GM3 gangliosides
accumulate in various neurons and glial cells in various LSDs, e.g., in Niemann–Pick type C [182];
mucopolysaccharidosis (MPS) types I, II, IIIA, IIIB, IIID, VI and VII [173]; and mucolipidosis type
IV [185]. However, the presence of these gangliosides in non-nervous organs has been studied in only
a few disorders. Elevated GM3 levels have been reported in the liver and spleen of patients with
Niemann–Pick and Gaucher diseases [171].

Unesterified cholesterol is primary storage material in Niemann–Pick type C; this is in contrast
to Niemann–Pick types A and B, where cholesterol is accumulated secondarily to sphingolipids.
Sphingomyelin effectively inhibits the secretion of cholesterol from late endosomes and lysosomes,
which results in secondary cholesterol storage. In turn, unesterified cholesterol affects sphingomyelin
metabolism and regulates the trafficking of sphingolipids to other sites in the cell. Finally, perturbation
in cholesterol homeostasis correlates with sphingolipid accumulation. Accumulation of unesterified
cholesterol, which appears as storage-like granules inside cells, was also observed in MPS types I, II,
IIIA and VI, as well as mucolipidosis types II and IV [171,185,186].

4.4. Consequences of Secondary Lipid Storage

Excessive accumulation of compounds in cellular compartments is often a pathological process.
Storage of useless materials may be a result of a deficiency of catabolic enzymes, but disturbed
catabolism may also occur without any apparent genetic defects leading to underlying enzyme
deficiencies. When the primary storage in a particular disorder leads to secondary lipid accumulation,
it may result in incorrect vesicular or protein trafficking, signal transduction and membrane disability.

Lysosomal storage of undegraded compounds leads to disturbed secretion of breakdown products
from autolysosomes, consequently resulting in deficiency of precursors for cellular biosynthetic
pathways. Lipid turnover has fundamental importance in maintaining membrane permeability to
secure cell homeostasis. Cholesterol and glycosphingolipids are the main components of lipid rafts,
which play an important role in determining membrane plasticity. Keeping the membrane plasticity
is fundamental for fusion between autophagosomes and lysosomes in lipophagy. This process has
an influence on lipid turnover that, as a consequence, may affect the properties and functionality of the
membranes of other organelles. An example is a robust loss of mitochondrial membrane potential
in multiple sulfatase deficiency (MSD) cells after starvation [110]. Abnormal lipid metabolism leads to
disturbances in trafficking of synthesized proteins and lipids to their target destinations in the cell.
Induction of cholesterol accumulation in Niemann–Pick type C cells perturbs the intra-endosomal
trafficking [187]. Cholesterol stores correlate with primary or secondary storage of glycosphingolipids,
suggesting that a molecular linkage between the sequestration of these two lipid classes may exist.
In turn, blockade of GM2 and GM3 ganglioside synthesis results in an absence or dramatic reduction
in free cholesterol in NPC1-deficient neurons [188]. Further investigations are needed to determine
whether cholesterol sequestration depends on gangliosides or whether the storage of GM2 and GM3
gangliosides disturbs lipophagy.

Correct membrane function is also important for maintaining the physiology of the lysosome,
the organelle crucial for lipophagy. Appropriate lysosomal pH and its regulation are essential
for the activity of lysosomal acid hydrolases. Lipid dyshomeostasis may alter the functioning of
lysosomal membrane proteins (e.g., V-ATPase), ion channels and catabolite exporters, affecting
lysosomal physiology. Accumulation of primary storage molecules may inhibit catabolic pathways
that are genetically unaffected, and, as a consequence, accumulation of that pathway’s substrates
as secondary storage materials begins. For example, primary storage of chondroitin sulfate
(in mucopolysaccharidoses—Hurler disease, Hunter disease, Sanfilippo disease and Sly syndrome) or
sphingomyelin (in Niemann–Pick types A and B) and cholesterol (in Niemann–Pick type C) inhibits
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several catabolic pathways of gangliosides and glycosphingolipids and causes secondary neuronal GM2
accumulation that triggers neurodegeneration [189,190]. Furthermore, primary sphingomyelin storage
in Niemann–Pick type A and B results in strong inhibition of lysosomal cholesterol secretion [191],
which may lead to its deficiency in internal circulation. Excessive material storage inside the lysosome
affects lysosomal pH and impairs activities of various acid hydrolases, consequently leading to the
accumulation of other components. Dysfunctional lysosomes also undergo defective fusion with
autophagosomes, which has been observed in cell culture models or macrophages of MPS IIIA and
MSD [110].

4.5. mTOR–TFEB Signaling Pathway and Dysregulation of Autophagy in Lipid Storage Diseases

Functional lysosomes are particularly important for autophagy; lysosomes, by fusing with
autophagosomes, deliver digestion enzymes that are necessary for breaking down the stores.
Disruption of the autophagy–lysosomal pathway affects the normal autophagic flux and leads
to impaired cellular capacity to remove the stored materials. Deregulation of autophagy has been
reported in many lysosomal storage diseases, including those characterized with lipids as the main
storage material—lipid storage diseases.

Dysfunction of the autophagy–lysosomal pathway is indicated as the main pathogenic event
associated with neurodegeneration in Gaucher disease. Impaired autophagosome maturation
accompanied with downregulation of TFEB and reduction of lysosomal gene expression were found
in neurons differentiated from induced pluripotent stem cells of Gaucher disease patients [93].
MTORC1 was shown to be hyperactivated by the accumulation of glycosphingolipids in Gaucher
cells [192]. As a consequence, increased TFEB phosphorylation by mTORC1 lead to decreased TFEB
stability in Gaucher cells. The authors proposed that glycosphingolipid accumulation in Gaucher
disease leads to increased mTORC1 activity, which in turn results in increased TFEB phosphorylation.
Phosphorylated TFEB is targeted for proteasomal degradation and downregulation of lysosomal
functions is observed as a consequence. It was already shown that mTORC1 regulates lipid
metabolism [193] by controlling lipophagy in response to the nutrition status of the cell [123];
this process is mediated by mTORC1 and TFEB. It is therefore possible that the lipid storage disrupts
the proper signaling of autophagy/lipophagy pathways.

In Fabry disease, a disturbance of the autophagic pathway is observed in kidney cells, fibroblasts
and lymphoblasts [86,194]. Interestingly, studies on female Fabry disease cases showed that mild
symptoms correlate with normal autophagic flux, whilst severe symptoms correlate with abnormal
autophagic flux with enlarged lysosomes [195]. Neuropathology and axonal neurodegeneration
in a Fabry disease mouse model was shown to be associated with disruption of the autophagy–lysosome
pathway [196]. Accumulation of intracellular globotriaosylsphingosine was found to cause increased
autophagosome formation, loss of mTOR kinase activity and downregulation of Akt kinase activity
in Fabry podocytes, suggesting that dysregulated autophagy in Fabry disease may result from deficient
mTOR signaling, which possibly leads to podocyte damage [194]. Other studies on both Fabry
and Gaucher disease blood mononuclear cells revealed that dysfunction of the mTOR pathway
accompanies sphingolipid accumulation, but was shown to be partially improved by enzyme
replacement therapy [197].

In mice, Niemann–Pick type C1 maturation of autophagosomes appears to be impaired due to
defective amphisome formation caused by the failure in soluble N-ethylmaleimide-sensitive factor
attachment receptor (SNARE) machinery [81]. Decreased cell viability, cholesterol accumulation and
dysfunctional autophagic flux was characteristic for Niemann–Pick-type-C1-deficient human hepatic
and neural cells [198]. Genetic correction of a disease-causing mutation rescued these defects and
directly linked NPC1 protein function to impaired cholesterol metabolism and autophagy [198].
Recently, cholesterol was identified as an essential activator for the master growth regulator,
mTORC1 kinase. Cholesterol promotes mTORC1 recruitment and activation at the lysosomal
membrane, and a lysosomal transmembrane protein called SLC38A9 is required for this process [199].
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Lysosomal cholesterol content was shown to regulate mTORC1 signaling in Niemann–Pick type C.
ER–lysosome contacts enable cholesterol sensing by mTORC1, as was shown in a Niemann–Pick
type C1 model [200]. Cholesterol trafficking mediated by oxysterol binding protein (OSBP), a protein
responsible for cholesterol delivery across ER–lysosome contacts, results in constitutive mTORC1
activation in a Niemann–Pick type C model, while cells lacking OSBP show inhibition of mTORC1
recruitment by Rag GTPases as a result of impaired transport of cholesterol to lysosomes [200].

Increased autophagy was demonstrated in GM1-gangliosidosis mouse brains, and it was
accompanied with enhanced Akt-mTOR and ERK signaling [201]. In this case, activation of autophagy
was pointed to lead to mitochondrial dysfunction in the mouse brain as the mitochondria isolated
from animals were morphologically abnormal and had a decreased membrane potential.

In mucolipidosis type IV, mTOR kinase directly targets and inactivates the transient receptor
potential mucolipin 1 (TRPML1) channel, a lysosomal calcium channel, mutations of which cause
this disease, thereby affecting functional autophagy [202]. Lysosomal calcium release through
TRPML1 channel was shown to regulate autophagy by promoting TFEB dephosphorylation by
calcineurin [203]. TRPML1 channel was also shown to regulate autophagosome biogenesis by
a mechanism independent of TFEB. TRPML2 can act through activation of a signaling pathway of
calcium/calmodulin-dependent protein kinaseβ (CaMKKβ) and AMP-activated protein kinase (AMPK),
the induction of the Beclin1/VPS34 autophagic complex and the generation of phosphatidylinositol
3-phosphate (PI3P) [204].

Neuronal ceroid lipofuscinoses are also characterized with inhibition of autophagosome formation,
reduction in autophagosomes and autophagic degradation, defects in autophagosome maturation,
accumulation of autophagosomes and autophagic cargo [117,118,205]. Mechanisms involved in the
autophagy deregulation include upregulation of mTOR signaling [120], intracellular calcium
homeostasis and CLN3 protein (also named battenin) function [206].

Other lysosomal lipid storage diseases are also associated with observations of impaired
autophagy, but only a limited number of studies have been performed to elucidate the mechanism.
For example, autophagy was shown to be defective in Tay–Sachs disease due to either a reduction in the
number of autophagosomes produced or the amount of autophagic flux; studies on pyrimethamine,
a known pharmacological chaperone of β-hexosaminidase A, showed that the mechanism of action of
pyrimethamine in reversing the defective lysosomal phenotype was by improving autophagy [207].
Autophagy dysregulation is also observed in Krabbe disease; expression of some fundamental
autophagy markers (LC3, p62 and Beclin-1) was elevated in the brain and sciatic nerve of a murine
model of the disease [90]. Treatment with rapamycin, an autophagy inducer, was shown to restore
autophagy in vitro [90].

5. Conclusions

To sum up, despite the major progress in our understanding of how the different
pathways—lipophagy and lipolysis—communicate with each other, how they contribute—separately
and collectively—to cytosolic degradation of lipids, how they affect the human pathophysiology and
pathogenesis of lipid storage and lipid metabolism diseases, many questions remain unanswered.
Over the past few years, an increasing body of research in this subject—as we reported in this
review—has radically refilled our knowledge. However, the structural and functional depiction of the
lipophagic and lipolytic machinery is still incomplete. Thus, the functional link between lipophagy
and lipolysis and their cross-talk in the regulation of lipid metabolism to prevent and treat lipid
accumulation and lipotoxicity requires further interrogation.
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Abbreviations

ADRP adipophilin
AFSM autofluorescent storage material
AMPK AMP-activated protein kinase
ARF ADP-ribosylation factor
ATGL adipose triglyceride lipase
BMP bis(monoacylglycero)phosphate
CaMKKβ calcium/calmodulin-dependent protein kinase β

CAV caveolin
CGI-58 comparative gene identification-58
CLEAR coordinated lysosomal expression and regulation
CLN ceroid lipofuscinosis, neuronal
CMA chaperon-mediated autophagy
CoA coenzyme A
COP coat protein
CREB cAMP response element-binding
CTX cerebrotendinous xanthomatosis
DAG diacylglycerols
ER endoplasmic reticulum
ERK2 extracellular signal-regulated kinase 2
ES sterol ester
FA fatty acid
FAD flavin-adenine dinucleotide
FGE formylglycine-generating enzyme
FOXO forkhead homeobox type O
FXR farnesoid X receptor
Hsc70 heat shock cognate 70
HSL hormone-sensitive lipase
LAL lysosomal acid lipase
LAMP2A lysosome-associated membrane protein 2A
LC3 light chain 3
LD lipid droplet
LDL low-density lipoprotein
LINCL late infantile neuronal ceroid lipofuscinosis
LIR LC3 interaction region
LSD lysosomal storage disease
MAG monoacylglycerol
MAPK mitogen-activated protein kinase
MGL monoglyceride lipase
MiT microphthalmia
MLD metachromatic leukodystrophy
MPS mucopolysaccharidosis
MSD multiple sulfatase deficiency
mTOR mechanistic target of rapamycin
mTORC1 mechanistic target of rapamycin complex 1
NCoR1 nuclear receptor co-repressor 1
OSBP oxysterol binding protein
PAT PLIN/ADRP/TIP47
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PC phosphatidylcholine
PE phosphatidylethanolamine
PGC1α peroxisome proliferator-activated receptor gamma coactivator 1α
PI phosphatidylinositol
PI3K phosphatidylinositol 3-kinase
PI3P phosphatidylinositol 3-phosphate
PKA protein kinase A
PLIN perilipin
PPAR1α peroxisome proliferator activated receptor 1α
PPARGC1α peroxisome proliferator-activated receptor gamma coactivator 1α
PS phosphatidylserine
RBC red blood cell
SM sphingomyelin
SNARE soluble N-ethylmaleimide-sensitive factor attachment receptor
TAG triacylglycerol
TFE3 transcription factor E3
TFEB transcription factor EB
TIP47 tail-interacting protein of 47 kDa
TRPML1 mucolipin transient receptor potential 1
VLDL very low-density lipoprotein
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Abstract: The homeostatic control of lipid metabolism is essential for many fundamental physiological
processes. A deep understanding of its regulatory mechanisms is pivotal to unravel prospective
physiopathological factors and to identify novel molecular targets that could be employed to design
promising therapies in the management of lipid disorders. Here, we investigated the role of
bromodomain and extraterminal domain (BET) proteins in the regulation of lipid metabolism. To
reach this aim, we used a loss-of-function approach by treating HepG2 cells with JQ1, a powerful
and selective BET inhibitor. The main results demonstrated that BET inhibition by JQ1 efficiently
decreases intracellular lipid content, determining a significant modulation of proteins involved in lipid
biosynthesis, uptake and intracellular trafficking. Importantly, the capability of BET inhibition to slow
down cell proliferation is dependent on the modulation of cholesterol metabolism. Taken together,
these data highlight a novel epigenetic mechanism involved in the regulation of lipid homeostasis.

Keywords: BET proteins; cell proliferation; cholesterol; epigenetics; HMGCR; JQ1; LDLr; lipid
metabolism; SREBP; TMEM97

1. Introduction

The homeostatic regulation of lipid metabolism is essential for the maintenance of key cellular
processes involved in a plethora of biological functions. Fatty acids constitute the major energy source
and are fundamental constituents of cell membranes [1]. In addition, they serve as substrates for
cellular phospholipases, which convert these compounds into pivotal signalling factors implicated
in anti- and pro-inflammatory actions [2]. Similarly, cholesterol exerts both structural and functional
roles, being the precursor of steroid hormones, vitamin D and bile acids, and regulating the assembly
of specialized membrane microdomains called lipid rafts and caveolae [3].

During last decades, it has become increasingly clear that lipid homeostasis is crucial for cell
growth and proliferation [4,5], as membrane biosynthesis requires the coordinated assembly of different
lipid species during cell division, involving the concerted regulation of lipid biosynthesis, uptake,
subcellular localization and turnover [6]. For these reasons, the body employs an intricate homeostatic
network to regulate the availability of lipids for cells and tissues. This network mainly operates in
the liver, where the major part of lipid metabolism takes place [3]. Hepatic cells are the principal site
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for lipid biosynthesis, determined by the establishment of a complex series of enzymatic reactions;
in particular, 3-hydroxy-3-methylglutaryl Coenzyme A reductase (HMGCR) and Acyl Coenzyme
A carboxylase (ACC) represent the key and rate-limiting enzymes for cholesterol and fatty acid
synthesis, respectively [7,8]. Considering their central role in lipid biosynthesis, both HMGCR and
ACC are tightly regulated at both short- and long-term levels. Short-term regulation is controlled by
phosphorylative events, which negatively affect the activation state of the enzymes [9]. Conversely,
the long-term transcriptional regulation of the protein machinery involved in lipid metabolism is
mediated by sterol regulatory element binding proteins (SREBPs). When intracellular sterol content
is reduced, SREBPs precursors are proteolytically processed to form the NH(2)-terminal fragment
that enters the nucleus (nuclear, nSREBP) and induces the transcription of genes coding for lipogenic
enzymes, such as HMGCR and ACC [9,10]. Notably, SREBPs also promote the extracellular uptake of
lipoprotein-derived lipids by eliciting the transcription of lipoprotein receptors, such as low density
lipoprotein receptor (LDLr) and scavenger receptor class B type 1 (SR-B1) [11,12].

Lipid abnormalities play a crucial role in a plethora of pathological conditions, such as
cardiovascular diseases, neurodevelopmental alterations, neurodegenerative and lipid storage
disorders [13–15]. Despite the widespread use of lipid-lowering medications, effective pharmacological
approaches are still lacking for several lipid metabolism-related disorders. Thus, there is still a need to
better dissect the regulatory mechanisms of lipid homeostasis in order to identify novel molecular
targets that could be useful for designing promising therapeutic treatments.

Bromodomain and extra-terminal domain (BET) proteins, comprising BRD2, BRD3 and BRD4,
are epigenetic readers recruited to the chromatin by the presence of acetylated histones, thereby
regulating gene expression [16]. The involvement of these epigenetic sensors has been extensively
characterized in cancer and inflammation, because of their incontrovertible role in the transcriptional
modulation of oncogenes and mediators of the immune response [17,18]. BET proteins attracted
considerable interest in biomedical research, as they are extremely druggable by potent and specific
inhibitors. In this context, BET inhibition exerts anti-proliferative activity in different cancer
cells and shows outstanding anti-inflammatory properties in a number of physiopathological
conditions [17,19,20]. Recently, experimental evidence also demonstrated that the activity of BET
proteins may be extended to the regulation of metabolic processes. For instance, BET inhibition
strongly affects protein homeostasis, autophagy induction, reactive oxygen species (ROS) and glucose
metabolism [17,21–24]. Conversely, the prospective role exerted by BET proteins on lipid metabolism
is still poorly characterized. Microarray analysis suggested that the BET inhibitor RVX-208 induces
changes in ApoA1 and high density lipoprotein (HDL) levels [25]. Coherently, overexpression of BET
proteins increased cholesterol biosynthesis [26]. Furthermore, it has been observed that BET inhibition
efficiently counteracted plasma low density lipoprotein (LDL) alterations in a mouse model of cancer
cachexia [17]. Despite this evidence, no studies systematically addressed the involvement of BET
proteins in the modulation of the main proteins and enzymes controlling the regulatory machinery
of lipid metabolism. A better comprehension of these mechanisms is essential to identify novel
physiological regulatory pathways and to select innovative therapeutic targets. Here, we provide a
proof of concept study, aimed at evaluating the putative role of BET modulation on lipid homeostasis.
To reach this objective, we took advantage of a loss-of-function approach by using JQ1 as a potent
and specific inhibitor of BET protein activity [27]. The effects induced by BET inhibition were mainly
evaluated in HepG2 cell line, a human liver-derived cell culture model widely used to assess lipid
homeostasis [28–30].

2. Results

2.1. BET Inhibition Decreases Lipid Content in HepG2 Cells

In order to evaluate the putative involvement of BET inhibition on lipid homeostasis, the effect
of JQ1 on cellular lipid content was firstly assessed. HepG2 cells were treated with JQ1 for 48 hours,
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and Oil Red O staining was employed as a widely used and accurate method to measure neutral
lipids [31]. Descriptive evaluation highlighted that the number of lipid droplets, as well as their size,
appeared reduced in JQ1-treated cells (Figure 1A). This result corroborated the quantitative assessment
of lipid content estimated by Oil Red O absorbance, which showed a significant five-fold decrease
upon BET inhibition (Figure 1B). Coherently, immunofluorescence intensity of the lipid droplet marker
perilipin-2 (Plin2) was found to be lower 48 hours after pharmacological BET blockade (Figure 1C).
Notably, JQ1 was also effective in reducing the amount of intracellular cholesterol, as observable by
filipin staining and quantification (Figure 1D). Thus, BET inhibition significantly lowers lipid content
in HepG2 cells.

Figure 1. Effects of bromodomain and extraterminal domain (BET) inhibition by JQ1 on intracellular
lipids in HepG2 cells. (A) HepG2 cells were treated with vehicle (Ctrl) or JQ1 (0.4 μM), and after 48
hours they were stained with Oil Red O as described in the Materials and Methods Section to visualize
the intracellular content of neutral lipids. n = 6 different experiments. Scale bar: 50 μm (B) HepG2
cells were treated as in (A), and Oil Red O was extracted with isopropanol. The eluted dye was then
quantified by spectrophotometry to evaluate the amount of neutral lipids. n = 6 different experiments.
(C) Vehicle- and JQ1-treated HepG2 cells were fixed and stained with antibody against Plin2 (red).
DAPI was used as a nuclear counterstain. Scale bar: 25 μm (D) Representative image (left panel) and
quantification of the mean fluorescence intensity (right panel) of filipin staining performed on HepG2
cells treated with vehicle and JQ1 for 48 hours. n = 5 different experiments. Scale bar: 50 μm. Data
represent means ± SD. Statistical analysis was performed by using unpaired Student’s t test. ** p < 0.01;
*** p < 0.001.

2.2. BET Inhibition by JQ1 Modulates the Expression of Proteins and Enzymes Involved in Lipid Metabolism

To understand the cellular mechanisms underlying the reduction of lipid content induced by
BET inhibition, the prospective modulation of proteins belonging to the lipid metabolism machinery
were assessed. The analysis was initially focused on ACC and HMGCR, the rate-limiting enzymes
involved in fatty acid and cholesterol biosynthesis, respectively. Western blot analysis revealed that
JQ1 treatment significantly decreased ACC protein expression if compared to vehicle-treated HepG2
cells (Figure 2A). However, no changes were observed in the ratio between the phosphorylated fraction
of ACC and its total levels, suggesting that BET inhibition modulated the protein amount of the
enzyme without influencing its activation state by inhibitory phosphorylation. Similar results were
obtained by analyzing HMGCR; in fact, JQ1 administration strongly reduced the protein levels of
the enzyme without affecting its phosphorylation state (Figure 2B). The effect of BET inhibition on
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HMGCR expression was further confirmed by confocal analysis, showing an overall decrease of
immunofluorescence intensity in JQ1-treated HepG2 with respect to control cells (Figure 2C).

Figure 2. Evaluation of BET inhibition on lipid biosynthesis enzymes. (A) Representative Western
blot (left panel) and densitometric analysis of phosphorylated Acyl Coenzyme A carboxylase (ACC)
(P-ACC, ser79) and total ACC in HepG2 cells treated with vehicle (Ctrl) or JQ1 (0.4 μM) for 48 hours.
n = 6 independent experiments. Tubulin was employed as a housekeeping protein to normalize
protein loading. (B) Representative Western blot (left panel) and densitometric analysis (right panel) of
phosphorylated 3-hydroxy-3-methylglutaryl Coenzyme A reductase (HMGCR) (p-HMGCR, ser872)
and total HMGCR in HepG2 cells treated with vehicle (Ctrl) or JQ1 (0.4 μM) for 48 hours. n = 7
independent experiments. Tubulin served as a housekeeping protein to normalize protein loading.
(C) Immunofluorescence staining of HMGCR (green) of HepG2 cells treated as in (B). Nuclei were
counterstained with DAPI. n = 3 different experiments. Scale bar: 50 μm. Data are expressed as means
± SD. Statistical analysis was carried out by using unpaired Student’s t test. ** p < 0.01; *** p < 0.001.

Lipid homeostasis is guaranteed by a delicate equilibrium between biosynthesis and extracellular
uptake. The latter process is mainly operated by LDLr, which internalizes LDL through
receptor-mediated endocytosis [32]. In addition to LDLr, hepatic cells also express SR-B1, a multiligand
receptor that binds several lipoproteins, including HDL and LDL [33]. Considering their pivotal
role in the physiological regulation of lipid metabolism, the prospective effects mediated by BET
inhibition were also assessed for these two lipoprotein receptors. SR-B1 expression was significantly
repressed by JQ1 treatment, as observed by Western blot and immunofluorescence data (Figure 3A,B).
Similarly, BET inhibition determined a three-fold reduction in LDLr expression levels (Figure 3C).
Immunofluorescence microscopy confirmed this result, being LDLr barely detectable in JQ1-treated
HepG2 cells when compared to vehicle-treated cells (Figure 3D).
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Figure 3. Expression of proteins involved in extracellular lipid uptake and intracellular cholesterol
trafficking following JQ1 (0.4 μM) administration to HepG2 cells for 48 hours. (A) Representative
Western blot (left panel) and densitometric analysis (right panel) of SR-B1. n = 6 independent
experiments. (B) Immunofluorescence analysis of SR-B1 (green). Nuclei were counterstained
with DAPI. n = 3 different experiments. Scale bar: 50 μm. (C) Representative Western blot (left
panel) and densitometric analysis (right panel) of LDLr. n = 5 independent experiments. (D) LDLr
immunofluorescence (green). Nuclei were counterstained with DAPI. n = 3 different experiments.
(E–F) Representative Western blots and densitometric analysis of NPC1 and TMEM97. Tubulin was
chosen as loading control. n = 6 independent experiments. Data represent means ± SD. Statistical
analysis was performed by using unpaired Student’s t test. ** p < 0.01; *** p < 0.001.

Upon binding to lipoprotein receptors, LDL are internalized and transported throughout the
endocytic pathway to lysosomes, where cholesteryl esters can be hydrolyzed by acid lipases [34].
Subsequently, unesterified cholesterol exits the lysosomal compartment, through the activity of NPC1,
and is delivered to the plasma membrane and the endoplasmic reticulum (ER) [35]. Because of its
essential role in intracellular cholesterol trafficking, Niemann-Pick type C1 (NPC1) protein levels were
assessed in this study. BET inhibition by JQ1 strongly enhances NPC1 protein expression in HepG2
cells (Figure 3E). Interestingly, the rise in NPC1 levels was accompanied by a significant reduction of
transmembrane protein 97 (TMEM97) protein content, also known as the sigma-2 receptor (Figure 3F),
which has already been involved in NPC1 regulation [36].

Most proteins involved in lipid metabolism are under the transcriptional control of SREBPs.
Considering the effects of BET inhibition evaluated in this work, the expression of SREBP-1 and
SREBP-2 was estimated. JQ1 treatment induced a significant increase of SREBP-1 precursor (full-length,
FL SREBP-1). However, this effect was not paralleled by a concurrent modification in the nuclear
and transcriptionally active fragment of SREBP-1 (nSREBP-1), as its expression is similar between the
two experimental groups (Figure 4A). Morphological analysis corroborated this evidence, revealing
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a slightly higher fluorescence intensity in the cytosolic compartment in JQ1-treated cells, consistent
with the increase of FL SREBP-1 observed by the Western blot. On the contrary, no differences
were detected in the number and intensity of the stained nuclei, reflecting the lack of significant
alterations in the amount of nSREBP-1 (Figure 4B). Differently from SREBP-1, BET inhibition reduced
the expression of both precursor (FL SREBP-2) and nuclear SREBP-2 (nSREBP-2) (Figure 4C). SREBP-2
immunofluorescence revealed a predominant nuclear staining, and a weak signal in the cytoplasmic
compartment. Notably, JQ1 administration markedly decreased the intensity and the number of nuclei
stained for SREBP-2 (Figure 4D).

Figure 4. BET inhibition alters sterol regulatory element binding proteins (SREBPs) expression in
HepG2 cells treated with JQ1 (0.4 μM) for 48 hours. (A) Representative Western blot (left panel) and
densitometric analysis (right panel) of SREBP-1. FL SREBP-1 (Full-length SREBP-1); nSREBP-1 (nuclear
SREBP-1). n = 6 independent experiments. Tubulin was employed for control loading. (B) SREBP-1
immunofluorescence staining (green) in HepG2 cells. Nuclei were counterstained with DAPI. n = 3
different experiments. Scale bar: 50 μm. (C) Representative Western blot (left panel) and densitometric
analysis (right panel) of SREBP-2. FL SREBP-2 (Full-length SREBP-2); nSREBP-2 (nuclear SREBP-2).
n = 6 independent experiments. Tubulin was used as a housekeeping protein. (D) Immunofluorescence
analysis of SREBP-2 (green). Nuclei were counterstained with DAPI. n = 3 different experiments. Scale
bar: 50 μm. Data represent means ± SD. Statistical analysis was assessed by using unpaired Student’s t
test. *** p < 0.001.

To further strengthen the effects induced by JQ1 on lipid homeostasis in HepG2 cells,
we recapitulated the most relevant findings in different cell lines. As expected, BET blockade
significantly suppressed the expression of SREBP-2 and of its targets LDLr and HMGCR also in
the neuroblastoma cell line N1E-115 (Figure 5A,B) and in primary culture of human fibroblasts
(Figure 5C,D).

44



Int. J. Mol. Sci. 2020, 21, 1297

Figure 5. BET inhibition modulates the expression of SREBP-2, HMGCR and LDLr in different cell
lines. (A–B) Representative Western blot and densitometric analysis of SREBP-2, HMGCR and LDLr
in differentiated N1E-115 treated with JQ1 (0.1 μM) for 48 hours. (C–D) Representative Western blot
and densitometric analysis of SREBP-2, HMGCR and LDLr in primary human fibroblasts treated with
JQ1 (0.4 μM) for 48 hours. n = 3 different experiments. Tubulin and vinculin were used as loading
control. Data represent means ± SD. Statistical analysis was assessed by using unpaired Student’s t test.
* p < 0.05, ** p < 0.01, *** p < 0.001.

Overall, these data indicate that BET inhibition deeply affects the main proteins involved in lipid
biosynthesis, uptake and intracellular transport.

2.3. BET Inhibition Affects Cell Proliferation in a Cholesterol-Dependent Manner

The maintenance of a proper amount of lipids, and in particular of cholesterol, is crucial for
several biological processes, such as cell growth and cell proliferation [4,37]. In addition, it has been
extensively demonstrated that BET inhibition promotes the suppression of cell proliferation in a
number of normal and cancer cell types [19,38,39]. Results collected in this work are in agreement with
previous reports, demonstrating that JQ1 treatment significantly slowed down the proliferation rate of
HepG2 cells starting at 48 hours from the pharmacological treatment (Figure 6A). Remarkably, the cell
growth rate was rescued when JQ1 was co-administered with mevalonate (MVA), the product of the
reaction catalyzed by HMGCR. The involvement of cholesterol biosynthesis in the anti-proliferative
effects mediated by BET inhibition was further supported by the co-administration of cholesterol to
JQ1-treated cells that, similarly to MVA addition, was able to restore cell proliferation. In order to
delve deeper into the effects exerted by BET inhibition on cell proliferation and cholesterol modulation,
we generated a HepG2 lineage with acquired resistance to JQ1 (HepG2-R) by continuously treating
cells with increasing doses of the drug. While JQ1 decreased the number of JQ1-sensitive cells
as previously shown, no effects were induced in HepG2-R upon drug administration (Figure 6B).
Importantly, the restoration of cell proliferation observed in HepG2-R cells was completely abolished
by 25-hydroxycholesterol (25OHC) treatment, a well-known methodological approach to mediate
HMGCR degradation through the activation of a feedback mechanism [40]. Similar results were also
obtained by blocking HMGCR activity with simvastatin, a potent inhibitor of cholesterol biosynthesis
(Figure 6C). Because statins suppress the production of isoprenoid intermediates in the cholesterol
biosynthetic pathway, they can exert a plethora of pleiotropic actions independently from cholesterol
decrease [8]. To confirm a direct involvement, cholesterol was then administered to HepG2-R cells
co-treated with JQ1 and simvastatin. Cholesterol supplementation efficiently prevented the reduction
of cell proliferation induced by simvastatin in HepG2-R cells, thus restoring the acquired resistance to
JQ1 as a function of cell growth (Figure 6D).

45



Int. J. Mol. Sci. 2020, 21, 1297

Figure 6. BET inhibition influences cell proliferation through cholesterol metabolism. (A) HepG2 cells
were seeded in 6-well plates (150,000 cells for each well) and were treated with JQ1 (0.4 μM), mevalonate
(MVA, 100 μM) and cholesterol (chol, 50 μM) for 72 hours. Cell counts were conducted over time with
a hemocytometer. (B–C) Cell proliferation was evaluated in JQ1-sensitive (HepG2) and JQ1-resistant
(HepG2-R) cells. JQ1-resistant and -sensitive HepG2 cells were treated with the BET inhibitor for
72 hours, and additional groups of HepG2-R cells were co-stimulated with JQ1+25-hydroxycholesterol
(25OHC, 20 μM) or JQ1+simvastatin (Sim, 1 μM). Other cells were treated with vehicle and served
as control (Ctrl). (D) Cell proliferation was evaluated in JQ1-sensitive (HepG2) and JQ1-resistant
(HepG2-R) cells. JQ1-resistant cells were constantly stimulated with the BET inhibitor. Additional
groups of HepG2-R cells were co-stimulated with JQ1+simvastatin (Sim, 1 μM) or JQ1+Sim+cholesterol
(Chol, 50 μM). n = 4 independent experiments. Data represent means ± SD. Statistical analysis was
assessed by using one-way ANOVA, followed by Dunnett’s post hoc. * p < 0.05; ** p < 0.01; *** p < 0.001.

Overall, these results suggested that the anti-proliferative effects elicited by JQ1 can be mediated
by the suppression of cholesterol metabolism and that the acquisition of resistance to BET inhibition
may be accompanied by adaptive changes in the main proteins controlling cholesterol homeostasis.
Western blot data confirmed this hypothesis, highlighting that both FL SREBP-2 and nSREBP-2 levels
were increased in JQ1-resistant HepG2 cells (Figure 7A). Coherently, the expression of SREBP-2 target
genes HMGCR, SR-B1 and LDLr was properly restored at the level of control cells in HepG2-R cells
(Figure 7B–D). Taken together, these results suggest that the impact of HepG2 proliferation mediated
by BET inhibition is dependent on cholesterol metabolism.
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Figure 7. JQ1 resistance is accompanied by the upregulation of proteins controlling cholesterol
metabolism. (A–D) Representative Western blots and densitometric analysis of SREBP-2, HMGCR,
SR-B1and LDLr in JQ1-sensitive cells treated with vehicle (Ctrl) or JQ1 (0.4 μM), and in HepG2-resistant
(JQ1-R) cells constantly stimulated with JQ1 (0.4 μM). Experiments were performed after 48 hours. n = 4
independent experiments. Tubulin served as loading control. Data represent means ± SD. Statistical
analysis was assessed by using one-way ANOVA followed by Tukey’s post-hoc. * p < 0.05; ** p < 0.01;
*** p < 0.001. “a” indicates statistical significance versus control group (Ctrl); “b” indicates statistical
significance compared to JQ1 group.

3. Discussion

The homeostatic maintenance of lipid metabolism plays a fundamental role in assuring the correct
development of cellular functions. As a consequence, alterations in the mechanisms controlling lipid
balance may be associated to several pathological conditions, ranging from cardiovascular diseases and
lipidosis to neurodegenerative and neurodevelopmental diseases [13–15,41]. The discovery of effective
lipid-lowering medications, such as statins and fibrates, have revolutionized the treatment and the
clinical outcomes of different lipid disorders [42]. Unfortunately, numerous diseases associated to lipid
disturbances do not yet have a resolutive therapy. The obstacles in designing efficient pharmacological
approaches relies on the fact that cellular and molecular mechanisms regulating lipid metabolism are
not completely elucidated.

In this context, it is important to delve deeper into the regulatory mechanisms of lipid homeostasis,
with the attempt to unravel potential etiopathological factors and novel molecular targets that could
be useful to set up promising therapies. In the last few years, several reports highlighted that
epigenetic factors may play crucial roles in the control of lipid homeostasis. For instance, it is becoming
increasingly clear that histone deacetylases (HDAC) and microRNAs exert a crucial modulatory activity
in lipid and energy metabolism [43–47]. On the contrary, the involvement of BET proteins in the
regulation of lipid homeostasis is still elusive. Thus, in this work, we evaluated the effects of BET
inhibition in the expression of the main proteins controlling lipid metabolism.

Collectively, our results demonstrated that BET inhibition induced an overall suppression of lipid
metabolism. In particular, JQ1 administration decreased the intracellular lipid content and reduced the
expression of biosynthetic enzymes (ACC and HMGCR) as well as of receptors involved in lipoprotein
uptake (LDLr and SR-B1). BET inhibition also induced a strong downregulation in the expression of
TMEM97. This conserved integral membrane protein has been identified as an important modulator of
cholesterol levels and, similarly to other proteins coordinating lipid metabolism, is a SREBP-2 target
gene [36,48,49]. It is well described that SREBPs isoforms possess different roles in lipid biosynthesis.
SREBP-1 isoforms are mostly devoted to the regulation of fatty acid and triglyceride metabolism,
whereas SREBP-2 is relatively selective in activating cholesterol-related genes [50,51]. Coherently with
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these notions, the JQ1-mediated suppression of HMGCR, LDLr, SR-B1 and TMEM97 was paralleled by
a concurrent decrease of both the full-length and the nuclear active fraction of SREBP-2. Interestingly,
BET inhibition was also responsible for a significant decrease of ACC expression, which, however, was
not adequately accompanied by changes in nSREBP-1 levels. Indeed, the levels of SREBP-1 precursor
were significantly augmented, probably representing a transcriptional attempt to counteract the marked
decrease of the SREBP-2 isoform. Conversely, the expression of the nuclear and transcriptionally active
fragment of SREBP-1 was unaltered upon JQ1 treatment, excluding its involvement in the modulation
of ACC levels. Even though ACC transcription is preferentially controlled by SREBP-1 isoforms [50],
it has been observed that SREBP-2 can equally influence ACC transcription [52], supporting the notion
that the reduction of ACC levels observed in this work may be ascribable to the suppression of SREBP-2
mediated by JQ1. In addition, BET blockade led to a rise in NPC-1 protein levels. Literature data
illustrated that a reduction of TMEM97 increases NPC-1 protein expression by a post-translational
mechanism [36], and suggest that the suppression of TMEM97 could explain the build-up of NPC-1
observed in this study following JQ1 administration. Consistent with JQ1-mediated decrease of LDLr
expression, NPC1 induction may also represent a refined compensatory response to contrast the
prospective decrease of LDL-cholesterol uptake. Furthermore, it cannot be excluded that BET inhibition
directly affects the transcription of NPC1, as well as of other genes involved in the maintenance of
lipid homeostasis.

Subsequently, the prospective contribution of lipid metabolism in the anti-proliferative effects
induced by JQ1 administration was evaluated. It has been extensively reported that BET inhibition
exerts a remarkable reduction in cell proliferation by hindering the transcription of oncogenes such
as c-Myc [53], and by suppressing the activation of pro-survival and growth signalling kinases like
Akt [26]. In this study, we highlight for the first time a novel mechanism by which BET inhibition
modulates cell proliferation in a cholesterol-dependent manner. Indeed, the administration of both
MVA and cholesterol to culture medium efficiently abolished the delay in cell proliferation induced
by JQ1. Consistently, the generation of HepG2-R cells further corroborated this evidence, as the
acquisition of resistance to JQ1 is associated to the compensatory increase in the expression of proteins
belonging to cholesterol metabolism, and to the restoration of cell proliferation rate.

Overall, these data suggest that BET inhibition reduces lipid content by hampering SREBP-2
expression and processing, which result in a reduced expression of target genes involved in lipid
biosynthesis, uptake and intracellular trafficking.

Despite the fact that more efforts should be done in order to better clarify the specific contribution
of each BET protein in the regulation of lipid metabolism, this work provides the proof of principle that
epigenetic pathways, influenced by BET protein activity, represent novel physiological mechanisms to
control lipid homeostasis. These findings may also set the basis for designing innovative therapeutic
approaches aimed at ameliorating the functional outcomes of several disorders characterized by
lipid unbalances.

4. Materials and Methods

4.1. Cell Cultures and Generation of HepG2 Resistant to JQ1

N1E-115 neuroblastoma cells were cultured at 5% CO2 in DMEM medium at high glucose,
containing 10% (v/v) foetal calf serum, L -glutamine (2 mM), and added with penicillin/streptomycin
solution. Cells were then seeded at 50% confluency and were induced to differentiate for four hours by
adding 2% dimethyl sulfoxide. Differentiated N1E-115 cells were treated with JQ1 (0.1 μM) or vehicle
(DMSO, dilution 1:1000 in cell culture media) for 48 hours.

Human foetal foreskin fibroblasts (HFFF2) were grown at 5% CO2 in DMEM (high glucose)
additioned with 10% foetal calf serum, L -glutamine (2 mM), and penicillin/streptomycin solution.
HFFF2 (60% confluency) were then treated with 0.4 μM JQ1 for 48 hours. Cells treated with vehicle
(DMSO, dilution 1:1000 in cell culture media) served as control.

48



Int. J. Mol. Sci. 2020, 21, 1297

HepG2 cells were routinely cultured at 5% CO2 in DMEM medium at high glucose, containing 10%
(v/v) foetal calf serum, L -glutamine (2 mM), and added with penicillin/streptomycin solution. Cells
were passaged every 3 days and medium changed every 2–3 days. All the experiments were performed
with cell confluency of 60%–70%. DMSO stock of 4 mM JQ1 was diluted 1:1000 in cell culture media
to obtain the final concentration of 0.4 μM JQ1. Experiments were then performed 48 hours after
JQ1 stimulation. Cells treated with vehicle (DMSO, dilution 1:1000 in cell culture media) served as
control. The generation of HepG2 cells resistant to JQ1 was carried out by slightly modifying the
protocol provided by Gobbi and colleagues [54]. HepG2 resistant cells were selected by continuously
applying increasing doses of JQ1, starting from 50 nM and enhancing the drug concentration every
1–2 weeks for 2 months of total treatment. Surviving JQ1-resistant cells were then maintained at 0.4 μM
JQ1 throughout. For cell proliferation experiments, chemicals were purchased from Sigma-Aldrich
and used at the following concentrations: JQ1 (0.4 μM), mevalonate (100 μM), cholesterol (50 μM),
simvastatin (1 μM), 25-hydroxycholesterol (20 μM).

4.2. Oil Red O Staining and Quantification

For the evaluation of lipid content, HepG2 cells were seeded in 12-well plates. Briefly, after
48 hours of JQ1 treatment, cells were fixed in paraformaldehyde (4% solution) for 10 minutes and
gently rinsed twice with PBS. Sixty per cent isopropanol was added to fixed cells for 5 minutes,
and then washed 2 times with distilled water. Cells were stained with 1 mL of the Oil Red O solution
(Sigma-Aldrich, Milan, Italy) for 15 minutes at room temperature with continuous gentle shaking.
Subsequently, wells were then rinsed 3 times with distilled water, until no excess stain was seen.
Stained cells were visualized in brightfield using an Olympus BX 51 microscope (Olympus Italia,
Segrate, Italy), equipped with a Leica DFC 420 camera (Leica Microsystems, Milan, Italy). Electronic
images were captured using a Leica Application Suite version 3.5.0 system (Leica Microsystems, Milan,
Italy). For relative Oil Red O accumulation by spectrophotometry, after incubation with Oil Red O
solution, stained cells were washed 3 times with distilled water, and the dye was eluted by the addition
of 1 mL isopropanol for 15 minutes, with gentle shaking. A total of 100 μL of the eluted dye was
removed from each sample and were transferred to a clean 96-well plate for reading the absorbance at
540 nm.

4.3. Filipin Staining

Filipin staining was performed as previously described [55]. Filipin staining was performed using
Filipin complex (Sigma-Aldrich, catalog #F9765). Filipin stock solution (10mg/mL in PBS) was freshly
prepared before the use. Cells were fixed in paraformaldehyde (4% solution) for 10 minutes and rinsed
3 times with PBS. Cells were stained with 1mL Filipin working solution (0.05 mg/mL in PBS) for 2
hours at room temperature, in the dark. Next, wells were rinsed 3 times with PBS to remove excess dye.
Finally, cells were viewed in PBS through a fluorescence microscope using a UV filter set (340–380 nm
excitation). Images were acquired at 20× magnification using an Axio Imager Z2 (Carl Zeiss, Jena,
Germany) equipped with a charge-coupled device (CCD) camera controlled by the ISIS software
(MetaSystems, Milano, Italy). Filipin quantification was calculated as the mean fluorescence intensity
per cell area by using ImageJ Software for Windows.

4.4. Lysate Preparation and Western Blot Analysis

HepG2 lysate was performed as already reported [56]. Forty-eight hours after treatment, cells
were lysed in 80 μL lysis buffer (0.25 M Tris pH 6.8, 10% SDS, phosphatase and protease inhibitor
cocktails) by sonication (duty cycle 20%, output 3). Samples were then centrifuged at 10,000g for 10
min to remove cell debris. Protein concentration was assessed by the method of Lowry. Subsequently,
Laemmli buffer was added to HepG2 lysates, and samples were boiled for 3 min before loading to
the sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for subsequent western
blot analysis.
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Western blot experiments were performed by slightly modifying the previously described
protocol [8]. Briefly, proteins (30 μg) from HepG2 lysates were resolved on SDS-PAGE at 40 mA
(constant current) for 60 min. Subsequently, proteins were transferred onto nitrocellulose membrane
by using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Milan, Italy). The nitrocellulose
membrane was incubated at room temperature with 5% fat-free milk in Tris-buffered saline (0.138 M
NaCl, 0.027 M KCl, 0.025 M Tris-HCl, and 0.05% Tween-20, pH 6.8), and probed at 4 ◦C overnight
with the following primary antibodies: phopsho-HMGCR (Merck Millipore, #09-356, dilution 1:1000),
HMGCR (Abcam, ab242315, dilution 1:1000), phospho-ACC (Sigma-Aldrich, SAB4503851, dilution
1:500), ACC (Sigma-Aldrich, SAB4501396, dilution 1:500), SR-B1 (Abcam, Cambridge, UK, ab52629,
dilution 1:2000), LDLr (Abcam, ab30532, dilution 1:1000), NPC1 (Novus Biologicals, NB400-148, dilution
1:1000), TMEM97 (Novus Biologicals, Centennial, CO, USA, NBP1-30436, dilution 1:1000), SREBP-2
(Abcam, ab30682, dilution 1:1000), SREBP-1 (Santa Cruz Biotechnology, sc-8984, dilution 1:1000),
alpha-Tubulin (Sigma-Aldrich, T6199, dilution 1:10000), vinculin (Sigma-Aldrich, V9131, dilution
1:20.000). Subsequently, membranes were probed for 1 hour with horseradish peroxidase conjugated
secondary IgG antibodies (Bio-Rad Laboratories, Milan, Italy). Protein-antibody immunocomplexes
onto nitrocellulose were visualized by using clarity ECL Western blotting (Bio-Rad Laboratories, Milan,
Italy, #1705061), and chemiluminescence acquisition was carried out through ChemiDoc MP system
(Bio-Rad Laboratories). Western blotting images were analyzed by ImageJ (National Institutes of
Health, Bethesda, MD, USA) software for Windows. All samples were normalized for protein loading
with alpha-Tubulin (chosen as a housekeeping protein). Recorded values were derived from the ratio
between arbitrary units obtained from the protein band and the respective housekeeping protein.

4.5. Immunofluorescence Staining

Immunofluorescence of HepG2 cells was performed by following the previously described
protocol [17]. Cells were fixed in paraformaldehyde (4% in PBS) and incubated overnight with
appropriate antibodies: HMGCR (Abcam, ab242315, dilution 1:100), SREBP-2 (Abcam, ab30682, dilution
1:100), SREBP-1 (Santa Cruz Biotechnology, Dallas, TX, USA, sc-8984, dilution 1:100), SR-B1 (Abcam,
ab52629, dilution 1:100), LDLr (Santa Cruz Biotechnology, sc-11824, dilution 1:200), anti-Perilipin-2
(anti-Plin2) antibody (R&D Systems, #MAB76341, dilution 1:100). After incubation with primary
antibodies, fixed cells were probed for 1 hour at room temperature with donkey anti-goat secondary
antibody Alexa Fluor 488 (ThermoFisher Scientific, Milan, Italy, A-11055), goat anti-rabbit secondary
antibody Alexa Fluor 555 (ThermoFisher Scientific, A27039) and goat anti-rabbit secondary antibody
Alexa Fluor 488 (ThermoFisher Scientific, A-11008). Coverslips were mounted with Vectashield
Antifade mounting medium with DAPI (Vector, H-1200) to visualize nuclear staining. The samples
were examined at confocal microscopy (TCS SP8; Leica, Wetzlar, Germany). Images were captured
using Leica TCS SP8 equipped with a 40 × 1.40–0.60 NA HCX Plan Apo oil BL objective at RT and
Leica LAS X Software.

4.6. Statistical Analysis

All the results are expressed as mean ± standard deviation (SD). Normal distribution of the data
was assessed by applying the Shapiro–Wilk test. Unpaired Student’s t test was performed to compare
means between two experimental groups. When comparing three or more experimental groups,
one-way analysis of variance (ANOVA) was carried out, followed by Tukey’s or Dunnett’s post hoc.
p < 0.05 was considered to indicate a statistically significant difference. Statistical analysis and graph
editing were performed using GRAPHPAD INSTAT3 (GraphPad, La Jolla, CA, USA) for Windows.
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Abstract: Background: Considering the positive or negative potential effects of adipocytes, depending
on their lipid composition, on breast tumor progression, it is important to evaluate whether adipose
tissue (AT) harvesting procedures, including epinephrine infiltration, may influence breast cancer
progression. Methods: Culture medium conditioned with epinephrine-infiltrated adipose tissue was
tested on human Michigan Cancer Foundation-7 (MCF7) breast cancer cells, cultured in monolayer
or in oncospheres. Lipid composition was evaluated depending on epinephrine-infiltration for
five patients. Epinephrine-infiltrated adipose tissue (EI-AT) or corresponding conditioned medium
(EI-CM) were injected into orthotopic breast carcinoma induced in athymic mouse. Results: EI-CM
significantly increased the proliferation rate of MCF7 cells Moreover EI-CM induced an output of
the quiescent state of MCF7 cells, but it could be either an activator or inhibitor of the epithelial
mesenchymal transition as indicated by gene expression changes. EI-CM presented a significantly
higher lipid total weight compared with the conditioned medium obtained from non-infiltrated-AT of
paired-patients. In vivo, neither the EI-CM or EI-AT injection significantly promoted MCF7-induced
tumor growth. Conclusions: Even though conditioned media are widely used to mimic the secretome
of cells or tissues, they may produce different effects on tumor progression, which may explain some
of the discrepancy observed between in vitro, preclinical and clinical data using AT samples.

Keywords: adipose tissue; breast cancer; epinephrine; breast reconstruction

1. Introduction

Adipose tissue (AT) is a biologically active tissue, which releases soluble growth factors (vascular
endothelium growth factor, insulin growth factor) inducing tissue revascularization, but also produces
hormones (leptin, adiponectin), cytokines (interleukin 6) and insoluble fatty acids, which all interact
through complex networks within a tumor microenvironment. Different in vitro and pre-clinical studies
have demonstrated that AT including mature adipocytes and stem cells, promotes the proliferation,
invasion and survival of breast cancer cells through different secreted factors [1–5].
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In contrast specific lipids content in peritumoral AT of breast cancer patients were correlated
with therapeutic benefits. Decreased levels of two polyunsaturated n-3 fatty acids (n-3 PUFA),
docosahexaenoic and eicosapentaenoice acids (DHA 22:6n-3 and EPA 20:5n-3), in peritumoral AT of
women were associated with aggressive multifocal tumors compared to unifocal ones. Moreover it
was shown that DHA and EPA decreased resistance of experimental mammary tumors to taxanes,
anthracyclines or radio-therapy. These preclinical results are supported by the improved outcome
of chemotherapy on metastatic breast cancer that was observed in a phase II clinical study including
dietary supplementation with n-3 PUFA [6–11].

In addition, AT transfer does not increase the risk of recurrence of breast cancer as recently
suggested by large retrospective clinical studies [12–14]. However one retrospective study observed
that patients presenting either ductal or lobular intraepithelial neoplasia, had an increased risk of local
events in the group who had undergone lipofilling [15]. The method to harvest AT is one of the most
important steps governing the success of AT transplantation. Different methods have been described
in the literature studying the variables (fat harvesting technique, infiltration solution, donor site, fat
processing, etc.) that influence adipocyte survival and the AT engraftment [16–19]. However, the breast
cancer recurrence risk related to the AT harvesting method has not yet been investigated. To harvest
fat tissue, some surgical teams use for fat harvesting, an infiltration solution that contains epinephrine,
to induce vasoconstriction [20], but it is worth noting that epinephrine may enhance lipolysis in AT [21].

In our study, the ephinephrine-lactated Ringer’s infiltrated solution adipose tissue conditioned
medium (EI-CM) was tested on proliferative and quiescent human Michigan Cancer Foundation-7
(MCF7) breast cancer cells. The lipid composition of conditioned media of non-infiltrated or epinephrine
infiltrated-AT from five donors was investigated. EI-CM and epinephrine-infiltrated adipose tissue
(EI-AT) were injected into orthotopic induced breast carcinoma in athymic mouse.

2. Results

2.1. MCF7 Cell Proliferation was Enhanced by Epinephrine-Infiltrated Adipose Tissue Conditioned Medium

Proliferation of MCF7 breast carcinoma cells was analyzed in adherent culture conditions by
measuring mitochondrial activity (WST-1 assay) and cell viability was controlled by cell counting with
trypan blue staining. As cancer cells lost their adherence to plastic when whole epinephrine-infiltrated
adipose tissue (EI-AT) was used, EI-AT was replaced by EI-CM to complement cell culture medium
in order to mimic secreted factors by EI-AT. Before being treated, cells were cultured overnight
(16 h) in a standard medium without fetal bovine serum (FBS) in order to observe a synchronized
response to growth factor stimulation. FBS supplementation (10%) enhanced MCF7 mitochondrial
activity up to 240% compared to that without FBS (Figure 1a). Similarly supplementation with 50%
epinephrine-infiltrated adipose tissue conditioned medium (EI-CM) and 50% MEM α medium (0%
FBS) from three different donors enhanced MCF7 mitochondrial activity from 150 to 200% (Figure 1a).
The increases of mitochondrial activity were correlated with an increase in cell number by trypan bleu
counting. Moreover, independent experiments performed with 50% or 25% of EI-CM of patients n◦1 to
3 showed similar increases of MCF7 cell proliferation. The inhibition of the ERK1/2 signaling pathway
using 5 μM UO126 induced a 30% decrease of the MCF7 proliferation with EI-CM, whereas it did not
change the MCF7 proliferation with 10% FBS (Figure 1b). These results indicate that EI-CM increases
MCF7 cell proliferation at least partially through the ERK1/2 signaling pathway.

Cell distribution in each cell-cycle phases was observed by flow cytometry after DNA staining
with propidium iodide. During culture without FBS, at least half of the MCF7 cells were in G0/G1

phase (54% in Figure 1c, top panel). FBS treatment decreased the proportion of cells in G0/G1 phase
by half and increased the proportion of cells preparing their mitosis and those replicating their DNA
(Figure 1c, middle panel). When MCF7 cells were treated with 25% EI-CM (Figure 1c, low panel),
the proportion of cells in G0/G1 phase was also reduced by half compared to 0% FBS culture condition.
With 25% EI-CM, a higher increase in cells in G2/M phase was observed compared to 10% FBS (plus
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20% versus plus 11%) whereas the increase of cell proportion in S phase was weaker than with 10%
FBS (plus 4% versus plus 15%). These results indicate that EI-CM complementation induced cell-cycle
activation in MCF7 cells allowing cells to reach the G2/M phase faster than FBS complementation.

Figure 1. Michigan Cancer Foundation-7 (MCF7) cell growth with ELR solution-infiltrated adipose
tissue conditioned medium (EI-CM). MCF7 cells were cultured during 24 h in a medium without any
growth factor (0% FBS) or supplemented with fetal bovine serum (10% FBS) or EI-CM (25 to 50%)
and MEM with 0%FBS. (a) Histogram shows the mitochondrial activity of MCF7 cells, measured by
WST-1 assay. EI-CM were derived from 3 different donors (n◦1 to n◦3). Results are the means of
3 wells and are presented as a percentage of 0% FBS value with standard deviations. Statistically
significant differences are indicated in comparison with 0% FBS (***: p < 0.0001). Each patient EI-CM
was tested in 3 independent experiments. (b) Mitochondrial activity of MCF7 cells measured by WST-1
assay. Cells were cultured for 24 h with or without 5 or 10 μM of ERK inhibitor UO126. Results are
the means of 3 wells and are presented as a percentage of condition without UO126 with standard
deviations. Statistically significant differences are indicated in comparison with 0 UO126 (*: p < 0.05;
***: p < 0.0001). Two independent experiments were performed. (c) Histograms show the distribution
of MCF7 cells in cell-cycle phases following DNA detection by flow cytometry. Because only 2–3% of
cells were identified in the subG0 phase, only the proportion of cells in the G0/G1, S and G2/M phases
are indicated.
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2.2. MCF7 Cell Quiescence was Increased by Sphereoid Culture and Reduced by Epinephrine-Infiltrated
Adipose Tissue Conditioned Medium

Cell culture under anchorage-independent conditions induces carcinoma cells to form spheres
and to undergo epithelial mesenchymal transition (EMT) which may correlate with a more invading
phenotype such as carcinoma stem cells [22,23]. From MCF7 spheres, messenger ribonucleic nucleic
acids (mRNAs) were isolated for relative gene expression analysis after three days in culture. Five genes
MYC, CD44, TWIST1, TWIST2 and SNAI1 (official symbols and full gene names presented in Table 1)
which are activated in breast carcinoma stem cells and during EMT exhibited a higher expression
in MCF7 cells cultured as spheroids (3-D) compared to that in MCF7 cells cultured in monolayer
(2-D) (Figure 2a). In accordance with EMT, E-cadherin gene (CDH1) expression was lower in MCF7
spheroids than in monolayers. EI-CM treatment of 3-D cultured MCF7 cells increased expression of
MYC and TWIST2 while it decreased that of CD44 and SNAI1, suggesting that the effect of EI-CM on
EMT in MCF7 cells could be either as an activator or inhibitor of the EMT.

Tumor recurrence can be explained by the persistence of cancer cells in a quiescent/non-dividing
stage that enables them to escape to chemotherapy agents during treatment, whereas microenvironment
changes may later activate a cellular switch towards cell division. Quiescent cells corresponding to
cells in G0 phase do not express the Ki-67 protein which is strictly associated with dividing cells in
the G1, S, G2 or M phases [24]. Under anchorage-independent conditions (3-D), 26.9% of MCF7 cells
were in G0 phase (Figure 2b, left panel). In 3-D culture conditions, 10% FBS complementation did
not change cell distribution (Figure 2b, middle panel). In contrast, EI-CM complementation of 3-D
cultured MCF7 cells induced a decrease of cell proportion in G0 phase (13.9%; Figure 2b, right panel).

Immunohistochemistry (IHC) targeting the Ki-67 protein was performed on spheroids formed
by MCF7 cells cultured under anchorage-independent conditions (Figure 2c). Consistent with flow
cytometry, 25% EI-CM treatment induced an increase of the Ki-67 positive cell proportion (+25%;
Figure 2d left panel). Despite cell cycle activation by EI-CM, sphere number and volume (Figure 2d,
right panel) were not significantly different between 1% FBS and 25% EI-CM complementation.
Altogether, this indicates that EI-CM enabled G0 to G1 phase transition of MCF7 cells.

Table 1. List of genes analyzed by real time RT-PCR: Genes are presented with official gene symbols
and corresponding full name. Forward and reverse primer sequences used to perform the analyses
are indicated.

Official Symbol Official Full Name Reverse Primer

HPTR1 Hypoxanthine PhosphoRibosyl Transferase 1 CGAGCAAGACGTTCAGTCCT

CD44 Cluster of Differentiation 44 CGGCAGGTTATATTCAAATCG

TWIST1 Twist-related protein 1 TGCAGAGGTGTGAGGATGGTGC

TWIST2 Twist-related protein 2 AGAAGGTCTGGCAATGGCAGCA

SNAI1 Snail family transcriptional repressor 1 CAGCAGGTGGGCCTGGTCGTA

CDH1 Cadherin 1 CCAGCGGCCCCTTCACAGTC

MYC Myelocytomatosis viral oncogene homolog GATCCAGACTCTGACCTTTTGC
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Figure 2. Quiescence of MCF7 cells with ELR solution-infiltrated adipose tissue conditioned medium
(EI-CM). (a) Relative expression fold changes are presented for mRNA of MCF7 cells cultured either
in monolayer (2-D) or in sphere (non-anchorage conditions, 3-D) during 3 days and treated 48 h in a
medium supplemented with 1 or 10% FBS or with 25% EI-CM. Expression change of those 5 genes has
been correlated to epithelial mesenchymal transition leading to invading phenotype of carcinoma cells.
Full gene names and symbols are indicated in Table 1. Means of 3 samples are presented with standard
deviations. Significant differences are not indicated as this experiment was not repeated. (b) Dot plots
show the distribution in cell cycle phases (G0, G1 and S/G2/M) following DNA and Ki-67 detection in
MCF7 cells cultured in spheres (3-D). Because only 2–3% of cells were identified in subG0 phase, only
the proportion of cells in G0, G1, and S/G2/M phases are indicated. (c) Representative images of IHC
detection of Ki-67 on MCF7 spheres (3-D). Magnification is indicated. (d) Histograms show the Ki-67
index (left panel) and the mean diameter (right panel) of MCF7 spheres. In the left panel, percentages
were counted on 6 representative regions for each treatment after Ki-67 detection by IHC. In the right
panel, mean diameter was calculated on 90 different spheres for each condition. Statistically significant
differences are indicated in comparison with 1% FBS (**: p < 0.001). Three independent experiments
were performed.

59



Int. J. Mol. Sci. 2019, 20, 5626

2.3. Epinephrine Infiltration Changed Lipid Content and Proliferative Effect of Adipose Tissue
Conditioned Medium

For patients n◦4 to 10, two AT samples were successively collected: a first one without epinephrine
infiltration and a second one following infiltration with the epinephrine-lactated Ringer’s solution (ELR)
and were used to obtain, respectively, NI-CM and EI-CM. As previously observed with EI-CM from
patients n◦1 to 3, the CM obtained from EI-AT samples had an increased proliferative effect on MCF7
cells, whereas their counterpart CM obtained with non-infiltrated AT did not (Figure 3a, left panel).
As shown in Figure 3a (right panel), the ELR by itself had no effect on MCF7 cell proliferation. Because
epinephrine infiltration may modify the metabolite composition of the AT samples through lipolysis
enhanced by beta-adrenergic receptor activation, the comparison of lipid contents between NI-CM and
EI-CM was performed to identify potential molecular mediators leading to EI-CM pro-proliferative
effects. We compared the fatty acid content of AT-CM samples that were obtained from 5 donor sites
either non-injected (NI) or ephinephrine-lactated Ringer’s infiltrated (EI). EI-CM showed a higher
total lipid content compared to NI-CM of the corresponding donors (Figure 3b). This result suggested
that EI-CM and NI-CM may present a different lipid content; however, the percentages of saturated,
mono-unsaturated or polyunsaturated fatty acids (PUFAs n-3 and n-6) were similar (Figure 3c) and
there were no statistically significant differences in individual fatty acid between EI-CM and NI-CM
samples which were derived from 5 donor sites either infiltrated or non-infiltrated with ELR.

2.4. Injection of Epinephrine-Infiltrated Adipose Tissue or Corresponding Conditioned Medium into MCF7
Tumor in Mice

We were able to compare EI-AT and EI-CM injection in a preclinical model of breast carcinoma.
Orthotopic breast carcinoma were induced in athymic mice by intraductal injection of MCF7 cells and
a single injection of either PBS, EI-CM or EI-AT was performed at the tumor site after 90 days when
tumors were detectable (>70 mm3).

PBS-treated group (Figure 4b, top panel) showed a slow tumor development, reaching a mean
volume of 200 mm3 at day 160. Human Ki-67 protein detection confirmed the presence of tumor cells
in mammary ducts (Figure 4a, top panel) as well as in surrounding adipose and connective structures
(Figure 4a, middle panel). These observations may indicate that the tumor first grew within mammary
ducts before invading the rest of mammary fat pad, as a ductal carcinoma in situ that would have
turned invasive.

Two of six tumors in the EI-CM-injected group showed faster development compared to tumors of
the PBS-injected group (Figure 4b, top and middle panels, respectively); however differences between
the tumor volume means of these two groups were not significant at day 160. Tumor growth was more
similar between PBS-and EI-AT-injected groups (Figure 4b, top and low panels, respectively) than
between PBS- and EI-CM-injected groups. However the percentages of Ki-67 positive cells ranging
from 18 to 26% were not significantly different between EI-AT-, EI-CM- and PBS-treated groups as
determined after human Ki-67 protein immunohistochemical staining on tumor samples (Figure 4a).
These results indicate that EI-CM may have slightly (but not significantly) promoted MCF7 tumor
growth while corresponding whole EI-AT may not have modified breast tumor growth.
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Figure 3. MCF7 cell growth and lipid composition depending on ELR solution infiltration of harvested
adipose tissue. (a) Histogram shows the mitochondrial activity of MCF7 cells measured after 24 h.
For the left panel, cells were cultured in medium without FBS (0% FBS) or supplemented with 10%
FBS or with 50% EI-CM and 50% MEM α with 0%FBS. AT samples were obtained from 2 different
donors (n◦4 and n◦5) and were initially not-infiltrated (NI) or infiltrated with ELR (EI). For right panel,
cells were cultured in a medium without FBS (0% FBS) or supplemented with 10% FBS, PBS or ELR,
representing 1 to 50% of the total volume. *: p < 0.05; ***: p < 0.0001. (b) Histogram shows the total
lipid amount detected in conditioned medium from infiltrated with ELR (EI-CM) or not-infiltrated AT
(NI-CM) for 5 patients (n◦6 to n◦10) who are represented by a distinct geometric forms. Lipid amount is
indicated in standard culture medium without FBS (MEM α). **: p = 0.0045 paired t-test. (c) Histogram
shows the weight % of fatty acids derived from 5 donors either infiltrated or non-infiltrated with ELR.
Saturated, mono-unsaturated or polyunsaturated fatty acids (SFA, MUFA or PUFA) were measured in
a conditioned medium of epinephrine lactated Ringer’s solution-infiltrated or non-infiltrated adipose
tissue (EI-CM or NI-CM).
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Figure 4. Single injection of either EI-AT or EI-CM in MCF7 tumor induced in athymic mouse.
(a) Immunohistochemical staining of human Ki-67 protein in MCF7 tumors injected with PBS, EI-CM or
EI-AT. Observation of mammary duct (top panel) and mammary fat pad (middle panel). (b) Evolution
of tumor volume is reported for each group of mice (n = 6); the mean tumor volume is represented by
a red line. The arrows indicate time of the intra-tumor injection of either PBS (top panel), or EI-CM
(middle panel group) or EI-AT (low panel). At days 145 and 160, no significant difference between
groups was detected by unpaired nonparametric method.

3. Discussion

AT transplantation has become an increasingly common technique in aesthetic breast augmentation,
in non-oncological and in oncological breast reconstruction [25]. Low complication rates, readily
available donor sites with low donor-site morbidity and an aesthetic benefit are some of the advantages
of the AT transfer. Although AT transplantation has proven effective in breast reconstruction, safety
concerns have been raised regarding its use in patients with a history of breast cancer [26–28]. At present,
large cohort retrospective studies or systematic literature reviews and meta-analyses suggest that
AT transplantation is safe with no increase of cancer recurrence risk for breast cancer patients after
treatments [29–33]. However AT harvesting procedures have been poorly described in these clinical
studies, whereas the lack of standardized protocols for harvesting may explain unpredictable clinical
outcomes with AT engraftment [34–36].

Ephinephrine-lactated Ringer’s solution is often used to infiltrate AT before harvesting, in order
to reduce bleeding, but it may modify the metabolite composition, especially cholesterol and fatty
acids, of AT samples since catecholamines induce lipolysis in adipocytes [37–39]. Interestingly,

62



Int. J. Mol. Sci. 2019, 20, 5626

polyunsaturated n-3 fatty acids in peritumoral AT of breast cancer patients may have beneficial effects
on the disease progression.

In this study, we sought to understand how soluble factors secreted by EI-AT may influence the
proliferation and quiescent state of breast cancer cells. EI-AT secreted factors that were collected in the
conditioned culture medium induced a significant increase in the proliferation rate (150% to 200%)
of MCF7 breast cancer cells, while non-infiltrated AT soluble factors did not. EI-AT secreted factors
increased MCF7 cell proliferation at least partially through the extracellular-regulated kinase (ERK)
1/2 signaling pathway. In a previous study using similar EI-CM samples, multi cytokine assay has
identified interleukin 6 (IL-6) and leptin as molecular candidates to induce increase of osteosarcoma
cell proliferation; however neither IL-6 nor leptin have been able to mimic the pro-proliferative effects
of EI-CM. By in vitro and preclinical studies, Danilo C. et al. have shown that cholesteryl ester via
its cellular receptor (scavenger receptor class B type I, SR-BI) increase breast cancer cell proliferation
through the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway but not through
the mitogen-activated protein kinase (MAPK)/ERK1/2 pathway [40]. Despite the important role of
ERK1/2 in the proliferation of breast cancer cells in vitro, activation of ERK1/2 was not associated with
enhanced proliferation and invasion of 148 clinical mammary carcinomas [41].

During clinical procedures, EI-AT transplantation is never performed in a tumor site with
proliferative cancer cells. Plastic surgery is performed following a cancer-free period and at worst,
the primary tumor site may contain quiescent/dormant cancer cells. The quiescent state of breast cancer
cells in vitro was induced by culture under anchorage-independent conditions, using methylcellulose
in the culture medium. We observed that EI-CM induced an output of the quiescent state of MCF7
cells when maintained in non-adherent spheres: 14% of cells in G0 phase with EI-CM compared to 27%
or 24% in 1% and 10% FBS supplementation, respectively. Such 3-D culture conditions induced a slight
change from epithelial towards mesenchymal phenotypes of MCF7 cells, as suggested by MYC, CD44,
TWIST1/2 and SNAI1 expression increase associated with a decrease of CDH1 expression. We observed
that EI-CM did not enhance such potential EMT in MCF7 cells. In this study, we did not test EI-CM effect
on the migration of breast cancer cells and we did not use primary breast cancer stem cells which are
of high interest in the progression, treatment resistance and recurrence. Originally, Charvet H.J. et al.
have used one breast cancer cell line derived from one out of 10 patient specimens, and not a purchased
banked cell line. Charvet H.J. et al. showed a 10-fold migration increase of primary breast cancer cells
when cocultured with adipose-derived stem cells isolated from the same patient.

To conduct in vitro assays, an AT-conditioned medium (AT-CM) is usually used in the literature,
instead of the whole AT sample itself which would be injected into a patient. AT-CM contains AT
secreted and soluble factors including growth factors, cytokines and free fatty acids, but no adipocytes
or adipose-derived stem cells. Dirat B. et al. have demonstrated that adipocytes obtained from breast
AT during tumorectomy, exhibit a loss of lipid content, an expression increase of proinflammatory
cytokines and the ability to increase invasive capacities of breast cancer cell lines.

Conditioned media derived from epinephrine-infiltrated AT showed a pro-proliferative effect
on breast cancer cells and significantly higher lipid contents compared to non-infiltrated AT of
corresponding patients. However, the percentages of saturated, mono-unsaturated or polyunsaturated
fatty acids were similar in EI- or NI-CM. Recently, Wang Y.Y. et al. showed that free fatty acids released
from adipocytes were incorporated into breast cancer cells as triglycerides in lipid droplets and that
saturated fatty acids but not unsaturated ones were increased in cocultured cells [42]. Additionally,
they demonstrated that lipolysis in adipocytes was induced by tumor cell secretions, but was not
induced by catecholamines. In our study, only patients with a standard body mass index ranging from
20 to 22 were included. Because obesity is clearly related to a higher risk of cancer [43], including
breast cancer risk, it would be of interest to compare the total lipid contents of EI-CM derived from
obese and lean patients.

Epinephrine-infiltrated adipose tissue-conditioned medium (EI-CM) and whole
epinephrine-infiltrated adipose tissue (EI-AT) of the same patient were compared following
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a single injection within breast carcinomas induced in athymic mice by intraductal injection of MCF7
cells. Interestingly, carcinoma growth was slow in this preclinical model; tumors were visible only
90 days after MCF7 cell injection, despite implantation of pellet delivering 17β-estradiol, and tumor
volumes were less than 400 mm3 two weeks after EI-AT or EI-CM single injections. A single injection
of EI-CM may have slightly but not significantly increased MCF7 tumor growth compared to a single
PBS injection. The untranslation of the EI-CM cellular effects to in vivo effects may be due to reversed
or transient effects that have not been tested in our in vitro study, or due to neutralization through
molecular interactions with physiological liquids. In contrast, corresponding whole EI-AT injection
did not modify breast tumor growth, in agreement with clinical studies which show that AT transfer
did not increase tumor recurrence and then, may have no effect on quiescent tumor cells.

MCF-7 cell line which is a luminal A subtype of breast cancer expressing estrogen and progesterone
receptors, is not the more aggressive and invasive model. It will be of high interest to test a model
with a higher metastatic potential such as the MDA-MB-231 cell line, a basal subtype of triple negative
breast cancer. We observed that EI-CM of patients n◦1 to 3 induced 50% increase in the proliferation
rate of MDA-MB-231 cells in culture (data not shown), but we did not investigate further this cell line
as we were not able to establish an adequate in vivo model using it. A low tumor incidence (50%) with
high variability of tumor size was obtained using MDA-MB-231 cell injection in nude mice.

In conclusion, epinephrine-infiltration of AT induces secretion of factors including lipids. This may
contribute to the pro-proliferative effect and output of the quiescent state that were observed
in vitro on MCF7 breast cancer cells. Moreover, such epinephrine-induced secreted factors seem
to increase the in vivo growth of MCF7-induced tumor in mice. However, a single injection of whole
epinephrine-infiltrated AT did not increase the slow progression of MCF7-induced tumor in mice,
revealing a discrepancy between the effects of AT-secreted soluble factors in the conditioned medium
and the whole AT sample which would be injected into a patient. The proportion of polyunsaturated
fatty acids was not modified by the epinephrine infiltration, despite the significant increase in secreted
lipids by EI-AT. The results of the EI-AT presented here do not call into question the safety of AT
transplantation, however it would be of interest to compare cancer recurrences in breast cancer patients
following the transplantation of AT harvested with or without epinephrine infiltration.

4. Materials and Methods

4.1. Adipose Tissue (AT)

AT samples: Human adipose tissue (AT) was obtained from abdominal liposuction during
plastic surgery at the University Hospital of Nantes. Donors (patients n◦1 to 10) with no significant
medical history gave informed consent for the use of surplus AT sample for anonymized unlinked
research, as validated by the “Comité de Protection des Personnes des Pays de la Loire” and by the
“Ministère de la Recherche” (Art. L. 1245-2 of the French public health code, Law no. 2004-800 of 6
August 2004, Official Journal of 7 August 2004) with declaration to the “Commission Nationale de
l’Informatique et des Libertés”. Ten AT samples were collected using a 12-gauge, 12-hole cannula
(Khouri Harvester) connected to a 10 mL Luer-Lock syringe after infiltration with 0.1% epinephrine
lactated Ringer’s solution as performed in our department to reduce bleeding. All patients had a
body mass index ranging from 20 to 22. For five patients, we obtained both epinephrine infiltrated
(EI) and non-infiltrated (NI) samples. Samples were centrifuged at 3000 rpm with a 9.5 cm radius
fixed angle rotor for 1 min (Medilite™, Thermo Fisher Scientific, Illkirch, France) at room temperature.
After centrifugation, the samples were separated into 3 layers: the upper one composed of oil, the
middle one composed of the adipose tissue and the bottom one with blood and infiltration solution.
Only middle layers corresponding to AT samples were collected.

AT-Conditioned Medium (AT-CM): AT samples were placed in cell culture inserts (pore size 3 μm;
Becton Dickinson, Le Pont de Claix, France) with Minimum Essential Medium alpha (Gibco® MEM α;
Life technologies, St Aubin, France) with nucleosides and 1 g/L D-Glucose (MEM) under serum-free
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conditions. After 24 h, inserts with AT were removed and AT-CM was collected and frozen at minus
20 ◦C.

4.2. Culture Conditions

MCF7 cells were initially derived from a human breast adenocarcinoma ATCC number HTB-22,
(ATCC, Manassas, VA, USA). They are a luminal subtype and express estrogen, progesterone and
glucocorticoid receptors. MEM α medium was supplemented with 10% fetal bovine serum (FBS)
and used to culture cells at 37 ◦C in a humidified atmosphere (5% CO2/95% air). For culture
under anchorage-independent conditions, 1 mL MEM α medium was supplemented with 1.05% of
methylcellulose (R&D Systems, Lille, France) and 1% FBS, and was seeded with 1 × 105 cells into a
well of 24-well plate for 3 days. Then 0.5 mL MEM α medium supplemented with 1% or 10% FBS or
with 25% EI-CM were added for 2 days. Complete FBS starving (0%) was avoided in 3-D culture to
maintain a low proportion (<5%) of cells in subG0 phase.

4.3. Cell Viability

Three thousand cells per well were cultured into 96-well plates with medium supplemented with
FBS, CM or chemical inhibitor of ERK1/2 phosphorylation, UO126 (R&D Systems). After 24 h, WST-1
reagent (Roche Diagnostics, Meylan, France) was added to each well for 2 h at 37 ◦C. Then absorbance
was read at 450 nm.

4.4. Cell Cycle Analysis

MCF7 cells were obtained and analyzed as previously described [44]. Briefly, DNA was stained in
ethanol-fixed cells with propidium iodide (50 μg/mL; Sigma-Aldrich, Lyon, France) and Ki-67 protein
was eventually detected using a FITC-coupled mouse anti-human Ki-67 antibody (Becton-Dickinson,
Le pont de Claix, France). Cell fluorescence was measured by flow cytometry (Cytomics FC500;
Beckman Coulter, Villepinte, France). Cell-cycle distribution was analyzed for 20,000 events using
MultiCycle AV Software, Windows version (Phoenix Flow System, San Diego, CA, USA) to obtain
histograms of cell repartition in each cell-cycle phase and CXP Analysis software version 2.2 (Beckman
Coulter, Villepinte, France) to obtain dot-plots of DNA/Ki-67 double-staining.

4.5. Reverse Transcription and Quantitative PCR

Gene expression was observed as previously described [45], after RNA extraction (NucleoSpin
RNA II; Machery-Nagel, Düren, Germany), reverse transcription with ThermoScript RT (Invitrogen
Life Technologies, Villebon sur Yvette, France) and cDNA amplification using the IQ SYBR Green
Supermix (Bio-Rad, Marne la Coquette, France). For quantitative analysis, the iCycler iQ Real-time PCR
Detection system (Bio-Rad), was used to calculate relative fold change of gene expression, following the
delta delta Ct method [46]. The HPRT1 reference gene was used for normalization. Primer sequences
with corresponding gene symbol and name are indicated in Table 1.

4.6. Breast Carcinoma Model

Eight-week-old female athymic mice (NMRI nu/nu) were obtained from Elevages Janvier
(Le Genest St Isle, France). They were housed under pathogen-free conditions at the Experimental
Therapy Unit (Faculty of Medicine, Nantes, France). The experimental protocol was approved by the
regional committee on animal ethics (CEEA.PdL.06) and the Minister of Agriculture (Authorisation
number: 9634) and was conducted following the guidelines “Charte nationale portant sur l’éthique de
l’expérimentation animale” of the French ethical committee. The mice were anaesthetized by inhalation
of an isoflurane-air mix (2% for induction and 0.5% for maintenance, 1 L/min) before injection with
2 × 106 MCF7 cells in 30 μL of Matrigel (R&D Systems) diluted in phosphate buffered saline (PBS
50%) into the 4th left mammary duct. At the time of cell injection, a pellet delivering 17β-estradiol
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(Innovative Research of America, Sarasota, FL, USA) was subcutaneously implanted between the neck
and the left shoulder. Formula (l2xL)/2, where l and L represent the smallest and largest diameter
respectively, was used to calculate the tumor volume [47].

4.7. Histology Analysis

Tumor samples were fixed in 4% buffered paraformaldehyde (PFA) for 48 h, while sphere samples
were fixed in 4% PFA for 15. Three μm-thick sections of tumors or spheres embedded in paraffin were
dewaxed, rehydrated and then treated with 3% H2O2 for 15 min at room temperature. Human Ki-67
immunohistochemistry detection was then performed with a mouse monoclonal anti-human Ki-67
(MIB-1 clone; Dako, Les Ulis, France) and revealed with a biotinylated goat anti-mouse Immunoglobulin
G secondary antibody and Streptavidin-Horse Radish Peroxydase complexes (Dako) that were observed
following an incubation with 3,3′-Diaminobenzidine (DAB, Dako). Nuclei were counterstained with a
Gill-Haematoxylin solution. ImageJ software (NIH, Bethesda, MD, USA) was used to calculate the
proportion of Ki-67-positive cells, from counting >15,000 nuclei in 6 sections of each tumor sample or
>5000 nuclei in 6 sections of each sphere sample.

4.8. Lipid Analysis

Fatty acid composition analysis using gas chromatography: AT-CM were frozen in liquid nitrogen
before total lipid extraction according to the FOLCH method with chloroform-methanol 2:1 (v/v).
Extracts from AT-CM were washed with saline and separated into two phases. The chloroform
phase transferred to a new tube was evaporated. Lipid extracts were resuspended with 200 μl of
chloroform-methanol 2:1 (v/v). Triglycerids (TG) were separated on silica gel TLC plates (LK5, 20*20;
Merck St Quentin, Yvelines, France) for thin layer chromatography. After spot scraping, TG were
collected and treated as fatty acids methyl esters (FAME) for gas chromatography analysis.

Derivatization of fatty acids was performed with 14% boron trifluoride (in methanol),
which resulted in the formation of methyl esters. The derivatization mixture was incubated and shaken
for 30 min at 100 ◦C. Finally, FAME were extracted twice with hexane and then evaporated to dryness.
Batch samples were analzsed with a gas chromatograph (GC-2010plus; Shimadzu Scientific instruments,
Noisiel, France) through a capillary column (SGE BPX70 GC Capillary Columns; Chromoptic SAS,
Courtaboeuf, France). A hydrogen carrier gas was maintained at 120 kPa. Oven temperature was set
to 60 ◦C to 220 ◦C and flame ionization detector temperature at 280 ◦C for fatty acid detection. FAME
identification was done by comparing relative retention times of samples to those obtained for pure
standard mixtures (Supelco 37 fatty acid methyl Ester mix; Sigma Aldrich). The relative amount of each
fatty acid (saturated, mono-unsaturated or polyunsaturated fatty acid) was quantified by integrating
the baseline peak divided by the peak area corresponding to all fatty acids, using the GC solutions
software (Shimadzu Scientific instruments, Noisiel, France).

4.9. Statistical Analysis

Microsoft Excel software (Redmond, WA, USA) was used. In vitro experiments results
were analyzed following the analysis of variance t-test. In vivo experimentation results were
analyzed with the unpaired nonparametric method and Dunn’s multiple comparisons following
the Kruskal-Wallis test.
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Abstract: Atherosclerosis is a multifactorial chronic disease that affects large arteries and may lead
to fatal consequences. According to current understanding, inflammation and lipid accumulation
are the two key mechanisms of atherosclerosis development. Animal models based on genetically
modified mice have been developed to investigate these aspects. One such model is low-density
lipoprotein (LDL) receptor knockout (KO) mice (ldlr−/−), which are characterized by a moderate
increase of plasma LDL cholesterol levels. Another widely used genetically modified mouse strain
is apolipoprotein-E KO mice (apoE−/−) that lacks the primary lipoprotein required for the uptake
of lipoproteins through the hepatic receptors, leading to even greater plasma cholesterol increase
than in ldlr−/− mice. These and other animal models allowed for conducting genetic studies, such as
genome-wide association studies, microarrays, and genotyping methods, which helped identifying
more than 100 mutations that contribute to atherosclerosis development. However, translation of
the results obtained in animal models for human situations was slow and challenging. At the same
time, genetic studies conducted in humans were limited by low sample sizes and high heterogeneity
in predictive subclinical phenotypes. In this review, we summarize the current knowledge on
the use of KO mice for identification of genes implicated in atherosclerosis and provide a list of
genes involved in atherosclerosis-associated inflammatory pathways and their brief characteristics.
Moreover, we discuss the approaches for candidate gene search in animals and humans and discuss
the progress made in the field of epigenetic studies that appear to be promising for identification of
novel biomarkers and therapeutic targets.

Keywords: atherosclerosis; mutations; epigenetics

1. Introduction

Atherosclerosis is a chronic vascular disease that affects large and small arteries and is characterized
by the development of lipid-rich plaques in the vascular wall. The growing plaques reduce the vascular
lumen and, in the case of so-called unstable plaques, can trigger thrombogenesis on the surface.
The resulting ischemia can lead to fatal consequences if it affects a vital organ, such as heart [1]. During
the last few decades, a significant progress has been made in the understanding of atherosclerosis
pathogenesis. However, no effective treatment for the disease has been developed so far [2]. The greatest
challenge is the lack of effective treatment approaches, which is the consequence of our incomplete
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understanding of the processes that underlie the pathogenesis. Genetic base is one of the most
important features that are involved in the disease development.

Currently, the most widely used anti-atherosclerosis drugs are statins [3]. The aim of statin
therapy is reducing the blood level of low-density lipoprotein (LDL) cholesterol, which is a well-known
pro-atherogenic agent. It was demonstrated that statin therapy reduces the risk of cardiovascular
events by approximately one third [4]. However, statin therapy alone cannot be regarded as effective
treatment of atherosclerosis. Increasing the plasma levels of high-density lipoprotein (HDL), which
has anti-atherogenic properties, is another promising approach. Accumulating evidence shows that
high levels of HDL cholesterol can inhibit atherosclerosis progression. To date, several therapeutic
agents that increase HDL levels are known, including niacin, fibrates, and statins. Among the recently
developed medications are apoA-I-phospholipid complexes, human apoA-I and apoA-I-mimetic
peptides, and inhibitors of cholesterol ester transfer protein, which have reached the level of clinical
trials. However, the inhibitor of cholesterol ester transport torcetrapib failed to demonstrate a clinical
benefit. The search for new HDL-rising therapeutic agents currently continues [5,6].

Inflammation is known to play a key role in atherosclerosis initiation and development. Ever since
the concept of atherosclerosis being a chronic inflammatory condition was established, the search
for anti-inflammatory agents that may be effective against atherosclerosis is ongoing. However,
the complexity of signaling cascades regulating the activities of immune cells in atherosclerotic
lesions makes their regulation challenging. Moreover, anti-inflammatory therapy of atherosclerosis
should target lesion-specific inflammatory processes while leaving the normal immune response
uncompromised [7]. Genes related to the inflammation are considered as possibly implicated in the
atherogenesis, as well as genes related to the lipid metabolism.

The search for genetic determinants of atherosclerosis has been ongoing for decades. Currently,
this line of research is focused on identifying the candidate genes implicated in known atherogenesis
pathways and conducting association studies to evaluate their roles in the pathology development.
This approach resulted in establishing the pro-atherogenic roles of numerous genes [8]. In parallel,
genome-wide linkage studies were carried out to identify atherogenesis-regulating quantitative trait
loci (QTL). This approach appears to be promising for identifying new atherosclerosis-related genes in
an unbiased manner [9]. Finally, studies of epigenetic modifications associated with atherosclerosis
present further opportunities for possible therapeutic intervention. Since the whole genome sequence
information was available for humans and mice, including haplotype information, it became possible
to conduct genome-wide association studies with relatively high speed.

The search for genes responsible for atherosclerosis has several challenges. First, human genome-wide
association studies (GWAS) that represent a powerful modern tool for such analyses do not take into
account the impact of the environmental factors and molecular processes within a particular tissue.
These factors can, however, be followed using murine models. Thus, there exist currently more than
100 different strains of atherosclerotic mice with various properties’ combinations. This diversity also
complicates the interpretation of findings on different models [10]. Another challenge is the difficulty
of comparison of human and murine genes potentially related to atherosclerosis. Genes that were
found in mouse QTL studies can be further tested in human association studies to check whether they
are associated with atherosclerosis [11].

2. Methodology of Genetic Studies of Atherosclerosis

Every study begins with choosing the most suitable model. Despite the fact that traditionally
used models of atherosclerosis greatly improved our knowledge about atherogenesis, especially in its
early stages, there is currently a need for novel, more advanced models. One of the challenging areas
of research is studying thrombosis associated with atherosclerotic plaque rupture, which is difficult to
model in animals.

Moreover, there is a need for mouse models deficient for apoE and LDL receptors with a genetic
background other than C57BL/6. However, genetic differences are present even between different
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substrains of C57BL/6 mice. For example, Almodovar et al. identified fourteen single nucleotide
polymorphisms (SNPs) resulting in differences between the two most popular lines from Jackson
Laboratory and Taconic [12]. Moreover, the Nnt deletion on chromosome 13 was shown to be different
between these two lines. At the phenotypic level, these differences resulted in variability of adiposity
between the substrains that were relevant for atherosclerosis research. Therefore, differences in the
genetic background within one line may cause reproducibility problems and also affect the testing
parameters in an unpredictable way.

It is clear by now that the atherosclerosis is a polygenic disorder, and it is necessary to use models
with various genetic backgrounds to identify the genetic features that are responsible for the disease
development with confidence confidently. Several works have been conducted to assess the genetic
variability between mouse strains. Grainger et al. performed an investigation on intercrosses of
BALB/cJ (BALB) and SM/J (SM) apolipoprotein E-deficient (apoE−/−) mice to identify chromosomal
regions harboring genes contributing to carotid atherosclerosis. With the use of QTL analysis and
bioinformatics tools, they found out that there are five significant QTL, among which the one on the
chromosome 12 had the highest LOD score. Potential candidate genes were listed: Arhgap5, Akap6,
Mipol1, Clec14a, Fancm, Nin, Dact1, Rtn1, and Slc38a6 [13]. Another study, performed by Wang et al.,
engaged NOD (non-obese diabetic) mice. They found that the knockdown of ldlr or apoE in NOD mice
did not lead to atherosclerosis development. By contrast, C57BL/6 mice with the ApoE deficiency
developed the disease when fed with a high-fat diet. Moreover, simultaneous knockdown of both ldlr
and apoE resulted in a severe atherosclerosis [14].

However, the large majority of the mouse models of atherosclerosis are currently created on the
C57BL/6 genetic background. This limits their mapping power and coverage of allelic diversity. QTL
analysis on F2 intercrosses of SM/J- apoE−/− and BALB/cJ- apoE−/− mice revealed that tnfaip3 was the
most potent causal gene. These results show the importance of the use of different strains in the studies
aimed at identification of the genetic causes of the atherosclerosis [15].

Creation of mouse models of atherosclerosis allows for revealing new atherosclerosis-related
QTL [11]. Such identification may, in its turn, identify previously unknown atherogenesis pathways
and new potential therapeutic targets. Although human and mouse orthologs of atherosclerosis-related
genes do not always coincide, a search can be conducted for other players of the identified pathway
that may prove to be useful in that regard.

Inflammation and lipid metabolism deregulation represent good entry points for searching for
relevant atherosclerosis-related genes. However, due to the crucial role of many of these genes
for reproduction and survival, they have been subject to great selective pressure and therefore their
pro-inflammatory polymorphisms can be found easily. To date, six genes involved into the inflammatory
response were identified: ALOX5AP [16] and MEF2A [17] in human linkage studies of myocardial
infarction, Alox5 [18] and Tnfsf4 [19] in mouse linkage studies of atherosclerosis and LTA [20] and
PSMA6 [21] in human genome-wide association studies of myocardial infarction (Table 1) [17–20,22,23].
The obtained results indicate that genetic predisposition to inflammation may account for a considerable
part of variance of atherosclerosis incidence in populations [9].
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Despite the progress made, identification of atherosclerosis-related genes by means of linkage
studies remains difficult. One of the challenges is the complexity of atherosclerosis pathogenesis: the
involvement of different cell types in the pathological process, the heterogeneity of genes implicated in
the process, and the fact that each of them by themselves may have only a small effect, and the role
of the environmental factors. As a result, most genetic variants that were identified in genome-wide
association studies have not been previously captured in QTL. Moreover, genes responsible for a
certain trait tend to cluster within the chromosome and interact with each other, making positional
cloning difficult.

It has been demonstrated that not all genes that influence the phenotype of the QTL may be
detected by positional cloning [18]. Other QTL genes can be found by breaking down congenic regions
to smaller chunks and analyzing them separately. Multiple causal QTL genes can be identified by
association studies conducted for genes in the QTL peak, also called “peak wide mapping” [24].
The chance of identifying human atherosclerosis genes can potentially be increased by using the
mouse–human comparative genomic approach. Whether a particular gene is associated with the
increased risk of atherosclerosis can be determined by candidate gene association studies that are,
however, limited by the high frequency of false-positive results. Moreover, this approach for gene
searching is biased, since only genes that are suspected of being related to atherosclerosis are tested.
Even the established associations provide little information on whether and how the polymorphisms
are linked to the altered gene functions. Genome-wide association studies were quite successful in
detecting unexpected candidate atherosclerosis-related genes, but could not be used widely enough
due to high costs and complexity of the procedures.

Microarray and genotypic methods offer the possibility of quantifying the expression of numerous
(up to thousands) of genes simultaneously in an unbiased way. These methods allow for locating
QTLs for phenotypes based on the expression data (so called expression QTLs, or eQTLs). To identify
candidate genes for further studies, a combination of clinical QTL with eQTL can be used [25].

Bone marrow transplantation can be considered as an additional approach to identifying the
pro-atherosclerotic roles of specific genes in mice. For instance, this method allowed for demonstrating
the impact of hematopoietic-expressed genes on atherosclerosis [26].

Each of the approaches listed above has its limitations and advantages. The most promising
strategy for finding new genes that are responsible for atherosclerotic development appears to be
combining more than one approach in a single study.

3. Genetic Aspects of Atherosclerotic Disease in Mice

Mouse is the most commonly used model animal for studying human diseases, including
atherosclerosis. First attempts to create a suitable mouse model of the disease were based on dietary
modifications. Wild type mice that are fed with a regular chow diet do not develop atherosclerosis
spontaneously. For that purpose, special diets have been developed, such as high fat (15%), cholesterol
(1.25%), and cholate (0.5% cholic acid) diet, or “Paigen Diet”. This diet is commonly used to induce
atherosclerosis lesions in wild type animals. The diet is characterized by a reduced conversion
of cholesterol into bile acid, and impaired cholesterol clearance, which leads to increased plasma
cholesterol. Moreover, cholate-rich diet alters the expression of several genes that are responsible for
lipid metabolism and inflammatory response [27].

More recently, the development of new genetic tools allowed for creating genetically modified
mouse models of human atherosclerosis that allowed for better accuracy in reproducing human
atherosclerotic lesions. First, mice deficient for low density lipoprotein receptor (ldlr−/−) were created.
These animals lack the primary receptor responsible for LDL cholesterol (LDL-C) uptake, which results
in its increased plasma concentration. Further increase of LDL-C in these animals is achieved by
feeding them with a Western-type diet (WTD). Another approach is to cross the ldlr−/− mice with
another mutant strain, such as apobec1 knock-out mice. Mice deficient for apolipoprotein-E (apoE−/−)
represent another atherosclerosis model, which is currently widely used. In these animals, circulating
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lipoprotein contains no primary ligand that is used for facilitating the lipoprotein uptake through
hepatic receptors. This results in a plasma cholesterol increase that is more prominent than in ldlr−/−
mice, with spontaneous development of atherosclerotic lesions in animals fed with a regular diet and
further increase of the disease induced by the WTD [28].

Mouse models of atherosclerosis proved to be very helpful for genetic studies of the disease.
Over 100 mutations involved in the pathogenesis of atherosclerosis have been identified in mice.
Many of these genes may be involved in common pathways in atherosclerosis development [29].
However, only a few of these identified genes were demonstrated to play a causative role in human
coronary artery disease. A possible explanation for this is the high selection pressure on these genes
that prevents loss-of-function mutations to spread in the human population. Another reason is the
differences in the pathogenesis mechanisms of atherosclerosis in humans and mice. Such differences
may include many aspects, starting from the size, structure, and elasticity of the arteries and ending
with distinct mechanisms of complicated plaque formation, which are difficult to reproduce in mice.
Moreover, atherosclerotic disease affects different arteries in humans and mice, with coronary, carotid,
and cerebral arteries being the most important in humans, with aorta and proximal large vessels being
the first affected in mice [30].

The translation of the genetic findings from mouse models to human satiation was slow and
unconvincing. This resulted not only from the limitations of mouse models, but also from the insufficient
development of human genetics to identify significant genetic associations with atherosclerotic disease.

4. Candidate Gene Approaches in Mice

Two main approaches have been used for candidate atherosclerosis-related gene testing in
mice. The first method, a candidate gene loss-of-function approach, involves the creation of
genetically-modified animals deficient for a specific gene with subsequent induction of atherosclerosis
either by crossing the mouse line of interest with ldlr−/− or apoE−/− mice or by using the
atherosclerosis-inducing diet (Figure 1). This approach allowed identifying associations of more
than 100 genes with atherosclerotic disease in mice. About 60% of these genes were initially studied
in mice with apoE−/− genetic background, around 25% in mice with ldlr−/− background, and 10% in
animals with diet-induced disease. Many of the tested candidate genes had no or only minimal effect
on atherosclerosis development. Some genes only had an effect in a certain genetic background; for
instance, icam1−/− had an effect only in apoE−/− (but not ldlr−/−) mice. A QTL analysis allowed mapping
43 significant loci, of which 19 were identified in apoE−/− animals, 12 in ldlr−/− animals, and 12 in the
diet-induced model [15].

The gene of arachidonate 5-lipoxygenase (alox5) was shown to be linked to atherosclerosis in mice,
since animals deficient for this gene developed atherosclerotic phenotypes. However, genetic studies
in humans have not confirmed the association of ALOX5 gene with coronary artery atherosclerosis.
At the same time, another human atherosclerosis-associated gene, CXCL12, could be mapped to the
orthologous mouse chromosome Chr6, at a distance of less than 1 Mb from alox5, indicative of a
potential contribution of cxcl12 polymorphisms to the Artles QTL [31].

Another gene potentially causally related to atherosclerosis is tnfsf4, which was identified in Ath1,
one of the first atherosclerosis-associated QTLs mapped in mice. This gene, also known as Ox401,
is a member of the tumor necrosis ligand superfamily. Mice deficient for this gene demonstrated
decreased atherosclerosis progression. Moreover, studies in humans have revealed SNP that were
related to myocardial infarction with a marginal significance [32], which was, however, not confirmed
by other studies in humans [33]. The human ortholog TNFSF4 has no known association locus in
its proximity. A disintegrin and metalloproteinase 17 (adam17) has been proposed as another gene
causally related to atherosclerosis, but the effect of its knock-out remains to be investigated [34].
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Figure 1. The scheme of a candidate loss-of-function approach and the atherosclerosis-related genes it
helped to identify.

5. Genetics of Atherosclerosis in Humans

Atherosclerosis is a multifactorial disease involving a range of biological mechanisms, from lipid
metabolism disruption to inflammation. It is therefore unlikely to pinpoint a unique gene that is
responsible for disease initiation. However, a range of causal genes acting together can probably be
identified and used for finding potential therapeutic targets. In humans, numerous genes have been
shown to be important for the individual’s susceptibility to atherosclerosis. Genetic variants and
mutations that increase the risk of atherosclerosis and related cardiovascular diseases were identified.
If each of these variants would have relatively little effect in the overall balance, their combination
with each other and with the genetic background may have pronounced effects. Genetic studies in
humans are challenging because of the genotype complexity, limited sample sizes, and heterogeneity
of the observed phenotypes.

6. Candidate Gene Studies in Humans

Candidate gene studies allow for revealing associations of individual gene polymorphisms with
atherosclerosis. To date, several genetic loci that are likely to play a role in the disease pathogenesis
have been revealed [35]. However, a large part of candidate gene studies has not yielded convincing
results or reported associations were weak and impossible to confirm. Some progress was achieved
after development of a cardiovascular gene-centric 50K SNP array, which allowed for revealing several
new genes with a significant association with coronary artery disease [36].
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In general, genetic markers are less powerful predictors of atherosclerosis than traditional risk
factors, such as gender, age, or behavioral factors. However, more detailed studies, including studies
on twins, have revealed the existence of genetic susceptibility to atherosclerosis. In rare cases, such as
familial hypercholesterolemia (FH), atherosclerosis can be inherited following Mendelian laws. In FH,
mutations in the LDLR gene lead to a prominent increase of plasma LDL cholesterol level, which
strongly increases susceptibility to atherosclerosis [37]. The genetic variants leading to FH-associated
atherosclerosis have been studied using a QTL approach in several large families and by studying a
single large family under a Mendelian inheritance hypothesis. QTL mapping in humans encounters
the same challenge as it does in mice: the large size of the linkage regions that hinders the causal
genes identification [9]. This may explain the small number of the identified atherosclerosis-associated
genetic loci that could be confirmed by several studies.

The identified atherosclerosis-associated candidate genes include lipoprotein receptor-related
protein 6 (LRP6) at 12q13.2, arachidonate 5-lipoxygenase-activating protein (ALOX5AP) at 13q12-13,
and myocyte enhancer factor 2A (MEF2A) at 15q26.3 [38]. These genes have not been identified in
studies on mouse models. Further studies using a genome-wide association approach have identified
new loci outside of the original confidence intervals for LRP6 and ALOX5AP, indicating that these may
be distinct loci. At the same time, MEF2A may be linked to a broader region on chromosome 15 that
includes another gene, ADAMTS7 [29].

Genome-wide association studies, or GWAS, represent a powerful tool that makes possible
simultaneous investigation of millions of polymorphisms to reveal their association with a certain
phenotype within a large population [39]. Studies using GWAS have revealed several human genetic
loci strongly associated with coronary artery disease and myocardial infarction [40]. Other examples
of large GWAS are the CARDIoGRAM consortium that has analyzed data from 14 different GWAS
for a total of 140,000 patients, and reported 13 new coronary artery disease-associated loci and the
C4D consortium that investigated 70,000 patients from South Asia and Europe and identified four new
loci [41,42]. Apart from the loci mentioned above, numerous other loci were identified that may be
significant (p < 0.05, but higher than the significance threshold currently used for GWAS, which is
5 × 10−8). It is possible that further research will demonstrate significance of some of these loci in a
larger meta-analysis.

GWAS helped to reveal the association between several genes implicated in triglyceride metabolism
and cardiovascular disease, including APOA5 and APOC3 [43]. Rare APOA5 mutations were shown
to be associated with enhanced plasma triglyceride levels and, at the same time, the elevated risk
of coronary artery disease [44]. By contrast, rare loss-of-function mutations in the APOC3 gene
were demonstrated to lower both the plasma triglyceride levels and the cardiovascular risk [45].
These findings make the APOC3 and APOA5 the promising lipid metabolism-related target for future
development of atherosclerosis and dyslipidemia treatment approaches.

Loss-of-function variants of another gene related to the triglyceride metabolism, ANGPTL3,
were revealed to be atheroprotective due to their association with the decrease in plasma levels of
triglycerides, LDL cholesterol, and HDL cholesterol [46]. Rare variants of HSD17B13 were found
to be significantly associated with triglycerides and HDL in white individuals with type 2 diabetes.
This provided an explanation for the observed lipid variation in response to fenofibrate treatment in
individuals with type 2 diabetes treated with statins [47].

7. Epigenetic Factors

Epigenetic factors play important roles in many human diseases, including atherosclerosis. They
are increasingly recognized as disease modifiers and potential therapeutic targets. Among the known
epigenetic factors are DNA methylation, histone modification, and the effects of various non-coding
RNAs. Studying of epigenetic factors is challenging because of their complexity and dynamic nature,
but also by the limited access to in vivo material and tissue heterogeneity, since epigenetic modifications
are often cell type-specific [48]. These limitations make single cell analysis technologies. Single cell
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RNA sequencing allowed revealing disease stage-specific markers with subsequent isolation of specific
cell population suitable for epigenetic profiling. Combined with modern computational strategies for
data analysis, these approaches can help with revealing gene regulatory networks for a particular cell
type that are present in atherosclerotic plaques [49].

In contrast to genetic, epigenetic modifications have a dynamic nature. They can be influenced
by the environmental stimuli that can modify the cell phenotype, gene expression patterns, and the
expression and regulation of the transcription factors [50]. For instance, it was demonstrated in mice
that transplantation of macrophages into a new tissue environment changed the epigenetic profiles and
gene expression patters and rendered the transplanted cells phenotypically similar to tissue-resident
macrophages [51].

7.1. DNA Methylation

DNA methylation is performed by methyltransferases (DNMT) that add methyl groups to the
5′ position of cytosine rings in the CpG dinucleotides. Insufficient DNA methylation leads to gene
activation, and hypermethylation to gene silencing [52]. Recent studies revealed significant levels
of DNA hydroxymethylation within genes characterized by active transcription, as well as in their
enhancer regions [53].

Recent studies have demonstrated that, in both humans and mice, overall DNA hypermethylation
of CpG islands is observed in atherosclerosis [54]. Moreover, genome-wide DNA methylation
sequencing revealed a positive correlation between DNA methylation status and atherosclerotic lesion
grade [55]. It is therefore likely that DNA methylation plays a role in atherosclerosis development, and
therefore a DNA methylation status can potentially be used as an atherosclerosis biomarker.

7.2. Histone Modification

Histones are highly alkaline proteins that play a major role in nucleosome formation.
Histone modifications are represented by a complex of covalent post-translational modifications,
such as phosphorylation, methylation, and acetylation. Histones can also be ubiquitinated and
SUMOylated [56]. Chromatin-remodeling complexes are capable to control histone modifications in
a dynamic way [57]. The process is carried out by ‘writer’ and ‘eraser’ complexes that introduce or
remove covalent modifications of lysine or, less frequently, arginine residues of histone proteins.

7.3. Long Non-Coding RNAs

Long non-coding RNAs (lncRNAs) are commonly defined as RNA transcripts shorter than 200
nucleotides that do not encode a functional protein. LncRNAs are polyadenylated, contain only
2–3 exons, and are typically spliced [58]. Most of them are transcribed by polymerase II. LncRNAs
are associated with the regulations of numerous cellular processes in mammals, such as chromatin
remodeling, chromatin modification, dosage compensation effect, genomic imprinting, and others [59].
These molecules do not act by themselves, but form complexes and execute their regulatory functions
through interacting with proteins. LncRNAs were shown to interact with different enzymes and
complexes and thus affect DNA methylation, histone methylation, and acetylation. They also are able
to regulate the transcription by the interaction with transcriptional factors. The implication of lncRNAs
in post-transcriptional regulation is based on their ability to interact with splicing factors and proteins
and subsequently regulate mRNA alternative splicing, and splicing factors can also directly regulate
lncRNA alternative splicing [59].

However, lncRNA are better to define not as non-coding, but as likely to be non-coding, because
it is impossible to verify the absence of coding properties with certainty. The most significant piece of
criteria used to distinguish whether the transcript encodes a peptide is the lack of open reading frames
(ORFs). The first attempt to identify lncRNAs and to summarize the data available from studies in
mice was the FANTOM project [60]. It used the cDNA cloning with the subsequent Sanger sequencing.
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Although comprehensive data on lncRNAs remain to be collected, there is growing evidence
that lncRNAs play a role in epigenetic and/or transcriptional processes through recruiting chromatin
modifying and transcriptional factors to DNA among other mechanisms [61]. It was also shown
that lncRNAs can participate in post-transcriptional regulators by controlling translation, splicing,
and mRNA stability [62].

In cardiovascular diseases, several lncRNAs have been identified as epigenetic regulators playing a
role in the pathological processes. For instance, the antisense non-coding RNA in the Ink4 locus (ANRIL)
that is transcribed from the human 9p21.3 locus, the expression of which is strongly associated with
the incidence of coronary artery disease [63,64]. It was shown that ANRIL could promote proliferation
of human vascular smooth muscle cells through recruiting repressive PcG protein complexes to the cell
cycle inhibitor genes CDKN2A/B [65]. In the endothelial cells, ANRIL was shown to be induced by
NF-κB signaling. In this cell type, it can induce the expression of pro-inflammatory genes IL-6 and IL-8
through recruiting the transcription factor YY1 [66].

Another lncRNA that was shown to be involved in atherosclerosis development is lincRNA-p21.
In atherosclerotic plaques from apoE−/− atherosclerosis mouse model and from human coronary
arteries, this lncRNA was found to be downregulated. Moreover, knock-down of lincRNA-p21
was demonstrated to increase the neointima growth in a mouse model of carotid artery vascular
injury. This process was partially dependent on p53-dependent apoptotic genes regulation in vascular
smooth muscle cells [67]. Finally, several lncRNAs were also found to be involved in such processes
as inflammation and innate immunity regulation, which makes them relevant for atherosclerosis
research [68,69]. Future studies are likely to add to the growing list of lncRNAs implicated in
atherosclerosis and evaluate their potential as biomarkers or even therapeutic targets.

8. Conclusions

The complexity of atherosclerosis pathogenesis makes it impossible to identify a precise set
of genes responsible for the disease development. Instead, multiple genes have been identified
that can participate in different stages of atherosclerosis progress. Finding genetic determinants
for atherosclerosis can crucially improve not only general understanding of underlying processes,
but also an individualized medication. The same symptom was formed by environmental factors,
genetic predisposition or their combinations in different patients, and these patients may call for
different therapies.

There are three main challenges impeding studies in the field of finding genetic and epigenetic
determinants for atherosclerosis. The first one is to establish a suitable model because of the complexities
in translating results obtained from classical models to humans and because of serious limitations of
using human material. The second challenge is to create an economically viable and unbiased approach
that can be widely used in order to make data be able to be reproduced and standardized. Despite
the general understanding of how to target the particular gene in the case of therapeutic strategy, the
further elaboration of a genetically-based treatment or preventive approach for atherosclerosis also
remains challenging.
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Abstract: Diabetes mellitus comprises a group of carbohydrate metabolism disorders that share
a common main feature of chronic hyperglycemia that results from defects of insulin secretion,
insulin action, or both. Insulin is an important anabolic hormone, and its deficiency leads to various
metabolic abnormalities in proteins, lipids, and carbohydrates. Atherosclerosis develops as a result of
a multistep process ultimately leading to cardiovascular disease associated with high morbidity and
mortality. Alteration of lipid metabolism is a risk factor and characteristic feature of atherosclerosis.
Possible links between the two chronic disorders depending on altered metabolic pathways have
been investigated in numerous studies. It was shown that both types of diabetes mellitus can actually
induce atherosclerosis development or further accelerate its progression. Elevated glucose level,
dyslipidemia, and other metabolic alterations that accompany the disease development are tightly
involved in the pathogenesis of atherosclerosis at almost every step of the atherogenic process.
Chronic inflammation is currently considered as one of the key factors in atherosclerosis development
and is present starting from the earliest stages of the pathology initiation. It may also be regarded as
one of the possible links between atherosclerosis and diabetes mellitus. However, the data available
so far do not allow for developing effective anti-inflammatory therapeutic strategies that would
stop atherosclerotic lesion progression or induce lesion reduction. In this review, we summarize the
main aspects of diabetes mellitus that possibly affect the atherogenic process and its relationship
with chronic inflammation. We also discuss the established pathophysiological features that link
atherosclerosis and diabetes mellitus, such as oxidative stress, altered protein kinase signaling, and the
role of certain miRNA and epigenetic modifications.

Keywords: atherosclerosis; diabetes mellitus; cardiovascular disease; chronic inflammation; lipid
metabolism; hyperglycemia

1. Introduction

Atherosclerosis is a widespread chronic inflammatory disorder of the arterial wall that often
leads to disability and even death. At its final stages, atherosclerosis manifests itself as a lesion of
the intimal layer of the arterial wall and accumulation of plaques. Subsequent erosion or rupture of
atherosclerotic plaques triggers thrombotic events that can potentially be fatal. Decades of intensive
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research made it clear that atherosclerosis has complex pathogenesis, the main components of which
are lipid accumulation and chronic inflammation in the arterial wall [1]. Atherosclerosis is classically
associated with altered lipid metabolism and hypercholesterolemia [2]. An elevated level of circulating
modified low-density lipoprotein (LDL) is a known risk factor of cardiovascular diseases [3]. However,
the disease pathogenesis appears to be more complex than lipid metabolism changes and involves
multiple factors, the most prominent of which is inflammation [4].

The chain of pathological events that leads to atherosclerosis development is believed to be
initiated by local endothelial dysfunction, which may be caused by blood flow turbulence near the
sites of artery bends or bifurcations. The blood vessel endothelium responds to the mechanical stress
with activation that subsequently leads to the recruitment of circulating immune cells. Circulating
monocytes adhere to the injured area of the arterial wall and penetrate inside, differentiating into
macrophages that actively participate in lipid uptake through phagocytosis and give rise to foam cells
that are abundantly present in atherosclerotic plaques [5].

Detailed study of atherosclerotic lesion development is complicated by the fact that the process
may differ considerably in humans and available model animals [6,7]. However, the main outlines of the
process could be established. The early stage of atherosclerotic lesion development is known as “fatty
streak”, an area in the vascular wall that is characterized by intracellular lipid accumulation by foam cells,
which also contains vascular smooth muscle cells (VSMCs) and T lymphocytes. Fatty streaks can further
progress to atherosclerotic lesions if chronic injury of the endothelium persists. In the growing lesions,
intracellular lipid accumulation involves several cell types. The recruited macrophages internalize LDL
particles via phagocytosis and contribute to the local production of inflammation mediators. Resident
intimal cells also actively participate in this process. The stellar-shaped macrovascular pericytes form a
three-dimensional cellular network in the subendothelial layer of the intima, forming contacts with each
other and endothelial cells and ensuring tissue homeostasis. This network is disrupted in atherosclerotic
plaques due to pericyte phenotypic changes, leading to a loss of intercellular contacts and increased
production of extracellular matrix components [8]. VSMCs involved in the pathological process
can also undergo a phenotypic switch, possibly acquiring proliferative and secretory properties [9].
At the later stages of the disease development, plaques can acquire a stable fibrous cap that separates
them from the vessel milieu. Destabilization of the plaque occurs through depletion and rupture of
the fibrous cap facilitated by matrix metalloproteinases (MMPs) that provoke extracellular matrix
degradation. Macrophages and other inflammatory cells serve as important sources of these enzymes
in the plaque [10]. The mechanisms responsible for plaque erosion need to be further investigated.
These processes are especially difficult to model in atherosclerotic animals [6]. Inflammatory events,
such as local platelet-mediated neutrophil activation, release of myeloperoxidase, toll-like receptor
(TLR-2) signaling, and neutrophil-mediated injury, appear to play their roles in this process [11].

Atherosclerotic plaques can reduce the lumen of the blood vessel, leading to ischemia and
metabolic changes in the alimented tissues [12]. Even more dangerous is thrombogenesis induced by
unstable plaques and, in some cases, on the surface of undamaged plaques, which can often lead to
fatal consequences [13].

2. Diabetes Mellitus

Diabetes mellitus is a group of disorders of carbohydrate metabolism, whose main feature is chronic
hyperglycemia that results from defects of insulin secretion, insulin action, or a combination of those.
Metabolic abnormalities observed in diabetes can be caused by the low level of insulin production and/or
insulin resistance of the target tissues. The disease affects primarily skeletal muscles and adipose tissue,
but also liver, at the level of insulin receptors, the signal transduction system, and/or effector enzymes
or genes [14]. Symptoms of hyperglycemia include polyuria, polydipsia, weight loss, sometimes
accompanied by polyphagia, and blurred vision. It can also be accompanied by growth impairment and
susceptibility to certain infections. The direct life-threatening consequences of uncontrolled diabetes
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are hyperglycemia with ketoacidosis or the nonketotic hyperosmolar syndrome [15]. However, some
patients, mostly with type 2 diabetes, can remain asymptomatic during the early years of the disease.

2.1. Type 1 Diabetes

Type 1 diabetes (T1D) is caused by the autoimmune destruction of insulin-producing pancreatic
β-cells [16]. The classic trio of T1D symptoms is polydipsia, polyphagia, and polyuria. Most often
the disease is diagnosed in children and adolescents, who usually demonstrate the abovementioned
combination of symptoms and a marked hyperglycemia that necessitates lifelong exogenous insulin
replacement. The study of T1D pathogenesis was mostly based on two animal models of the disease:
the nonobese diabetic mouse and the BioBreeding-diabetes-prone rat, both of which are characterized
by progressive T-cell-mediated destruction of β-cells [17]. However, the differences between rodent
models and the human situation limited the transferability of the obtained results. In humans,
autoantibodies were present in 70–80% of patients at the time of diagnosis [18]. Immunosuppressive
and immunointerventive approaches for preventing T1D did not result in preservation of β-cell
function or acted only temporally [19,20].

Patients with T1D develop pancreatic lesions that can lead to acute pancreatitis with leukocyte
accumulation [17]. The disease affects both exocrine and endocrine components of the pancreas.

2.2. Type 2 Diabetes

Increasing prevalence of type 2 diabetes mellitus (T2D), which now affects more than 370 million
people, is a result of the worldwide increased incidence of obesity. Diabetes is diagnosed from
fasting and two-hour glucose levels following a standardized oral glucose load. Prediabetes is often
determined as the distinction between impaired fasting glucose and/or impaired glucose tolerance [21].
However, T2D should probably be regarded as a continuum of disease stages with increasing severity,
in which the degree of plasma glucose increase relies on the magnitude of β-cell deficiency. Insulin
resistance is already well established when impaired glucose tolerance is present and the increase in
glucose, even across the normal range, is due to a continuous decline in β-cell function [22]. The disease
was shown to be heritable in some cases, and individuals with first-degree relatives affected by diabetes
are at increased risk of its development [23]. It was demonstrated that β-cell function is heritable [24]
and that β-cell function crucially determines glucose intolerance and T2D in different racial and ethnic
groups [25]. It is currently known that the pathogenesis of T2D is heterogeneous, and processes other
than insulin resistance and β-cell dysfunction are involved in its development.

3. Diabetes Mellitus and Atherosclerosis: Pathophysiological Conjunction

Diabetes mellitus and atherosclerosis appear to be connected through several pathological
pathways. Increased risk and accelerated development of atherosclerosis have been shown in
studies on diabetic patients. For instance, several studies have reported the early development of
atherosclerosis in adolescents and children with T1D [26,27]. Among the factors explaining such
acceleration, dyslipidemia with increased levels of atherogenic LDL, hyperglycemia, oxidative stress,
and increased inflammation have been proposed (Figure 1).

3.1. Dyslipidemia in Diabetic Patients

One of the most studied links between diabetes and atherosclerosis is the level of small dense
LDL (sdLDL), which is a known risk factor of atherosclerosis. Although LDL is currently recognized
as the main source of intracellular lipid accumulation in the plaque, native LDL particles do not
cause prominent lipid accumulation in cultured cells; hence, they do not possess atherogenicity. It is
atherogenic modification of LDL, which alters the physical–chemical characteristics of LDL particles,
that triggers massive lipid accumulation [3]. A cascade of multiple modifications of LDL has been
proposed as a plausible model for LDL atherogenic modification in the blood. According to this
model, an LDL particle first becomes desialylated, which is followed by the increase of particle density,
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decrease of its size, and acquisition of negative charge [28]. Such particles can be isolated based on their
physical properties. Very-low-density LDL (VLDL) is another subfraction of altered LDL described in
humans. Small dense lipoprotein particles are more susceptible to oxidation because of the reduced
antioxidant content and altered lipid composition. It is likely that oxidation takes place at the last
stages of atherogenic LDL modification [29,30].

Figure 1. A simplified scheme of the pathophysiological connection of diabetes mellitus and
atherosclerosis. Dyslipidemia, hyperglycemia, and insulin resistance result in a spectrum of
physiological changes, including the formation of atherogenic low-density lipoprotein (LDL), advanced
glycation end products (AGE), and activation of pro-inflammatory signaling that impact different cell
types of the arterial wall, resulting in atherosclerotic lesion development. SMC, smooth muscular cells.

After penetration into the subendothelial space at the atherosclerotic lesion site, modified LDL
particles reside there for a longer time due to interaction with proteoglycans and therefore have
increased chances of being internalized by the lesion cells. Moreover, modified LDL has a lower affinity
to LDL receptor (LDLR) and is therefore internalized mainly through unspecific phagocytosis, which
leads to intracellular cholesterol accumulation rather than normal degradation of lipoprotein particles.
These processes result in the formation of foam cells with the cytoplasm filled with accumulated lipid
droplets [31].

Studies conducted in a murine model of diabetes clearly demonstrated the significance of LDL
modification for the increase of the subendothelial retention time of lipoprotein particles. The authors
extracted the LDL fraction from the blood of T1D patients and healthy controls, injected it into diabetic
mice, and measured its retention in the atherosclerosis-prone areas of the arterial wall. It turned out
that retention of LDL obtained from T1D patients was more than fourfold higher than that of LDL
obtained from control subjects [32].

A cross-sectional study revealed altered lipoprotein levels in young adolescents with T1D and T2D.
Increased concentrations of apolipoprotein B, sdLDL, and LDL-cholesterol were not highly prevalent in
young subjects with T1D but had increased prevalence in subjects with T2D [33]. Importantly, studies
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that did not assess atherogenic LDL subfractions and only looked at the total level of circulating LDL
may have missed this risk factor in diabetic patients, since the latter may remain within the normal
range even when sdLDL is abnormally elevated.

Epidemiological studies indirectly demonstrated the effect of T1D- and T2D-associated metabolic
changes on atherosclerosis development. For instance, the Diabetes Control and Complications Trial
in patients with T1D and the United Kingdom Prospective Diabetes Study in patients with T2D
demonstrated that patients on the conventional treatment who did not achieve adequate blood glucose
control were at higher risk of vascular complications than those receiving intensive treatment to ensure
strict glucose control [34,35].

Diabetes-associated dyslipidemia received much attention during recent years and became the
subject of numerous review papers [36,37]. Alteration of the blood lipid profile in diabetes is linked to
elevated hepatic production of triglyceride-rich lipoproteins, leading to the increased formation of
atherogenic VLDL. This alteration can partially be corrected by insulin treatment.

3.2. The Role of Hyperglycemia and Advanced Glycation End-Products in Atherosclerosis

The risk of diabetic cardiovascular complications after exposure to high glucose levels for a certain
period of time is called “metabolic memory” or “legacy effect”. One of the possible mechanisms of
this effect is the formation of advanced glycation end-products (AGE), which occurs when the blood
glucose level is high. These compounds are not easily metabolized, accumulating in patients with a
long history of inadequate blood glucose control. Such accumulation may accelerate the progression of
vascular disease in diabetic patients. Numerous studies have established the link between inadequately
controlled blood glucose level and microvascular complications of diabetes, such as renal and retinal
symptoms. However, the relationship between elevated blood glucose and atherosclerosis of large
arteries appears to be less straightforward. Direct pro-atherogenic effects of glucose levels on the cell
types typically present in atherosclerotic lesions could not be demonstrated [38]. It remains possible
that elevated glucose acts primarily on tissues, including liver or adipose tissue, and the effect on
atherosclerotic lesion cells is mediated by altered signaling from these tissues. An elevated intracellular
glucose level increases the flux through cellular metabolic pathways, such as the mitochondrial electron
transport system, which may result in reactive oxygen species (ROS) overproduction. Moreover,
glucose metabolites can induce pro-inflammatory responses through activation of protein kinase C-beta
and aldose reductase [39].

Another possibility is that elevated glucose acts primarily through extracellular mechanisms,
for example, by inducing glycation and glycoxidation of proteins, resulting in AGE formation.
AGE accumulate in diabetic patients when the blood glucose level is elevated and appear to
play an important role in atherosclerosis development. These molecules influence endothelium
activation and surface expression of adhesion molecules, thereby promoting the adhesion and
entrance of monocytes/macrophages into the subendothelial space during the initial stages of plaque
formation. Moreover, these molecules enhance cytokine release by macrophages, thereby maintaining
a pro-inflammatory context within the developing plaque. Another mechanism is glycation of LDL
particles, which can be regarded as one of the atherogenic modifications of LDL. It was also shown that
AGE may inhibit reverse cholesterol transport by reducing the expression of ATP-binding membrane
cassette transporters A1 and G1 (ABCA1 and ABCG1) on monocytes, to enhance vasoconstriction by
increasing endothelin-1 levels, and to reduce vasodilation by decreasing nitric oxide levels. Finally, AGE
participate in the modification of extracellular matrix molecules, which also promotes atherosclerotic
lesion development [40,41]. Modification of the extracellular matrix proteins by excessive glycation
promotes interaction with AGE receptor RAGE on macrophages, endothelial cells, VSMCs, and other
cell types. Such interaction results in pro-inflammatory effects and increased intracellular ROS
generation [42].

In mouse models of atherosclerosis, such as apolipoprotein E-deficient (apoE-/-) mice with
chemically induced diabetes, RAGE deficiency was shown to alleviate atherosclerotic lesion
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development [43]. These findings open the possibility of using RAGE inhibition for reducing
atherosclerosis development in diabetic patients.

The direct role of AGE in stimulating the expression of scavenger receptors and promoting
phagocytosis has been revealed in a recent study [44]. In this study, AGE-modified bovine serum
albumin induced morphological changes in cultured murine macrophages, increasing their phagocytic
activity. This effect was attenuated by a fucose-containing sulphated polysaccharide, fucoidan, which
has known anti-inflammatory properties. Diabetes is known to be associated with a pro-inflammatory
state, which is discussed below in more detail. It is possible that enhanced glucose uptake by lesional
cells is promoted by the pro-inflammatory signaling and increased phagocytic activity by lesion
macrophages rather than the direct effect of hyperglycemia.

Further insights on possible links between hyperglycemia and atherosclerosis came from animal
studies. Studies of hyperglycemia’s effect on vascular lesions in the apoE-/- mouse model revealed
that advanced lesions appear in hyperglycemic mice earlier than they do in normoglycemic controls.
Moreover, accelerated atherogenesis was observed earlier than any detectable divergence in the
plasma lipid parameters in normoglycemic mice [45]. A new model of hyperglycemia-accelerated
atherosclerosis was created by crossing apoE-/- or LDLR-deficient mouse strains with mice carrying
a point mutation in the gene encoding insulin (Ins2+/Akita:apoE-/- mice) [45]. These animals were
characterized by spontaneous development of diabetes and atherosclerosis, presenting with insulin
deficiency, hypercholesterolemia (predominantly through LDL-cholesterol increase), and accelerated
formation of atherosclerotic plaques while kept on a regular chow diet. The authors reported deficient
lipoprotein clearance through lipolysis-stimulated lipoprotein receptors and altered lipoprotein
composition. This animal model was expected to be useful for studying atherosclerosis in the context
of T1D and testing possible therapeutic approaches. For instance, Ins2+/Akita:apoE-/- mice were used to
demonstrate the beneficial effect of leptin on atherosclerotic plaque progression [46].

Excessive glycation may also play a role at later stages of atherosclerosis development.
As demonstrated in a recent study, glycation of erythrocytes in T2D patients may promote their
internalization by the endothelial cells via phagocytosis, which impairs endothelial function.
This process is likely to contribute to unstable plaque development with subsequent thrombosis
in patients with T2D and atherosclerosis [47].

The level of AGE may also be used for diagnostic purposes to assess the risk of atherosclerosis
development and vascular complications in diabetic patients. In a recent study, measurement of skin
AGE levels through autofluorescence (AF) in Japanese T1D patients and their gender- and age-matched
healthy controls demonstrated the increased AF in diabetes that appeared to be an independent risk
factor for carotid atherosclerosis [48].

3.3. The Role of Oxidative Stress

Diabetes is known to be associated with both increased ROS production and reduced activity of
antioxidant systems [49]. Studies in vitro have demonstrated that increased ROS production is linked
to hyperglycemia [50]. Further studies in animals have revealed the involvement of NADPH oxidase
family protein Nox1, which was up-regulated in diabetic mice. Knockdown of this protein alleviated
atherosclerosis progression in such animals [51]. The role of oxidative stress in diabetes-associated
atherosclerosis was confirmed in experiments on apoE-/- mice deficient for one of the main regulators of
antioxidant enzymes, glutathione peroxidase 1 (Gpx1). Upon diabetes induction with streptozotocin,
animals that were also deficient for Gpx1 had accelerated atherogenesis, with increased plaque size,
macrophage infiltration, and increased expression of inflammatory markers, while restoration of
Gpx1 reduced atherogenesis [52]. Overall, vascular ROS increase appears to be closely related to
atherosclerosis in the diabetic context, and antioxidant therapies may still be considered for the
management of the disease, although more selective approaches are needed to achieve relevant results
with antioxidant drugs [40].
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3.4. The Role of Protein Kinase C (PKC) Activation

Protein kinase C (PKC) is one of the key protein kinases mediating the cellular signaling pathway,
which responds to cytokines, growth factors, and other messenger molecules [53]. Increased glucose
uptake by vascular cells results in increased synthesis of diacylglycerol, which is an activator of PKC.
Enhanced PKC activation can also result in response to oxidative stress [54]. Increased vascular PKC
activation was confirmed in animal models of diabetes. Enhanced PKC signaling has numerous
pro-atherogenic effects, including reduced production of NO and impaired vasodilation, endothelial
dysfunction and increased permeability, and increased production of cytokines and extracellular
matrix [42]. The complexity of intracellular signaling cascades activated by PKC makes it difficult to
pinpoint the exact mechanism of its pro-atherogenic effect. However, studies in apoE-/- mice have shown
that chemical or genetic inhibition of PKCβ led to reduced formation of atherosclerotic lesions [55].
Another study conducted in apoE-/- and in apoE-/- and PKCβ-/- double knock-out mice with chemically
induced diabetes showed that increased PKCβ activation was linked to accelerated atherosclerosis
development through the induction of CD11c and pro-inflammatory activation of macrophages.
Correspondingly, inhibition of PKCβ reduced the size of atherosclerotic lesions [56]. These findings
indicate that PKC may be considered as a potential therapeutic target.

3.5. Diabetes-Associated Chronic Inflammation and Atherosclerosis

Chronic inflammation is a known feature that is common to both atherosclerosis and diabetes
mellitus. Atherosclerosis is currently regarded as a chronic inflammatory condition. In patients with
T2D, increased activity of inflammasomes and elevated levels of nucleotide-binding oligomerization
domain-like receptor 3 (NLRP3) were demonstrated, together with increased levels of pro-inflammatory
cytokines interleukin (IL)-1β and IL-18 [57]. One of the direct links between atherosclerosis and
diabetes identified within the inflammatory pathways is neutrophil extracellular trap activation,
or NETosis, a special type of cell death of macrophages, during which the cells release chromatin
into the extracellular space to trap and kill bacteria. This process is known to be elevated in chronic
sterile inflammation and autoimmune conditions where it contributes to pathology development [42].
Increased levels of NETosis markers were found in patients with T2D [58]. Moreover, it was shown that
NETosis may be enhanced in hyperglycemic conditions [59]. The possible role of enhanced NETosis in
atherosclerosis development was confirmed in animal models. The atherosclerotic apoE-/- mice that
also lacked neutrophil elastase and proteinase-3 necessary for NETosis had reduced atherosclerotic
lesion formation compared with single knock-out animals [60].

Naturally, an active search for anti-inflammatory drugs that could reduce the risk of atherosclerotic
cardiovascular disease in diabetic patients was conducted during recent years [54]. Among the
anti-inflammatory drugs used to treat diabetic patients are salicylates, which were shown to reduce
the glucose level while being effective for cardiovascular disease prevention and reducing the
risk of thrombosis [61]. The use of inflammatory cytokine inhibitors appeared to be a promising
approach for reducing cardiovascular risk in diabetic patients. It was shown that canakinumab,
a monoclonal antibody that binds and neutralizes IL-1β, significantly reduced markers of inflammation
in patients with controlled diabetes mellitus and high cardiovascular risk, but had no major effect
on LDL-cholesterol [62]. Another study showed that canakinumab had a similar beneficial effect for
reducing cardiovascular risk in patients with and without diabetes, but had no effect on de novo
diabetes incidence [63]. The search for effective anti-inflammatory therapies reducing atherosclerosis
in diabetic patients continues [64].

3.6. The Role of Circulating Non-Coding RNAs

Non-coding RNAs were shown to be implicated in numerous human disorders and are currently
regarded as possible biomarkers and disease modifiers. Advances in genetic methods allowed
non-coding RNAs to be studied in more detail and revealed their associations with pathogenic
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processes. MicroRNA (miRNA) are short RNA fragments that can inhibit the expression of certain
genes at the mRNA level. These RNA fragments can be produced by multiple cell types and tissues and
can be found circulating in the blood either free or confined in membrane microvesicles. Accumulating
evidence highlights miRNAs as important possible biomarkers. However, the complexity of the
miRNA landscape associated with human diseases, including diabetes, is so high that it is probably
more promising to study miRNA signatures (combinations of multiple miRNA) rather than single
miRNA types [65].

In humans, more than 2500 miRNAs have been identified, and several of them were shown to play
a role in diabetes mellitus pathogenesis. In particular, multiple miRNAs were found to be involved
in the development of microvascular complications of diabetes [66]. Among the miRNA which are
relevant for atherosclerosis as well as diabetes, miR-146 and miR-126 have received much attention.
miR-146a and miR-146b play an important role in the endothelial cells, where their expression is induced
by inflammatory cytokine signaling and serves as a negative feedback loop to control inflammatory
endothelial activation [67]. Therefore, regulation of these miRNAs is likely to be implicated at the
initial stages of atherosclerotic lesion development in diabetic patients. miR-126 expression was shown
to be a risk factor of T2D development, and this miRNA played a protective role in a mouse model of
atherosclerosis [68,69].

Another important miRNA, miR-378a, was shown to play an important role in the regulation
of metabolism, including energy and glucose homeostasis [70]. A very recent study implicated
this miRNA in atherosclerosis development. The authors showed that miRNA-378a targets signal
regulatory protein alpha (SIRPa), thereby regulating phagocytosis and polarization of macrophages.
Moreover, the level of this miRNA was reduced in the aorta of apoE-/- mice in comparison to controls,
highlighting its important role in the regulation of atherosclerosis-associated processes [71].

Another non-coding RNA that likely plays a role in diabetes-associated atherosclerosis is long
non-coding RNA Dnm3os (dynamin 3 opposite strand). This RNA was shown to be increased in
macrophages from diabetic mice, including apoE-/- diabetic mice, as well as in monocytes from T2D
patients. Overexpression of this RNA promoted inflammatory gene expression and phagocytosis
by macrophages and led to chromatin epigenetic changes, further promoting the inflammatory
response [72]. More studies are needed to identify and characterize relevant non-coding RNAs that
may have detrimental or beneficial effects on cardiovascular risk in diabetic patients.

3.7. The Role of Epigenetic Mosdification

Both persistent and temporal hyperglycemic exposure were shown to influence several significant
cellular signaling pathways, including PKC activation and oxidative stress, described above,
and transforming growth factor (TGF)-β-SMAD-MAPK signaling [73,74]. Moreover, hyperglycemia
was shown to enhance the flux into the polyol and hexosamine pathways and increase the formation
of AGE that are also associated with alterations in signaling pathways [75,76]. All these various
effects make hyperglycemia a prominent risk factor for diabetic complications and vascular events.
Chromatin changes play an important regulative role in the establishing of the link between glycemia
and vascular complications.

Hyperglycemia is associated with the range of chromatin modifications that affect the genetic
signature of vascular endothelial cells. For example, a genome-wide sequencing study of aortic
endothelial cells exposed to a high level of glucose revealed histone H3K9/K14 hyperacetylation
patterns that were inversely associated with DNA methylation in CpG clusters. This finding correlates
with the activation of transcription of pathways linked to atherogenic effects and vascular diseases.
The study demonstrated that hyperglycemia can induce epigenetic changes in the vascular endothelium
that are relevant for atherosclerosis development, thereby providing another link between diabetes
and atherosclerosis pathogenesis [77].

Transient hyperglycemia also triggers mono-methylation of H3 histones at lysine 4 (H3K4m1)
and other histone lysine modifications. H3K4m1 was shown to be written by the Set7 lysine
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methyltransferase. The observed changes at the promoter of the RELA gene encoding the NF-κB-p65
subunit persisted for 5–6 days after the cells were returned to a normoglycemic state [78,79]. Thus,
cytokines, chemokines, and adhesion molecules are affected by hyperglycemia through the regulation of
one of the crucial pro-inflammatory transcription factors related to vascular and metabolic complications,
among which is atherosclerosis [80]. Among these molecules, vascular cell adhesion molecule 1
(VCAM-1), which promotes adhesion of monocytes to the arterial endothelial cells, and monocyte
chemoattractant protein 1 (MCP-1), responsible for macrophage infiltration, should be highlighted [81].
The enhanced expression of both NF-κB-dependent MCP-1 and VCAM-1 and genes encoding NFκB-p65
itself was observed in aortas of apolipoprotein A knockdown mice that were previously exposed
to hyperglycemia.

The concluding result of these hyperglycemia-induced changes is the transcriptional activation of
genes that are related to endothelial dysfunction [82]. Acetylation, as well as hyperacetylation, is also
possible and can lead to the enhanced expression of the following genes relevant for atherosclerotic
lesion development at different stages through the inflammatory response and extracellular matrix
degradation: MCP-1, MMP10, ICAM, HMOX1, and SLC7A11 [76].

Further research identified the role of Set7/9, which possibly coactivates NF-κB transcriptional
activity in monocytes in response to inflammation through the activation of the H3K4me promotor,
and the analogous effect was observed in endothelial cells in response to hyperglycemia [80,81].
Moreover, the induction of Set7-mediated up-regulation of HMOX1 was shown to be beyond the
methylation of histones but linked to hyperglycemia [78]. It was also shown that early intrusive
monitoring of the glycemic profile in diabetic patients can play an important role in preventing vascular
complications. This indicates the important role of hyperglycemia in the long-term outlook, leading to
a phenomenon called “metabolic memory” [82].

All the aforementioned findings suggest numerous links between hyperglycemia, epigenetic
changes, and cardiovascular risk that cannot be ignored. However, there are still many blind spots in
the understanding of the underlying molecular mechanisms and their connections.

4. Conclusions

Both types of diabetes mellitus have been shown to be independent risk factors for accelerated
atherosclerosis development. It is now clear that the pathogenesis of diabetes mellitus and
atherosclerosis are closely linked, but the mechanisms and molecular interactions of this linkage
are still under discussion. Among the known pathological mechanisms connecting diabetes and
atherosclerosis are dyslipidemia, hyperglycemia with AGE production, increased oxidative stress,
and inflammation. Despite the continuing search for novel therapeutic approaches, few medications
have shown strong beneficial effects with regard to reducing the risk of atherosclerosis development
in the specific population of diabetic patients. Adequate glycemic control and reduction of known
risk factors remain the most frequently used strategies for protecting such patients. More studies are
needed to reveal the exact signaling mechanisms of diabetes-associated macrovascular damage and to
identify specific therapeutic targets.
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Abstract: Diabetes mellitus affects millions of people worldwide and is associated with devastating
vascular complications. A number of these complications, such as impaired wound healing and
poor coronary collateral circulation, are characterised by impaired ischaemia-driven angiogenesis.
There is increasing evidence that high-density lipoproteins (HDL) can rescue diabetes-impaired
angiogenesis through a number of mechanisms, including the modulation of endothelial cell metabolic
reprogramming. Endothelial cell metabolic reprogramming in response to tissue ischaemia is a driver
of angiogenesis and is dysregulated by diabetes. Specifically, diabetes impairs pathways that allow
endothelial cells to upregulate glycolysis in response to hypoxia adequately and impairs suppression
of mitochondrial respiration. HDL rescues the impairment of the central hypoxia signalling pathway,
which regulates these metabolic changes, and this may underpin several of its known pro-angiogenic
effects. This review discusses the current understanding of endothelial cell metabolism and how
diabetes leads to its dysregulation whilst examining the various positive effects of HDL on endothelial
cell function.

Keywords: diabetes mellitus; angiogenesis; high-density lipoprotein; endothelial cell; metabolism;
metabolic reprogramming

1. Introduction

Diabetes mellitus is one of the most debilitating and prevalent diseases in the world and imposes
a significant health and economic burden upon the global community. As of 2017, diabetes affects
425 million people worldwide. This number is expected to reach 629 million by 2045 [1]. The social
and financial burden of the disease is staggering. Worldwide healthcare expenditure tops 850 billion
USD, and this is predicted to leap to 958 billion USD by 2045. The vascular complications associated
with diabetes are extremely diverse. Diabetes is an established risk factor for cardiovascular disease
and contributes to multiple vascular complications, including neuropathy, retinopathy, nephropathy,
impaired wound healing, and poor outcomes related to myocardial infarction (MI). All of these are
associated with dysregulated angiogenesis. Successful wound repair and coronary collateral vessel
formation post-MI are specifically dependent on appropriate pro-angiogenic responses to ischaemia,
and there is emerging evidence that this is regulated by endothelial cell metabolism. Despite advances
in therapeutic strategies for these vascular complications, many patients do not respond effectively
to current treatments. This represents an unmet clinical need for the development of new therapies
that rescue impaired ischaemia-driven angiogenesis in diabetes. Accumulating evidence supports
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high-density lipoproteins (HDL) as an exciting new therapeutic option. HDL can promote in vitro
angiogenesis functions in high glucose conditions and augment ischaemia-driven angiogenesis in
diabetic pre-clinical models [2,3]. This review will discuss in detail the multiple mechanisms for the
pro-angiogenic effects of HDL in diabetes, including the emerging evidence for a central role in the
correction of endothelial cell metabolism.

2. High-Density Lipoproteins

High-density lipoproteins (HDL) are highly heterogenous particles composed of an outer layer
of apolipoproteins (apo) and phospholipids, surrounding a core of esterified cholesterol (Figure 1).
ApoA-I is the predominant protein moiety in HDL and is thought to impart the many biological
properties of HDL. HDL cholesterol (HDL-C) refers to the HDL particles in the bloodstream that
are specifically carrying cholesterol. This is distinct from ‘HDL’, which refers to the particle itself,
and which can have specific effects independent of cholesterol efflux and can be modified by various
disease milieu [4]. It is necessary to distinguish between these two forms of notation, as this
highlights the breadth of effects had by HDL. Additionally, investigating the role of HDL as a discrete
particle independent of cholesterol efflux may identify reasons why HDL-C-raising therapies have
demonstrated limited clinical benefit [4].

Figure 1. The structure of a high-density lipoprotein particle. Apo, apolipoprotein.

HDL primarily mediates reverse cholesterol transport by carrying cholesterol from peripheral tissues,
including from macrophages in atherosclerotic plaques, to the liver for metabolism and excretion. This is a
critical function that is a key contributor to the cardioprotective properties of HDL. HDL effluxes cholesterol
by interacting with two cholesterol transporters ABCA1 and ABCG1 and the scavenger receptor SR-BI.
ABCA1 interacts specifically with lipid-free apoA-I. Once apoA-I has acquired lipid to become a discoidal
particle, it can then interact with ABCG1 and SR-BI. ABCA1 and ABCG1 contribute to the majority of
the cholesterol efflux exchange but are also linked to a number of downstream signalling pathways,
some of which are associated with angiogenesis. ABCG1, for example, mediates downstream signalling
events that lead to elevated endothelial nitric oxide synthase (eNOS) activity, an important promoter
of neovascularisation. This pathway is dependent on cholesterol efflux as it reduces the intracellular
concentration of oxysterol 7-ketocholesterol [5]. Of the three cell-surface proteins that interact with HDL,
SR-BI mediates the most downstream signalling pathways. These are either dependent or independent of
cholesterol efflux. SR-BI is distinct to the other cholesterol transporters in that cholesterol can be exchanged
bidirectionally between the cell and the HDL particle. Many of the signalling pathways downstream of
SR-BI overlap significantly with those that regulate angiogenesis, including the phosphoinositide 3-kinase
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(PI3K)/Akt and MAPK pathways that will be discussed in more detail later in this review [6]. For the most
part, apoA-I is believed to be the key component that mediates the multiple effects of HDL. The only
other reported component of HDL that stimulates significant vascular biological effects is a sphingolipid,
which interacts with the S1P1 receptor and activates downstream signalling events that are very similar to
those downstream of SR-BI in endothelial cells and regulates angiogenesis [6]. It should be noted, however,
that sphingolipid makes up only a tiny proportion of the HDL particle, and it has been suggested that its
physiological relevance within HDL is likely to be limited.

HDL has been implicated in numerous diseases. These include rheumatoid arthritis (RA), a chronic
inflammatory disorder of the joints that causes gradual destruction of the bones, which becomes
increasingly painful for a patient. It has been reported that patients with RA have overall decreased
HDL-C levels, but increased amounts of dysfunctional and pro-inflammatory HDL [7]. Similarly,
metabolic syndrome is associated with decreased HDL-C levels, which is accompanied by obesity,
hypertriglyceridaemia, insulin resistance, and impaired glucose tolerance [7,8]. HDL has also long
been studied extensively in the context of vascular disease. Strong inverse relationships have been
established between low levels of circulating HDL and the incidence of cardiovascular disease
(CVD) [7–9]. However, the active, positive effect that HDL has on the cardiovascular system is complex
and remains to be fully characterized.

3. Diabetes-Impaired Angiogenesis

Impaired ischaemia-driven angiogenesis is a hallmark of certain diabetic vascular complications,
such as impaired wound healing and poor recovery following myocardial infarction. Angiogenesis is
the protrusion of new vessels from existing ones into a tissue to form a mature vascular network
that can re-oxygenate the ischaemic site. Across all diabetic vascular complications associated with
impaired ischaemia-driven angiogenesis, epidemiological data show that increased HDL-C levels are
associated with improved outcomes, or lower severity or incidence of the complication [7,10–12].

3.1. Wound Healing

Diabetic patients are particularly susceptible to developing persistent wounds that heal slowly and
expose the patient to infection and further harm. Combined with other diabetic complications, such as
peripheral neuropathy, which reduces nerve function and sensation in the extremities, impaired wound
healing can lead to the development of diabetic foot ulcers (DFU). The pathophysiology of DFU
is complex and multifactorial, and no therapy currently exists, which adequately addresses these
complexities to achieve a clinical benefit. The current treatment strategy for DFU primarily involves
the management of the patient’s co-morbidities that may contribute to ulcer development, such as
glycaemic status or physical fitness. Additionally, regular dressing changes, management of infection,
offloading and debridement of the wound tissue are employed to enhance the likelihood of a DFU
healing correctly [13,14]. Outside of these standard-of-care approaches, there are very few effective
therapies that actively improve the wound healing process.

Angiogenesis is a central component of wound healing. One reason for this is that neovessels
deliver oxygen and nutrients to promote new tissue formation during the proliferative phase of
healing [15]. Diabetic wounds exhibit decreased capillary density and vascularity due to insufficient
angiogenesis [15,16]. Specifically, it has been shown that in chronic diabetic wounds, the angiogenic
response normally induced by hypoxia is dysregulated [15,17]. Consistent with this, agents that
inhibit angiogenesis, such as TNP-470 and SU5416, have been shown to inhibit wound repair [18,19].
Therefore, promoting wound angiogenesis presents a strategy to accelerate wound closure. This has
been confirmed in murine wound healing studies using pro-angiogenic agents, such as vascular
endothelial growth factor A (VEGFA) [20].

Whilst limited, there is epidemiological evidence that circulating HDL levels are inversely
associated with the risk of DFU and amputation. For example, it has been reported that lower
HDL levels are associated with increased DFU severity as classified by Wagner’s severity level [10],
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and are also subsequently associated with an increased incidence of lower extremity amputation
and wound-related death [11]. This suggests that higher HDL levels may be protective against the
pathophysiological development of chronic diabetic wounds.

3.2. Recovery Following Myocardial Infarction

In the context of myocardial infarction, ischaemia-driven angiogenesis is a critical component of
coronary collateral circulation development. Chronic imbalances in myocardial oxygen supply and
demand can lead to tissue ischaemia, which induces adaptive neovascularisation to increase oxygen
supply to the myocardium. The extent to which a patient possesses coronary collateral circulation
plays a critical role in determining how vulnerable they may be to athero-occlusive disease in the
coronary arteries. A well-developed coronary collateral circulation is associated with improved cardiac
function and survival following myocardial infarction (MI), as well as improved prognosis in the
context of stable chronic coronary disease. Similar to wound healing, patients with diabetes have
poorer coronary collateral circulation, which is associated with much worse outcomes following MI
and revascularisation procedures [21–23].

The relationship between HDL and myocardial infarction has also been investigated. A study in
the early 1980s examined the prognostic significance of HDL-C levels after patients had recovered
from an acute MI. This study, conducted with data from the Coronary Drug Project, determined that
low levels of HDL-C were associated with increased mortality following an acute MI [24]. Since then,
additional studies have found supporting evidence that low levels of HDL-C or a high low-density
lipoprotein cholesterol (LDL-C)/HDL-C ratio are common in patients with acute MI [25] and that these
patients have a significantly higher in-hospital mortality rate [25,26] and cardiac mortality rate [26,27].

There is also an association between HDL and coronary collateral circulation development. In a
retrospective cross-sectional study, Hasan et al. determined that low levels of HDL cholesterol were an
independent predictor of poor coronary collateral circulation [12]. These results suggest a role for HDL
levels in the pathophysiology of MI.

3.3. Dysregulated Angiogenesis in Diabetes

Within the complex pathology of diabetes mellitus, there are also a number of complications in
which angiogenesis is upregulated or otherwise dysregulated. These include diabetic retinopathy (DR),
which can lead to blindness, and diabetic nephropathy (DN), which can cause significant damage to
the kidneys. The role of angiogenesis in these complications is very different from the role of impaired
ischaemia-driven angiogenesis in wound healing and MI.

DR is characterised by two clinical stages, non-proliferative DR and proliferative DR
(PDR). PDR represents a more advanced disease stage and is characterised by abnormal,
increased neovascularisation of the retina. During this stage, the new abnormal vessels may leak into
the vitreous fluid of the eye and cause serious impairment to the patient’s vision. Mechanistically,
this increase in dysfunctional vessel formation is initially caused by retinal ischaemia which induces
the VEGF pathway. This pathology is also heavily reliant on inflammatory pathways. Furthermore,
current therapies for PDR are primarily anti-angiogenic, whilst therapies for impaired wound healing
and myocardial ischaemia are pro-angiogenic [28].

DN presents another completely distinct pathology associated with dysregulated angiogenesis.
DN is one of the leading causes of end-stage kidney disease in the world, and its development is
complex. Excess hyperglycaemia-induced reactive oxygen species (ROS) cause damage to the kidney’s
glomeruli, leading to excretion of albumin in the urine. This damage is not underpinned by excess or
inadequate angiogenesis, but rather a dysfunction of the endothelial cells, podocytes, and mesangial
cells which mediate glomerular filtration barrier function [29].

The differences between these complex pathologies highlight the breadth of effects diabetes
has on the vasculature and demonstrates why the development of clinically-effective therapies is
difficult. This review will focus on impaired ischaemia-driven angiogenesis, and specifically on the
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metabolism of endothelial cells found in cardiac vessels or associated with wound healing in the
peripheral vasculature. We will discuss the disturbances caused by diabetes and the current evidence
for how HDL regulates or corrects these pathways.

4. Physiological Angiogenesis and Its Regulation by HDL

Physiological ischaemia-driven angiogenesis is complex and regulated by many different factors.
Endothelial cells are the main vessel-forming cells in angiogenesis and exist in three sub-types;
migratory tip cells, proliferative stalk cells, and quiescent phalanx cells [30]. These sub-types are
influenced by signalling molecules in a dynamic fashion to regulate cellular metabolism and behaviour,
such as migration and proliferation.

Under normal conditions, endothelial cells are quiescent. This can be interrupted by a number
of physiological factors to induce the shift to the migratory and proliferative phenotype critical for
angiogenesis. One of these factors is hypoxia signalling. Hypoxia signalling is characterised by a
decrease in the activity of the prolyl hydroxylase domain (PHD) proteins, which ordinarily utilise
oxygen to target the hypoxia-inducible factors (HIF) for degradation [31]. To achieve this, the PHD
proteins hydroxylate HIF subunits, which are then recognised by the von Hippel–Lindau (VHL)
protein of the E3 ubiquitin ligase complex. The HIF subunits are then quickly degraded through the
proteasomal degradation pathway [31]. Under conditions of low oxygen, the decrease in PHD protein
activity allows for the HIF subunit HIF-1α to accumulate, rather than be degraded. HIF-1α then travels
from the cytosol of a cell to the nucleus and, in combination with other subunits, initiates transcription
of key angiogenic genes [32,33]. Potentially the most important of these is VEGFA, which is secreted by
cells to create a signalling molecule concentration gradient. This gradient serves to induce endothelial
cell proliferation and migration and leads them to the origin of hypoxia, forming new blood vessels as
they travel [3,34]. In addition to this, fibroblast growth factors (FGFs) are also increased in response to
hypoxia and contribute to increased endothelial cell proliferation in a similar way [35,36].

Other key contributors to this process are endothelial progenitor cells (EPCs). EPCs circulate in
the bloodstream and respond to pro-angiogenic signals to differentiate into mature endothelial cells
and contribute to neovascularization [37]. Combined, HIF-1α and VEGFA reprogram critical aspects
of endothelial cell function to ensure their survival in hypoxia and the creation of new blood vessels.

Some HIF-1α-independent pathways and transcription factors have also been found to be critically
important in angiogenesis. One of these is the forkhead box O (FOXO) transcription factor, FOXO1.
FOXO1 is an effector of the PI3K/Akt pathway, and its nuclear activity can be inhibited by Akt-mediated
phosphorylation. Wilhelm et al. demonstrated that FOXO1 acts as an enforcer of endothelial cell
quiescence and that its deletion in mice causes an uncontrolled increase in vessel sprouting. Contrastingly,
its overexpression severely restricted angiogenesis and led to vessel thinning [38].

Another important transcription coactivator is peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α). PGC-1α is well recognised as a central modulator of cellular metabolism
and mitochondrial biogenesis. In muscle cells, PGC-1α has also been shown to potently upregulate VEGF
under hypoxic conditions in a mechanism that is independent of HIF-1α. Arany et al. demonstrated
this by exposing cultured muscle cells to a low oxygen environment. This induced the expression of
PGC-1α, which then coactivated oestrogen-related receptor-α (ERR-α) on the VEGF promoter, leading to
increased expression of VEGF and promotion of capillary density in skeletal muscle. This identified
a role for PGC-1α in the regulation of angiogenic signalling, potentially in connection with its role in
metabolism [39]. FOXO1 and PGC-1α are predominantly recognised as modulators of metabolism but are
also clearly associated with angiogenesis.

HDL has been shown to regulate ischaemia-induced angiogenesis in a number of ways. An early
study showed that in a murine model of hindlimb ischaemia, infusions of reconstituted HDL (rHDL,
apoA-I complexed with phospholipid) increased the number of EPCs which homed to the ischaemic
limb, resulting in improved reperfusion [40]. Mechanistically, in vitro studies demonstrated that rHDL
promoted the differentiation of EPCs through the PI3K/Akt pathway [40]. Furthermore, studies conducted
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in patients with type 2 diabetes mellitus found that infusions of rHDL improved vascular function [41],
and increased the number of circulating EPCs [42].

Studies have also examined the effects of rHDL on the HIF-1α/VEGFA hypoxia signalling pathway,
which initiates angiogenesis. Neovascularisation and blood flow reperfusion were increased by
apoA-I infusions in the murine hindlimb ischaemia model. This study also examined the effect
of rHDL on endothelial cell function in vitro and found that rHDL enhanced hypoxia-stimulated
migration, proliferation, and tubulogenesis. It was then determined that these effects were mediated by
augmentation of HIF-1α, VEGFA and VEGF receptor 2 (VEGFR2) [43]. It was demonstrated by a second
study that these effects were due to changes in the post-translational modulation of HIF-1α induced by
rHDL. In this study, Tan et al. found that through an interaction with scavenger receptor B I (SR-BI)
and the PI3K/Akt pathway, rHDL increased the expression of the E3 ubiquitin ligases Siah1 and Siah2,
which are responsible for targeting the PHD proteins for degradation. This resulted in decreased PHD
protein activity, allowing HIF-1α to accumulate and promote transcription of VEGFA [2] (Figure 2).

Figure 2. A schematic of the known effects of high-density lipoproteins (HDL) on angiogenic signalling
pathways in endothelial cells. FOXO1, Forkhead Box O1; HIF-1α, hypoxia-inducible factor 1α; PHD,
prolyl hydroxylase domain; PI3K, phosphoinositide 3-kinase; SR-BI, scavenger receptor B I.

There is also evidence that HDL regulates FOXO1 to positively effect endothelial cell function.
A study by Theofilatos et al. demonstrated that treatment of human aortic endothelial cells with rHDL
led to increased phosphorylation of FOXO1 by Akt, followed by its exclusion from the nucleus [44]
(Figure 2). This resulted in increased expression of angiopoietin-like 4 (ANGPTL4), which is a potent
pro-angiogenic molecule [45].

The exact mechanism by which HDL achieves these various salutary effects is complex and may
be due to multiple factors. The effects on the HIF-1α/VEGFA signalling pathways have been shown
to be dependent on an interaction between the rHDL particle and scavenger receptor class B type 1
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(SR-BI) [3]. SR-BI plays a role in reverse cholesterol transport, and its presence is essential for rHDL to
elicit its pro-angiogenic effects [3]. However, the role of cholesterol efflux was not directly addressed
in these studies. Additionally, several studies referred to in this review have demonstrated positive
effects on the vasculature or EPCs with only the apoA-I protein moiety of HDL. This indicates that
there may be multiple mechanisms by which HDL and its apoA-I component are able to elicit positive
effects on endothelial cell function.

Taken together, these studies highlight that rHDL regulates multiple aspects of pro-angiogenic
signalling pathways to achieve a positive effect or ‘rescue’ of diabetes-impaired angiogenesis. However,
given the complexity of diabetes and the associated vascular complications, it is necessary to fully
understand the breadth of effects had by rHDL to develop it as a potential therapeutic agent.
The HIF-1α/VEGFA hypoxia signalling pathway is well-characterised and considered the main driver
of ischaemia-induced angiogenesis. HDL has been implicated in multiple steps of this pathway.
The response elicited by this pathway in endothelial cells is complex, and an orchestration of many
different factors is required for the cells to respond to hypoxia and participate in angiogenesis correctly.
Endothelial cell metabolism and the pathways which reprogram it in response to hypoxia are fast
emerging as drivers of angiogenesis in their own right. HDL is also emerging as a regulator of this,
supporting its already diverse effects on endothelial cells and angiogenesis.

5. Endothelial Cell Metabolism

To support their wide range of critical functions, endothelial cells possess unique metabolic
capabilities. Without metabolism there can be no energy production or replenishment of nutrient pools,
and without this, an endothelial cell cannot fulfil any of its necessary functions. To understand how
we can target endothelial cell metabolism to have a positive impact on diabetes-impaired angiogenesis,
we must first understand its regulatory mechanisms (Figure 3).

5.1. Glycolysis

Glycolysis describes a chain of reactions by which one molecule of glucose is broken down into
two molecules of pyruvate. Glycolysis occurs in the cytosol, does not require oxygen, and can, therefore,
occur in the presence or absence of oxygen. There are many steps in this chain of reactions, one of
which is ATP-producing. Glycolysis produces approximately two molecules of ATP for every molecule
of glucose. There are also many metabolic intermediates produced as glycolysis progresses, and these
have their own roles in the regulation of endothelial cell function, which will be discussed later.

Active endothelial cells rely on glycolysis for the bulk of their ATP production, though this
may seem counter-intuitive, given their ordinarily easy access to oxygen from the bloodstream [30].
However, the sheer quantity of oxygen that endothelial cells are exposed to could easily lead the cells
to experience oxidative stress if they did not restrict flux through pathways that consume oxygen.
Furthermore, reducing reliance on oxygen-consuming pathways ensures that endothelial cells are
always primed to function in hypoxia, which is useful for revascularisation of ischaemic tissues.
This is in contrast to many other cell types for which full oxidation of glucose through mitochondrial
respiration is the most efficient method of ATP production.

Upon encountering hypoxia, endothelial cells undergo a substantial metabolic shift. It is essential
that endothelial cells further upregulate glycolysis to account for the increased energy demands
of proliferation and migration, whilst simultaneously keeping oxygen consumption low to avoid
oxidative stress. To achieve this, VEGF and FGF signalling support an increase in glycolytic flux.
This means that the rate of glucose breakdown through glycolysis increases, producing more ATP,
more glycolytic intermediates, and more pyruvate. This section will discuss the key roles of VEGF and
FGFs in regulating glycolytic flux.
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Figure 3. Diagram of endothelial cell metabolism. A simplified diagram of endothelial cell metabolism
depicting the known metabolic pathways and their rate-limiting enzymes. 3DG, 3-deoxyglucosone;
AR, aldose reductase; CPT1A, carnitine palmitoyltransferase 1A; ETC, electron transport chain;
G6PD, glucose-6-phosphate dehydrogenase; HK2, hexokinase 2; NADPH, nicotinamide adenine
dinucleotide phosphate; PDC, pyruvate dehydrogenase complex; PDK4, pyruvate dehydrogenase
kinase 4; PFK1, phosphofructokinase 1; PFKFB3, phosphofructokinase-2/fructose-2,6-bisphosphatase
isoform 3; PK, pyruvate kinase; SDH, sorbitol dehydrogenase; UDP-GlcNAc, uridine diphosphate
n-acetylglucosamine.

First, the increase in glycolytic flux has been found to be mediated, at least in part, by an
interaction between VEGF and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) [30].
An important rate-limiting step in glycolysis is the conversion of fructose-6-phosphate (F6P)
to fructose-1,6-bisphosphate (F1,6P2) by 6-phosphofructo-1-kinase (PFK-1). PFKFB3 synthesises
fructose-2,6-bisphosphate (F2,6P2), a strong activator of PFK-1. Therefore, the activity of PFKFB3
represents an avenue for potent upregulation of glycolysis. De Bock et al. have shown that PFKFB3
knockdown using short hairpin RNA (shRNA) reduced glycolytic flux by 35% in both microvascular
and arterial endothelial cells, indicating that PFKFB3 is important for maintaining adequate levels
of glycolytic flux in endothelial cells. Importantly, it was shown that VEGF increases both PFKFB3
expression and glycolysis. With respect to the effect on angiogenesis, knockdown of PFKFB3 decreased
vessel sprouting in endothelial cell spheroids. Further investigation of this in vivo revealed that
mice with endothelial cells deficient in PFKFB3 displayed significant defects in retinal blood vessel
development as well as decreased vascular area in the hindbrain [30].

Other glycolytic enzymes have also been implicated in the regulation of endothelial cell angiogenic
functions. One of these is hexokinase 2 (HK2), which phosphorylates a molecule of glucose to
produce glucose-6-phosphate. This is the first step in glycolysis and is also rate-limiting. Yu et al.
investigated the relationship between FGF2 and HK2 in endothelial cells with the aim of delineating
the mechanism by which FGF2 stimulates angiogenesis. This group found that mouse embryos
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deficient in endothelial FGF receptor 1 (FGFR1) exhibited reduced vessel branching in the skin.
To elucidate this mechanism, human umbilical vein endothelial cells (HUVECs) were treated with FGF,
which significantly enhanced glycolysis and HK2 expression. Knockdown of HK2 significantly reduced
glycolysis, whilst adenoviral-mediated overexpression increased glycolysis. This study identified a
relationship between FGF and HK2 in endothelial cells and determined that HK2-mediated glycolysis
was essential for angiogenesis [36].

Pyruvate kinase (PK) catalyses the conversion of phosphoenolpyruvate to pyruvate, which is
the final rate-limiting step in glycolysis. When PK activity is low, upstream glycolytic intermediates
may accumulate and be shunted to various side-pathways. Endothelial cells predominantly express
the PKM2 isoform of this enzyme, and this was examined in the context of angiogenesis by Kim et al.
This group knocked down PKM2 using siRNA and observed significant suppression of cell proliferation,
migration, and tubule formation in vitro. This was associated with a decrease in extracellular
acidification, which represents the completion of the glycolytic pathway. Furthermore, endothelial
cell-specific deletion of PKM2 in mice was associated with a significant reduction in retinal vessel
density and branching. Finally, PKM2 was found to achieve its effects on the proliferation via inhibition
of p53, causing a blockade of the cell cycle. Although this role of PKM2 was found to be independent
of its enzymatic activity, this study nevertheless highlights the close relationship between the integrity
of metabolic pathways and the angiogenic capacity of endothelial cells [46].

Together, this research highlights the importance of glycolysis in angiogenesis and identifies key
regulatory mechanisms that may be implicated in diabetes-impaired angiogenesis (Figure 3).

5.2. Mitochondrial Respiration and Hypoxia Tolerance

It has also been shown that endothelial cells maintain very low levels of mitochondrial respiration
relative to their rate of glycolysis [30]. Mitochondrial respiration, which encompasses both the tricarboxylic
acid (TCA) cycle and oxidative phosphorylation, ordinarily consumes a high quantity of oxygen and
subsequently contributes to the production of reactive oxygen species (ROS). Suppressing oxidative
phosphorylation may be necessary for endothelial cells to reduce ROS production and maintain
redox homeostasis.

Recently, a key regulatory step has been identified, which may be critical for adequate suppression
of mitochondrial respiration in endothelial cells. The pyruvate–dehydrogenase complex (PDC) catalyses
the conversion of pyruvate to acetyl coenzyme A (CoA) so that it may condense with oxaloacetate to
enter the TCA cycle and contribute to mitochondrial respiration [47]. The pyruvate dehydrogenase
lipoamide kinases (PDK) of which there are four subtypes, PDK1-4, are particularly important as they
inhibit the PDC. The PDKs inhibit the PDC by phosphorylating three serine residues in the E1α subunit
of the PDC in a tissue-specific manner [47,48]. This decreases the amount of acetyl CoA produced
from glucose-derived pyruvate, which fuels the TCA cycle, thereby reducing the rate of respiration.

The importance of PDK4 in hypoxia-induced metabolic reprogramming was established by
Aragones et al. when they demonstrated that myofibers deficient in PHD1, which normally degrades
HIF proteins, exhibited elevated levels of PDK4. These myofibers were significantly more tolerant of
hypoxia, consumed less oxygen, and were experiencing less oxidative stress [49]. Whilst Aragones et
al. did observe that this protection against oxidative stress was independent of increased angiogenesis,
it does demonstrate a direct mechanistic link between hypoxia signalling and PDK4. Consistent with
this, our group has demonstrated that PDK4 was increased in human coronary artery endothelial cells
(HCAECs) exposed to hypoxia. Furthermore, PDK4 knockdown by short interfering RNA (siRNA)
significantly impaired endothelial cell tubule formation and migration in vitro [50]. This indicated
that suppression of glucose-driven mitochondrial respiration might be essential for maintaining the
endothelial cell capacity for angiogenesis, potentially by decreasing mitochondrial production of ROS
or allowing for compensatory increases in fatty acid oxidation (Figure 3).
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5.3. Fatty Acid Oxidation

Fatty acid oxidation (FAO) represents an alternate avenue for the production of acetyl CoA from
long-chain fatty acids and bypasses the PDC. This is achieved by direct production of acetyl CoA
from long-chain fatty acids, which can then condense with oxaloacetate to form citrate and fuel the
TCA cycle. In endothelial cells, specifically, the main mechanism which regulates FAO involves
AMP-activated protein kinase (AMPK), which is activated by hypoxia [51]. AMPK indirectly activates
carnitine palmitoyl transferase 1A (CPT1A), which shuttles long-chain fatty acids into the mitochondria
and represents a rate-limiting step of FAO [52].

Whilst FAO can be used for the generation of ATP through mitochondrial respiration, endothelial cells
rely predominantly on glycolysis for energy production. Recent research does, however, point to FAO as
an essential contributor to endothelial cell functions beyond energy production.

Kalucka et al. examined the metabolism of quiescent endothelial cells. This group found that
quiescent endothelial cells upregulated FAO three times more than proliferative endothelial cells
and that this was primarily in support of nicotinamide adenine dinucleotide phosphate (NADPH)
regeneration for redox homeostasis. Blocking FAO in these cells induced significant oxidative stress,
whilst supplementing them with acetate rescued this. This demonstrates that FAO is essential for
maintaining redox balance in quiescent endothelial cells [53].

In contrast, Schoors et al. investigated FAO in proliferative endothelial cells undergoing vessel
sprouting, again with a focus on identifying an alternative role for the process beyond energy production.
Schoors et al. knocked down CPT1A and found that this impaired vessel sprouting in endothelial cell
spheroids due to decreased cell proliferation. CPT1A knockdown did not lower ATP levels, and only
increased ROS levels by approximately 20%, a level thought to have a positive effect on endothelial cell
proliferation. It was then determined that acetyl CoA from FAO was cycling through the TCA cycle and
contributing to de novo synthesis of deoxyribonucleotides in endothelial cells, and that knockdown
of CPT1A reduced this and subsequently impaired de novo DNA synthesis. This culminated in the
impairment of endothelial cell proliferation and overall vessel sprouting [54]. This contrasts with the
role of FAO in maintaining redox balance in quiescent endothelial cells but nevertheless suggests that
FAO is important for correct endothelial cell function and angiogenesis.

5.4. The Pentose Phosphate Pathway

Glycolytic side pathways are also critical for endothelial cell function. These involve various
glycolytic intermediates and have a wide range of functions that can be either positive or negative for
an active endothelial cell. Thus far, the pentose phosphate pathway (PPP) has been demonstrated to be
the most important of these side pathways. The PPP utilises glucose-6-phosphate from glycolysis in
two different branching pathways. The oxidative branch (oxPPP) comprises an irreversible reaction
which generates NADPH and ribose-5-phosphate (R5P), whilst the non-oxidative branch produces
only R5P [55]. NADPH is critical for redox homeostasis as it allows for the conversion of oxidised
glutathione (GSSG) to its reduced form (GSH). Reduced glutathione is an essential antioxidant which
neutralises reactive oxygen species [56]. Therefore, this mechanism is likely to play an important role in
maintaining the redox balance of an endothelial cell during hypoxia-driven angiogenesis. Additionally,
the R5P produced by this pathway is essential for the synthesis of nucleotides, which likely supports
the increased proliferation required during vessel sprouting. The rate of the oxPPP is determined by
glucose-6-phosphate dehydrogenase (G6PD). The importance of this pathway and its close relationship
with the rate of glycolysis implicates it in diabetes-impaired angiogenesis.

6. Endothelial Cell Metabolism and Diabetes-Impaired Angiogenesis

The prevailing hypothesis regarding diabetes-impaired angiogenesis is that hyperglycaemia
causes increased production of reactive oxygen species (ROS), which leads to general endothelial cell
dysfunction. However, this is only one aspect of the complex pathology. Diabetic hyperglycaemia
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also negatively affects individual transcription factors, signalling molecules, and metabolic enzymes,
which contribute to endothelial cell dysfunction and impaired angiogenesis. The HIF-1α/VEGFA
hypoxia signalling pathway is a clear example of this. Furthermore, ROS production is closely tied
to cellular metabolism, as we have discussed previously. Therefore, changes in cellular metabolism
elicited by diabetes potentially underpin the increase in ROS production. Mitochondrial respiration
is a major source of ROS, and several glycolytic side pathways contribute to cellular redox balance.
The relationships between these pathways are complex, and it is difficult to tell from where the negative
effects on angiogenesis stem.

6.1. Diabetes Impairs Central Metabolic Pathways

Angiogenesis is initiated by the HIF-1α/VEGFA hypoxia signalling pathway, which has a myriad
of complex downstream effects that orchestrate the vessel sprouting and maturation process. It has
been consistently demonstrated that hyperglycaemia or in vitro high glucose conditions negatively
affect the expression of HIF-1α and its translocation to the nucleus [3]. This effect was found to
be due to a high glucose-induced increase in the PHD proteins, which tag HIF-1α for degradation.
Increased degradation of HIF-1α means it cannot travel to the nucleus and induce the transcription of
pro-angiogenic genes. This, therefore, also impairs the hypoxia-induced expression of VEGFA and is
subsequently associated with the impairment of angiogenesis under high glucose conditions [3].

These negative effects on the central HIF-1α/VEGFA signalling pathway are also associated with
downstream impairments to hypoxia-induced metabolic reprogramming. VEGFA is known to increase
PFKFB3 expression in endothelial cells to support adequate upregulation of glycolysis in hypoxia.
The effect of hyperglycaemia on PFKFB3 was tested by Rudnicki et al., who demonstrated that high
glucose reduced the mRNA levels of Pfkfb3 in endothelial cells isolated from mice [57] (Figure 4).

Suppression of mitochondrial respiration is also a critical aspect of metabolic reprogramming
in response to hypoxia [49]. The expression of PDK4, which inactivates the PDC in endothelial
cells, is known to be increased in response to hypoxia [58]. Recent studies by our group show
that, importantly, this induction is impaired when the endothelial cells are exposed to high glucose,
indicating a failure of the metabolic reprogramming response. These changes were also associated with
a marked increase in mitochondrial respiration, which is a known source of ROS, as well as impaired
in vitro angiogenesis [50].

PGC-1α is an important mediator of mitochondrial biogenesis and metabolism and is significantly
affected by diabetes. Sawada et al. aimed to fully characterise the effect of diabetes on PGC-1α and
determine how this affected endothelial cell function and angiogenesis. First, they demonstrated that
PGC-1αwas significantly elevated in endothelial cells from the heart or lung tissue from several different
diabetic mouse models [59]. This effect was replicated in vitro with cultured primary endothelial cells
exposed to high glucose. Furthermore, endothelial cells overexpressing PGC-1α exhibited significantly
impaired migration, as demonstrated with a transwell assay. Mechanistically, PGC-1α was found to
inhibit Akt phosphorylation of eNOS, which is essential for angiogenesis [59]. This study identified a
strong link between the modulation of metabolism and control of angiogenesis, as well as highlighting
the negative effects of diabetes on this mechanism.

Combined, these negative effects of diabetes affect central metabolic pathways and mediators,
which normally support angiogenesis.
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Figure 4. The effects of diabetes on endothelial cell metabolism. A diagram depicting the changes in
endothelial cell metabolism elicited by diabetes. Bold lines indicate an increase, dashed lines indicate
a decrease. 3DG, 3-deoxyglucosone; AR, aldose reductase; CPT1A, carnitine palmitoyltransferase 1A;
ETC, electron transport chain; eNOS, endothelial nitric oxide synthase; G6PD, glucose-6-phosphate
dehydrogenase; HIF-1α, hypoxia-inducible factor 1α; HK2, hexokinase 2; NADPH, nicotinamide adenine
dinucleotide phosphate; PDC, pyruvate dehydrogenase complex; PDK4, pyruvate dehydrogenase kinase
4; PFK1, phosphofructokinase 1; PFKFB3, phosphofructokinase-2/fructose-2,6-bisphosphatase isoform 3;
PHDs, prolyl hydroxylase domain proteins; PI3K, phosphoinositide 3-kinase; PK, pyruvate kinase;
SDH, sorbitol dehydrogenase; UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; VEGF,
vascular endothelial growth factor. Bold arrows indicate an increase, dashed arrows indicate a decrease.

6.2. Glycolytic Side-Pathways

In addition to its negative effects on hypoxia signalling, hyperglycaemia also increases ROS
production through a number of metabolic pathways.

The oxidative branch of the pentose phosphate pathway has been examined in this context, and it is
well established that high glucose inhibits the rate-limiting enzyme of the oxPPP, glucose-6-phosphate
dehydrogenase (G6PD) [60]. This blocks production of NADPH, which is essential for converting
oxidised glutathione (GSSG) to its reduced form (GSH), thereby reducing the ability of the cells to
adequately neutralise ROS [60]. This mechanism severely impairs the ability of endothelial cells to
maintain redox balance in diabetes.

Once a cell begins to accumulate ROS through this mechanism, an additional cascade of events
begins. Excess ROS damages a cell’s DNA, which can lead to aberrant transcription of various
proteins. One specific protein that is aberrantly activated by ROS-induced DNA damage in endothelial
cells is poly-ADP-ribose polymerase 1 (PARP1) [61]. PARP1 post-translationally modifies proteins
to inactivate them, and one relevant target is the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [61–63]. When GAPDH is inactivated in this manner, it causes a blockade in
the glycolytic pathway which allows for the accumulation of intermediates that cannot flow further
through glycolysis. With the known effect of hyperglycaemia on G6PD keeping these intermediates
from being shunted to a useful pathway, such as the oxPPP, the intermediates instead increase flux
through upstream pathways which are detrimental to cellular function and known to be increased in
diabetic endothelial cells: the polyol pathway and hexosamine biosynthesis pathway (HBP).
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In diabetes, excess glucose is shunted into the polyol pathway and converted to sorbitol by aldose
reductase, a reaction which uses NADPH [64]. This increased usage of NADPH may further exhaust a
cell’s ability to replenish the antioxidant GSH and exacerbate oxidative stress. Sorbitol is then converted
to fructose by sorbitol dehydrogenase. This reaction also indirectly generates 3-deoxyglucosone (3DG)
through the hydrolysis of the intermediate fructose-3-phosphate [65]. 3DG is a highly reactive
compound known to contribute to the production of advanced glycated end-products (AGEs) [66,67].
AGEs are proteins or lipids that have been post-translationally glycated and are implicated in many
aspects of diabetes-induced EC dysfunction. They have been shown to specifically inhibit angiogenesis
by increasing extracellular matrix degradation by matrix metalloproteinases [68,69]. To conclude,
increased flux through the polyol pathway caused by hyperglycaemia exacerbates oxidative stress and
contributes to impaired angiogenesis.

One of the upstream glycolytic metabolites blocked by GAPDH inactivation is fructose-6-phosphate
(F6P). F6P enters the hexosamine biosynthesis pathway and is converted to uridine diphosphate
N-acetylglucosamine (UDP-GlcNAc), which is an essential substrate for N-linked and O-linked
glycosylation of proteins. This post-translational modification of proteins is normally very important
for normal cellular function. However, under hyperglycaemic conditions, excess F6P produced from
glucose leads to aberrantly increased O-linked glycosylation of target proteins. Federici et al. examined
this pathway in endothelial cells and found that O-linked glycosylation was significantly increased
in HCAECs exposed to high glucose conditions [70]. This was found to impair PI3K/Akt signalling,
which was then associated with a decrease in eNOS phosphorylation by Akt. Phosphorylation of
eNOS increases the production of nitric oxide, which is pro-angiogenic [71,72]. A similar study by
Luo et al. supported these findings by demonstrating that O-GlcNAc levels were increased in a murine
streptozotocin model of diabetes and that this was indeed associated with impaired angiogenesis in
an aortic ring assay. The group also showed that increased O-GlcNAc leads to reduced endothelial
cell migration and tubule formation in vitro. Importantly, overexpression of O-GlcNAcase, a protein
that reverses O-linked glycosylation, rescued migration and tubule formation of endothelial cells [72].
This indicates that increased flux through the HBP caused by hyperglycaemia impairs the PI3K/Akt
signalling pathway, which has negative consequences for angiogenesis.

6.3. Diabetes and Fatty Acid Oxidation

The role of FAO in diabetes is complex and varies across tissue and cell types. It has been
determined that FAO is essential for angiogenesis through its support of endothelial cell proliferation
and biomass synthesis [54] Additionally, FAO is essential for the maintenance of quiescence and
redox homeostasis in quiescent endothelial cells [53]. One additional aspect to consider is that whilst
diabetes is characterised by hyperglycaemia, it is also associated with high circulating levels of free
fatty acids (FFAs). Several studies have examined the effect of elevated FFAs on general endothelial
function. Steinberg et al. investigated this in healthy patients with experimentally increased FFA
levels and observed that the increase in FFAs was associated with endothelial dysfunction [73]. In a
subsequent study, the same research group demonstrated that elevation of FFAs impaired endothelial
insulin-mediated vasodilation and endothelial nitric oxide production [74]. This result was also
demonstrated by Vigili et al., who showed that elevated FFAs impaired endothelium-dependent
vasodilation [75]. One study has examined the effect of high glucose and elevated FFAs on ROS
production in endothelial cells in vitro. Inoguchi et al. found that both high glucose and elevated FFAs
increased superoxide production by NADPH oxidases in a protein kinase C-dependent manner [76].
This has some relevance for angiogenesis, given what is known about the necessity to regulate ROS
production in a hypoxic environment and highlights the importance of the oxPPP in generating
NADPH for maintaining redox balance. Whilst these effects do not necessarily directly reflect changes
in angiogenesis, they do provide some insight into the general endothelial dysfunction caused by FFA
elevation in patients with diabetes. It is necessary to investigate these effects further to understand
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how angiogenesis may be affected by elevated FFAs, and whether diabetes negatively affects FAO in
endothelial cells.

These studies demonstrate that the effects of diabetes on endothelial cell metabolism are
wide-ranging, complex, and significantly impair various angiogenic functions (Figure 4).

7. Emerging Role of HDL in Mechanisms of Endothelial Cell Metabolic Reprogramming and
Diabetes-Impaired Angiogenesis

Earlier in this review, we highlighted the various positive effects of HDL on the cardiovascular
system and angiogenesis in response to ischaemia and in diabetes. We have also established the
importance of endothelial cell metabolic reprogramming as a driver of angiogenesis, and the various
negative effects had upon its regulation by diabetes. Multiple lines of evidence point to a role for HDL
in the regulation of endothelial cell metabolism in the context of diabetes-impaired angiogenesis.

7.1. HDL and Hypoxia Signalling

There is much evidence supporting the concept that HDL augments diabetes-impaired HIF-1α
activity and VEGFA expression, resulting in the rescue of angiogenesis both in vitro and in vivo.

Specifically, Tan et al. found that rHDL rescued diabetes-impaired angiogenesis in two murine
models of hindlimb ischaemia and wound healing. rHDL was shown to stabilise HIF-1α in high
glucose by suppressing the PHD2 and three proteins, leading to an increase in the expression of VEGFA
and rescuing high glucose-impaired tubulogenesis in vitro [3].

VEGF is one of the most important downstream targets of HIF-1α, and its expression is known to
be impaired in diabetes [3]. The relationship between VEGF and glycolytic protein PFKFB3 has been
well documented and is also essential for angiogenesis [30]. PFKFB3 expression is also impaired under
high glucose conditions, which may contribute to negative effects on angiogenesis. rHDL is known to
rescue diabetes-impaired expression of VEGFA [3], and this may also lead to the support of increased
glycolytic flux in hypoxia and underpin some of the known pro-angiogenic activity of rHDL.

Furthermore, our research group has recently determined that PDK4, which inhibits mitochondrial
respiration, is a target of rHDL. In human coronary artery endothelial cells, we have demonstrated
that PDK4 expression is increased in hypoxia, but that this induction is impaired by exposure to high
glucose conditions [50]. This aligns with the impairment to HIF-1α signalling seen under diabetic
conditions in previous studies. Pre-incubation of the endothelial cells with rHDL restored the induction
of PDK4 under high glucose and hypoxic conditions. When the oxygen consumption of the cells
was examined as a measure of mitochondrial respiration, it was found that high glucose significantly
increased oxygen consumption, but that pre-incubation with rHDL was able to return these levels to
the baseline. These effects were also associated with the rescue of high glucose-impaired endothelial
cell migration and tubulogenesis under hypoxic conditions [50]. We, therefore, propose that rHDL
augments metabolic reprogramming via the upregulation of PDK4, decreasing oxygen consumption
and potentially protecting the cells against the development of oxidative stress in hypoxia.

7.2. HDL and PI3K/Akt Signalling

Diabetes also affects endothelial cell metabolism via impairment of PI3K/Akt signalling.
Hyperglycaemia causes the increased flux of fructose-6-phosphate through the hexosamine biosynthesis
pathway, leading to dysregulation of O-linked glycosylation. One of the targets of this dysregulated
glycosylation is the PI3K/Akt signalling pathway. This signalling pathway controls a number of critical
mechanisms, including phosphorylation of eNOS by Akt. In diabetes, this pathway was significantly
impaired in in vitro and in vivo models, and was associated with impaired angiogenesis [72]. A number
of studies have demonstrated that rHDL can increase PI3K/Akt signalling; therefore, this is another
pathway by which rHDL may support endothelial cell function and rescue angiogenesis in diabetes.
One study demonstrated that intravenous injections of rHDL promoted differentiation of endothelial
progenitor cells by increasing phosphorylation of Akt by PI3K in peripheral mononuclear cells. This was
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associated with augmentation of blood flow and increased capillary density in ischaemic limbs [40].
Another study demonstrated that the pre-incubation of endothelial cells with rHDL significantly
increased protein expression of both PI3K and Akt under high glucose conditions [3]. This was
subsequently associated with a significant increase in phosphorylation of eNOS by Akt and the rescue
of high glucose-impaired tubulogenesis in vitro [3]. Furthermore, specific inhibition of PI3K/Akt with
LY294002 in endothelial cells attenuated the augmentation of in vitro tubulogenesis, and HIF-1α and
VEGFA by rHDL in response to hypoxia [2]. Finally, it has been demonstrated that rHDL initiates the
nuclear exclusion of FOXO1 by increasing its phosphorylation by Akt, which has a number of positive
effects on endothelial cell function [44].

These results demonstrate that high-density lipoproteins affect multiple aspects of endothelial cell
metabolism to achieve a pro-angiogenic effect under diabetic conditions (Figure 5). Several potential
downstream targets of HDL have also been identified and represent avenues for further study.

Figure 5. The known and proposed effects of HDL on endothelial cell metabolism. A diagram depicting
the changes in endothelial cell metabolism caused by HDL under conditions of high glucose and
hypoxia. Bold lines indicate an increase, dashed lines indicate a decrease. ETC, electron transport
chain; eNOS, endothelial nitric oxide synthase; FOXO1, forkhead box O1; HIF-1α, hypoxia-inducible
factor 1α; PDC, pyruvate dehydrogenase complex; PDK4, pyruvate dehydrogenase kinase 4; PHDs,
prolyl hydroxylase domain proteins; PI3K, phosphoinositide 3-kinase; UDP-GlcNAc, uridine diphosphate
N-acetylglucosamine; VEGF, vascular endothelial growth factor.

8. Conclusions

The dysregulated angiogenesis associated with diabetes mellitus presents a complex contribution
to the pathology of diabetic vascular complications and the associated mortality. Therapies to
correct this dysregulation are severely lacking, as is our understanding of the complexities of this
process. Endothelial cell metabolism is a central driver of angiogenesis, but many aspects of metabolic
reprogramming are negatively affected by diabetes, though our knowledge of this is still developing.
HDL continues to represent a promising avenue for therapeutic development, as its multiple protective
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functions culminate in the rescue of diabetes-impaired angiogenesis and improved healing of chronic
diabetic wounds. However, due to the relative lack of clinical success with HDL-raising therapies,
further research must be conducted to fully elucidate the mechanisms involved in these processes and
identify the best approach for harnessing the protective effects of HDL.
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Abbreviations

3DG 3-deoxyglucosone
AGE Advanced glycation end products
AMPK AMP-activated protein kinase
ANGPTL4 Angiopoietin-like 4
Apo Apolipoprotein
CoA Coenzyme A
CPT1A Carnitine Palmitoyltransferase 1A
CVD Cardiovascular disease
DFU Diabetic foot ulcer
DN Diabetic nephropathy
DR Diabetic retinopathy
eNOS Endothelial nitric oxide synthase
EPC Endothelial progenitor cell
ERRα Oestrogen-related receptor α
F1,6P2 Fructose-1,6-bisphosphate
F2,6P2 Fructose-2,6-bisphosphate
F6P Fructose-6-phosphate
FAO Fatty acid oxidation
FFA Free fatty acid
FGF Fibroblast growth factor
FGFR1 Fibroblast growth factor receptor 1
FOXO Forkhead box O
G6PD Glucose-6-phosphate dehydrogenase
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GSH Reduced glutathione
GSSG Oxidised glutathione
HBP Hexosamine biosynthesis pathway
HCAEC Human coronary artery endothelial cell
HDL High-density lipoprotein
HDL-C High-density lipoprotein cholesterol
HIF Hypoxia-inducible factor
HIF-1α Hypoxia-inducible factor 1α
HK2 Hexokinase 2
HUVEC Human umbilical vein endothelial cell
LDL Low-density lipoprotein
LDL-C Low-density lipoprotein cholesterol
MAPK Mitogen-activated protein kinase
MI Myocardial infarction
NADPH Nicotinamide adenine dinucleotide phosphate
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PARP1 Poly (ADP-Ribose) Polymerase 1
PDC Pyruvate dehydrogenase complex
PDK Pyruvate dehydrogenase kinase
PDK4 Pyruvate dehydrogenase kinase 4
PDR Proliferative diabetic retinopathy
PFK-1 Phosphofructokinase-1
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
PGC-1α Peroxisome proliferator-activated receptor gamma co-activator 1α
PHD Prolyl hydroxylase domain
PI3K Phosphoinositide 3-kinases
PK Pyruvate kinase
PPP Pentose phosphate pathway
R5P Ribose-5-phosphate
RA Rheumatoid arthritis
rHDL Reconstitute high-density lipoprotein
ROS Reactive oxygen species
shRNA Short hairpin RNA
siRNA Small interfering RNA
SR-BI Scavenger receptor BI
TCA Tricarboxylic acid
UDP-GlcNAc Uridine diphosphate N-acetylglucosamine
VEGFA Vascular endothelial growth factor A
VEGFR2 Vascular endothelial growth factor receptor 2
VHL Von Hippel-Lindau
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Abstract: Dietary fats and sugars were identified as risk factors for overweight and neurodegeneration,
especially in middle-age, an earlier stage of the aging process. Therefore, our aim was to study
the metabolic response of both white adipose tissue and brain in middle aged rats fed a typical
Western diet (high in saturated fats and fructose, HFF) and verify whether a similarity exists
between the two tissues. Specific cyto/adipokines (tumor necrosis factor alpha (TNF-α), adiponectin),
critical obesity-inflammatory markers (haptoglobin, lipocalin), and insulin signaling or survival
protein network (insulin receptor substrate 1 (IRS), Akt, Erk) were quantified in epididymal white
adipose tissue (e-WAT), hippocampus, and frontal cortex. We found a significant increase of TNF-α
in both e-WAT and hippocampus of HFF rats, while the expression of haptoglobin and lipocalin was
differently affected in the various tissues. Interestingly, adiponectin amount was found significantly
reduced in e-WAT, hippocampus, and frontal cortex of HFF rats. Insulin signaling was impaired by
HFF diet in e-WAT but not in brain. The above changes were associated with the decrease in brain
derived neurotrophic factor (BDNF) and synaptotagmin I and the increase in post-synaptic protein
PSD-95 in HFF rats. Overall, our investigation supports for the first time similarities in the response
of adipose tissue and brain to Western diet.

Keywords: adipose tissue; hippocampus; frontal cortex; adiponectin; haptoglobin; lipocalin; BDNF;
synaptic proteins

1. Introduction

Lifestyle, nutrition and lack of physical exercise is increasing the number of overweight or obese
people in the global population. The increased consumption of sugar- and fat-rich industrial foods,
which are cheaper and easily available, contributes to the accumulation of peripheral and/or visceral
adipose tissue [1]. In the last decade, dietary fats and sugars were also identified as risk factors for
cognitive decline and neurodegeneration, through altered brain metabolism, neuroinflammation and
neuronal dysfunction [2–6].

The increased risk for obese individuals to develop brain disease might be due to the capacity
of adipose tissue to communicate with the brain and impact its function. Therefore, the analysis of
specific markers, whose adipose and/or brain levels are affected by diet, might contribute to unveil
the intersection between obesity and neurodegeneration. In particular, proinflammatory cytokines,
namely tumor necrosis factor alpha (TNFα), are implicated in the development of neuronal insulin
resistance [7,8]. Since both cytokines and insulin in the brain regulate synaptic plasticity, learning and
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memory, neuroinflammation and neuronal insulin resistance have been proposed to be involved in
obesity-associated brain impairment [9].

Middle-age, an earlier stage of the aging process, is a life phase in which humans and animals
are more prone to develop diet-induced metabolic alterations. In fact, overweight is especially
prevalent in the middle-aged population (40.2%) compared to younger or older adults (32.3% and
37.0%, respectively) [10]. In addition, overweight during midlife has been associated to a higher risk of
developing cognitive disorders, including Alzheimer’s disease [11,12]. Accordingly, we recently found
that short-term dietary treatment with a high fat-high fructose diet was able to elicit inflammation and
oxidative stress in plasma and brain of middle-aged rats [6,13]. We therefore decided to investigate
the possible similarity in the response of white adipose tissue and brain in middle aged rats that
were fed a typical Western diet (high in saturated fats and fructose, HFF) for 4 weeks. In particular,
specific cyto/adipokines (TNF-α, adiponectin), critical obesity-inflammatory markers (haptoglobin,
lipocalin), and insulin signaling or survival protein network (insulin receptor substrate 1 (IRS), Akt,
Erk) were measured in both adipose tissue and hippocampus/frontal cortex, two key areas for learning
and memory. Moreover, in order to further highlight whether the HFFdiet is associated with an
impairment of brain function, we evaluated brain-derived neurotrophic factor (BDNF) and its receptor
(Tropomyosin receptor kinase B, TrkB), as well as specific pre- and post-synaptic proteins in the
hippocampus and frontal cortex, known to be susceptible to nutritional stimuli.

2. Results

2.1. Metabolic Characterization

Dietary administration of HFF diet elicited caloric hyperphagia in the first and, less markedly,
in the second week, while during the third and fourth week the caloric intake was similar in the two
groups of rats (Figure 1A). In addition, HFF rats exhibited significantly higher body weight gain,
as well as higher body content of epididymal white adipose tissue (e-WAT), both as absolute amount
and as % of body weight (Figure 1B).

Figure 1. Weekly energy intake (A), epididymal white adipose tissue (e-WAT) weight and body weight
gain (B) in middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values
are the means ± SEM of eight rats. * p < 0.05, ** p < 0.01 compared to low-fat diet (two-way ANOVA
followed by Tukey post-test for energy intake data and two-tailed Student’s t-test for e-WAT weight
and daily body weight gain data).
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Key proteins involved in the regulation of adipocyte function, namely uncoupling protein 2 (UCP2),
peroxisome proliferator-activated receptor alpha (PPAR-α), and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α), were found to be downregulated in HFF rats compared
to rats fed low fat (LF) diet (Figure 2).

Figure 2. Protein content (with representative western blot) of uncoupling protein 2 (UCP2) (A),
peroxisome proliferator activated receptor alpha (PPAR-α) (B) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1α) (C) in epididymal white adipose tissue (e-WAT) from
middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the
means ± SEM of eight rats. * p <0.05 compared to low-fat diet (two-tailed Student’s t-test).

2.2. Inflammatory Markers

Since increased intake of fat and fructose is associated with systemic and tissue inflammation [14,15],
we wanted to verify whether this response was elicited after our dietary treatment. To this end,
we assessed markers of inflammation in plasma, e-WAT and brain areas. TNF-α levels were significantly
increased in plasma, e-WAT and hippocampus of HFF rats compared to controls, while no variation
was found in frontal cortex (Figure 3). Furthermore, we titrated the level of adiponectin, an adipokine
which plays a role in the reduction of oxidative stress and inflammatory cascade [16] and was also
reported to exert neuroprotective effect [17]. Adiponectin amount was found significantly reduced in
plasma, e-WAT, hippocampus, and frontal cortex of HFF fed rats (Figure 4).

The level of haptoglobin and lipocalin, which are considered markers of both inflammation and
adiposity [18,19], was measured. As shown in Figure 5, no diet-associated variation of lipocalin
concentration was detected in plasma, hippocampus or cortex, while in e-WAT lipocalin protein content
significantly increased in HFF rats. Conversely, haptoglobin level was found increased, following HFF
diet, in plasma, frontal cortex, and hippocampus, while no changes were detected in e-WAT (Figure 6).

123



Int. J. Mol. Sci. 2020, 21, 786

Figure 3. Levels of tumor necrosis factor alpha (TNF-α) detected by enzyme-linked immunosorbent
assayin plasma (A), epididymal white adipose tissue (e-WAT) (B), hippocampus (C), and frontal
cortex (D) from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks.
Values are the means ± SEM of eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s
t-test).
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Figure 4. Protein content (with representative western blot) of adiponectin in plasma (A), epididymal
white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from middle-aged rats fed
low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Plasma adiponectin was detected by
using 5 μL of sample. Values are the means ± SEM of eight rats. * p < 0.05 compared to low-fat diet
(two-tailed Student’s t-test).
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Figure 5. Protein content (with representative western blot) of lipocalin in plasma (A), epididymal
white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from middle-aged rats fed
low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the means ± SEM of eight
rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).
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Figure 6. Levels of haptoglobin detected by enzyme-linked immunosorbent assay in plasma (A),
epididymal white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from middle-aged
rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the means ± SEM of
eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).

2.3. Insulin Signaling

Plasma metabolic profile evidenced that the HFF diet was able to induce systemic insulin resistance,
with higher fasting glucose and insulin levels and increased Homeostasis model assessment (HOMA)
index (Figure 7A). At the tissue level, insulin signaling was impaired by HFF diet in e-WAT, as shown
by a significant decrease in the activatory phosphorylation of IRS (Figure 7B), while this effector was
not affected by diet in hippocampus (Figure 7C) and cortex (Figure 7D).
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Figure 7. Plasma levels of glucose and insulin and Homeostatic model assessment (HOMA) index
(A), protein content (with representative western blot) of phosphorylated Insulin Receptor Substrate
(p-IRS) in epididymal white adipose tissue (e-WAT) (B), hippocampus (C), and frontal cortex (D) from
middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diet for four weeks. Values are the
means ± SEM of eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).

The analysis of downstream effectors of IRS, namely Akt and Erk, revealed an impairment for both
effectors in e-WAT (Figure 8A,B). The activation of the Akt and Erk pathway was found significantly
decreased by HFF diet in frontal cortex (Figure 8E,F), while in hippocampus was evident a significant
increase in the Erk activation (Figure 8D), with no variation in the Akt pathway (Figure 8C).
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Figure 8. Protein content (with representative western blot) of phosphorylated Akt (p-Akt) and Erk
(p-Erk) in epididymal white adipose tissue (e-WAT) (A,D), hippocampus (B,E), and frontal cortex (C,F)
from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Values are
the means ± SEM of eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).

2.4. BDNF and TrkB

BDNF is a key cerebral factor involved in a wide range of neurophysiological processes and has a
multipotent impact on brain signaling and synaptic plasticity [20]. The BDNF level was measured in
both the hippocampus and frontal cortex, and a significant diet dependent decrease was observed
(Figure 9A,C). We also analyzed adipose tissue samples for the presence of BDNF, but we detected only
a very faint band (data not shown). At present, we cannot say whether this very faint band reflects
a small amount of BDNF produced locally in e-WAT or a small amount coming from the plasma.
Further work is required to discriminate between the two options. We further investigated whether the
dietary treatment could affect the amount of TrkB receptor, as BDNF activities, such as enhancement
of synaptic plasticity, neuroprotection, and stimulation of neuronal fibers growth, are mediated by
neurotrophin binding to this receptor [20]. As shown in Figure 9B, TrkB level was significantly lower
in the hippocampus of HFF rats, while it was not affected by diet in the frontal cortex (Figure 9D).
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Figure 9. Protein content (with representative western blot) of brain derived neurotrophic factor (BDNF)
and tropomyosin receptor kinase b (TrkB) levels in hippocampus (A,B), and frontal cortex (C,D) from
middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Values are the
means ± SEM of eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).

2.5. Synaptic Proteins in the Hippocampus and Frontal Cortex

In order to clarify the impact of HFF diet on key markers of synaptic function, the levels of
presynaptic proteins synaptophysin, synapsin I and synaptotagmin I, and post synaptic density protein
95 (PSD-95) were measured in hippocampus and frontal cortex of HFF and control rats. Synaptophysin
and synapsin I are involved in synaptic growth, as they play key roles in synapse formation, maturation,
and maintenance [21]. Synaptotagmin I is a major calcium sensor for transmitter release at central
synapse and is also crucial for clamping synaptic vesicle fusion in mammalian neurons [22]. HFF diet
did not affect synapsin I or synaptophysin level, while it was associated with a marked decrease of
synaptotagmin both in the hippocampus (Figure 10) and the frontal cortex (Figure 11). In the next
step, we examined the level of PSD-95, a key protein for the function of neurotransmitter receptors [23].
Interestingly, we found that the expression PSD-95 was significantly increased in hippocampus
(Figure 10) and frontal cortex (Figure 11) of HFF rats.
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Figure 10. Protein content (with representative western blot) of presynaptic proteins synaptophysin
(A), synapsin I (B) and synaptotagmin I (C), and postsynaptic protein PSD-95 (D) in the hippocampus
from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Values are
the means ± SEM of eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).

Figure 11. Protein content (with representative western blot) of presynaptic proteins synaptophysin
(A), synapsin I (B) and synaptotagmin I (C), and postsynaptic protein PSD-95 (D) in the frontal cortex
from middle-aged rats fed low fat (LF) or high fat-high fructose (HFF) diets for four weeks. Values are
the means ± SEM of eight rats. * p < 0.05 compared to low-fat diet (two-tailed Student’s t-test).
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3. Discussion

The risk of brain dysfunction has been shown to be increased in overweight or obese subjects [24–26].
The underlying mechanisms are not precisely defined, but obesity has been associated with several
processes related to the acceleration of aging, including oxidative stress and inflammation [27,28].
The link between obesity and brain disease can be further clarified by studying the alteration of
adipose tissue physiology, concomitantly with brain modifications in these conditions. In fact, it has
been suggested that the molecules released or produced by the adipose tissue could be the molecular
link between obesity and brain dysfunction [29]. Indeed, expansion of adipose tissue leads to local
inflammation and release of cytokines and adipokines into the systemic circulation, which in turn
could contribute to the pathogenesis of brain disorders [30,31]. Since this issue has not been investigate
in depth, we sought to investigate the effect of a short-term Western diet on white adipose tissue
functional markers and their possible similarity with changes in two critical brain areas for learning
and memory, namely, the hippocampus and frontal cortex.

Metabolic phenotyping of middle-aged rats evidenced the deleterious effects of HFF diet, with the
increase in the absolute and relative weight of e-WAT. This adipose depot is among the largest and
most readily accessible fat pads in the rat [32], and has been shown to reach its maximum expansion
earlier (after 4 weeks of high fat feeding) than other adipose tissue depots [33]. The expansion of e-WAT
in HFF rats well correlates with the increased caloric intake during the first two weeks and with the
downregulation in the content of key proteins involved in the regulation of adipocyte function, namely
UCP2, PPAR-α, and PGC-1α. In fact, PPARα and PGC-1α play a central role in the metabolic regulation
in adipose tissue [34,35]. In addition, UCP2 may influence systemic metabolism by regulating the
release of adipokines by this tissue [36]. Interestingly, we recently reported a similar decrease in UCP2,
PPAR-α, and PGC-1α in brain regions of middle-aged rats fed the same Western diet [6].

HFF diet elicited whole-body insulin resistance. The same metabolic impairment was evident
also in e-WAT, where downstream effectors of insulin signaling (IRS, Akt, and Erk) were less activated
in HFF rats, thus suggesting a condition of insulin resistance in this tissue.

Systemic inflammation was also found in HFF rats, as demonstrated by the increase in plasma
levels of both TNF-α and haptoglobin, which is one of the most represented acute-phase proteins.
Similarly, e-WAT from HFF rats exhibited increased TNF-α content, in agreement with the frequent
association between insulin resistance and inflammation [37]. The above increase is of relevance
and could be at the basis of increased lipocalin content found in e-WAT from these animals. In fact,
lipocalin expression in adipocytes is regulated by obesity and TNF-α and it can, in turn, induce
insulin resistance [38]. In line with the systemic and adipose inflammatory status, the here presented
results show that a condition of brain inflammation occurs in response to the HFF diet. As a matter
of fact, a diet-associated increase in TNF-α was observed in hippocampus, and haptoglobin level
was found higher both in hippocampus and frontal cortex of HFF rats. It is worth mentioning that
no data are available thus far on diet-associated changes of haptoglobin in brain of middle-aged
rats. The increase in brain haptoglobin might represent a protective mechanism against the condition
of enhanced oxidative stress found in hippocampus and frontal cortex [6], due to its well-known
antioxidant activity [39,40].

The above inflammatory status might contribute to the onset of brain insulin resistance, however,
interestingly, we did not find an alteration in IRS activation. It is therefore possible that HFF diet,
administered for only 4 weeks, is able to induce adipose tissue insulin resistance, as well as brain
inflammation and oxidative stress [6], but does not trigger impaired response to insulin in brain. Of note,
we recently found a decrease in the protein content of insulin degrading enzyme in hippocampus and
cortex of middle-aged rats fed an HFF diet (data not shown). Thus, the impairment in the pathway of
degradation of insulin in the brain could act as a potentiating factor on the action of this hormone.

The increased activation of the Erk pathway in the hippocampus could be envisaged as marker
of damage of this brain area. In fact, Erk activation seems to play an active role in several models
of neuronal death, such as hyperglycaemia-mediated neuronal damage [41] or β-amyloid-induced
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neuronal death [42]. On the other hand, frontal cortex is differently affected, and the decrease in
Akt and Erk pathways is likely due to the impairment in other mechanisms, including neurotrophin
signaling, since both Akt and Erk are at the crossroad of several intracellular pathways.

The analysis of changes in adiponectin shows a downregulation in e-WAT. This result is in good
agreement with lower protein levels of UCP2 and PPAR-α, since it has been shown that adiponectin
expression is regulated via adipose PPAR-α [43], and UCP2 controls adiponectin gene expression in
adipose tissue [40].

A diet-associated reduction of adiponectin was also observed in both hippocampus and frontal
cortex. The origin of adiponectin found in the brain has been debated. Adiponectin can enter the brain by
passing through the blood–brain barrier [44]. Hence, the peripheral adipose tissue could be the source of
brain adiponectin, even though it has been reported that adiponectin is also produced inside the brain [45].
It is worth mentioning that, beside its role in improving insulin sensitivity and modulating lipid and
carbohydrate metabolism, adiponectin was reported to influence neurogenesis, hippocampal synapses
and synaptic plasticity [46–48]. Furthermore, there is strong evidence supporting the neuroprotective
effects of adiponectin in cell culture and animal models [49,50]. Therefore, adiponectin decrease might
underlie alteration in brain functioning, as suggested by the reduction in BDNF, a further critical
marker of brain functioning, playing a key role in modulation of adult neurogenesis [51] and synaptic
function [52]. Our result is in agreement with previous studies showing a downregulation of BDNF
signaling both in middle-aged [53] and adolescent [54] rats exposed to a Western diet. Accordingly,
we found a significant decrease in the amount of synaptotagmin I in both hippocampus and frontal
cortex of middle aged HFF rats. As known, synaptotagmin I participates in the regulation of synaptic
vesicle exocytosis, acting for clamping synaptic vesicle fusion in mammalian neurons [22]. Despite a
lower level of BDNF in both hippocampus and frontal cortex of the HFF group, no differences in the
other markers, synaptophysin and synapsin I, were detected. Whether this is due to the fact that BDNF
levels are still enough to maintain downstream targets or to the activation of other signaling pathways
remains to be elucidated. Intriguingly, a significant increase in the post-synaptic critical protein PSD-95
was found in both hippocampus and frontal cortex, that could represent a compensatory mechanism
against HFF diet-induced presynaptic alterations.

4. Materials and Methods

4.1. Materials

Bovine serum albumin fraction V (BSA), rabbit anti-human haptoglobin, salts, and buffers were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The dye reagent for protein titration was from
Bio-Rad (Hercules, CA, USA), and the polyvinylidene difluoride (PVDF) membrane was from GE
Healthcare (Milan, Italy). Horseradish peroxidase (HRP)-conjugated secondary antibodies were from
Immunoreagent, (Raleigh, NC, USA) (goat anti-rabbit or goat anti-mouse) or from Sigma-Aldrich
(St. Louis, MO, USA) (rabbit anti-goat). Fuji Super RX 100 films were from Laboratorio Elettronico Di
Precisione (Naples, Italy).

4.2. Experimental Design

Male Sprague-Dawley rats were purchased from Charles River (Calco, Como, Italy) and used for
the experiments. All rats were caged singly in a temperature-controlled room (23 ± 1 ◦C) with a 12-h
light/dark cycle (06.30–18.30). Treatment, housing, and euthanasia of animals met the guidelines set
by the Italian Health Ministry. All experimental procedures involving animals were approved by the
“Comitato Etico-Scientifico per la Sperimentazione Animale” of the University of Naples Federico II
(260/2015-PR).

For the experiments, we used middle-aged rats (11 months old), that were divided in two groups,
each composed of eight rats, that were fed an HFF or LF diet for 4 weeks. The composition of the two
diets is reported in Table 1. During the dietary treatment, body weight and food and water intake were
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monitored daily. At the end of the experimental period, the animals were anaesthetized with sodium
Tiopental (40 mg/kg body weight) and euthanized by decapitation, and blood, epididymal white
adipose tissue (e-WAT), hippocampus, and frontal cortex were harvested. In particular, hippocampus
and frontal cortex were dissected as previously published [6,55]. Samples were then snap frozen in
liquid nitrogen and stored at −80 ◦C for subsequent analyses.

Table 1. Diet composition.

Low Fat High Fat-High Fructose

Component, g/1000 g

Standard chow a 395.3 231.5
Sunflower oil 19.3 19.3

Casein 59.7 133.3
Water 175.7 175.4

AIN-93 Mineral mix 11.4 11.4
AIN-93 Vitamin mix 3.2 3.2

Choline 0.7 0.7
Methionine 0.9 0.9
Cornstarch 333.8 ——-

Butter ——- 129.8
Fructose ——- 294.6

Energy content and composition

ME content, kJ/g b 11.2 14.9
Lipids, J/100 J 10.5 39.3

Proteins, J/100 J 19.9 19.8
Complex carbohydrates, J/100 J 63.9 7.5

Simple sugars, J/100 J 5.7 33.4
a 4RF21, Mucedola, Italy; b Estimated by computation using values (kJ/g) for energy content as follows: protein
16.736, lipid 37.656, and carbohydrate 16.736. ME =metabolizable energy.

4.3. Metabolic Analyses

The blood samples were centrifuged at 1400× g for 8 min at 4 ◦C. After centrifugation at 1400× g for
8 min at 4 ◦C, plasma was isolated and stored at −20 ◦C until used for determination of substrates and
hormones. Plasma glucose concentration was measured by a colorimetric enzymatic method (Pokler
Italia, Pontecagnano, Italy). Plasma insulin concentration was measured using an enzyme-linked
immunosorbent assay (ELISA) kit (Diametra, Segrate, Italy) in a single assay to avoid interassay
variations. HOMA index was calculated as follows: (Glucose (mg/dL) × Insulin (mU/L))/405) [56].

4.4. Markers of Inflammation in Plasma, e-WAT, Frontal Cortexok, and Hippocampus

TNF-α concentrations were determined using a rat-specific enzyme linked immunosorbent assay
(R&D Systems, Minneapolisok, MN, USA) according to the manufacturer’s instruction.

Haptoglobin concentration in plasma, adipose tissue, frontal cortex, and hippocampus samples was
measured by ELISA. Samples were diluted (plasma = 1:9000–1:70,000; adipose tissue, 1:1000–1:30,000;
frontal cortex and hippocampus, 1:1000–1:30,000) with coating buffer (7 mM Na2CO3, 17 mM NaHCO3,
1.5 mM NaN3, pH 9.6), and aliquots (50 μL) were then incubated in the wells of a microtitre plate
(Immuno MaxiSorp; overnight, 4 ◦C). Washing and blocking were carried out as previously reported [57],
then, the wells were incubated (1 h, 37 ◦C) with 50 μL of rabbit anti-human haptoglobin (1:500 in
130 mM NaCl, 20 mM Tris-HCl, 0.05% Tween, pH 7.4, containing 0.25% BSA), followed by 60 μl of
HRP-coniugated secondary antibody (1:5000 dilution). Peroxidase-catalyzed color development from
o-phenylenediamine was measured at 492 nm.
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4.5. Western Blotting

Proteins were extracted from e-WAT by diluting tissue samples 1:1 with lysis buffer (20.0 mmol/L
Tris, pH 8, 5% glycerol, 138 mM NaCl, 2.7 mM KCl, 1% NP-40, 5 mM ethylenediaminetetraacetic acid,
5% protease inhibitor cocktail, 1% phosphatase inhibitor cocktail). Homogenates were centrifuged
(15,000× g, 15 min at 4 ◦C) and the supernatants were then collected. Aliquots of 20 μg were used
for electrophoresis.

Proteins were extracted from hippocampus and frontal cortex by homogenizing aliquots
(about 40 mg) of frozen tissues in six volumes (w/v) of cold buffer, as previously published [58].
Homogenates were centrifuged (14,000× g, 45 min, 4 ◦C), and supernatants were then collected.
Aliquots of 40 μg were used for electrophoresis.

All the plasma samples were adjusted to protein concentration of 10 μg/μL and 5 μL were used
for electrophoresis.

Samples were fractionated by electrophoresis on 12.5% (to quantify BDNF, synaptophysin,
synaptotagmin I, adiponectin, lipocalin), or 10% (to quantify synapsin I, PSD-95, TrkB, p-Akt, p-Erk,
p-IRS, PGC-1α, PPAR-α, UCP2) polyacrylamide gel, under denaturing and reducing conditions. After
electrophoresis, proteins were blotted onto PVDF membrane, essentially as previously reported [6].

The membranes were pre-blocked (1 h, 37 ◦C) in PBS, 3% bovine albumin serum, 0.3% Tween
20 (blocking PBS), for p-Akt, p-Erk, p-IRS, lipocalin, PGC-1α, PPAR-α, and UCP2 detection, or in
130 mM NaCl, 20 mM Tris-HCl, pH 7.4, 0.05% Tween 20 (T-TBS) containing 5% non-fat milk (blocking
TBS) for all other markers. Membranes were then incubated overnight at 4 ◦C with antibodies at the
appropriate dilutions (see Table S1)

Membranes were washed and then incubated for 1 h with the appropriate HRP-conjugated
secondary antibodies. For p-Akt, p-Erk, lipocalin, and PPAR-α, the membranes were washed and
incubated at room temperature with a chemiluminescent substrate, Immobilon (Millipore Corporation,
Billerica, MA 01821, USA). For all the other markers, detection was carried out using the Excellent
Chemiluminescent detection Kit (ElabScience, distributed by Microtech, Naples, Italy).

Quantitative densitometry of the bands was carried out by analyzing chemidoc images or digital
images of X-ray films exposed to immunostained membranes using Image Lab Software (Biorad
Laboratories S.r.l., Segrate (MI)—Italy).

4.6. Statistical Analysis

Data were expressed as mean values ± SEM. The program GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA) was used to perform statistical analysis by applying two-tailed, unpaired,
Student’s t-test or two-way ANOVA followed by Tukey post-test. p < 0.05 was considered significant.

5. Conclusions

Overall, the general picture of this study (summarized in Figure 12), in middle aged rodent model,
shows that the responses to the HFF diet are similar in adipose tissue and brain tissue for several
(UCP2, PPAR-α, PGC-1α, TNF-α, adiponectin), but not all the measured parameters (i.e., insulin
resistance onset in e-WAT but not brain, or lipocalin and haptoglobin, whose level is not modified in
brain or e-WAT, respectively). Whether this similarity is due to crosstalk between the two areas or
they are interconnected by a third player is currently unknown and represents an important issue for
further studies.
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Figure 12. Summary of the modifications induced by high fat-high fructose (western) diet in brain
(hippocampus and cortex) and white adipose tissue from middle-aged rats. UCP2=uncoupling protein 2
PPAR-α=peroxisome proliferator activated receptor alpha, PGC-1α=peroxisome proliferator-activated
receptor gamma coactivator 1-alpha, TNF-α= tumor necrosis factor alpha, p-IRS=phosphorylated
insulin receptor substrate, BDNF=brain derived neurotrophic factor, TrkB=tropomyosin receptor
kinase b.
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Abstract: Cholesterol is a critical component of eukaryotic membranes, where it contributes
to regulating transmembrane signaling, cell–cell interaction, and ion transport. Dysregulation
of cholesterol levels in the brain may induce neurodegenerative diseases, such as Alzheimer’s
disease, Parkinson disease, and Huntington disease. We previously reported that augmenting
membrane cholesterol level regulates ion channels by decreasing the level of phosphatidylinositol
4,5-bisphosphate (PIP2), which is closely related toβ-amyloid (Aβ) production. In addition, cholesterol
enrichment decreased PIP2 levels by increasing the expression of the β1 isoform of phospholipase C
(PLC) in cultured cells. In this study, we examined the effect of a high-cholesterol diet on phospholipase
C (PLCβ1) expression and PIP2 levels in rat brain. PIP2 levels were decreased in the cerebral cortex in
rats on a high-cholesterol diet. Levels of PLCβ1 expression correlated with PIP2 levels. However,
cholesterol and PIP2 levels were not correlated, suggesting that PIP2 level is regulated by cholesterol
via PLCβ1 expression in the brain. Thus, there exists cross talk between cholesterol and PIP2 that
could contribute to the pathogenesis of neurodegenerative diseases.

Keywords: phosphatidylinositol 4,5-bisphosphate; phospholipase C; cholesterol; high-cholesterol diet

1. Introduction

Lipid metabolism including cholesterol, oxysterols, fatty acids, and phospholipids is involved
in numerous neurodegenerative diseases including Alzheimer’s disease [1,2]. Cholesterol is a key
component of plasma membrane bilayers, where it affects structural and physical functions including
fluidity, curvature, and stiffness. It also regulates the functions of membrane proteins and is involved
in transmembrane signaling processes, membrane trafficking, endocytosis, and ion transport [3,4].
Cholesterol also participates in the biosynthesis of bile acids and steroid hormones in the plasma
membrane, which in turn play important functional and biological roles as signal transducers [5].
Cholesterol is particularly enriched in the brain, and the central nervous system contains 23% of
all cholesterol in the whole human body. Cholesterol in neurons and astrocytes controls synaptic
transmission [6]. Thus, changes in cholesterol levels and homeostasis have been associated with brain
diseases and neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and Huntington’s disease [7].

Phosphatidylinositol 4,5-bisphosphate (PIP2) plays a pivotal role in cell membranes, regulating
biological functions including signal transduction, membrane trafficking, transporter functions, and
ion channels [8,9]. Phospholipase C (PLC), which is grouped into four major families (β, γ, δ, and
ε), hydrolyzes PIP2 to produce inositol 1,4,5-trisphosphate and diacylglycerol [10]. These products
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induce calcium release from intracellular stores and activate phosphorylation of cAMP response
element-binding protein and neuronal gene expression in the brain [11,12]. Decrease of PIP2 in the cell
membrane results in impaired long-term potentiation and reduced cognition [13]. Levels of PIP2 are
closely related to the production of β-amyloid peptide (Aβ), a culprit in AD [14]. Many ion channels
are regulated by PIP2, and the hydrolysis of PIP2 by phospholipase C has been shown to reduce their
activities [8]. We demonstrated that augmenting membrane cholesterol levels regulated ion channels
by decreasing PIP2 [15], suggesting that a close relationship between plasma membrane-enriched
lipids, cholesterol, and PIP2. The human ether-a-go-go related gene (HERG) K+ channel, which is
known to be modulated by PIP2, is inhibited by cholesterol enrichment via increased phospholipase C
(PLCβ1) expression [16]. Consistent with this, we showed that increasing cholesterol levels in cultured
cells increased PLCβ1 and PLCβ3 expression levels among PLC isoforms (β1, β2, β3, β4, γ1, and γ2)
and increased PLCβ1 expression induced the decrease of PIP2 levels [17]. These results suggest that
there may exist cross talk among two plasma membrane-enriched lipids, cholesterol and PIP2, via
expression of PLCβ1. However, these results obtained from cultured cells are not confirmed in the
brain yet.

In this study, we tested whether cholesterol enrichment affected PLCβ1 expression and PIP2

level in brain. We found that PIP2 levels decreased significantly in the cerebral cortices of rats on a
high-cholesterol diet, repeating our previous in vitro result [15]. The high-cholesterol diet slightly
increased expression of PLCβ1 but not that of PLCβ3. Levels of PLCβ1 expression correlated with
those of PIP2, whereas levels of cholesterol and PIP2 did not. These results could suggest that PIP2

levels are regulated by cholesterol via PLCβ1 expression in the brain.

2. Results

2.1. PIP2 Levels Were Down-Regulated in Rats on a High-Cholesterol Diet

We previously found that enriching membrane cholesterol decreased PIP2 in cultured cells [14,16].
In order to test whether cholesterol augmentation in the brain affects levels of PIP2 in vivo, 13-week-old
Sprague Dawley (SD) rats were fed with either normal or high-cholesterol diets for 6 weeks [18–21].
We observed that the body weight was not altered in high-cholesterol diet rats compared to normal
diet rats (data not shown). First, we tested the levels of free cholesterol in the cerebral cortex. For this
purpose, we obtained the membrane fractions from the cerebral cortices and measured the levels of
free membrane cholesterol using assay kits. As shown in Figure 1A, the free cholesterol level was 390 ±
29 μg/mL (n = 10) in the rats on the normal diet, whereas it increased by 15% to 450 ± 44 μg/mL (n = 10)
in the rats on the high-cholesterol diet. Cholesterol levels was increased by 15.4% by high-cholesterol
diet. However, the difference between the two groups was not statistically significant (p = 0.24). This
was likely owing to the varying cholesterol levels within each group as shown by scattered data in
Figure 1A. Alternatively, the non-significant difference could have been because of the existence of
different pools of cholesterol in the central nervous system. We next analyzed the PIP2 levels in the
cerebral cortex membranes using assay kits. As shown in Figure 1B, PIP2 levels were 5.81 ± 0.34 pM
(n = 10) in the rats on the normal diet, but they significantly decreased by 12.9% to 5.06 ± 0.26 pM
(n = 10) in the rats on the high-cholesterol diet. These data indicate that PIP2 was down-regulated by
cholesterol augmentation in vivo.
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Figure 1. High-cholesterol diet decreased phosphatidylinositol 4,5-bisphosphate (PIP2) levels in the
rat cerebral cortex. Starting at 13 weeks of age, 10 male rats were placed on a high-cholesterol diet
and 10 male rats were placed on a normal diet for 6 weeks as described in Materials and Methods.
Cerebral cortex was removed and membrane and cytosol fractions were obtained. (A) The levels of
free cholesterol in the membrane fractions were measured by cholesterol assay kit. Box plots show
average cholesterol level in normal diet (open bar) or high-cholesterol diet (hatched bar) groups. The
horizontal black lines represent the median of each distribution and the squares indicate means (n = 10).
(B) PIP2 levels in the membrane fractions were measured by using PIP2 ELISA kit. The levels of PIP2

were decreased by a high-cholesterol diet (n = 10). * p < 0.05.

2.2. PLCβ1 Expression Increased in Rats on a High-Cholesterol Diet

The hydrolysis of PIP2 mediated by PLC is the major catabolic pathway for PIP2 [10]. Because we
found that increased cholesterol levels led to increased PLCβ1 expression in the cultured cells [17],
we examined whether high-cholesterol diet in rats affected expressions of PLCβ1 and PLCβ3. Levels
of PLC expressions were measured from the cytosol and membrane fractions of the cerebral cortices
using Western blot analysis. A typical Western blot for PLCβ1 and PLCβ3 is shown in Figure 2A. Full
images of Western blot are shown in Supplementary Figures S1 and S2. All Western blot bands for
PLCβ1 in membrane and cytosol fractions are shown in Supplementary Figure S3. We confirmed equal
protein loading by β-tubulin levels, and the relative band densities of PLCβ1 and PLCβ3 compared
with β-tubulin are shown in Figure 2B, C (n = 10). PLCβ1 expression slightly increased in membrane
fractions from rats on the high-cholesterol diet although the effect was not statistically significant
(Figure 2B; p = 0.512). The high-cholesterol diet did not affect the PLCβ1 expression in the cytosol
fraction, and the PLCβ3 expression in both the cytosol and membrane fractions showed no differences
between the two groups (Figure 2C).

2.3. PLCβ1 Expression Directly Correlated with PIP2 Levels

We compared the PLCβ1 and PLCβ3 expression along with PIP2 levels from individual rats. We
hypothesized that if PLC expression directly affected PIP2, these two would correlate. As shown
in Figure 3A, we compared PLCβ1 expression (shown as relative to tubulin expression) with PIP2

levels. There was a moderate correlation between them (RSQ, 0.297) from rat brains on the normal
diet (open symbols, and a thin line). Interestingly, the PLCβ1 expression and PIP2 levels were more
tightly correlated in the rats on the high-cholesterol diet (closed symbols and a thick line; RSQ, 0.345).
These results suggested that even in the normal diet rats, PIP2 level in the brain correlated closely
with PLCβ1 expression and that when cholesterol levels increased in high-cholesterol diet rats, the
correlation and significance increased further. In the case of PLCβ3, however, there was no correlation
between its expression levels and PIP2 levels in either the normal (open symbols; Figure 3B) or the
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high-cholesterol (closed symbols; Figure 3B) diet rats. Consistent with this, we previously showed that
increasing cholesterol levels in cultured cells decreased PIP2 levels by increasing PLCβ1 expression,
but not by increasing PLCβ3 expression [17].

Figure 2. High-cholesterol diet slightly increased phospholipase C (PLCβ1) expression levels in the
rat cerebral cortex. The expression levels of PLCβ1 and PLCβ3 were measured from the cytosol
and membrane fractions of cerebral cortex using Western blot analysis. Representative Western blots
are shown for PLCβ1 and PLCβ3. β-tubulin was used to confirm the amount of proteins loaded.
(A) Expression levels of PLCβ1 and PLCβ3 were compared. (B,C) Bars indicate the levels of PLCβ1 (B)
and PLCβ3 (C) obtained from densitometric analysis of Western bands in (A) (n = 10).

We next compared PIP2 levels along with cholesterol levels. As shown in Figure 3C, there
was no correlation between PIP2 and cholesterol levels in either the normal (open symbols) or the
high-cholesterol (closed symbols) diet rats, indicating that cholesterol level may not directly affect PIP2.
Together, these results may indicate that the increased cholesterol level in the brain slightly increased
PLCβ1 expression, reducing levels of PIP2. The effect of the high-cholesterol diet on the expression
levels was specific for PLCβ1 given that we found no correlation between levels of PLCβ3 and PIP2.
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Figure 3. PIP2 levels correlated with the PLCβ1 expression levels in the rat cerebral cortex. PIP2

levels, PLCβ1 expression levels, PLCβ3 expression levels, and cholesterol levels from Figures 1 and 2
were re-plotted. Linear regressions were performed to obtain RSQ values from rats on normal diet
(open symbols and a thin line), and from rats on a high-cholesterol diet (closed symbols and thick
line). (A) PIP2 levels correlated with the PLCβ1 expression levels. (B) There was no correlation
between PIP2 levels and PLCβ3 expression levels. (C) There was no correlation between PIP2 levels
and cholesterol levels.

3. Discussion

In this study, we demonstrated that a high-cholesterol diet significantly decreased PIP2 levels
and slightly increased PLCβ1 expression. The correlation between PIP2 level and PLCβ1 expression
further increased in high-cholesterol diet rats. In the high-cholesterol diet rats, cholesterol increased by
15% compared with the rats on normal diet, although the difference was not statistically significant,
likely because of the varying cholesterol levels in each group. These varying levels may also explain
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why there was no significant effect of the high-cholesterol diet on the PLCβ1 expression. Importantly,
however, there existed a correlation between the expression and PIP2 levels even in the normal diet
rats, and the correlation increased further in the high-cholesterol diet rats, indicating that the increased
PLCβ1 expression by the high-cholesterol diet might have resulted in PIP2 hydrolysis. These results
suggest that there exist relationships among cholesterol, PIP2, and PLCβ1 in the brain. We tested the
effect of dietary cholesterol on levels of PIP2 and PLCβ1 in healthy young male rat. However, it was
shown that different physiological conditions such as gender and age could affect a dysregulation
in brain cholesterol metabolism [22,23]. In addition, cholesterol concentration in serum significantly
differed in male and female rats fed the cholesterol-containing diet [24]. Thus, further experiments will
be needed to compare the effect of a high-cholesterol diet on PLCβ1 expression and PIP2 levels by
gender and age.

PIP2 is a minor lipid component in the plasma membrane, localized to the cytoplasmic leaflet of
the phospholipid bilayer [25]. It plays important roles in the attachment of the cytoskeleton to the
plasma membrane, endocytosis, membrane trafficking, and enzyme activation [9]. A previous report
suggests that there exist different pools of PIP2 in the cell membrane to play its multiple roles [26].
PIP2 levels are determined through their production by phosphoinositide kinases and through their
breakdown by phosphatases and phosphoinositide-specific PLC. Our results showed that PIP2 was
closely related to PLCβ1 expression but there was no correlation with PLCβ3 expression, and these
results are consistent with our previous report on cultured cells [17]. Taken together, we concluded that
cholesterol enrichment specifically increased the expression of PLCβ1, resulting in the down-regulation
of PIP2. Lipid raft may serve as a platform for the specific regulation of PLCβ1 expression by cholesterol
enrichment, since it is known as a microdomain enriched with cholesterol [27,28]. PIP2 is shown to
localize in lipid rafts [29–31]. Interestingly, PLCβ1 is also localized in lipid raft microdomains, when
prepared from the synaptic plasma membrane fraction of rat brains [32]. However, further studies will
be needed to clarify how cholesterol regulates PLCβ1PLCβ1 expression.

Cholesterol is essential for structural and physiological functions of neurons [4]. It has been
suggested that changes in cholesterol homeostasis induce synaptic degeneration and the disruption
of brain functions, contributing to neurodegenerative diseases [33]. Some studies showed that a
high plasma cholesterol level increases the risk of developing PD [34], and the decrease of plasma
cholesterol by statin might attenuate the deposition of α-synuclein in the brain [35]. The association of
cholesterol with AD is one of the most studied topics [36]. Cholesterol levels are closely connected
to the production of Aβ [37–39]. Also, cholesterol accumulates in senile plaques of AD patients and
in transgenic APP(SW) mice [40]. Hypercholesterolemia has been shown to increase Aβ deposition
and amyloid plaque formation in a transgenic mouse model [21]. Consistently, cholesterol synthesis
inhibitors, statins, decrease Aβ production [41]. Since levels of PIP2 are closely related to the production
of Aβ [14], PIP2 may serve as the important molecule that links cholesterol to the pathogenesis of
neurodegenerative diseases such as AD.

4. Materials and Methods

4.1. High-Cholesterol Diet

Starting at 13 weeks of age, 10 male SD rats were placed on a high-cholesterol diet containing 5%
cholesterol, 10% fat, and 2% sodium cholate for 6 weeks. A total of 10 animals were also placed on a
normal diet containing 0.005% cholesterol and 10% fat for 6 weeks. The cerebral cortices were removed
and immediately frozen and stored at −80 ◦C. All experiments on rats were carried out in accordance
with the approved animal care and use guidelines of the Laboratory Animal Research Center in
Sungkyunkwan University School of Medicine and all experimental protocols were approved by the
Laboratory Animal Research Center in Sungkyunkwan University School of Medicine (#skkumed10-05,
10 January 2010).
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4.2. Protein Extraction

The cerebral cortices were homogenized in Tris-buffered saline solution (20 mM Tris, 137 mM NaCl,
pH 7.4) containing a protease inhibitor cocktail, and the extraction ratio (brain tissue: Tris-buffered
saline) was 1:10 (w/v). Homogenate samples were sonicated for 1 min on ice and centrifuged at 1000× g
for 10 min at 4 ◦C to remove nuclei and debris. Supernatants were separated into membranes (pellet)
and cytosols (supernatant) by centrifugation at 100,000× g for 1 h at 4 ◦C. The pellet was lysed with
Ripa buffer (25 mM Tris, 5 mM EDTA, 137 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS with a protease inhibitor cocktail, pH 7.4). The protein content was measured by Bradford assay
(Bio-Rad Laboratories, Hercules, CA, USA).

4.3. Cholesterol Assay

We measured cholesterol using the Amplex Red cholesterol assay kit (Thermo Fisher Scientific,
Halethorpe, CA, USA). Homogenate samples were centrifuged at 1000× g for 10 min to remove nuclei
and cell debris. Membranes were pelleted from the supernatants by centrifugation for 1 h at 100,000× g
at 4 ◦C and analyzed according to the supplier’s instructions.

4.4. Western Blot Analysis

We resolved protein from each sample on SDS-PAGE and transferred the resolved protein to
nitrocellulose membrane. Membranes were blocked with 5% nonfat milk powder in Tris-buffered
saline/Tween 20 (TBST) for 1 h at room temperature, followed by incubation with anti-PLCβ1 (Santa
Cruz Biotechnologies, Dallas, TX, USA), anti-PLCβ3 (Santa Cruz Biotechnologies), and anti-β-tubulin
(Sigma-Aldrich, St. Louis, MO, USA) antibodies for overnight at 4 ◦C; the dilutions were 1:500 for the
PLC isozymes and 1:4000 for β-tubulin. After being washed with TBST, the membranes were incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG (Invitrogen, Waltham, MA, USA) for
1 h at room temperature. We visualized the peroxidase activity with enhanced chemiluminescence
and quantified the detected signals using the Fujifilm LAS-3000 system with Multi Gauge software
(Tokyo, Japan).

4.5. PIP2 Assay

We measured the amount of PIP2 extracted from the membrane fractions of the homogenate using
a PIP2 Mass ELISA kit (Echelon Biosciences Inc., Salt Lake City, CA, USA). We extracted the PIP2 from
the normal and high-cholesterol diet groups according to the supplier’s instructions. We also estimated
the cellular PIP2 quantities by comparing the values from the standard curve, which showed linear
relationships at concentrations ranging from 0.5 to 1000 pM.

4.6. Statistical Analysis

Data were expressed as mean ± SEM. We performed statistical comparisons between controls and
treated experimental groups using one-way ANOVA and considered p < 0.05 statistically significant.
Box plot graphs was used to show the distribution of the observed data variation, which displayed
as minimum to maximum value together with distribution around the median and 25th and 75th
percentile as edges.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/3/1161/
s1.
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Abstract: Although once considered as structural components of eukaryotic biological membranes,
research in the past few decades hints at a major role of bioactive sphingolipids in mediating an array
of physiological processes including cell survival, proliferation, inflammation, senescence, and death.
A large body of evidence points to a fundamental role for the sphingolipid metabolic pathway in
modulating the DNA damage response (DDR). The interplay between these two elements of cell
signaling determines cell fate when cells are exposed to metabolic stress or ionizing radiation among
other genotoxic agents. In this review, we aim to dissect the mediators of the DDR and how these
interact with the different sphingolipid metabolites to mount various cellular responses.

Keywords: DNA damage response; double strand breaks; ATM; ionizing radiation; metabolic stress;
oxidative stress; p53; sphingolipids; nuclear sphingolipids

1. Introduction

An emerging body of literature indicates that sphingolipids and their metabolizing enzymes are
involved in the modulation of the DNA damage response (DDR) [1]. The DNA damage induced by
genotoxic stress (ionizing radiation (IR), ultraviolet (UV), chemotherapeutic agents, and metabolic
stress) is often coupled to disturbances in the sphingolipids’ homeostasis. Many bioactive sphingolipid
metabolites including sphingomyelin (SM), ceramides (Cer), ceramide-1-phosphate (C1P), sphingosine
and sphingosine-1-phosphate (S1P) have been proven to regulate important cellular processes such as
cell growth, survival, senescence, inflammatory responses, and death [2–4]. Therefore, upregulation or
downregulation of certain sphingolipids can shift cell fate from survival mode to cell death accordingly.
Here, we revise the DDR and the sphingolipid pathway with particular attention paid to the various
nuclear sphingolipid metabolites and enzymes. In addition, we shed the light on the interplay between
these metabolites and DDR elements to shape cell fate.

2. Overview of the DNA Damage Response

Multiple exogenous (IR, UV, and chemotherapeutic agents) or endogenous (oxidative stress,
metabolic stress, telomere attrition, and oncogenic mutations) stressors lead to the induction and
accumulation of DNA damage [5]. For instance, IR has direct and indirect effects on cellular DNA.
The targeted cells lose their ability to further undergo cellular proliferation and eventually die [6].
The ejected charged particles by incident photons can directly hit DNA molecules and disrupt their
structure. This direct effect of radiation promotes cell death or induces carcinogenesis if damaged
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cells survive [7]. IR can also induce reactive oxygen species (ROS) production due to water radiolysis,
with water being a major constituent of cells. ROS can attack vital macromolecules including nuclear
DNA to induce biochemical damage, also known as indirect effect [8,9]. Most of the IR-induced damage
is a consequence of this indirect effect [7]. Given that, the inherent cellular responses to genomic
abrasions vary widely depending on the type and extent of inflicted DNA damage.

2.1. Types of DNA Damage

DNA damage is mainly constituted of double strands breaks (DSB), single strand breaks (SSB),
and base damage (BD).

2.1.1. Double Strand Breaks

DSBs are formed when the chemical bonds of both strands of the DNA molecules are broken.
Although the number of induced DSBs is relatively low (around 40 DSBs/Gy of IR), it is the most
difficult form of DNA damage to fix. More than 50 min are required to repair 50% of the damage [10].
DSBs are also considered the most lethal forms of DNA lesions. Eventually, unrepaired DSBs result in
unrepaired chromosome breaks and micronuclei formation [11]. A single residual DSB can lead to
cell death or genomic rearrangements favoring cancer initiation [7,12]. According to Sharma et al.,
biologically relevant doses of hydrogen peroxide (H2O2) resulted in a significant increase in oxidative
clustered DNA lesions and DSBs formation in DT40 cells at G1 phase [13]. However, some unrepairable
DSBs are tolerated by the cell and might not contribute to cell death depending on their localization
inside the nucleus and chromatin condensation events [14]. In this review, we mainly elaborate on the
repair mechanisms of DSBs.

2.1.2. Single Strand Breaks

SSBs are caused by the cleavage of the phosphodiester bonds in only one strand of the DNA
molecule. In fact, 1 Gy dose of IR can induce around 1000 SSBs, of which 50% get repaired within 10 to
20 min following radiation exposure [15,16]. Most ROS-induced DNA lesions are SSBs that can result
in erroneous DNA replication or stalling of the replication fork. Some SSBs can eventually lead to DSB
formation [17].

2.1.3. Base Damage

BD is a common type of DNA damage where a single dose of 1 Gy can induce around 3000 BDs.
These chemical lesions mainly include oxidation, deamination, alkylation as well as hydrolysis that
can cause serious genomic aberrations [12,17]. BDs can also be associated with sugar modifications
and SSBs [12]. For instance, oxidative stress can induce different types of BDs [18]. ROS may
attack any of the four nucleotide bases but most frequently guanine owing to its low oxidation
potential. Consequently, the structure of these bases gets disrupted and their pairing properties become
altered [19]. These oxidative BDs can cause alterations in gene expression besides mutations that either
induce the activation of oncogenes or the inactivation of tumor suppressor genes [20].

2.2. Induction of the DNA Damage Response

In response to genomic injuries, cells develop a DNA damage response (DDR) to detect the lesions,
indicate their presence, and launch their repair [1,21,22]. The complex signaling pathways involved
in the DDR lead to cell cycle arrest and either DNA damage repair or cell death. The DDR serves to
maintain the genomic integrity of the cells, which if compromised, would lead to severe disorders [1].

As mentioned earlier, DSBs are classified as the most lethal forms of DNA damage [23]. Since the
non-homologous end-joining (NHEJ) pathway is the prevailing repair mechanism of DSBs in quiescent
mammalian cells, it is thought to be the predominant element of DDR post-injury as most of the human
body cells are in quiescence [24,25]. Furthermore, cells deficient in error prone-NHEJ develop elevated
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spontaneous chromosomal breaks which become partially repressed after the reduction of cellular
oxygen tension [13]. NHEJ repair is based on the direct ligation of both ends of DSBs, mainly during
the G1 phase [26]. However, different NHEJ sub-pathways are thought to co-exist, each of which with
a distinct repair half-time [27]. On the other hand, homologous recombination (HR) repair pathway
uses genetic information from the homologous chromosomes, i.e., from equivalent region found on
the second undamaged DNA molecule [26]. This pathway accounts for the systematic repair of only
around 15% of IR-induced DSBs [14,27]. Therefore, the lethal effect of IR can be well explained by the
accumulation of unrepaired DSBs due to failure in NHEJ [27].

Both endogenous and exogenous stressors are associated with increased risk of SSBs, which are
either generated directly or produced as DNA repair intermediates [28]. SSBs must be repaired
completely before the initiation of DNA replication to avoid DSBs formation [29]. These SSBs are
mainly repaired through base or nucleotide excision repair mechanisms (BER-NER) for a single or
multiple and bulky base damage respectively [17]. Oxidative stress may lead to base damage besides
SSBs and DSBs. These BDs are mainly repaired through BER pathway that is mediated by DNA
N-glycosylases [30]. Although the occurrence of SSBs and BD is more frequent than DSBs, their repair
mechanisms are more efficient and their contribution to cell lethality is lower.

2.2.1. Detection of Double Strands Breaks (DSBs) and Initiation of the DNA Damage Response (DDR)

The MRN complex, which consists of three subunits, namely Mre11, Nbs1, and Rad50, directly
detects DNA damaged sites by binding to the DNA double stranded ends. This complex is responsible
for signaling to the DDR upstream kinases including ataxia-telangiectasia mutated protein (ATM) and
Rad3-related protein (ATR). As a consequence, ATM and ATR will be recruited to DSBs and RPA-coated
SSBs respectively [31–33]. In turn, these kinases activate downstream effectors involved in the DDR
signaling pathway in order to modulate the progression of the cell cycle and launch the repair [31].
For instance, ATM and/or ATR activate the tumor suppressor protein p53, which is known to be mutated
in most cancers, in order to promote cell cycle arrest (p21 activation) or apoptosis (BAX-mediated
caspase-3 cleavage) [34]. Moreover, ATM and ATR activate the checkpoint kinases (CHK1 and CHK2)
which can either stimulate apoptosis and cell cycle arrest through p53 activation [35] or inhibit Cdc25
to arrest the cell cycle [35]. These checkpoint kinases can further activate BRCA2 to initiate a repair
process [36]. Although the activation of ATM by DSBs is a well-established phenomenon, excessive
SSBs generation during the repair mechanism can activate ATM independently of DSBs. The activated
ATM delays cell cycle progression in a p53/p21-dependent pathway, thus allowing more time for SSBs
repair before DNA replication. Consequently, ATM may also contribute to the prevention of DSBs
formation [29].

2.2.2. Role of Ataxia-Telangiectasia Mutated Protein (ATM) in DSBs Repair

Members of the phosphatidylinositol-3 kinases family, including ATM, ATR and DNA-dependent
protein kinase (DNAPK), are responsible for phosphorylation of the histone variant H2AX near
DSBs [37,38]. In effect, γ-H2AX (phosphorylated H2AX) foci formation is a very early step in the DDR
of mammalian cells. It plays an essential role in recruiting damage signaling factors to DSBs sites,
which are essential for repair induction [37,38]. ATM is a key modulator of the DDR as it directs the
activation of cell cycle checkpoints, DNA damage repair and the alteration of cellular metabolism
following the induction of DSBs and oxidative stress [39]. Burma et al. demonstrated that ATM was
the primary kinase responsible for the rapid phosphorylation of H2AX in response to DNA DSBs and
that DNAPK, rather than ATR, took this job in the absence of ATM [40]. However, ATR is the kinase
involved in the phosphorylation of H2AX in response to DNA SSBs and replicative stress [41,42].
Therefore, H2AX phosphorylation can be achieved via multiple pathways depending on the DNA
damage type.
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2.2.3. ATM Nuclear Shuttling

Strong evidence suggests that IR triggers the monomerization of cytoplasmic [14] and nuclear [43]
ATM dimers through oxidation reactions resulting in p-ATM (phosphorylated ATM) monomers
with increased kinase activity [14,44]. Guo et al. showed that oxidative stress could also trigger
the monomerization and activation of ATM irrespective of DSBs induction [45]. Cytoplasmic ATM
monomers then can bind to importins through their nuclear localization signals (NLS) and subsequently
shuttle into the nucleus [46,47]. This phenomenon is proportionate to the delivered dose [14].
Once inside the nucleus, p-ATM is guided to DSBs sites by signals from the MRN complex. p-ATM
phosphorylates the three subunits of the MRN complex as well as the histone variant H2AX resulting in
the formation of nuclear foci. These events ensure DSBs recognition and initiation of the repair [47–49].
p-ATM nuclear shuttling and foci formation at DSBs is a very rapid process. The maximal number
of nuclear p-ATM foci is usually reached within 10 min to 1 h post-injury [50]. However, certain
cytoplasmic proteins like mutated huntingtin or tuberous sclerosis complex can bind activated ATM
monomers and impede their shuttling towards the nucleus [49,51]. Therefore, DSBs recognition and
repair may be influenced by the diffusion of p-ATM monomers as well as ATM re-dimerization or
re-association with certain cytoplasmic proteins [14,47,49].

2.3. DNA Damage-Induced Cell Death and Senescence

The accumulation of DNA damage provokes multiple responses that lead to cellular senescence or
death through various molecular mechanisms. The amount and the type of DNA damage significantly
shapes cell fate [52]. With aging, the effectiveness of the DNA repair mechanisms appears to decline,
resulting in the accumulation of DNA lesions in tissues [53]. In rodents and humans, altered phenotypes
that are common in age-related pathologies, are caused by mutations of some genes involved in the
machinery of DNA repair. These alterations include cardiovascular and metabolic disorders such as
diabetes, which are linked to increased frequency of malignancies and decreased life expectancy [53–55].

Furthermore, cancer therapies involve the induction of unrepairable DNA damage to eradicate
cancerous cells. Strong evidence suggests that their therapeutic outcome does not rely on apoptosis alone
but rather involves various cell death mechanisms such as mitotic catastrophe, necrosis, and senescence.
Cancer cell death does not occur instantaneously, and can take up to weeks from treatment cessation [56].
The guardian of the genome, p53, is a key player in these cellular responses [57]. During tumor
progression, pro-apoptotic mechanisms are lost mainly due to impaired functional p53 in more than 50%
of human malignant tumors [58–60]. The ATM/ATR-activated p53 signals cell cycle arrest and DNA
damage repair, thus promoting cell survival. On the other hand, it can also stimulate the elimination of
injured cells depending on the cell type and the extent of the DNA damage [61]. The most studied
gene targets of p53 are mouse double minute 2 (MDM2), p21, p53 upregulated modulator of apoptosis
(PUMA), and Bcl2 associated X (BAX). In normal cells, p53 expression is kept low due to the exhibition
of regulatory feedback loops between p53 and MDM2 [62]. MDM2 has E3 ubiquitin ligase activity in
addition to nuclear import and export signals. It has many targets including forkhead box O (FOXO)
and p53 [63]. Therefore, it tags p53 by ubiquitin at lysine residues in the nucleus causing its nuclear
export and subsequent proteasomal degradation [62]. Barak et al. showed that p53 could target MDM2
gene directly [64]; thus, the upregulation of p53 leads to the elevation of MDM2 expression which
in turn downregulates p53 [65]. However, tumors may resist apoptosis by retaining functional p53
due to pro-apoptotic genes deactivation (BAX, Apaf1 . . . ) or anti-apoptotic genes stimulation (Bcl2,
survivin . . . ) [66]. Hence, the regulation of p53 is crucial for determining cell fate post-genotoxic injury.

2.3.1. DNA Damage-Induced Senescence

Senescence is a condition of permanent cell cycle arrest in the G1 phase associated with
alterations in gene expression and cellular morphology [52]. Senescent cells are flattened and
enlarged cells with a granular cytoplasm that can preserve their metabolic activity and viability [57,67].
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The accumulation of senescent stem cells, in particular, leads to impaired homeostasis and tissue
regeneration in addition to metabolic dysfunction [68]. These accumulated senescent cells can also
lead to p53-independent chronic inflammation in tissues through the release of pro-inflammatory
chemokines and cytokines [68]. Moreover, senescence is clinically proven to occur in prostate
cancers and desmoids tumors post-radiotherapy as a major p53-dependent mechanism for tumor
regression [69–71]. Therefore, chronic DDR signaling and senescence hinder damage propagation to
the next generation of cells [72].

2.3.2. DNA Damage-Induced Apoptosis

Cellular stress leads to the activation of apoptosis to eradicate aberrant cells when DNA damage
repair becomes inefficient [52]. It remains unclear what influences the cell’s decision, whether to
launch senescence or apoptosis. Multiple studies demonstrated a cross-talk between senescence and
apoptosis mainly at the level of p53 in response to genotoxic stress [73,74]. Activated p53 mounts
the transcription of its target genes involved in apoptosis such as PUMA, p53 regulated apoptosis
inducing protein 1 (p53AIP1), BAX and apoptotic protease activating factor 1 (Apaf1), to regulate the
intrinsic pathway of apoptosis. Moreover, p53 activation can lead to the induction of the extrinsic
apoptotic pathway, which is mediated by the upregulation of TRAIL (tumor necrosis factor-related
apoptosis-inducing ligand) receptors, death receptors 4 and 5, and CD95 ligand and receptor [75].
Kim et al. identified RORα, an orphan nuclear receptor and a direct p53 target gene, as a stabilizer for
p53 and activator of p53 gene transcription. Consequently, RORα resulted in the activation of the p53
downstream effectors involved in apoptosis [76]. Caspase-2 also plays a role in linking DNA damage
to the pathways of apoptosis. The upregulation of PIDD (p53-induced protein with a death domain)
leads to the spontaneous cleavage and activation of caspase-2 in the nucleus [77] and consequently
sensitizes cells to genotoxins-induced apoptosis [78]. For instance, there is an association between
radiation-induced apoptosis and the activation of ATM/p53/BAX/cytochrome c/caspases pathway [79].
However, DNA damage-induced apoptosis might be p53-dependent or independent based on the
damage and cell types [52].

2.3.3. DNA Damage-Induced Mitotic Catastrophe

Mitotic catastrophe designates cell death occurrence during or as a consequence of abnormal
mitosis [80]. This results in aberrant segregation of chromosomes, followed by the generation
of huge cells that hold abnormal nuclear morphologies, multiple nuclei [81–84], and/or multiple
micronuclei [85]. It has been suggested that mitotic catastrophe occurs as a result of defective cell
cycle checkpoints or aggregated DNA damage that triggers p53 mutation or inactivation [57,86].
p53-dependent centrosomes proliferation can also cause mitotic catastrophe after DNA damage
induction and defective repair [87–91]. Delayed cell death induction by radiotherapy in solid tumors is
mainly caused by the mitotic catastrophe [57] associated with p53/cytochrome c/caspases pathway [92].
Thus, mitotic catastrophe is considered an important cell death mechanism inflicted by DNA damage.

2.3.4. DNA Damage-Induced Necrosis

In contrast to apoptosis, necrosis is an uncontrolled cell death mechanism. Necrosis is characterized
by various morphological changes, including increased cell volume, swelling of organelles, ruptured
plasma membranes, and loss of intracellular components. It can be mediated by several catabolic
and signal transduction pathways including TNFα/PARP/JNK/caspases [93,94]. Necrosis is a form of
death that involves immunological activation and pro-inflammatory responses through the release
of damage-associated molecular patterns like high mobility group (box1) and heat shock proteins
(HSPs) [95,96]. As mitotic catastrophe is usually followed by necrosis, local inflammation tends to
develop post-radiotherapy [97]. Given that, necrosis is one of the major contributors to cell death in
response to genotoxic injuries.
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3. Overview of Sphingolipids

Sphingolipids belong to a class of lipids characterized by a sphingosine backbone, which is
an amino-alcohol compound of 18 carbon atoms. The sphingosine backbone is synthesized from
non-sphingolipid precursors in the endoplasmic reticulum (ER). The diversity of sphingolipids arises
from distinct variations in this basic structure [98].

Sphingolipids are no longer thought to be only major structural components of biological
membranes but have recently proven to be, along with their active metabolites (sphingomyelin,
ceramide, sphingosine, sphingosine-1-phosphate, ceramide-1-phosphate), key players in various
human diseases [99,100]. These bioactive signaling molecules mediate various important biological
processes such as cell growth, survival, senescence, inflammatory responses, and death by regulating
their downstream targets [4,101]. For instance, Golgi-associated retrograde protein complex (GARP)
is a mediator of retrograde vesicular transport from the endosome to Golgi, and thus important for
the regulation of sphingolipids’ recycling between the plasma membrane and endosomes. GARP
deficiency ultimately leads to the development of progressive cerebello-cerebral atrophy type 2
(PCCA2) [102]. This severe neurodegenerative disease is attributed to dysfunctional lysosomes and
dysregulated sphingolipid metabolism [102]. Niemann-Pick disease type C (NPC) is a lysosomal
storage disease caused by mutations in lysosomal proteins NPC1 or 2. It involves the accumulation
of sphingosine, sphingomyelin, glycosphingolipids, and cholesterol [103,104]. In Niemann–Pick
disease, the accumulation of sphingomyelin is caused by acid sphingomyelinase deficiency [105].
Sphingosine contributes to lysosomal calcium release through two-pore channel 1 (TPC1) in normal
fibroblasts. In contrast, cells derived from NPC patients exhibit reduced lysosomal calcium release
due to accumulated sphingosine [104]. Moreover, sphingolipids are associated with various genetic
(Gaucher disease) and non-genetic (diabetic nephropathy and focal segmental glomerulosclerosis)
glomerular diseases. The dysregulation of sphingolipids in podocytes disrupts their proper functioning
and subsequently compromises the glomerular filtration barrier [106]. Given that, sphingolipids
altered metabolism mediates various inherited and non-inherited human diseases.

3.1. Sphingolipids Metabolic Pathway

Ceramide (Cer) is the central metabolite generated within the sphingolipid metabolism through
three different pathways. (i) Ceramide de novo synthesis: Palmitoyl-CoA is condensed with serine
by the action of serine palmitoyl transferase, followed by a set of reduction and acetylation reactions
to generate ceramide; (ii) Sphingomyelin (SM) catabolism: SM is catabolized by sphingomyelinases
to generate ceramide; (iii) Salvage pathway: N-acylation of fatty acids with a sphingosine backbone
produces ceramide through the action of ceramide synthases [1]. The generated pro-apoptotic
Cer can be phosphorylated by ceramide kinase into ceramide-1-phosphate (C1P) in trans-Golgi
or plasma membranes. C1P plays an important role in inflammatory responses, cell survival and
proliferation [98,99]. Afterwards, C1P can be dephosphorylated by C1P phosphatases or other unspecific
lipid phosphate phosphatases (LPP family) [98,107]. Cer is also utilized to generate two major groups
of complex glycosphingolipids. Glucosylceramide synthase generates glucosphingolipids by adding
glucose as the first residue to Cer at C1 hydroxyl position, whereas galactosylceramide synthase
generates galactosphingolipids by adding galactose to Cer [98]. Moreover, Cer can be catabolized by
ceramidases into sphingosine which promotes cell cycle arrest and apoptosis. In its turn, sphingosine
can be phosphorylated by sphingosine kinases into the pro-survival lipid sphingosine-1-phosphate
(S1P) [101]. S1P can be dephosphorylated by S1P phosphatases [108,109] or unspecific LPP [110].
The generated sphingosine can be further used to produce Cer or S1P [109]. S1P lyase (SPL) is
considered as the last enzyme in the sphingolipid catabolic pathway because it can irreversibly break
down S1P into phosphoethanolamine and hexadecenal [111] (Figure 1).
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Figure 1. The sphingolipid metabolic pathway. Ceramide is the central metabolite generated in
the sphingolipid metabolism by three distinct pathways. Ceramide de novo synthesis consists of
Palmitoyl-CoA condensation with serine by the action of serine palmitoyl transferase, followed by a set
of reduction and acetylation reactions to generate ceramide. Sphingomyelin (SM) catabolism generates
ceramide through the action of sphingomyelinases. The salvage pathway involves N-acylation of fatty
acids with a sphingosine backbone to produce ceramide by ceramide synthases. Ceramide can be
further phosphorylated to ceramide-1-phosphate (C1P) by ceramide kinase, or converted into complex
glycosphingolipids by glucosylceramide or galactosylceramide synthases. Ceramidase is responsible
of catabolizing ceramide into sphingosine, which may be further metabolized by sphingosine kinases
to generate sphingosine-1-phosphate (S1P).

3.2. Sphingolipids in the Nucleus

It took a long time to dismiss the hypothesis that the lipids found in the nuclear fraction result from
contamination during extraction procedures. However, several years of dedicated research confirm
that lipids are minor components of the nucleus (around 5% by weight) [112,113]. Under various
physiological and pathological conditions, the composition, metabolism and behavior of these nuclear
lipids are independent of the other lipids in cellular membranes and organelles [112,114]. It is of note
that some exogenous stimuli influence only intranuclear signaling [115,116] while others can influence
both the nuclear and cytoplasmic signaling [117,118]. In the nuclear fraction, lipids could be either
polar or non-polar and consist of glycerophospholipids, plasmalogens, sphingolipids, gangliosides,
cholesterol, arachidonic acid, and eicosanoids [112]. Their active metabolism is maintained by nuclear
lipid enzymes which take responsibility of their anabolic and catabolic reactions [114]. Initially,
the function of nuclear lipids was thought to be restricted to structural support maintenance of the
nuclear membranes (nuclear envelope (NE)) as they contain the bulk of lipids [119]. However, besides
the nuclear membranes, bioactive lipids were also identified in other subnuclear domains including
the nuclear matrix [120], chromatin [121,122], and nucleolus [123]. Structurally, the NE consists of
outer and inner nuclear membranes of distinct lipidomic profiles. The outer membrane is continuous
with the ER, whereas the inner membrane is associated with the nuclear lamina and chromatin [124].
These nuclear membranes are separated by a perinuclear space and they are perforated by the nuclear
pore complexes (NPC). The latter control nucleo-cytoplasmic communications mainly by regulating
the bidirectional shuttling of ions, nucleotides, RNA and proteins [125]. Albi et al. demonstrated that
the nuclear membranes’ permeability and fluidity are heavily dependent on their lipid composition,
in particular phosphatidylcholine (PC), sphingomyelin (SM) and cholesterol (CHO) [126]. Moreover,
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the inner membrane expresses a GM1 ganglioside-linked Na+-Ca2+ exchanger that is responsible of
mediating the transfer of nuclear Ca2+ to the perinuclear space as a cytoprotective mechanism [127].
Gangliosides are complex glycosphingolipids, which are mostly abundant in the central nervous
system and involved in the regulation of nuclear calcium homeostasis [113]. The lipid content of the
nuclear matrix is essential for conveying and maintaining its rigidity. It constitutes an anchor that
organizes the chromatin and controls various important endonuclear events [128]. In fact, nuclear
lipids are involved in multiple processes like DNA replication, transcription, splicing, and repair as
well as Ca2+ homeostasis [129]. Therefore, stress-induced alterations in lipid metabolism can modulate
cell growth, survival, differentiation, senescence and death [114].

Many studies have identified sphingolipids as important modulators of key nuclear processes.
So far, various subnuclear compartments including the NE, nuclear matrix, nucleolus and chromatin
have been described to host various sphingolipid species [113,123,130–136]. Although nuclear pores
should permit nucleo-cytoplasmic exchange of sphingolipids, many of these nuclear metabolites are in
dynamic state and undergo turnover. Therefore, the nuclear localization of sphingolipid metabolizing
enzymes has been demonstrated. To this end, the utilization of several analytical, biochemical and
microscopic techniques led to the identification and quantification of various nuclear sphingolipid
species along with their metabolizing enzymes [137]. In fact, sphingomyelin (SM) is the dominant
nuclear sphingolipid variant [119]. Through its metabolism, SM gives rise to ceramides, sphingosine,
and S1P, which in turn give rise to other metabolites. Within the scope of this review, we describe and
summarize the diverse functions of these nuclear sphingolipids based on their localization (Table 1).

Table 1. Nuclear sphingolipid metabolites and metabolizing enzymes. This table recapitulates the
various nuclear sphingolipid metabolites and enzymes detected in the nuclear compartment with a brief
description of their important nuclear functions. NE: nuclear envelop, dsRNA: double stranded RNA.

Nuclear Sphingolipid
Metabolites

Nuclear Sphingolipid
Producing Enzymes

Nuclear Sphingolipid
Degrading or

Converting Enzymes
Main Nuclear Functions

Sphingomyelin Sphingomyelin synthase Reverse sphingomyelin synthase
Neutral sphingomyelinase

Maintenance of NE and
nucleoplasm structure

Regulation of NE permeability and Fluidity
Stabilization of DNA and dsRNA

Ceramide
Ceramide synthase

Ceramide desaturase
Neutral sphingomyelinase

Ceramidase
Ceramide kinase

Regulation of Cell cycle arrest, Senescence,
and Apoptosis

Ceramide-1-phosphate Ceramide kinase C1P phosphatase Regulation of cell growth and survival

Sphingosine Ceramidase Ceramide synthase
Sphingosine kinase 2

Regulation of gene transcription
and apoptosis

Sphingosine-1-phosphate Sphingosine kinase 2 S1P lyase
S1P phosphatase

Epigenetic modulation of gene transcription
Regulation of cell cycle progression

and apoptosis
Stabilization of human telomerase

3.2.1. Nuclear Sphingomyelin and Metabolizing Enzymes

SM is the most abundant nuclear sphingolipid. It is primarily found in the nuclear envelope
and to a lesser extent in the nuclear matrix and chromatin [113]. Besides SM, the nuclear membrane
contains phosphatidylcholine (PC) and cholesterol (CHO). These are the important lipids that regulate
the structure, function, and fluidity of nuclear membranes [138]. SM and CHO increase a membrane’s
rigidity, whereas PC increases its fluidity [125]. Therefore, a high SM-CHO/PC ratio will decrease the
fluidity of the nuclear membrane and vice versa. As the fluidity of the nuclear membrane increases,
the size of the nuclear pores changes allowing increased nucleo-cytoplasmic transport such as that of
mRNA during cell proliferation [138]. Moreover, nuclear SM can either stabilize and/or destabilize the
DNA molecules by influencing the helical to non-helical transition and vice versa [139]. The SM-DNA
interaction is plausible due to the zwitterionic nature of SM. Its positively charged trimethylammonio
group can bind to DNA anionic groups, whereas its negatively charged phosphate group repels the
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negatively charged phosphate of the DNA [112]. At low levels, the non-polar fatty acids of SM bind to
the internal hydrophobic centers of helical DNA providing their stabilization. Conversely, increased
SM concentration leads to space competition for the non-polar fatty acids. This change alters their
binding to DNA and results in DNA molecule opening followed by rapid denaturation [112]. It has
been proposed that SM also binds to and stabilizes double-stranded RNA in the nucleus and prevents
its digestion by RNases [140,141]. In addition, SM is an essential component for the maintenance of the
nuclear structure since it preferentially localizes within the peri-chromatin region. This is supported by
the observation that sphingomyelinase microinjections into living cells’ nuclei resulted in fast corrosion
of the intranuclear architecture [142,143].

The metabolism of nuclear SM is independent from the Golgi complex and ER. Multiple factors
such as stress, high fat diet, cell cycle and tissue regeneration can alter the levels of SM in the
nucleus [124]. The enzymes responsible for SM synthesis and breakdown have been detected in
nuclear fractions [124]. De-novo nuclear SM synthesis requires the production of Cer, followed by
its conversion to SM by the action of SM synthase 1 or 2. The latter step requires phosphocholine
derived from nuclear PC which is found in the NE or chromatin [144,145]. On the other hand, neutral
sphingomyelinase, available in the nuclear envelope [130], nuclear matrix [120], and chromatin [146] of
rat liver nuclei, metabolizes SM into pro-apoptotic ceramides. Reverse SM synthase was also detected
in rat liver chromatin, which catalyzes the transfer of phosphocholine from SM into DAG, a mitogenic
second messenger, forming PC [144]. Therefore, SM synthase and sphingomyelinase can modulate cell
proliferation or death by regulating Cer to DAG ratio of chromatin.

3.2.2. Nuclear Ceramide, Ceramide-1-Phosphate and Metabolizing Enzymes

Cer is the central metabolite generated within the sphingolipid pathway. It serves as a precursor
for complex sphingolipids production (SM and glycosphingolipids) and in turn can be metabolized to
other bioactive species (sphingosine, C1P or S1P) [129]. After overexpression in HEK-293 cells, Cer
synthases could be highly detected in the ER and NE [147–150]. Nuclear ceramidase activity was also
reported in liver nuclear membranes, thus allowing further Cer metabolism [151]. Several studies
showed that nuclear ceramides are key mediators of cell cycle arrest and apoptosis. Multiple exogenous
stressors can alter the nuclear levels of Cer such as serum starvation, high-fat diet, bacterial infections,
and apoptosis-inducing mediators (e.g., Fas ligand) [124,152]. For instance, Albi and colleagues
reported that serum starvation was associated with nuclear Cer upregulation during the early phase
of apoptosis. This was followed by extranuclear sphingomyelinases activation and cytoplasmic Cer
accumulation during the late phase of apoptosis [153]. A high fat diet also resulted in increased nuclear
ceramide levels by three-fold in rat liver nuclei along with the elevation of saturated fatty acid species
(C:14, C:16, C:18) [154]. It remains unclear whether Cer nucleo-cytoplasmic shuttling is feasible via
binding to Cer transport protein CERT and FAPP2 [155,156].

Cer can be phosphorylated into C1P by the action of ceramide kinase (CERK) previously reported
in ER/Golgi organelles [157]. Then, C1P transfer protein (CPTP) transports C1P to the cytoplasmic
membrane and other subcellular organelles including the nucleus [158]. Prior work detected nuclear
import and export signals in the protein sequence of CERK [159]. It is plausible that nuclear ceramides
may be further converted into C1P, however that remains to be fully established.

3.2.3. Nuclear Sphingosine, Sphingosine-1-Phosphate and Metabolizing Enzymes

Sphingosine levels, whether in whole cells or nuclear extracts, are much lower than Cer [133].
Nuclear ceramidases allow the hydrolysis of Cer into sphingosine which in turn can be converted into
Cer by the action of Cer synthases [129,133]. Nuclear sphingosine is an important regulator of gene
transcription. Sphingosine modulates the transcription of CYP17 and it is considered as a regulatory
ligand for steroidogenic factor (SF-1) [160]. Under basal conditions, nuclear sphingosine binds to SF-1
with several co-repressors including Sin3A and histone deacetylase (HDAC). The stimulatory signals
of the adrenocorticotropin hormone (ACTH) release sphingosine from bounded SF-1 through the
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activation of protein kinase A. Subsequently, the transcription of genes implicated in steroid hormone
synthesis from cholesterol precursor will be initiated [161,162].

In addition, sphingosine levels can be modulated by the action of sphingosine kinases (SK) which
phosphorylate sphingosine to sphingosine-1-phosphate (S1P). There are two isoforms of sphingosine
kinases, SK1 and SK2 which differ by their subcellular localizations and functions. SK1 is mainly
located in the cytoplasm due to its two functional nuclear export signals and regulates cell proliferation
and growth. Conversely, SK2 is mainly located in the nucleus, due to the nuclear localizing signal
at its N-terminus, and modulates apoptosis [163,164]. Both sphingosine kinases get altered after
stimulation by growth and survival factors. They become subjected to post-translational modifications,
translocations, protein-protein and lipid-protein interactions resulting in increased intracellular S1P
levels [165]. Primally, nuclear SK activity was detected in the NE and nucleoplasm of Swiss 3T3 cells.
This kinase activity got upregulated by the platelet derived growth factor and promoted cell cycle
progression toward the S phase [118]. Therefore, S1P might be implicated in the regulation of cell cycle.
In MCF-7 breast cancer cells, SK2 interacts with the histone variant H3 in chromatin and induces its
acetylation. Thus, intranuclear S1P can exert epigenetic modulations of gene transcription. The nuclear
S1P and dihydro-S1P can bind to the active sites of HDAC1 and 2 and consequently inhibit their
activities [136]. Moreover, SK2 associates with HDAC at the promoter regions of p21 and c-fos genes
resulting in histone acetylation, which favors their gene transcription and subsequent cell cycle arrest
and apoptosis [136]. Recently, Selvam et al. suggested that S1P can bind and stabilize the human
telomerase [166]. S1P can act as an intracellular messenger or an extracellular ligand for a family of
five isoforms of G protein-coupled receptors (S1PR1-5) [167]. IHC and ICC techniques allowed the
detection of all five isoforms of S1PR in both the cytoplasm and nucleus of healthy and cancerous
human tissues of several organs [168]. All together, these studies suggest that S1P is a master regulator
of cell proliferation and anti/pro-apoptotic processes.

To terminate S1P signaling at the ER, the cells opt either sphingosine phosphatases (SPP1-2)
which dephosphorylate S1P into sphingosine [169] or S1P lyase (SPL) which terminally hydrolyzes
S1P into ethanolamine phosphate and hexadecenal [111]. Schwiebs et al. reported that SPP-1 is
expressed in the nuclear compartment of naïve dendritic cells and gets translocated to the cytoplasm
upon inflammation [170]. Recently, Ebenezer et al. confirmed the nuclear localization of SPL in
lung epithelial cells [171], as well as the crucial role of the generated nuclear hexadecenal in histone
acetylation through interaction with HDAC1-2 [172]. The exact catabolic mechanisms of nuclear S1P
remain to be fully elucidated in various tissues and cell lines.

4. Role of Sphingolipids in the DNA Damage Response

After reviewing the DDR and the various nuclear sphingolipid metabolites, we discuss how these
two entities interplay in order to determine cell fate post-injury (Figure 2). Various chemotherapeutic
drugs and DNA damaging agents target sphingolipid metabolizing enzymes. Strong evidence suggests
that lipids are involved in DDR and determining cell fate [1]. Most of cancer treatments lead to
Cer generation which is implicated in cell death response [173]. However, cancer cells tend to
develop survival strategies like generating the pro-survival sphingolipid metabolite S1P after the
phosphorylation of sphingosine generated by Cer hydrolysis [174]. Hence, the regulation of these
metabolites production is of significant importance in determining the cells’ fate in response to DNA
damage [1].
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Figure 2. Interplay between DNA damage response (DDR) and sphingolipids to shape cell fate
after DNA damage. After genotoxic injury, the DDR develops to sense the damage and amplify the
transmitted signaling cascade. The transiently activated cell cycle arrest allows DNA repair. However,
persisting unrepaired damage triggers cellular senescence or death to hinder damage propagation to
the next generation of cells. The sphingolipid metabolism interacts mainly with p53 along with other
elements of the DDR to determine the injured cell fate. ACER2: alkaline ceramidase 2, Cer: ceramide,
CerS: ceramide synthase, nSMase: neutral sphingomyelinase, SK: sphingosine kinase, SPL: S1P lyase,
double-headed arrow: interaction and activation, full arrow: upregulation and activation, and dashed
arrow: downregulation.

Dbaibo et al. showed that p53 is involved in Cer-induced apoptosis. The accumulation of Cer in
Molt4 lymphocyte leukemia cells post-irradiation and actinomycin D was p53-dependent since increased
p53 preceded Cer up-regulation. Indeed, Cer accumulation can be impeded by p53 inhibition [175].
p53 is a downstream effector activated by ATM in DDR and numerous indications implicate its
involvement in Cer accumulation. Prior work demonstrated that AT cells with a mutated ATM gene
are resistant to IR-induced apoptosis. These cells maintained the first phase of Cer accumulation by
acid sphingomyelinase but lost the second peak mediated by Cer synthase [176]. Thus, ATM mediates
Cer synthase activation but not that of acid sphingomyelinase. Further studies point at the involvement
of neutral sphingomyelinases 2 and 3 in DDR. ATM and p53 activate neutral sphingomyelinase 2 and
down-regulate neutral sphingomyelinase 3 in order to induce apoptosis [177–179]. Furthermore, it has
been shown that IR induces caspase-3 and PARP cleavage through Cer. Caspase-3 inhibition doesn’t
affect the levels of Cer whereas Cer depletion prevents the cleavage of caspase-3 and PARP [176,180].
These results suggest that Cer up-regulation is upstream of caspase-3 cleavage. Ceramides have
been also implicated in cell cycle arrest during DDR. For instance, accumulation of Cer can arrest
the cell cycle either at G0/G1 phase mediated by retinoblastoma protein (Rb) [181] or at G2 phase
through the activation of p21 [182]. Others reported that human alkaline ceramidase 2 (ACER2) is
a novel direct target gene of p53 that mediates the DDR [183]. Upregulation of ACER2 reduced
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the levels of Cer while accumulating sphingosine and S1P in H1299 cells. Extensive IR-induced
DNA damage hyperactivated the p53-ACER2 pathway in HCT116 cells. This hyperactivation led
to cell death because of a high pro-apoptotic sphingosine to pro-survival S1P ratio. In contrast, low
levels of DNA damage moderately activated the p53-ACER2 pathway favoring cell cycle arrest and
senescence. The pro-apoptotic and pro-senescence signals of sphingosine and Cer were balanced with
the pro-survival and pro-proliferative signals of S1P [183]. In cancer cells, folate stress leads to the
upregulation of C16-Cer coupled to a transient increase in Cer synthase 6 in a p53/PUMA-dependent
manner [184]. Recent work proved a direct and highly specific interaction between p53 and C16-Cer.
Under metabolic stress induced by serum or folate starvation, this interaction displaces MDM2 from
p53 leading to the accumulation and activation of p53 [185]. However, the relationship between
p53 and Cer remains elusive as many studies supported functional roles for Cer both upstream and
downstream of p53.

The levels of the pro-survival bioactive lipid S1P are also involved in DDR and the determination
of cell fate [1]. A link between p53 and SK1, which catalyzes S1P production, was established after
treating Molt-4 leukemia cells with multiple chemotherapeutic agents and γ-rays. The DDR leads to a
decrease in the protein but not mRNA levels of SK1 coupled to p53 up-regulation [186]. Conversely,
SK2 was shown to exacerbate the apoptotic response and its overexpression was associated with the
induction of apoptosis. In addition, SK2 was proven as critical for p21 expression which was needed
for cell cycle arrest in a p53-independent route [164,187]. These results could be potentially explained
by the fact that mainly SK1 is cytoplasmic and SK2 is nuclear. Hence, increased SK2 expression and
intranuclear production of S1P can inactivate HDACs and promote the transcription of genes involved
in cell cycle arrest and apoptosis. On the other hand, SPP1 knockdown had a protective role against
DNA damage and cell death induced by daunorubicin in MCF7 cells [188]. Furthermore, augmenting
SPL activity through its overexpression or by treatment with etoposide favored apoptosis through
caspase-3, annexin-V, PARP and nuclear condensation [189]. Similarly, SPL modulates DNA repair,
G2 cell cycle arrest, and apoptosis post-irradiation. SPL upregulation exacerbates stress-induced
accumulation of Cer through acid sphingomyelinase. Interestingly, overexpression of SPL results in
decreased ATM and checkpoint kinase 1 protein levels when compared to control cells [190]. Taken
together, these findings reveal the importance of sphingolipids in mediating the DNA damage response.

Our group previously showed that the specific expression of sphingomyelin phosphodiesterase
acid-like 3b (SMPDL3b) in podocytes to be a modulator of radiation stress signaling [191]. Strong
evidence suggests that SMPDL3b is critical for preserving podocytes proper functioning [192]. Novel
work pinpointed that SMPDL3b regulates C1P to Cer levels in podocytes by interacting with CERK
and C1P [193,194]. Furthermore, IR results in a time-dependent drop in the protein levels of SMPDL3b,
downregulation of sphingosine and S1P, upregulation of various pro-apoptotic Cer species, and loss of
podocytes’ filopodia [191]. Conversely, SMPDL3b overexpression confers radioresistance by partially
reversing these changes and enhancing DNA damage repair evidenced by reduced γ-H2AX nuclear
foci in comparison to wild-type podocytes post IR [191]. It remains of great interest to elucidate the
proper mechanism by which SMPDL3b modulates the DDR.

In a nutshell, all non-surgical cancer therapies aim to eradicate tumor cells while sparing
normal tissues through complex cell signaling pathways. Research over the past few decades has
confirmed that the stress induced by these therapies involves the accumulation of ceramide. However,
any dysregulation in this process, due to either decreased generation or increased metabolism of
ceramide, confers resistance against these therapies [195]. From this perspective, emerging therapeutic
and clinical interventions are under investigation to maximize the positive outcomes of these therapies
by a combinatorial approach. For instance, as recombinant human acid sphingomyelinase (rhASM)
was previously evaluated in patients with Niemann–Pick disease, the idea of its administration in
cancer therapies flourishes. rhASM might be used to induce pro-apoptotic ceramide levels beyond the
tolerance of cells. This treatment is more likely to affect tumors than normal tissues [196]. Moreover,
a recent study reported that gentamicin, a commonly used anti-microbial drug, can potentially play a

162



Int. J. Mol. Sci. 2020, 21, 4481

role in cancer therapies. The administration of gentamicin highly upregulated acid sphingomyelinase
and induced apoptosis in human gastric cancer cells [197]. As cancer cells can develop survival
strategies like generating the pro-survival S1P, inhibitors for both SK1 and SK2 were developed.
However, sphingosine kinase inhibitors exhibited some downstream off-target effects such as inhibiting
ERK and Akt pathways [198]. Hence, further studies should address the development of more
specific sphingosine kinase targets for possible clinical trials. Interestingly, the total plasma levels of
ceramide, measured in early days after the combined treatment of radio-chemotherapy, can predict
tumor responses in patients with liver and lung metastases of colorectal cancer. It allows the
identification of patients with high risks of metastases [199]. Therefore, successful discoveries of
sphingolipid therapeutic targets or sphingolipid biomarkers of tumor response will potentially enhance
the outcomes of standard of care therapies.

5. Conclusions

Up to now, a large body of evidence supports the interplay between the DDR and the
sphingolipid metabolic pathway in determining cell fate after exposure to genotoxins or metabolic
stress. These findings elicit sphingolipids as master modulators of the overall mechanism by which
cells respond to genotoxic injuries. Further studies are needed to clarify some debatable theories
and to further understand the complex interactions between the various sphingolipid metabolites
and the DDR mediators. For instance, although SK2 was reported to mediate cell cycle arrest and
apoptosis [164,187], downregulation of SK2 but not SK1 was effective in the suppression of tumor
cell proliferation and migration [200]. Despite the numerous studies that emphasized important roles
of sphingolipids in cancer and metabolic diseases, a very limited number of sphingolipid-targeting
drugs entered clinical trials. Complete understanding of these bioactive metabolites and enzymes
remains to be fully elucidated. The first-in-class clinical inhibitor of SK2, ABC29464, successfully
achieved phase I clinical trial and proceeded to phase II as an anti-cancer drug [201]. Therefore,
new effective sphingolipid therapeutic targets are expected to develop as a result of the numerous
emerging studies in the field. These potential discoveries are predicted to advance the standard of care
therapies by overcoming tumor resistance and developing new effective diagnostic and prognostic
sphingolipidomic-based tests.
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Abbreviations

Apaf1 Apoptotic protease activating factor 1
ATM Ataxia telangiectasia mutated
ATR Ataxia telangiectasia and Rad-3 related
BD Base damage
Cer Ceramide
CERK Ceramide kinase
CHO Cholesterol
C1P Ceramide-1-phosphate
DDR DNA damage response
DNAPK DNA-dependent protein kinase
DSB Double strand break
Gy Gray (absorbed dose)
HR Homologous recombination
IR Ionizing radiation
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MDM2 Mouse double minute 2
NHEJ Non-homologous end joining
PC Phosphatidylcholine
PUMA p53 upregulated modulator of apoptosis
p53AIP1 p53 regulated apoptosis inducing protein 1
ROS Reactive oxygen species
SK Sphingosine kinase
SM Sphingomyelin
SMPDL3b Sphingomyelin phosphodiesterase acid like-3b
S1P Sphingosine-1-phosphate
SPP S1P phosphatase
SSB Single strand break
TRAIL TNF-related apoptosis-inducing ligand
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Abstract: Sphingomyelins (SMs) are a class of relevant bioactive molecules that act as key modulators of
different cellular processes, such as growth arrest, exosome formation, and the inflammatory response
influenced by many environmental conditions, leading to pyroptosis, a form of programmed cell death
due to Caspase-1 involvement. To study liver pyroptosis and hepatic SM metabolism via both lysosomal
acid SMase (aSMase) and endoplasmic reticulum/nucleus neutral SMase (nSMase) during the exposure
of mice to radiation and to ascertain if this process can be modulated by protective molecules, we used
an experimental design (previously used by us) to evaluate the effects of both ionizing radiation and
a specific protective molecule (rMnSOD) in the brain in collaboration with the Joint Institute for Nuclear
Research, Dubna (Russia). As shown by the Caspase-1 immunostaining of the liver sections, the radiation
resulted in the loss of the normal cell structure alongside a progressive and dose-dependent increase of
the labelling, treatment, and pretreatment with rMnSOD, which had a significant protective effect on the
livers. SM metabolic analyses, performed on aSMase and nSMase gene expression, as well as protein
content and activity, proved that rMnSOD was able to significantly reduce radiation-induced damage by
playing both a protective role via aSMase and a preventive role via nSMase.

Keywords: acid sphingomyelinase; neutral sphingomyelinase; radiation; SOD; liver

1. Introduction

Sphingomyelins (SMs) are a class of bioactive lipid molecules that act as key modulators of different
pathophysiologic processes, including cell growth, cell death, autophagy, stress, inflammatory responses,
and cancer [1]. Sphingomyelinases (SMase) are a family of key enzymes in SM metabolism that generate the
ceramide and phosphorylcholine headgroups. From a cellular perspective, the existence of the isoenzyme’s
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multiplicity has functional reasons. Our improved understanding of these isoenzymes has provided
information on the different roles of SMs [2]. SMases are named based on their optimal pH activity as
an acid, neutral, or alkaline SMase, with different locations and functions inside the cells [3]. Alkaline SMase
(Alk-SMase) shares no structural similarities with the other two SMases; it belongs to the ecto-nucleotide
pyrophosphatase phosphodiesterase (NPP) family and is located in the mucosal membrane of the intestinal
tract [4]. Acid SMase (aSMase) and neutral SMases (nSMases) have organelle-specific activities and distinct
regulatory mechanisms. Thus, the aSMase isoform is located in the lysosome and is involved in apoptosis
signaling [5]. Moreover, four nSMase isoforms are located in the inner and outer leaflet of the plasma
membrane, endoplasmic reticulum, mitochondria, and nucleus [6]. Enzyme localization influences the
biologically relevant activation mechanisms. Moreover, the concentration of the SM and ceramide is
organelle dependent. nSMase isoforms have been identified on the basis of four genes that were cloned
or purified: nSMase1 (gene name = SMPD2), nSMase2 (SMPD3), nSMase3 (SMPD4), and MA-nSMase
(mitochondrial-associated nSMase) (SMPD5) [6]. nSMase1 is located in the reticulum endoplasmic/Golgi
apparatus [7], as well as in the cell nucleus [8]. It is activated in response to stress by inducing apoptosis [9] and
also suppresses hepatocellular carcinoma [10]. nSMase2 is specific to the inner leaflet of the plasma membrane
and is involved in many cell responses, such as cell growth arrest, exosome formation, and inflammatory
response [11]. nSMase3 is located in the endoplasmic reticulum and is involved in TNF-α mediated signaling,
tumorigenesis [6], and cellular stress response [12]. MA-nSMase, which has sequence homology with
nSMase2 and zebrafish mitochondrial N-SMase [13], was identified only in 2010 [14].

It has been demonstrated that SM metabolism is finely modulated in the liver [15], an active metabolic
organ influenced by many environmental conditions, including radiation [16]. Irradiation induces DNA
repair activities after DNA damage in hepatocytes (and inflammatory reactions in other cell types [16])
by leading to pyroptosis, a form of programmed cell death due to Caspase1 involvement [17], which is
characterized by membrane rupture, pore formation, and the release of pro-inflammatory cytokines [18].
Therefore, pyroptosis is important as a final event of radiation-induced damage.

The effect of ionizing radiation on liver SM metabolism has not yet been clarified. It was
previously shown that in thyroid cells, ionizing radiation exposure induces proapoptotic signals via
ceramide production from the SMs [19]. Moreover, proton beams move quiescent thyroid cells towards
a proapoptotic state and proliferating thyroid cells towards an initial apoptotic state by altering the
nuclear SM-metabolism [20]. In the same experimental model, ultraviolet radiation enriched the
ceramide pool due to the ability of both aSMase and nSMase to induce apoptosis [21].

Thus, the apoptotic process requires the action of both aSMase and nSMase (especially nSMase1 [9]),
but whether there is cooperation between the two enzymes and whether they behave differently in
relation to the same apoptotic stimulus has not yet been investigated. To study what happens to the
metabolism of hepatic SM via both the lysosomal and endoplasmic reticulum/nucleus SMase during
irradiation, and to ascertain if this process can be modulated by protective molecules, we used the
same experimental model previously applied to evaluate the effects of both ionizing radiation and
a specific protective molecule in the brain [22]. This research originated from a collaborative project
among Italian research groups and the Joint Institute for Nuclear Research, Dubna (Russia), in which
mice were exposed to a set of minor γ radiation, neutrons, and a spectrum of neutrons, simulating the
radiation levels that cosmonauts are exposed to during deep-space long-term missions. In the brain,
radiation was shown to deconstruct neurofilaments in a dose-dependent manner with an increase of
the nSMase3 gene and protein expression. Human recombinant manganese superoxide dismutase
(rMnSOD), which has a protective and preventive role on brain damage, strongly increased nSMase
expression and activity [22]. Since ionizing radiation induces oxidative stress, and rMnSOD has
specific antioxidant and anti-free radical activity, in the previous study, we analyzed the behavior of
the nSMase3 that is stimulated in the cellular stress response [12]. Here, we analyzed the behaviors of
two enzymes that are involved in apoptosis, aSMase and nSMase1, which are capable of degrading
MS in two different cellular districts. We performed our study on the liver, which is an organ that
actively reacts to radiation though parenchymal cells or hepatocytes in the G0 phase of the cell cycle,
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thereby regulating the metabolism of many factors, including lipids [16]. Thus, considering our
extensive experience with the role of SM metabolism in liver proliferation and apoptosis [23,24],
we evaluated aSMase and nSMase in relation to radiation-induced pyroptosis and their response
to rMnSOD treatment. The present paper reports the results of an observational study of a novel
experiment that could be useful to the scientific community as the basis for future work.

2. Results

2.1. Ionizing Radiation Effects on the Liver and the Role of rMnSOD

The microscopy analysis, performed on histological microsections of the control livers (CTR,
rMnSOD untreated, and un-irradiated mice) subjected to Caspase-1 immunostaining, showed normal
cells with a very low percentage of labelling (Figure 1a,b). Radiation induced a loss of the normal
cell structure alongside a progressive and dose-dependent increase in labelling. The images provide
evidence of a significant increase in irregular cellular shapes and membrane ruptures compared to the
CTR sample (Figure 1a). The quantification of Caspase-1 showed an increase of 2.8, 3.9, and 5.1 times
in the labelling (0.25 Gy, 0.5 Gy, and 1.0 Gy, respectively) compared to the CTR samples. The treatment
with rMnSOD alone did not induce significant variation with respect to the CTR but reduced the effect
of radiation when administered preventively (see Materials and Methods). The labelling increased by
2.0, 2.5, and 4.1 times with 0.25 Gy, 0.5 Gy, and 1.0 Gy, respectively, compared to the CTR samples.
Pretreatment with rMnSOD for preventive purposes had an even greater effect, as labelling increased
by only 3.4 times among the mice receiving 1.0 Gy of radiation (Figure 1a,b).

Figure 1. Mouse liver after irradiation with or without protective or preventive rMnSOD treatment
(a) representative liver histology by Caspase-1 immunohistochemical staining. CTR, control mice;
rMnSOD, mice treated with human recombinant manganese superoxide dismutase; 0.25 Gy, 0.5 Gy,
and 1.0 Gy, mice exposed to increasing radiation doses; 0.25 Gy + rMnSOD, 0.5 Gy + rMnSOD,
and 1.0 Gy + rMnSOD, mice exposed to increasing radiation doses and treated with rMnSOD (protective
role of rMnSOD); rMnSOD+1.0Gy, mice pretreated with rMnSOD and exposed to 1.0 Gy radiation
(preventive role of rMnSOD). Images are representative of 3 similar images from each group of
mice (20×magnification). White arrows indicate positive caspase labelling; red arrows indicate cell
membrane ruptures. (b) Quantification of Caspase-1 staining was performed using the ImageFocus
software. Positive staining is indicated as low (+), medium (++), or high (+++). Only high positive
staining was considered and was measured as a percentage of the total area. Data represent the mean
+ S.D. of three livers for each group. Significance, * p < 0.05 with respect to the CTR, § p < 0.05 with
respect to the irradiated samples, ˆ p < 0.05 with respect to 1.0 Gy + rMnSOD.
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2.2. Changes of Sphingomyelin Metabolism

Our previous studies indicated that radiation targets SMase in the thyroid [20,21] and brain [22].
As there are two SMases involved in the apoptotic process (lysosomal aSMase and endoplasmic
reticulum/nucleus nSMase1), we defined their behavior in the liver, where radiation upregulated
Caspase-1, thereby triggering pyroptosis. We first measured SMPD1 (coding for aSMase) and
SMPD2 (coding for nSMase1) gene expression in livers from a) CTR mice, b) rMnSOD treated mice,
and un-irradiated mice; c) 0.25 Gy, 0.5 Gy, and 1.0 Gy irradiated mice and mice untreated with
rMnSOD; d) 0.25 Gy, 0.5 Gy, and 1.0 Gy irradiated and rMnSOD treated mice; and e) mice pretreated
with rMnSOD and irradiated with 1.0 Gy radiation (Figure 2). The results show that SMPD1 was
overexpressed by 2.23 + 0.34, 7.05 + 0.42, and 14.1 + 1.47 times with 0.25 Gy, 0.5 Gy, and 1.0 Gy
radiation, respectively. The gene expression of SMPD1 did not vary when treated with rMnSOD alone.
Treatment with rMnSOD limited the effects of radiation among the irradiated mice and reduced the
effects of 0.25 Gy by 19.3%, that of 0.5 Gy by 62%, and that of 1.0 Gy by 75%. The use of rMnSOD as
a method of damage prevention was less effective. Notably, the effect of 1.0 Gy radiation was reduced
by 44%. These results suggest that rMnSOD plays a limited role in controlling SMPD1 expression
when it is used as a preventive molecule for radiation-induced damage, while also being an effective
protective molecule.

We then tested the expression of the SMPD2 gene coding for nSMase1. Its variations under
radiation treatment, with or without rMnSOD, were very low (Figure 2).

a) 

 

b) 

 

Figure 2. Effect of radiation and rMnSOD on SMPD1 and SMPD2 gene expression in the liver. SMPD1
and SMPD2 gene expression evaluated by RTqPCR as reported in the “Materials and Methods” section.
Liver from mice treated with increasing doses of radiation with or without rMnSOS. (a) SMPD1
(b) SMPD2. Data are expressed as the mean + SD of three liver samples, each carried out in triplicate.
Significance: (a) * p < 0.05 versus the control sample (CTR); (b) § p < 0.05 rMnSOD treated and irradiated
samples versus the irradiated samples; (c)ˆ p < 0.05 pretreated and 1.0 Gy irradiated sample versus
1.0 Gy irradiated and rMnSOD treated samples. CTR, control mice; rMnSOD, mice treated with human
recombinant manganese superoxide dismutase; 0.25 Gy, 0.5 Gy, and 1.0 Gy, mice exposed to increasing
radiation doses; 0.25 Gy + rMnSOD, 0.5 Gy + rMnSOD, and 1.0 Gy + rMnSOD, mice exposed to
increasing radiation doses and treated with rMnSOD (protective role of rMnSOD); rMnSOD + 1.0 Gy,
mice pretreated with rMnSOD and exposed to 1.0 Gy radiation (preventive role of rMnSOD).

To date, the changes of both aSMase and nSMase1 proteins induced by increasing radiation doses
and/or rMnSOD have not been analyzed. Thus, we determined if the changes caused by radiation at
the genetic level were consistent with protein variation. Using aSMase and nSMase1 specific antibodies,
we were able to measure the level of proteins relative to the CTR samples (Figure 3a). The results related
to aSMase, normalized for β-tubulin, showed that the enzyme was reduced by 18%, 52%, and 34% with
0.25 Gy, 0.5 Gy, and 1.0 Gy, respectively (Figure 3b). The reduction of protein levels despite increased
gene overexpression strongly suggests an increased degradation of the enzyme. Treatment with
rMnSOD alone caused a significant reduction in protein compared to the CTR, even when gene
expression did not change, possibly because rMnSOD slowed the synthesis of the enzyme due to
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its proapoptotic role. This effect remained evident with 0.25 Gy and 0.5 Gy of radiation, but very
high radiation (1.0 Gy) strongly limited the action of the rMnSOD for both protective and preventive
purposes (Figure 3a,b). Therefore, a high radiation dose would hinder the action of rMnSOD.

Conversely, nSMase1 content did not change with irradiation (Figure 3a,b). Surprisingly, rMnSOD
alone strongly reduced the nSMase1 form with an apparent 48 kDa molecular weight while inducing
the formation of a band with an apparent molecular weight of approximately 28 kDa. Radiation
hindered the strong protein reduction obtained via rMnSOD with milder action at a 0.25 Gy dose and
a much more intense effect at 0.5 Gy and 1.0 Gy doses (Figure 3a,b).

 
Figure 3. Effect of radiation and rMnSOD on the aSMase and nSMase1 protein level in the liver.
The aSMase and nSMase1 level evaluated by Western Blotting, as reported in the “Materials and
Methods” section. Liver from the mice treated with increasing doses of radiation with or without
rMnSOS. (a) western blotting panel; (b) densitometric analysis performed using the ImageFocus
software. Data are expressed as a percentage with respect to the control sample and represent the
mean + SD of three liver samples, each carried out in triplicate. Significance: (a) * p < 0.05 versus the
control sample (CTR); (b) § p < 0.05 rMnSOD treated and irradiated samples versus irradiated samples;
(c) ˆ p < 0.05 pretreated and 1.0 Gy irradiated samples versus the 1.0 Gy irradiated and rMnSOD treated
samples. CTR, control mice; rMnSOD, mice treated with human recombinant manganese superoxide
dismutase; 0.25 Gy, 0.5 Gy, and 1.0 Gy, mice exposed to increasing radiation doses; 0.25 Gy + rMnSOD,
0.5 Gy + rMnSOD, and 1.0 Gy + rMnSOD, mice exposed to increasing radiation doses and treated with
rMnSOD (protective role of rMnSOD); rMnSOD + 1.0 Gy, mice pretreated with rMnSOD and exposed
to 1.0 Gy radiation (preventive role of rMnSOD).

To investigate whether ionizing radiation could affect SMase activity, we employed a specific
assay kit, as reported in the Materials and Methods. This is a powerful analytical technique that
measures the enzymatic activity of SMases, distinguishing aSMase from nSMase by their pH values.
We observed that aSMase activity did not change significantly with radiation in both the absence and
presence of rMnSOD in the CTR samples (Figure 4). Interestingly, the activity of the nSMase pool
was very high in the CTR and was inhibited by radiation. rMnSOD alone increased the activity by
1.65 times in comparison with CTR, but its ability to stimulate this activity was reduced by radiation in
a dose-dependent manner. Pretreatment with rMnSOD was able to strongly increase nSMase activity,
with values 2× higher than those of CTR.
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a) 

 

b) 

 

Figure 4. Effect of radiation and rMnSOD on aSMase and nSMase activity in the liver. aSMase and
nSMase activity evaluated using an Amplex Red Sphingomyelinase assay kit, as reported in the
“Materials and Methods” section. Livers from the mice treated with increasing doses of radiation
with or without rMnSOS. (a) aSMase; (b) nSMase. Data are expressed as mU/mg protein/min and
represent the mean+SD of three liver samples, each carried out in triplicate. Significance: (a) * p < 0.05
versus the control sample (CTR); (b) § p < 0.05 rMnSOD treated and irradiated samples versus the
irradiated samples; (c) ˆ p < 0.05 pretreated and 1.0 Gy irradiated sample versus the 1.0 Gy irradiated
and rMnSOD treated sample. CTR, control mice; rMnSOD, mice treated with human recombinant
manganese superoxide dismutase; 0.25 Gy, 0.5 Gy, and 1.0 Gy, mice exposed to increasing radiation doses;
0.25 Gy + rMnSOD, 0.5 Gy + rMnSOD, and 1.0 Gy + rMnSOD, mice exposed to increasing radiation
doses and treated with rMnSOD (protective role of rMnSOD); rMnSOD + 1.0 Gy, mice pretreated with
rMnSOD and exposed to 1.0 Gy radiation (preventive role of rMnSOD).

3. Discussion

Caspase-1 is recognized as a molecule involved in the canonical signaling pathway that induces
pyroptosis [25,26], a specific type of programmed cell death [27] characterized by membrane rupture
and pore formation. Since pyroptosis occurs in different liver diseases [28] and is stimulated by
radiation [29], we studied the damage induced in the liver with ionizing radiation treatment in mice,
observing histological microsections of liver tissue fixed and stained with anti-Caspase1 antibodies.
The specific experimental model used for the present study permitted us to simultaneously investigate
the effect of ionizing radiation and the protective/preventive effect of rMnSOD against radiation-induced
liver damage. This was a unique opportunity under a collaborative project among Italian research
groups and the Joint Institute for Nuclear Research, Dubna (Russia) [22]. Our results provide evidence
that both prominent signs of pyroptosis (i.e., the loss of cell membrane integrity and the overexpression
of Caspase-1) are induced by radiation treatment in a dose-dependent manner. These effects were
limited by rMnSOD administered as a protective agent. Therefore, rMnSOD reduced radiation-induced
pyroptosis. If the rMnSOD was administered before irradiation as a preventive agent, its effect was
less marked. Thus, the data presented here reveal that rMnSOD played an important role in protection
from radiation-induced damage. In our previous study, conducted on the same experimental model,
we clearly demonstrated that rMnSOD is able to limit radiation-induced damage to the brain by
protecting the brain from the destructuring of neurofilaments with the involvement of nSMase [22].
These results induced us to investigate the behavior of aSMase and nSMase in the liver in association
with the expression of Caspase-1.

Interestingly, SMPD1 (the gene coding for aSMase) was overexpressed following radiation
treatment in a dose dependent manner. Considering the important effect of aSMase in apoptosis [30],
we expected an upregulation of the enzyme in the liver featuring the characteristics of pyroptosis.
Surprisingly, the content of the aSMase protein was lower than that of the control sample, and the
enzyme activity remained at low control values. We hypothesized that radiation induced SMPD1 gene
overexpression would lead to the synthesis of aSMase, which, in turn, would stimulate the synthesis
of Caspase-1. The latter, triggering cell damage, might be responsible for lysosomal rupture with
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a consequent loss of the aSMase protein. A time-dependent study could have clarified this phenomenon,
but such a study was not compatible with the irradiation windows available to us in Dubna when
the above results were collected. In support of our data however, recent research has reported the
role of aSMase in activating Caspase-1 via the inflammasome, which mediates radiation-induced
pyroptosis [31] and the consequent rupture of the lysosome [32]. In this scenario, the use of rMnSOD
as a molecule administered alone showed a strong reduction of the aSMasi protein, even though its
gene expression did not change. We hypothesize that rMnSOD slowed the synthesis of the enzyme
because of its proapoptotic role. Thus, rMnSOD was able to reduce the synthesis of aSMase in the
presence of low and medium radiation doses but not at a higher dosage. However, the values of the
protein content at all radiation doses always remained lower than those of the control samples in
accordance with the mechanism hypothesized above. In case of significant aSMase protein damage
due to pyroptosis, rMnSOD might protect the aSMase protein, thereby reducing cellular and tissue
damage. Indeed, despite the reduced SMPD1 overexpression following 1.0 Gy irradiation + rMnSOD
and rMnSOD + 1.0 Gy compared to the 1.0 Gy irradiated sample, aSMase protein expression was not
significantly higher in the 1.0 Gy irradiation + rMnSOD group but instead significantly higher in the
rMnSOD + 1.0 Gy group, thereby indicating reduced aSMase damage

The relevance of nSMase isoforms in cellular physiopathology, underscored by the role of nSMase1
in apoptosis, led us to investigate the behavior of this isoenzyme in ionizing radiation-induced
pyrotosis. Our results demonstrate that nSMase1 gene and protein expression did not change with
radiation. rMnSOD alone strongly reduced nSMase1 with its apparent molecular weight present in all
other samples (48 kDa). Unexpectedly, a much lower molecular weight band (28 kDa) appeared in our
Western Blotting. Interestingly, a specific isoform of nSMase1 (isoform) with an apparent molecular
weight of 28 kDa, inhibited by reduced glutathione, was recently reported [33]. In the presence of
radiation, the reduction of nSMase1 by rMnSOD was attenuated, indicating that MnSOD was unable
to reduce the synthesis of nSMase1 at medium / high radiation doses. As reported in the results,
the method used for nSMase activity was not specific for the nSMase1 isoform, but the results indicated
the activity of the nSMase pool. We thus carried out experiments to evaluate whether nSMase activity
might change in liver pyroptosis, as in previously reported midbrain radiation-induced damage [22].
Interestingly, radiation inhibited nSMase activity more than the control samples, while rMnSOD alone
increased strongly, but this effect was reduced by radiation in a dose-dependent manner when used as
a protective agent. Conversely, the use of rMnSOD as a preventive agent strongly increased nSMase
activity. Since nSMase1 mainly resides in the nuclear matrix, and to a lesser extent in the endoplasmic
reticulum [8], rMnSOD was likely able to act strongly on the plasma membrane nSMase but unable to
act significantly at a nuclear level.

These results contrast with previous studies showing the stimulation of nSMase with ionizing
radiation (γ rays) [19], protons [20], and ultraviolet radiation [21]. The explanation for this result is
twofold. 1) First, there is the issue of tissue-specificity. The experiments in previous studies were
carried out on normal and cancer thyroid cells, while our data focus on the liver. 2) Also important are
the dose and type of radiation. Sautin et al. [19] used gamma radiation at a dose of 2–5 Gy, while we
used a set of minor γ radiation and neutrons simulating ionizing radiation during space flight at doses
of 0.25 Gy, 0.5 Gy, and 1.0 Gy. There are no data in the literature that compare the amount of ROS
production in response to the different types of radiation in the liver. Therefore, it is very difficult to
establish if the ROS–SMase relationship is also dependent on tissue specificity and / or radiation dose.

The results of the work show a lack of correlation between gene expression, protein expression,
and the activities of both the aSMase and nSMase enzymes. We believe this is due to the much more
complex in vivo experimental model than the in vitro system, especially for lipid metabolism. Indeed,
the in vivo metabolism of lipids, including sphingolipids, is very rapid and influenced by hormones
and various metabolic interactions with the production of molecules that can act as stimulators or
inhibitors in response to stress conditions, induced by different factors such as radiation or drug
treatments. The actions of these molecules can take place at the gene level or during the long process
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of protein synthesis; conversely, these actions can directly influence the activity of an enzyme. In this
specific experiment, we do not know the exact mechanisms that were activated. We have images of the
results and can only make assumptions relative to the literature data.

In conclusion, we currently have no reliable evidence on the direct effect of radiation and rMnSOD
on SMases but we have data indicating their variations after different treatments during liver pyroptosis.
The possibility of an indirect effect with the involvement of other signal molecules cannot be excluded.

4. Materials and Methods

4.1. Chemicals

The rMnSOD protein was provided by the Molecular Biology and Viral Oncology Unit,
Department of Experimental Oncology, “Istituto Nazionale Tumori Fondazione G. Pascale”—IRCCS,
Naples, Italy [34]. Anti-aSMase, anti-nSMase1, anti-Caspase1, and anti-β-tubulin were obtained from
Abcam (Cambridge, UK). Horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies
were obtained from Santa Cruz. The TaqMan SNP Genotyping Assay and Reverse Transcription kit
were obtained from Applied Biosystems (Foster City, CA, USA). The RNAqueous®-4PCR kit was
obtained from Ambion Inc. (Austin, Texas, USA). The SDS-PAGE molecular weight standards were
purchased from Bio-Rad Laboratories (Hercules, CA, USA). Chemiluminescence kits were purchased
from Amersham (Rainham, Essex, UK).

4.2. Experimental Model

The experimental model was the same previously reported [22]. Animals: 54 female mice
weighting approximately 25–30 g were obtained from the Laboratory Animal Nursery of the Russian
Academy of Sciences (Pushchino, Russia). Mice were adapted to the vivarium at the “Joint Institute for
Nuclear Research (JINR)” in Dubna over a period of 10 days. Then, they were divided into 9 cages
with 6 mice each, each receiving standard briquetted fodder and water ad libitum. All procedures
were performed according to the Russian Guidelines for the Care and Use of Experimental Animals
and Bioethics Instructions (Order of the USSR Ministry of Health No. 755 12.08.1987). The mice were
divided into groups and numbered with progressive numbers: a) numbers 1,3,4, and 5 were treated
with daily subcutaneous injections of sterile PBS solution for 7 days from the day of irradiation; b) mice
2, 6, 7, and 8 were treated with daily subcutaneous injections of rMnSOD in sterile PBS for 7 days from
the day of irradiation; c) 9 received a total of 10 injections; they were pretreated with rMnSOD in sterile
PBS for 3 days prior to irradiation and then for 7 days from the day of irradiation. All animals were
irradiated at the JINR; they were exposed to a set of minor γ radiation and neutrons from a Phasatron
with high Relative Biological Effectiveness (RBE) and a spectrum of neutrons to simulate space flight
exposure. Animals in groups 3 and 6 were exposed to a dose of 0.25 Gy, those in groups 4 and 7 were
exposed to a dose of 0.50 Gy, and those in groups 5 and 8 were exposed to a dose of 1.00 Gy. Mice in
groups 1 (mock-treated with PBS) and 2 (rMnSOD-treated) were not exposed to radiation and were
considered a biological control. At the end of the experiment, all mice were beheaded and had their
livers immediately frozen.

4.3. Immunohistochemical Analysis

Three livers from each group were fixed in 4% neutral phosphate-buffered formaldehyde solution
for 24 h and dropped in a specific orientation into paraffin. Immunohistochemical analyses were
performed as previously reported [35] using the anti-Caspase-1 antibody. A bond Dewax solution
was used for removal of paraffin from tissue sections before rehydration and immunostaining was
performed in the Bond automated system (Leica Biosystems Newcastle Ltd, UK). The observations were
performed using inverted microscopy EUROMEX FE 2935 (ED Amhem, The Netherlands) equipped
with a CMEX 5000 camera system (20×magnification). The analysis of labelling was performed using
the ImageFocus software.
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4.4. Reverse Transcription Quantitative PCR (RTqPCR)

Total RNA was extracted from the livers using an RNAqueous-4PCR kit. Its integrity was
evaluated, and the cDNA was synthesized as previously reported [35]. RTqPCR was performed
using a TaqMan®Gene Expression Master Mix and a 7500 RT-PCR instrument (Applied Biosystems),
targeting genes of SM phosphodiesterase 1 (SMPD1, Hs03679347_g1) and SM phosphodiesterase
2 (SMPD2, Hs04187047_g1) genes. The mRNA expression levels were then normalized to those
of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs99999905_m1) housekeeping gene
(Thermo Fisher Scientific, MA, USA). The relative mRNA expression levels were calculated as
2−ΔΔCt and compared to the results of the treated samples with the control and/or with those of the
untreated ones [35].

4.5. Western Blotting

Protein concentrations were analyzed and electrophoresis was performed as previously
reported [36]. Proteins were transferred onto a 0.45 μm cellulose nitrate strip membrane (Sartorius
Stedim Biotech S.A.) in a transfer buffer for 1 h at 100 V at 4 ◦C. Membranes were blocked with 5%
(w/v) non-fat dry milk in PBS, pH7.5, for 1 h at room temperature. The blot was incubated overnight
at 4 ◦C with the specific antibodies, anti-aSMase and anti nSMase1 (1:1000), and then treated with
horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:5000). A Super Signal West
Pico Chemiluminescent Substrate (ThermoFisher Scientific) was used to detect the chemiluminescent
(ECL) HRP substrate. The apparent molecular weights of the proteins were calculated in reference to
the migration rate of the molecular size standards. The area density of the bands was evaluated by
densitometric scanning and analyzed using Scion Image.

4.6. aSMase and nSMasi Activity Assay

The aSMase and nSMase activity was assayed according to Conte et al. [37]. Liver homogenates
were suspended in 0.1% NP-40 detergent in PBS, sonicated for 30 s on ice at 20 watt, kept on ice for
30 min, and centrifuged at 16,000× g for 10 min. The supernatants were then used for the aSMase and
nSMase assay. The enzyme activity was assayed in 60 μg proteins/10 μL Tris-MgCl2, pH 5.0, for aSMase
and 7.4 for nSMase using an Amplex Red Sphingomyelinase assay kit (Invitrogen, Monza, Italy),
according to the manufacturer’s instructions. The fluorescence was measured with a FLUOstar Optima
fluorimeter (BMG Labtech, Germany) using a filter set with a 360 nm excitation and 460 nm emissions.

4.7. Statistical Analysis

Data were expressed as the means ± SD of three livers, and their significance was checked by
an ANOVA test. Significance: (a) * p < 0.05 versus the control sample (CTR); (b) § p < 0.05 rMnSOD
treated and irradiated samples versus irradiated samples; (c)ˆ p < 0.05 the pretreated and 1.0 Gy
irradiated sample versus the 1.0 Gy irradiated and rMnSOD treated sample.
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Abstract: Studies on the relationship between reactive oxygen species (ROS)/manganese superoxide
dismutase (MnSOD) and sphingomyelinase (SMase) are controversial. It has been demonstrated that
SMase increases the intracellular ROS level and induces gene expression for MnSOD protein. On the
other hand, some authors showed that ROS modulate the activation of SMase. The human recombinant
manganese superoxide dismutase (rMnSOD) exerting a radioprotective effect on normal cells, qualifies
as a possible pharmaceutical tool to prevent and/or cure damages derived from accidental exposure to
ionizing radiation. This study aimed to identify neutral SMase (nSMase) as novel molecule connecting
rMnSOD to its radiation protective effects. We used a new, and to this date, unique, experimental model
to assess the effect of both radiation and rMnSOD in the brain of mice, within a collaborative project
among Italian research groups and the Joint Institute for Nuclear Research, Dubna (Russia). Mice were
exposed to a set of minor γ radiation and neutrons and a spectrum of neutrons, simulating the radiation
levels to which cosmonauts will be exposed during deep-space, long-term missions. Groups of mice were
treated or not-treated (controls) with daily subcutaneous injections of rMnSOD during a period of 10 days.
An additional group of mice was also pretreated with rMnSOD for three days before irradiation, as a
model for preventive measures. We demonstrate that rMnSOD significantly protects the midbrain cells
from radiation-induced damage, inducing a strong upregulation of nSMase gene and protein expression.
Pretreatment with rMnSOD before irradiation protects the brain with a value of very high nSMase activity,
indicating that high levels of activity might be sufficient to exert the rMnSOD preventive role. In conclusion,
the protective effect of rMnSOD from radiation-induced brain damage may require nSMase enzyme.

Keywords: neutral sphingomyelinase; radiation; sphingomyelin metabolism; pathology; cell signaling; brain
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1. Introduction

Evidence for the involvement of sphingomyelin (SM) in radiation-induced apoptosis relies on
studies focused on specific enzymes as sphingomyelinase (SMase) [1–3]. SMase cleaves SM, generating
ceramide and choline phosphate. The ceramide pathway, in turn, is responsible for the generation of
various lipid mediators for cell signaling. Studies on the relationship between reactive oxygen species
(ROS) and SMase are controversial. It has been demonstrated that SMase increases the intracellular
ROS level in several experimental models [4,5]. Accordingly, ceramides increase ROS level [6,7].
Neutral SMase (nSMase)-protein kinase Cζ(PKCζ)-NADPH oxidase is essential for ROS production [8].
On the other hand, ceramides derived from SMase activity are involved in ROS production [9] and
the activation of ceramide-p47phox-ROS signaling cascade is essential for apoptosis [10]. Moreover,
both SMase and ceramide induce MnSOD gene expression [11]. Although numerous studies indicate
a stimulatory effect of SMase and ceramide in ROS production, some authors suggest the positive
role of ROS in the ceramide generation [12]. In line with this, previous published results showed that
p53-induced ROS modulate the activation of nSMase [13]. In addition, by inhibiting ROS production
nSMase stimulation and ceramide generation are suppressed [14].

The human recombinant manganese superoxide dismutase (rMnSOD) has specific antioxidant
and anti-free radical activity as the native superoxide dismutase (SOD) [15]. MnSOD enzyme has been
proposed to be useful in the prevention and treatment of damage caused by physical agents, such
as ionizing radiations [16]. More rMnSOD has been identified as a possible pharmaceutical tool to
prevent and/or cure the accidental damage derived from exposure to ionizing radiation [15]. Thus,
rMnSOD has the invaluable advantage, over the native enzyme, of being able to easily enter into the
cells and tissues thanks to the persistence in the recombinant mature protein of its leader peptide.
Consequently, treatment side effects should be significantly reduced in comparison with traditional
treatments [17,18].

To address a comprehensive analysis of nSMase involvement in the mechanism of rMnSOD
protection or prevention from radiation damage in the brain, we performed experiments within a
collaborative project among Italian research groups and the Joint Institute for Nuclear Research, Dubna
(Russia). Mice, exposed to a set of minor γ radiation and neutrons and a spectrum of neutrons,
simulating the radiation levels to which cosmonauts are exposed during deep-space long-term
missions, were injected with rMnSOD either at the time (protection) or before (prevention) irradiation.
The study aimed to identify a possible target molecule of the rMnSOD administered in order to reduce
radiation-induced damage. Thus, the nSMase, known to be involved in the production of ROS and in
the response to MnSOS, has been studied in our experimental model.

2. Results

2.1. Protective and Preventive Effect of rMnSOD on Radiation-Induced Structural Changes in Midbrain Tissue

Before evaluating the effect of rMnSOD in mice brain, we confirmed its capacity to freely diffuse
through the blood-brain barrier, locating itself within brain tissues. This was accomplished by
immunohistochemical analysis (Figure 1).
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Figure 1. Localization of rMnSOD in brain tissue. Immunohistochemical analysis was performed
by using specific antibody. The immunostaining was evident only in brain samples from
rMnSOD-treated mice.

We also found that the brains of not-irradiated control mice, with or without rMnSOD treatment,
had comparable cell numbers. Only medium and high radiation doses induced a loss of the cells
with progressive increase of intercellular spaces (Figure 2a). As expected, in these conditions we
observed a robust protective effect with rMnSOD (Figure 2b). We thus investigated the possibility that
rMnSOD might play a protective role within the neurofilament structure. To date, 200–220 kDa heavy
neurofilament (NF200) is considered the specific marker of large myelinated A-βfiber neurons [19].
The analysis of NF200by immunohistochemistry showed that the irradiation caused an accumulation
of the labeling in rounded areas with loss of the characteristic length and thickness of neurofilaments
(Figure 2c). Such effects were not evident in mice treated or pretreated with rMnSOD; in those samples,
normal heavy neurofilaments were present (Figure 2c). Morphological evaluation is however only
qualitative, due to the loss of the normal neuritic structure.

2.2. nSMase Is Required for the Protective and Preventive Effect of rMnSOD

We have previously reported that space radiation stimulated cellular and nuclear SMase in
mice thyroids after their long stay in the International Space Station [20]. Our results indicated
that radiation increased nSMase gene expression (Figure 3b) in comparison with control samples
(Figure 3a). rMnSOD alone had a similar effect (Figure 3a). In comparison with rMnSOD alone
considered as control, the nSMase gene expression strongly increased with medium- and high radiation
exposure (Figure 3b). The effect was attenuated by rMnSOD pre-treatment (Figure 3b). Treatment and
pretreatment with rMnSOD were responsible for the nSMase gene expression increase in irradiated
samples (Figure 3b compared withFigure 3a). To analyze the extent of the nSMase response to radiation
and rMnSOD treatment, we studied the protein expression. We found that the content of nSMase
was low in the control sample and increased with irradiation (Figure 3c). Thus, the presence of
rMnSOD resulted in overexpression of nSMase protein, responding to radiation in a dose-dependent
mode. The densitometry analysis, performed with Scion Image program by using the corresponding
beta-tubulin as control, showed that the enzyme increases about 100–130% over controls with radiation
(Figure 3e) and 65% with rMnSOD alone (Figure 3e). By using rMnSOD alone as control, the enzyme
increase in response to radiation in a dose-dependent mode in the presence of rMnSOD, was confirmed
(Figure 3e).
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Figure 2. Midbrain nuclei and heavy neurofilament 200 kDa (NF200). (a) Hematoxylin-eosin-stained
midbrain sections from normal mice exposed to 0.25, 0.5 and 1.0Gy radiation doses, treated in the
presence or absence of rMnSOD. rMnSOD + 1.0Gy: mice pretreated with rMnSOD and exposed to
1.0 Gy, then treated with rMnSOD for 3 days. Shown images are representative of similar findings
in the nuclear regions of 3 midbrains from each group of mice (40×magnification); (b) cell numbers
were counted as described in Results. * p< 0.05 irradiated samples vs. not-irradiated control samples
(CRT), ˆ p < 0.05 irradiated and rMnSOD-treated samples vs. corresponding irradiated samples,
◦ p < 0.05 rMnSOD-pretreated and 1.0 Gy irradiated sample vs. 1.0 Gy irradiated sample; (c) NF200
immunohistochemical staining. Normal mice were exposed to 0.25, 0.5 and 1.0 Gy radiation doses,
with or without rMnSOD administration. rMnSOD + 1.0Gy: mice pretreated with rMnSOD for 3 days
before 1.0 Gy radiation. Images are representative of similar images showing heavy neurofilaments in 3
midbrains from each group of mice (20×magnification). Arrows indicate normal neurofilaments (CTR),
accumulation of labeling in round areas with reduction of length and thickness in neurofilaments
(irradiated samples), and the presence of normal neurofilaments in rMnSOD-treated samples, thus
demonstrating its radioprotective effect.
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Figure 3. Effect of rMnSOD on nSMase gene and protein expression. Samples from mice treated with
0.25, 0.5 and 1.0 Gy radiation doses, in the presence or absence of rMnSOD. rMnSOD + 1.0 Gy: mice
pretreated with rMnSOD, exposed to a 1.0 Gy radiation dose, then treated with rMnSOD for 3 days. Left
panels (a,b): RTqPCR analyses. GAPDH was used as housekeeping control gene. Data are expressed
as mean ± SD of mRNA expression (folds increase). Top panel (c): immunoblotting analysis of nSMase;
tubulin was used as control. Right panels (d,e): immunoblotting densitometric analysis, normalized
with beta-tubulin. Data are expressed as the mean ± SD of 3 independent experiments, each carried out
in triplicate. Significance: (a,d) not-irradiated rMnSOD-treated samples compared to not-irradiated
and not-rMnSOD-treated samples (CRT) (* p < 0.05); (b,e): irradiated not-rMnSOD-treated samples
and irradiated rMnSOD-treated and pretreated samples. Irradiated samples compared to CTR samples
(* p < 0.05), irradiated and rMnSOD-treated and pretreated samples vs. rMnSOD-treated samples
(& p < 0.05), irradiated and rMnSOD-treated samples vs. their correspondent irradiated samples
(ˆ p < 0.05), rMnSOD-pretreated and 1.0 Gy irradiated sample vs.1.0 Gy irradiated sample (◦ p < 0.05),
rMnSOD-pretreated and 1.0 Gy irradiated sample vs.1.0 Gy irradiated and rMnSOD-treated sample
(§ p < 0.05).

To investigate the biological role of nSMase, we also assayed the enzyme activity. Only
high radiation was able to further stimulate the nSMase activity (Figure 4b) with value similar
to those obtained with rMnSOD alone (Figure 4a). The treatment with rMnSOD in irradiated mice
strongly increased the nSMase activity in radiation dose-dependent mode (Figure 4b). Surprisingly,
the pretreatment of mice with rMnSOD for 3 days before exposure to high radiation doses increased
the enzyme activity even further (Figure 4b).

191



Int. J. Mol. Sci. 2019, 20, 5431

Figure 4. Activity of nSMase. Significance: (a) not-irradiated rMnSOD-treated samples compared to
not-irradiated and not-rMnSOD-treated samples (CRT) (* p < 0.05); (b) irradiated not-rMnSOD-treated
samples and irradiated rMnSOD-treated and pretreated samples. Significance: irradiated samples
compared to CTR samples (* p < 0.05), irradiated and rMnSOD-treated and pretreated samples vs.
rMnSOD-treated samples (& p < 0.05), irradiated and rMnSOD-treated samples vs. their correspondent
irradiated samples (ˆ p < 0.05), rMnSOD pretreated and 1.0 Gy irradiated sample vs. 1.0 Gy irradiated
sample (◦ p < 0.05), rMnSOD pretreated and 1.0 Gy irradiated sample vs. 1.0 Gy irradiated and
rMnSOD-treated sample (§ p < 0.05).

3. Discussion

The aim of this study was to elucidate the rMnSOD-dependent nSMase changes and their role
in the protective-preventive effect from ionizing radiation in the brain. Mice were exposed to a set
of minor γ radiation and neutrons and a spectrum of neutrons, simulating the radiation levels to
which cosmonauts will be exposed during deep-space, long-term missions. At the moment we do
not know whether γ radiation only was unable to induce nSMase activation. We show that rMnSOD
particles are capable to cross the blood-brain barrier and localize in the midbrain. Here, rMnSOD has
the ability to limit radiation-induced damage, such as the loss of neuron number and the alteration
of neurofilaments. The effect of radiation on brain damage has previously been reported by other
authors [21,22]. Although many studies elucidated the radioprotective role of rMnSOD through
antioxidant mechanisms in mitochondria [15–18], no data exist about its effect on nSMase. We show
that rMnSOD stimulates nSMase gene and protein expression and enzymatic activity. The study was
articulated with the aim of analyzing the response of nSMase in samples in which rMnSOD has a
protective effect (non-pretreated samples) and in samples in which rMnSOD has a preventive effect
(pretreated samples). In samples for protective effect study, rMnSOD increases strongly nSMase gene
and protein expression in irradiated samples in a dose-dependent manner. Small variations of nSMase
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enzyme activities are obtained only with high radiation doses. This observation is relevant, as nSMase
plays a crucial role in the regulation of ROS generation and in the maintenance of homeostasis between
proapoptotic and prosurvival signals [1,4]. In line with this, we show that highest radiation levels
induce significant nSMase responses only in the presence of rMnSOD. Although the present results
indicate that nSMase may be required for the action of rMnSOD, we cannot prove the direct action of
rMnSOD on this enzyme. To our knowledge, this is the first study indicating SMase as a potential
effector of rMnSOD during its protection action. In samples for preventive effect study, nSMase gene
and protein expression is reduced in comparison with the samples in which the protective effect of
rMnSOD is studied but the enzyme activity is much higher. At this moment we can only speculate why
nSMase levels are reduced with pretreatment, a possible explanation being that an extended treatment
time could stimulate different metabolic patterns, leading to inhibition of nSMase gene expression.
Merging already published data with our findings, it is possible to suggest that in brain tissues exposed
to radiation, significant amounts of ROS are generated, stimulating nSMase production to significantly
increase MnSOD levels. This may in turn stimulate nSMase. At this point, ROS levels may be reduced,
with the end result of limiting the damage. In the above described series of events, nSMase may play
predominant roles.

4. Materials and Methods

4.1. Chemicals

The rMnSOD radioprotective protein, discovered and obtained in the recombinant form by
A.Mancini, was provided by the Molecular Biology and Viral Oncology Unit, Department of
Experimental Oncology, Istituto Nazionale Tumori Fondazione G. Pascale—IRCCS, Naples, Italy [15].
Sterile 2 μg aliquots of rMnSOD in 0.5 mL of sterile saline phosphate buffer (PBS) were prepared and
stored at −80 ◦C. Anti-nSMase, and anti-βtubulin were from Abcam (Cambridge, UK). Horseradish
peroxidase-conjugated goat anti-rabbit secondary antibodies were from Santa Cruz. Anti-rMnSOD
was from InBios International (Washington, WA, USA). TaqMan SNP Genotyping Assay and Reverse
Transcription kit were purchased from Applied Biosystems (Foster City, CA, USA). RNAqueous®-4PCR
kit was from Ambion Inc. (Austin, TX, USA). SDS-PAGE molecular weight standards were
purchased from Bio-Rad Laboratories (Hercules, CA, USA). Chemiluminescence kits were purchased
fromAmersham (Rainham, Essex, UK).

4.2. Experimental Design and Animal Care

Animals: Fifty-fourfemale ICR mice weighting approximately 25–30 g were obtained from
the Laboratory Animal Nursery of the Russian Academy of Sciences (Pushchino, Russia). After
transportation, the animals were adapted to the vivarium at the Joint Institute for Nuclear Research
(JINR) in Dubna during a period of 10 days. The animals were divided into 9 cages, 6 mice each,
receiving the standard briquetted fodder and water ad libitum. All procedures were performed
according to the Russian Guidelines for the Care and Use of Experimental Animals and Bioethics
Instructions (Order of the USSR Ministry of Health No. 755 12.08.1987) accepted in the vivarium of the
Institute of Biomedical Problems, part of the above-mentioned JINR.

Animal treatments: Mice in groups number 1,3,4 and 5 were treated with daily subcutaneous
injections of sterile PBS solution for 7 days from the day of irradiation. Animals in groups 2,6,7,8
and 9 were treated with daily subcutaneous injections of rMnSOD in sterile PBS. In particular, mice
in groups 2,6,7 and 8 received 7 injections of rMnSOD while animals in group 9 received a total of
10 injections, being pretreated with rMnSOD for 3 additional days prior to irradiation. All animals
were irradiated at the JINR, being exposed to a set of minor γ radiation and neutrons of a Phasatron
with high Relative Biological Effectiveness (RBE) and a spectrum of neutrons, to simulate space flight
exposure. Animals in groups 3&6, 4&7 and 5&8 were exposed to doses of 0.25, 0.50 and 1.00 Gy
(respectively). Mice in groups 1 (mock-treated with PBS) and 2 (rMnSOD-treated) were not exposed to
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radiation and considered a biological control. At the end of the experiment, all mice were beheaded
and brains immediately frozen.

4.3. Morphological and Immunohistochemistry Analysis

Three brains from each group were fixed in 4% neutral phosphate-buffered formaldehyde solution
for 24 h and dropped with specific orientation in paraffin. Morphological and immunohistochemical
analyses were performed as previously reported [19].

4.4. Reverse Transcription Quantitative PCR (RTqPCR)

Total RNA was extracted from mice brain using RNAqueous-4PCR kit (Ambion Inc., Austin,
TX, USA), as previously reported [23]. Before cDNA synthesis, the integrity of RNA was evaluated
by electrophoresis in TAE 1.2% agarose gel prepared in our lab. cDNA was synthesized using 1 μg
total RNA for all samples by High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA) under the following conditions: 50 ◦C for 2 min, 95 ◦C for 10 min, 95 ◦C
for 15 s and 60 ◦C for 1 min, for a total of 40 cycles [23]. RTqPCR was performed using
TaqMan®Gene Expression Master Mix and 7500 RT-PCR instrument (Applied Biosystems), SM
phosphodiesterase 4 (SMPD4, Hs04187047_g1) genes. mRNA expression levels were then normalized
to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs99999905_m1) housekeeping gene
(Thermo Fisher Scientific, Austin, MA, USA). mRNA relative expression levels were calculated as
2−ΔΔCt, comparing the results of the treated samples with those of the untreated ones [23].

4.5. Protein Concentration and Western Blotting

Protein concentrations were determined according to the Bradford method, as previously
reported [23]. Forty-μgproteins were submitted to 12% SDS (sodium dodecyl sulfate) polyacrylamide
gel electrophoresis at 200 V for 60 min [23]. Briefly, proteins were transferred onto 0.45 μm cellulose
nitrate strips membrane (Sartorius Stedim Biotech S.A., Aubagne, France) in transfer buffer for 1 h
at 100 V at 4 ◦C. Membranes were blocked with 5% (w/v) non-fat dry milk in PBS, pH 7.5 for 1 h at
room temperature. The blot was incubated overnight at 4 ◦C with specific antibodies (1:1000) and
then treated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:5000).
Super Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) was used to detect
chemiluminescent (ECL) HRP substrate. The apparent molecular weight of proteins was calculated
referringto the migration rate of molecular size standards. The area density of the bands was evaluated
by densitometry scanning and analyzing themwith Scion Image.

4.6. nSMaseActivity Assay

nSMase activity was assayed according to Ceccarini et al. [24]. Brain homogenates were suspended
in 0.1% NP-40 detergent in PBS, sonicated for 30 s once at 20 watts, then kept on ice for 30 min and
centrifuged at 16,000× g for 10 min. Supernatants were used for nSMase assay. Sixty μg/10μL proteins
were incubated with 10 μL HMU-PC substrate for 10 min at 37 ◦C. The reaction was stopped by
adding 200 μL stop buffer [21]. The fluorescence of 6-hexadecanoyl-4-methylumbelliferone (HMU)
was measured with FLUOstar Optima fluorimeter (BMG Labtech, Ortenberg, Germany), using the
filter set of 4-methylumbelliferone (MU), 360 nm excitation, and 460 nm emission. The fluorimeter was
calibrated with MU in stop buffer.

4.7. Statistical Analysis

Data were expressed as means ± SD and their significance was checked by ANOVA test.
Significance: (a) * p < 0.05 irradiated samples versus not-irradiated control sample (CTR);
(b) & p < 0.05 irradiated and rMnSOD-treated samples versus rMnSOD-treated sample (rMnSOD);
(c) ˆ p < 0.05 irradiated and rMnSOD-treated samples versus respective irradiated samples;

194



Int. J. Mol. Sci. 2019, 20, 5431

(d) ◦ p < 0.05 rMnSOD-pretreated and 1.00 Gy irradiated sample versus 1.00 Gy irradiated sample;
(e) § p < 0.05 rMnSOD-pretreated and 1.00 Gy irradiated sample versus 1.0 Gy irradiated and
rMnSOD-treated sample.
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Abstract: Stroke is a severe neurological disorder in humans that results from an interruption of the
blood supply to the brain. Worldwide, stoke affects over 100 million people each year and is the
second largest contributor to disability. Dyslipidemia is a modifiable risk factor for stroke that is
associated with an increased risk of the disease. Traditional and non-traditional lipid measures are
proposed as biomarkers for the better detection of subclinical disease. In the central nervous system,
lipids and lipid mediators are essential to sustain the normal brain tissue structure and function.
Pathways leading to post-stroke brain deterioration include the metabolism of polyunsaturated fatty
acids. A variety of lipid mediators are generated from fatty acids and these molecules may have
either neuroprotective or neurodegenerative effects on the post-stroke brain tissue; therefore, they
largely contribute to the outcome and recovery from stroke. In this review, we provide an overview
of serum lipids associated with the risk of ischemic stroke. We also discuss the role of lipid mediators,
with particular emphasis on eicosanoids, in the pathology of ischemic stroke. Finally, we summarize
the latest research on potential targets in lipid metabolic pathways for ischemic stroke treatment and
on the development of new stroke risk biomarkers for use in clinical practice.

Keywords: eicosanoids; cholesterol; ischemic stroke; ischemia; lipoproteins; polyunsaturated
fatty acids

1. Introduction

Stroke is a severe neurological disorder in humans that results from an interruption of the blood
supply to the brain caused by a vascular occlusion (ischemic stroke, IS) or a blood vessel rupture
or leakage (hemorrhagic stroke, HS). Within seconds, the insufficient blood supply leads to a strong
oxygen-glucose deprivation (OGD) of the brain tissue, which initiates a cascade of pathophysiological
response consequently leading to neuronal death and severe neurological deterioration. According
to the Global Burden of Disease study, in 2017, stroke affected 104.2 million people worldwide;
of them, 82.4 million were affected by ischemic stroke. Stroke is the second largest contributor to
disability-adjusted life years in the world after ischemic heart disease, resulting in up to 50% of survivors
being chronically disabled, and is the second most common cause of death [1,2]. The age-standardized
global rate of new strokes reached 150.5 per 100,000 people in 2017 [3].

Primary and secondary prevention of stroke is crucial, considering that over 80% of the global
stroke burden is attributable to a few risk factors that can be improved significantly. Many risk factors
for stroke have been documented, including hypertension, current smoking, diabetes, abdominal
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obesity, poor diet, inactivity, excessive alcohol consumption, cardiac causes and stress/depression [4].
Dyslipidemia is a modifiable risk factor for stroke and is associated with a 1.8- to 2.6-times relative risk
of stroke.

In the central nervous system, lipids and lipid mediators are essential to sustain the normal
structure and function of brain tissue. Pathways leading to post-stroke brain deterioration include
the metabolism of polyunsaturated fatty acids (PUFAs). The rapid and extensive release of PUFAs
from cell membranes starts in the brain tissue immediately after the onset of ischemia. The lipids
released are utilized in either enzymatic or non-enzymatic reactions, generating diverse classes of
short-lived, lipid mediators, e.g., eicosanoids. These molecules have either neuroprotective or
neurodegenerative effects on the post-stroke brain tissue; thus, they largely contribute to the outcome
and recovery from stroke. Because the brain infarct area consists of two zones—the ischemic core,
which is generally considered unsalvageable because of the greatest damage, and the surrounding
area called the penumbra, where the blood flow during stroke is only partially reduced—the brain
cells located in the penumbra may be rescued from degeneration by timely intervention. Numerous
PUFA-derived lipid mediators contribute to the brain injury occurring after the ischemic stroke.

In this review, we provide an overview of serum lipids associated with the risk of ischemic stroke.
We also discuss the role of lipid mediators, with particular emphasis on eicosanoids, in the pathology
of ischemic stroke. Finally, we summarize the latest research on potential targets in lipid metabolic
pathways for ischemic stroke treatment and on the development of new stroke risk biomarkers for use
in clinical practice.

2. Association of Serum Lipids with the Risk of Stroke

Dyslipidemia is conventionally considered to play an important role in the pathogenesis of stroke,
primarily ischemic stroke. Traditional lipid parameters, represented by increased concentrations of
total cholesterol (TC), triglycerides (TGs), low-density lipoprotein cholesterol (LDL-C), and decreased
high-density lipoprotein cholesterol (HDL-C), have been identified as risk factors and predictors of
cardiovascular disease, including stroke [5–7]. The assessment of lipid ratios such as TC/HDL-C,
TG/HDL-C, and LDL-C/HDL-C is recognized as a better predictor of vascular risk compared to
traditional lipid parameters [8]. In addition to standard lipid components testing, the analysis of
composition, particle size, and density of lipids and lipoproteins [e.g., lipoprotein(a), [Lp(a)]], have
been proposed as biomarkers for the better detection of subclinical diseases [9].

Lipid profile components and the risk of ischemic stroke are discussed in subsequent paragraphs
and summarized in Figure 1.

2.1. Cholesterol and the Risk of Stroke

As one modifiable risk factor, TC has been shown by many studies to be associated with the risk
of stroke [10]. Although the relationship between lipid levels and coronary heart disease (CHD) is well
established, the results of observational studies investigating the relationship between lipid profile
and stroke are less conclusive. Some data from Asian and American studies indicate that TC is not
identified as being associated or shows only weak relationships with various stroke subtypes [11,12].
Until the beginning of the 21st century, research on this topic yielded inconsistent results [13–15] and
led to conflicting views on the importance of circulating cholesterol in IS [5,16]. Part of the controversy
is related to the methodological shortcomings of previous studies. Many did not investigate the final
point of interest, namely the ischemic stroke incident, but focused rather on endpoints such as fatal
stroke or a combination of IS and HS, which are clearly different pathophysiological units. Some studies
lack data on cholesterol subfraction levels or rely on lipid profile measurements only after a stroke has
occurred. Additionally, few studies are large enough to examine the dose–response pattern in each sex
group, which is another important aspect of the nature of this disease [11].
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Figure 1. Lipid profile components and the risk of ischemic stroke. The reference values of the
specified parameters may vary slightly according to different diagnostic recommendations. The arrow
down indicates a low number of particles; the arrow up indicates a high number of particles.
NA—not analyzed.

In later years, a number of studies appeared that took into account the previous suggestions of
scientists. Some reports have shown a positive association between TC and IS [17], whereas an inverse
relationship between TC and HS was found in others [17,18]. In a meta-analysis, primarily in Europe
and North America, low-density lipoprotein cholesterol is associated with ischemic stroke but not with
hemorrhagic stroke [19]. In addition, elevated low-density lipoprotein cholesterol is shown to be one of
the most important risk factors for coronary artery disease and stroke, while high-density lipoprotein
cholesterol is protective [20–22]. A study by Tirschwell et al. shows that elevated cholesterol and
reduced HDL-C levels are associated with an increased risk of IS [6]. The effect of hyperlipidemia may
be different depending on the ischemic stroke subtype. A significant and positive relationship was
found in the case of atherothrombotic infarction, but a negative association was observed in the case of
cardioembolic infarction [23].

Too low values of lipid components may also be responsible for an increased risk of stroke.
The risk of HS is higher when TC is lower than 120 mg/dL. LDL-C and TC seem to be associated with
hemorrhagic stroke. In contrast, the risk of ischemic and hemorrhagic stroke may be higher when
HDL-C is lower than 50 mg/dL [24].

2.2. Hypertriglyceridemia and Ischemic Stroke

Few reports to date have shown the role of triglycerides in acute stroke and recovery after stroke.
The studies that have evaluated this association report diverse associations [7,25,26]. According to a
study published in 2012 in the Stroke journal, the strongest predictor of stroke risk in women is TC, the
most-overlooked lipid in the cholesterol profile. The authors found that people with the highest TC
levels are 56% more likely to have ischemic stroke than those with the lowest levels [27]. Triglyceride
levels and their role in ischemic stroke have already been the subject of intensive research [28,29].
Large-scale epidemiological studies also detected a relationship between high non-fasting triglyceride
levels and the risk of ischemic stroke [30,31], while results in smaller cohorts remain inconclusive [29].
Weir et al. suggested the opposite results and showed that low TG level, not low TC concentration,
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independently predicts poor outcome after acute stroke [32]. The mechanisms by which triglycerides
affect ischemic stroke are still unexplained [33]. Triglyceride-rich lipoproteins and high TC levels can
have a direct atherogenic effect and appear to be an indicator of atherosclerotic and prothrombotic
changes. Elevated TC levels are associated with abnormalities in the coagulation cascade and
fibrinolysis that is associated with ischemic stroke [34]. The effects of triglycerides are likely to
be multifactorial.

2.3. Non-Traditional Lipid Profiles as Stroke Predictors

Human lipid profiles are currently actively studied, including not only traditional but
also non-traditional lipid profiles, primarily as independent predictors of cardiovascular disease
(CVD) [35,36]. Some studies show that low-density lipoprotein cholesterol, non-high-density
lipoprotein cholesterol (non-HDL-C) and the TC/HDL-C ratio are significant predictors of CVD [37,38].
The relationship between LDL-C/HDL-C lipid profiles is found to be a more useful indicator of CVD
risk than single, isolated lipid values [39]. In addition, some reports show that non-HDL-C is a better
indicator of the development of CVD than LDL-C [36]. Lipid profiles as the main indicator of stroke
prevention are still subject to significant uncertainty, in contrast to the clear results for CVD. However,
several studies attempted to assess the role of traditional and non-traditional lipid indices in predicting
stroke risk (Figure 1). Among the various non-traditional lipid variables, elevated baseline TC/HDL-C
ratio and TC/HDL-C ratio increases future vascular risk after stroke, but only elevated TC/HDL-C
ratio is associated with stroke recurrence risk [8]. Other studies estimated that the recurrence of
cerebral ischemia increases with age and the increased composition of non-traditional lipid variables
values: TC/HDL-C and LDL-C/HDL-C [40]. Zheng et al. showed that LDL-C, non-HDL-C and
LDL-C/HDL-C are associated with the future all stroke status, and TC, LDL-C, non-HDL-C, TC/HDL-C
and LDL-C/HDL-C are associated with the future ischemic stroke state [41]. Other studies show a
positive relationship between cholesterol levels and the risk of IS in men, while an inverse trend between
TC and the risk of hemorrhagic stroke is observed in the female group. A positive relationship was
found between TC/HDL-C ratio and risk of ischemic stroke in both sexes; however, these links are not
as clear after adjusting for body mass index, blood pressure and history of diabetes [17]. Other authors
also studied the impact of lipid profiles separately in men and women. TC/HDL-C ratio is mainly
associated with ischemic stroke and total stroke in men, while TG is more important in predicting
ischemic and total stroke in women. The authors of this study suggest that these two lipid indexes
have the most important prognostic value for identifying high risk participants predisposed to stroke
for each sex separately, and there may be potential goals for stroke prevention [42]. Some researchers
recommend that the level of non-traditional lipid profiles should be considered in the daily treatment
of ischemic stroke for the first prevention in clinical practice [8].

2.4. Number, Size and Composition of Lipoprotein Particle

Standard measurements of circulating lipids lack the ability to distinguish between the size,
density or concentration and composition of lipoproteins that may be important in assessing CVD
risk [43]. Therefore, in addition to the standard lipid components tested, several biomarkers of lipids
and lipoproteins are proposed as potential risk factors for the better detection of subclinical diseases [44].
Conventional HDL-C measures include the sum of cholesterol carried in HDL particles, but ignore
their composition, particle size, and subclass concentration. Additionally, TG may show divergent
relationships with vascular disease when transported in different lipoprotein molecules [9]. Above all,
the interest focuses on lipoprotein parameters such as the number and size of LDL and HDL particles,
and the number of intermediate-density lipoprotein (IDL) particles and lipoprotein(a) [Lp(a)]. One of
the most commonly used methods for measuring the size and concentration of lipoprotein particles
is nuclear magnetic resonance (NMR) spectroscopy. This technique simultaneously determines the
average size (in nanometers) and concentration (in mol/L) of lipoprotein particles [45]. Holmes
et al. assessed the relationship between metabolic markers and the risk of three cardiovascular
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diseases, including ischemic stroke. The study shows that the subclasses of lipoproteins and their
lipid components are associated with stroke risk. Cholesterol and triglycerides in apolipoprotein
B-containing lipoproteins (very low-density lipoprotein [VLDL], intermediate-density lipoprotein
[IDL] and low-density lipoproteins [LDL]) are positively associated with the risk of stroke. In contrast,
cholesterol in large and medium high-density lipoprotein particles inversely associates with the
ischemic stroke risk, while triglycerides in HDL particles positively associate with the risk of this
disease. VLDL particle concentrations are at least as strongly associated with ischemic stroke as
LDL particles. In addition, TGs are more consistently associated with IS across the entire lipoprotein
subfraction spectrum than cholesterol [9].

2.5. Elevated Lipoprotein(a) and the Risk of Ischemic Stroke

Lipoprotein(a) is an LDL particle with an added apolipoprotein(a). The link between Lp(a) and
stroke has been questioned by some researchers. Several studies show no association between Lp(a)
levels and the risk of stroke. Hachinski et al. did not notice a significant difference in Lp(a) levels
among the patient and control groups [46]. Similarly, Glader et al. found no association between
baseline plasma Lp(a) values and future ischemic cerebral infarction [47]. In a prospective study in
Finland, no relationship was found between the initial Lp(a) plasma levels and the future risk of total
(all types of stroke) or thromboembolic stroke among those participating in the study [48]. More
recent meta-analyses summarize the existing evidence for Lp(a) and stroke from both control and
prospective studies and show a significant and independent association of elevated Lp(a) with an
increased risk of ischemic stroke [49–51]. The largest meta-analysis carried out by the Emerging Risk
Factor Collaboration analyzed the data from 13 prospective studies and confirmed that elevated Lp(a) is
an independent risk factor for ischemic stroke [49]. As many previously published reports investigating
the risk of stroke in patients with elevated Lp(a) levels did not show the underlying cause of the
stroke event; differences in the etiology of stroke between cohorts may explain some of the inconsistent
results reported in the literature. Data suggest that Lp(a) primarily increases the risk of large-artery
atherosclerosis stroke [52]. According to the guidelines of the European Society of Atherosclerosis,
it is recommended to measure Lp(a) in patients with a medium or high risk of cardiovascular disease,
considering levels lower than 50 mg/dL [53]. Studies with larger cohorts are needed to see whether
higher cut-off values than conventional and/or interactions with other risk factors are necessary to
establish the role of Lp(a) as a risk factor for ischemic stroke. Therefore, a more detailed study of the
relationship between individual subclasses of lipoprotein particles and lipid-associated characteristics
with the risk of CVD and stroke subtypes may be important and informative.

2.6. Polyunsaturated Fatty Acids and Risk of Ischemic Stroke

The n-3 polyunsaturated fatty acids (n-3 PUFAs) are a class of essential unsaturated fatty acids
necessary for proper biological activity and function in living organisms. The n-3 PUFAs are poorly
synthesized in the human body and have to be orally supplemented. Fish, such as mackerel, salmon,
tuna, sardines, herring, and halibut, are a major source of n-3 PUFAs in the human diet, and
they contain docosahexaenoic acid (DHA), docosapentaenoic acid (DPA), and eicosapentaenoic acid
(EPA) [54]. The n-3 PUFAs have potent anti-inflammatory activity, reduce platelet aggregation, stabilize
atherosclerotic plaques, and reduce major cardiovascular risk factors, including hypertension and
hyperlipidemia [55]. They can act as an antioxidant in reducing cerebral lipid peroxides and play
a role in regulating oxidative stress by increasing the oxidative burden and improving antioxidant
defense capabilities [56]. In addition, n-3 PUFAs trigger other responses, such as neurogenesis
and revascularization in stroke, which could be used in the development of acute-phase ischemic
stroke therapy [54]. Moreover, because ischemic stroke is a heterogeneous disorder with different
pathophysiological pathways and separate etiological subtypes, various mechanisms of PUFA action
should be considered. DHA plays a greater role in reducing the risk of atherothrombotic stroke by
reducing endothelial dysfunction and atherosclerosis [57], while EPA and DPA have a greater impact on
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the risk of cardioembolic stroke because of their effect on clotting and atrial fibrillation [58]. The second
key component of a heart-healthy dietary pattern is a high content of n-6 PUFAs, obtained mainly from
vegetable oil, nuts, and seeds. Dietary n-6 PUFAs primarily include linoleic acid (LA) and arachidonic
acid (AA). The n-6 PUFAs have not generally been associated with stroke risk [59,60].

The Japan EPA Lipid Intervention Study (JELIS) has shown that treatment with highly purified
EPA and low-dose statins significantly reduces the incidence of coronary artery diseases and stroke
compared to statin therapy alone, without altering the reduction in low-density lipoprotein cholesterol
levels [61]. Nishizaki et al. reported that ratios of serum n-3 PUFAs to n-6 PUFAs, such as EPA/AA and
DHA/AA ratios, could be useful markers to determine the incidence of coronary events, peripheral
artery diseases, and early neurological deterioration after acute ischemic stroke [62]. Thies et al.
examined the effect of fish oil administration on plaque regression and found that giving fish oil to
patients resulted not only in plaque regression but also an increases in EPA and DHA within the plaque
and a decrease in macrophage counts [63]. In addition, Ajami et al. reported that DHA+EPA provided
neuroprotection against ischemic brain injury by increasing the levels of antiapoptotic proteins, such
as Bcl-2 and Bcl-xL, thereby suppressing the inflammatory response [64].

Attention has also been focused on assessing the relationship between PUFA levels and early
neurological deterioration (END) in acute-phase ischemic stroke [65]. END occurs in approximately
one-third of patients in the acute phase of ischemic stroke and is associated with neurological and
functional decline. It also strongly correlates with poor functional outcome and usually leads to a
significant increase in mortality rate [66]. According to a recommended definition, END occurs when
there is an increase in the total National Institutes of Health Stroke Scale score of ≥2 points within 72 h
1–3 times a day after admission [67]. Suda et al. revealed that END is negatively associated with the
EPA/AA, DHA/AA, and EPA+DHA/AA ratios. The study shows that a low serum n-3 PUFA/n-6 PUFA
ratio might be an indication of possible END in patients with acute ischemic stroke, as demonstrated
in the population of Japanese stroke patients [65].

2.7. Fatty Acids and Cardioembolic Stroke

Elevated fatty acid (FA) levels are associated with several risk factors for atherosclerosis, including
abdominal obesity [68], arterial hypertension [69], and insulin resistance [70], as well as coronary
artery disease (CAD) [71], arrhythmia [72], and atrial fibrillation [73]. Because an association with
both atherosclerosis and arrhythmia has been reported, FAs may correlate with ischemic stroke.
However, the effect of FAs on ischemic stroke is poorly understood. Because ischemic stroke is a
heterogeneous disorder with a variety of pathophysiological pathways, including atherothrombosis
and cardioembolism, the etiological subtypes of ischemic stroke should be analyzed separately [74].
Almost all long-term correlation studies of FAs and stroke risk estimate the level of FAs obtained with
food on the basis of self-reported questionnaires. Unfortunately, this is unclear for individual FAs
that are not well separated by dietary questionnaire data. For a more detailed assessment, Saber et al.
measured the levels of circulating n-3 PUFA phospholipids and examined their association with
ischemic stroke incidence, including atherosclerotic and cardioembolic stroke subtypes [75]. Patients
evaluated for phospholipid levels were recruited for three separate prospective cohort studies in the
US: the Cardiovascular Health Study (CHS), Nurses’ Health Study (NHS), and Health Professionals
Follow-Up Study (HPFS) [75]. The authors of these studies show that, among ischemic stroke subtypes,
DHA is inversely associated with atherothrombotic stroke and DPA is associated with cardioembolic
stroke. These relationships remain significant after including demographic, lifestyle, and vascular risk
factors. By comparison, EPA is not associated with total ischemic, atherothrombotic, or cardioembolic
stroke. The authors confirmed the hypothesis that individual FAs in serum have various associations
with ischemic, atherothrombotic, and cardioembolic stroke [75]. Earlier studies have shown that
elevated FA levels are associated with cardioembolic (CE) stroke, but this association was not seen
in non-CE stroke. Atrial fibrillation may potentially act as an intermediary between FAs and stroke
caused by cardioembolism [73]. Another study also found that an elevated FA concentration may
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serve as a marker of stroke caused by cardioembolism. In addition, the assessment of FA concentration
can predict the stroke recurrence following a CE stroke [76]. In patients with acute stroke, significantly
elevated FA levels are observed in groups with a higher risk of cardioembolism. These results suggest
that enhanced thrombogenicity may be the main mechanism explaining elevated FA levels in patients
with cardioembolic stroke [77].

2.8. The Role of Fish-Derived Fatty Acids in Stroke

For many years, intensive research has been carried out to assess the biological effects of consuming
fish-derived PUFAs [78]. These studies confirm the view that n-3 PUFAs can affect several cellular
processes known to be important in the development of cardiovascular disease, stroke, and protective
effects [79,80]. Most studies have used doses of fish oils exceeding what is usually found in the
diet. Surprisingly, significant vascular benefits are observed even with modest fish consumption [81].
Long-term studies have shown that increased intake of n-3 PUFAs, in particular EPA and DHA,
can have a beneficial effect on serum lipids [82], platelet aggregation [83], and bleeding time [84] and,
thus, may lead to a reduced risk of atherosclerosis and thrombotic complications [63]. Prolonged
fish consumption leads to increased incorporation of n-3 PUFAs into plasma lipids, erythrocytes, and
platelets [85]. After supplementation with fish oil, elevated EPA and DHA content in plasma lipids,
platelets, and erythrocyte membranes are observed with a simultaneous decrease in AA content [86].
In order to compare the effects of n-3 PUFA consumption, the following four fish-derived sources of
n-3 PUFA were used: three rich sources (raw fatty fish [smoked salmon], cooked fatty fish [salmon
fillet], or fish oil [cod liver oil]) and one poor source (fish low in n-3 PUFA [cod fillet]). Therefore,
the following blood parameters were assessed: blood lipid composition and functional properties of
blood cells, as measured by the potential of lipopolysaccharide (LPS) to generate activation products
in whole blood [87]. Elvevoll et al. did not notice any significant differences between the effects of
eating cooked fish compared to raw fish (smoked salmon). They found that the intake of fatty fish
is more effective in increasing EPA and DHA than supplementing with fish oil and is more likely
to have a beneficial effects on HDL cholesterol and whole blood activation reactions [87]. However,
another group of researchers showed that the action of DHA-rich oil (without EPA) had a comparable
hypotriglyceridemic effect as a fish diet and fish oil supplementation. Moreover, a fish diet and fish oil
supplementation increased the proportion of n-3 PUFA in plasma lipids, platelets, and erythrocyte
membranes [88].

2.9. Lipid-Lowering Therapy for Prevention of Ischemic Stroke

Over the past two decades, compelling evidence from clinical trials revealed the importance
of low-density lipoprotein cholesterol-lowering therapies in reducing cardiovascular and stroke
morbidity and mortality [89,90]. At present, there is a more than four-fold increase in the use of
cholesterol-lowering agents in our population compared to in 2000. There is strong evidence for the
role of statins in stroke prevention and association with an approximately their 20% risk reduction [91],
in particular a decreased risk of ischemic stroke [92]. Moreover, more aggressive statin treatment
improves the long-term functional outcome of patients discharged after an acute ischemic stroke
more than less aggressive treatment [93]. One of the most commonly used statins to lower high
cholesterol is atorvastatin. It is a common statin used to investigate the efficacy of statin therapy,
especially high-intensity statin therapy in patients with ischemic stroke. Preliminary studies have
shown that in patients with recent stroke or transient ischemic attack and without coronary heart
disease, 80 mg atorvastatin daily reduces the overall incidence of stroke and cardiovascular events,
despite a slight increase in the incidence of hemorrhagic stroke [94]. Many studies have confirmed the
effect of atorvastatin at lowering lipids and decreasing the number and frequency of vascular incidents,
as well as its clinical efficacy at reducing the burden of disease after stroke or transient ischemic
attack [95,96]. Atorvastatin improves endothelial function, enhances the stability of atherosclerotic
plaque, and inhibits inflammatory and thrombogenic responses in arterial walls [97]. In the latest
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Stroke Prevention by Aggressive Reduction in Cholesterol Levels (SPARCLs) cohort trial, atorvastatin
was compared with a placebo in patients with recent stroke or transient ischemic attack. Atorvastatin
was found to reduce the first occurrence of stroke and the first occurrence of composite vascular
events [98].

During recent years, new drug classes proved their efficacy and safety in lowering cholesterol and
preventing cardiovascular incidents in randomized controlled studies. PCSK9 (proprotein convertase
subtilisin/kexin type 9) inhibitors increase the number of available LDL receptors on the surface of
hepatocytes, which leads to a higher cleavage of LDL-C from the circulation. The mechanism of action
of PCSK9 inhibitors involves halting the metabolic breakdown of LDL-R, resulting in increased LDL-C
clearance. The two currently available antibodies (Alirocumab and Evolocumab) against PCSK9 are
fully human IgG subtypes that bind with an approximate 1:1 stoichiometry to circulating PCSK9 and
prohibit its binding to the LDL-R. The mean percentage change in LDL-C levels decreases by 50% or
more from baseline in patients receiving PCSK9 inhibitors [99]. Several non-antibody therapies have
also been developed to inhibit PCSK9 function. Gene silencing or editing technologies were used,
such as antisense oligonucleotides [100], small interfering RNAs [101], small-molecule inhibitors [102],
mimetic peptides [103], adnectins [104], and vaccinations [105].

According to the American Heart Association and American Stroke Association guidelines for
stroke prevention, which recognize triglyceride as a risk factor for stroke, fibric acid derivatives can
be considered in patients with hypertriglyceridemia [106]. Fibric acid derivatives (e.g., gemfibrozil,
fenofibrate, and bezafibrate) lower triglyceride levels and increase HDL cholesterol. The Veterans
Administration HDL Intervention Trial of men with low HDL-C and associated coronary artery disease
showed that gemfibrozil reduces the risk of all strokes, mainly ischemic strokes [107].

The issue of elevated Lp(a) level therapy is slightly different. Lp(a) levels are essentially
unresponsive to traditional lipid-lowering drugs such as statins or fibrates. Some lipid-lowering
agents that are not specific for Lp(a) reduce Lp(a) levels (e.g., niacin, PCSK9 inhibitors, and CETP
inhibitors) [108]; however, to date, no randomized controlled trial has demonstrated that the lowering
of Lp(a) leads to decreased risk of cardiovascular disease. Recent findings show that antisense
oligonucleotides can be used to inactivate genes involved in the pathogenesis of vascular diseases.
To lower Lp(a), synthetic oligonucleotides have been developed. In clinical trials, Mipomersen
(Genzyme/ISIS Pharmaceuticals), an antisense oligonucleotide targeted to apolipoprotein B, reduced
Lp(a) by 21% to 39% [109]. AKCEA-APO(a)-LRx (Akcea Therapeutics/Ionis Pharmaceuticals) is the
latest antisense oligonucleotide targeted to apolipoprotein(a). In a phase II trial, the specific antisense
oligonucleotide resulted in a dose-dependent reduction of 66% to 92% in blood circulating Lp(a) and is
expected to enter into a phase III study in 2020.

3. Lipids of the Brain during Ischemic Stroke

The brain has the second highest lipid content among the organs of the human body, accounting
for about 50% of its dry weight [110]. Lipids that are essential for the central nervous system are
classified into five major subcategories: fatty acids, triglycerides, phospholipids, sterol lipids, and
sphingolipids. They serve as the structural components of biological membranes, act as messengers
in cellular signaling pathways and contribute to the energy supply [111]. For example, about 20%
of the brain total energy requirements comes from the oxidation of fatty acids, which takes place in
astrocytes [112].

Brain tissue is characterized by cellular heterogeneity; thus, the fatty acid composition varies
between different cell types. In the ischemic brain, the levels of different lipids change compared
to the control conditions [113]. It is even possible to distinguish the ischemic core area from the
penumbra according to the post-stroke lipid profiles [114]. Generally, brain tissue is characterized
by a high proportion of polyunsaturated fatty acids: arachidonic acid (AA; omega-6; C20:4ω6),
eicosapentaenoic acid (EPA; omega-3; C20:5ω3), and docosahexaenoic acid (DHA; omega-3; C22:6ω3).
Arachidonic acid and docosahexaenoic acid make up ∼20% of fatty acids in the mammalian brain [115].
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All of these lipids are located in cellular membranes and are essential for the normal structure and
function of the central nervous system [110]. However, cerebral ischemia initiates a cascade of events
that stimulates the release of free fatty acids from the membrane. In particular, there is a rapid
accumulation of arachidonic acid, docosahexaenoic acid, diacylglycerol, and platelet-activating factor
(PAF; 1-Oalkyl-2-acyl-sn-3-phosphocholine).

The released arachidonic acid is highly reactive and prone to downstream enzymatic
reactions that generate different classes of eicosanoids in the brain area affected by the ischemia
(Figure 2). These molecules play a major role in cerebral vasoconstriction, edema, neurotoxicity and
neuroprotection that occur after ischemia and reperfusion in the brain following stroke episodes. The
cytosolic phospholipase A2 alpha (cPLA2α), an enzyme responsible for arachidonic acid release from
membrane phospholipids, plays a key role in post-ischemic brain pathology. The down-regulation of
cytosolic phospholipase A2 alpha expression [116] or blockage of its activity with specific antibodies [117]
attenuates ischemic brain damage in the mouse model of cerebral ischemia-reperfusion injury.

Figure 2. Eicosanoid biosynthesis pathways. Enzymes involved in biosynthetic pathways are denoted
as: cPLA2, cytosolic phospholipase A2; COX-1, cyclooxygenase 1; COX-2, cyclooxygenase 2; PGIS,
prostaglandin-I synthase; TBXAS-1, thromboxane-A synthase; PGES-1, prostaglandin E synthase;
12/15-LOX, 12/15-lipoxygenase; 5-LOX, 5-lipoxygenase; CYP4A, cytochrome P450 4A subfamily; CYP4F,
cytochrome P450 4F subfamily; CYP2C, cytochrome P450 2C subfamily; CYP2J, cytochrome P450 2J
subfamily; sEH, soluble epoxide hydrolase. Lipid molecules generated in biosynthesis are denoted as:
AA, arachidonic acid; PGH2, prostaglandin H2; PGI2, prostaglandin I2, prostacyclin; TXA2, thromboxane
A2; PGE2, prostaglandin E2; LTs, leukotrienes; 5-HETE, 5-hydroxyeicosatetraenoic acid; LXs, lipoxins;
12-HETE, 12-hydroxyeicosatetraenoic acid; 15-HETE, 15-hydroxyeicosatetraenoic acid; 20-HETE,
20-hydroxyeicosatetraenoic acid; 5,6-EET, 5,6-epoxyeicosatrienoic acid; 8,9-EET, 8,9-epoxyeicosatrienoic
acid; 11,12-EET, 11,12-epoxyeicosatrienoic acid; 14,15-EET, 14,15-epoxyeicosatrienoic acid; DHETs,
dihydroxyeicosatrienoic acids. Thumb symbol denotes beneficial or detrimental effects on the
post-stroke brain of eicosanoids discussed in this review.
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The DHA released during the ischemic event is converted enzymatically into lipid messengers. One
of them is the neuroprotectin D1 (NPD1), a potent cell-protective, pro-survival and anti-inflammatory
lipid mediator in experimental stroke models [118,119]. This experimental post-stroke DHA treatment
improves the neurobehavioral recovery and reduces brain infarct volume. This research shows that
the additional DHA enhances the synthesis of NPD1 in the penumbra, revealing a highly desirable
neuroprotective effect [118].

The excessive accumulation of platelet-activating factor in the ischemic brain contributes to
excitotoxicity, Ca2+ uptake, and mitochondrial dysfunction, leading to neuronal death. However, the
disruption or inhibition of PAF-receptor has a neuroprotective effect [120,121].

4. Eicosanoids in Ischemic Stroke

Eicosanoids belong to oxylipins, a family of oxidized forms of polyunsaturated fatty acids.
They are produced by enzymatic reactions catalyzed by three different enzymes—cyclooxygenases,
lipoxygenases and cytochrome P450 monooxygenases. This diverse group of compounds
includes prostanoids (i.e., prostaglandins, prostacyclin, and thromboxanes), leukotrienes, lipoxins,
hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acids (EETs), resolvins, and eoxins.
In general, eicosanoids are biologically active compounds involved in the regulation of many
physiological functions, but they are also related to pathological processes, including ischemic stroke.

4.1. Biosynthesis and Physiological Role of Eicosanoids

Eicosanoids are synthesized from arachidonic acid, a precursor, 20-carbon polyunsaturated fatty
acid released from cell membranes by phospholipase A2 (PLA2). Free arachidonic acid, as a highly
reactive compound is prone to further oxidation and is readily converted into eicosanoids in their
downstream enzymatic pathways (Figure 2). Cyclooxygenases (COX-1 and COX-2) convert the free
arachidonic acid into the unstable prostaglandin H2 (PGH2), which is next converted by downstream
prostanoid synthases into prostaglandins D2, E2, F2, and I2 (PGD2, PGE2, PGF2 and PGI2, respectively)
or thromboxane A2 (TXA2) [122]. Arachidonic acid is also converted by lipoxygenases (LOX enzymes)
to produce leukotrienes, lipoxins and HETEs, while cytochrome P450 converts the arachidonic acid
into 20-HETE and EETs molecules.

Eicosanoids are known for their various and often contradictory roles in the human body. On the
one hand, they regulate many physiological functions in the cardiovascular, gastrointestinal, urogenital,
and nervous system. They play critical roles in immunity, acting as pro- and anti-inflammatory
agents, regulating fever, and triggering platelet aggregation, blood clotting, muscle contraction,
vasoconstriction, and vasodilation. On the other hand, eicosanoids play an important role in
cardiovascular diseases and stroke, renal diseases, rheumatoid arthritis, Alzheimer’s disease, cancer,
and even infectious diseases [123,124].

4.2. The Role of Eicosanoids in Ischemic Stroke Pathology

The role of eicosanoids in stroke is reported to be both beneficial and detrimental. The levels
of many eicosanoids are altered following the ischemic insult and often stay elevated during the
recovery phase, thus playing an important role in either brain tissue injury or protection. The balance
between neuroprotection and neuronal cell death caused by the post-stroke disruption of eicosanoid
homeostasis is detrimental for the size of the disease pathology and the extent of stroke patient recovery.
In the following sections, principal findings of the current investigations on the role of different classes
of eicosanoids in ischemic stroke pathology as well as possible targets for therapeutic interventions
will be reviewed.

206



Int. J. Mol. Sci. 2020, 21, 3618

4.2.1. Prostanoids in Ischemic Stroke

Prostanoids group arachidonic-acid derivatives which are generated by cyclooxygenase enzymes.
These include prostaglandins PGE2, PGD2, PGF2α, PGI2, and thromboxane A2 (Figure 2). Two distinct
isoforms of cyclooxygenase are involved in the prostanoid biosynthetic process: COX-1, which is found
in the kidney, stomach and platelets, and COX-2, located in macrophages, leukocytes and fibroblasts.
In the central nervous system, COX-1 is constitutively expressed in neurons, astrocytes, and microglial
cells, while COX-2 is up-regulated under pathological conditions [125].

Special interest in the pathogenesis of ischemic stroke concerns the role of two prostanoids:
prostacyclin, also known as prostaglandin I2 (PGI2), and thromboxane A2 (TXA2). Prostacyclin is
a potent vasodilator and inhibitor of platelet aggregation. In contrast, thromboxane A2 is a strong
vasoconstrictor and inductor of platelet aggregation [126]. The over-production of TXA2 is one of
the key factors causing thrombosis, stroke, and heart disease. PGI2 is the primary arachidonic acid
metabolite in vascular walls; due to its contrasting biological activity to TXA2, PGI2 represents the
most potent endogenous vascular protector, acting as an inhibitor of platelet aggregation and a strong
vasodilator on vascular beds [127]. PGI2 acts mostly as an immune-inhibitory molecule through
multiple cell types such as dendritic cells, macrophages, and T-cells. The decreased biosynthesis
of anti-thrombotic PGI2 alongside with the excessive production of pro-inflammatory PGE2 and
pro-thrombotic TXA2 increases the risk of stroke and heart attack in gene-knockout models [128].
Another study using the transgenic mouse model revealed that the redirection of arachidonic acid
conversion toward favoring PGI2 production over TXA2 and PGE2 clearly contributes to resistance
to induced ischemic stroke [128]. This experimental attempt uses genetic engineering to link the
COX-1 enzyme, which generates the unstable prostaglandin H2 (PGH2) from arachidonic acid, with the
PGIS enzyme that generates PGI2 from PGH2 intermediates. Since PGH2 serves as a substrate for
the production of all of the downstream prostanoids (including PGI2, PGE2) and thromboxane A2,
this approach enables the regulation of prostanoid biosynthesis in favor of PGI2 rather than TXA2 and
PGE2 in cells by channeling the PGH2 intermediate to the PGIS biosynthetic pathway [128].

The post-stroke accumulation of PGE2 is also accompanied by a marked induction of the prostanoid
EP2 receptor expression in the ischemic hemisphere, particularly in neurons of the penumbra [129].
The EP2 signaling pathway contributes to ischemic injury but its inhibition efficiently protects against
the inflammatory neurodegeneration observed in post-ischemic brain tissue. In addition, the other
EP1 prostanoid receptor is also up-regulated following ischemic stroke and its expression is not only
detected in neurons but also in the endothelial cells [130]. The PGE2 action, mediated by the EP1
receptor, leads to the disruption of the blood–brain barrier which, in turn, significantly contributes to
progressive neuronal death in the stroke penumbral region. Additionally, in this case, inhibition of the
EP1 receptor reduces the infarct volume, blood–brain barrier disruption and permeability, neutrophil
infiltration and hemorrhagic transformation in the animal stroke model.

4.2.2. Leukotrienes in Ischemic Stroke

Leukotrienes (LTs) are synthesized form arachidonic acid by the 5-lipoxygenase (5-LOX) enzyme;
this process also requires the presence of 5-LOX-activating protein (FLAP). The pathway generates
two groups of leukotrienes: dihydroxy acid leukotriene B4 (LTB4) and cysteinyl-leukotrienes (i.e.,
LTC4, LTD4, and LTE4) (Figure 2). Leukotrienes are thought to be involved in atherosclerosis and
plaque formation, a process leading to cardio- and cerebrovascular pathology that eventually leads
to occlusion resulting in stroke. However, as leukotriene levels increase after ischemia, they are also
considered the factors responsible for the post-stroke pathology.
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Numerous studies pinpoint leukotriene B4 (LTB4) as the factor responsible for pathological events
occurring during the post-ischemic state. Both the expression of 5-lipoxygenase and the levels of
leukotrienes increase following focal cerebral ischemia in rats and persist for days after reperfusion
in the ischemic core and the boundary zones [131]. The increased and sustained plasma level of
leukotriene B4 is associated with the poor functional recovery of patients with acute middle cerebral
artery infarction [132]. However, studies using animal or cell culture models consistently show that the
regulation of 5-lipoxygenase expression results in a neuroprotective effect in cases of ischemia [133–135].
An evident post-ischemic brain injury is also mediated by the cysteinyl-leukotrienes but is associated
with neuronal damage and astrogliosis [136].

4.2.3. Lipoxin A4 in Ischemic Stroke

Lipoxins (LXs) are a class of eicosanoids that exert anti-inflammatory and pro-resolving activities,
generally reducing tissue injury and chronic inflammation. The synthesis of LXs from arachidonic acid
involves three major lipoxygenases: 5-LOX, 15-LOX, and 12-LOX (Figure 2). Additionally, LXs may be
synthesized in an aspirin-triggered pathway [137].

One representative of this group of molecules, lipoxin A4 (LXA4), has been shown to be very
effective in neuroprotection after brain ischemia-reperfusion injury. The experimental treatment
with LXA4 effectively reduces infarct volume and brain edema, improving the neurological outcome,
as shown for rats after middle cerebral artery occlusion [138,139]. The authors of the studies suggest that
the effect obtained with the treatment may be generated by the inhibition of 5-lipoxygenase translocation
triggered by LXA4 and the resulting reduced biosynthesis of pro-inflammatory leukotrienes [138].

The protective effect of lipoxin A4 also applies to astrocytes. The treatment of these cells with
LXA4 protects against cell damage and attenuates the production of reactive oxygen species under
oxygen-glucose deprivation and re-oxygenation conditions [140]. Up-regulation of the nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling pathway links lipoxin A4 with reduction of oxidative stress
that most likely underlies its protective effect.

4.2.4. Hydroxyeicosatetraenoic Acids in Ischemic Stroke

Hydroxyeicosatetraenoic acids (HETEs) are formed from arachidonic acid in three different
metabolic pathways [141]. The predominant pathway involves lipoxygenases (5-LOX, 12-LOX, and
15-LOX enzymes) that form a variety of HETE molecules, including 5-HETE, 12-HETE, and 15-HETE
(Figure 2). Small amounts of 11-HETE and 15-HETE can be generated by the cyclooxygenases
COX-1 and COX-2. Some HETEs, with the 20-HETE molecule at the forefront, are generated by
cytochrome P450 hydroxylases. The analysis of HETEs composition and quantity in rat brains exposed
to ischemia reveals that the amount of HETE molecules tends to increase with time following the
occlusion [142]. After 72 h, almost all lipoxygenase-generated HETEs are significantly increased in the
affected brain tissue.

Animal studies show that hypoxia up-regulates the expression of 15-lipoxygenase in the brain
artery endothelium after stroke and leads to the increased production of 15-HETE [143]. 15-HETE
promotes angiogenesis and neuronal recovery that protects against ischemic brain infarction and
improves neurological function in a mouse model of focal ischemia. It also stimulates the proliferation
and migration of brain microvascular endothelial cells with the PI3K/Akt signaling pathway involved.
Another study shows that 15-HETE boosts the angiogenesis in mouse ischemic brain by up-regulation
of the vascular endothelial growth factor (VEGF) [144].

Contradictory results are obtained on the role of the 20-hydroxyeicosatetraenoic acid (20-HETE)
in stroke pathology as it is either described as detrimental or beneficial. 20-HETE is produced
by cytochrome P450 members, mainly CYP4A and CYP4F. The role of 20-HETE in ischemic brain
pathology depends on whether it is determined in the early or late post-stroke phase. On the one hand,
elevated 20-HETE levels that are detected in the plasma of ischemic stroke patients associate with
greater lesion size and neurological impairment, reduced cognitive functions and poorer functional
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independence in daily living [145]. Some authors propose that this particular eicosanoid may serve as
a valuable predictor of neurological deterioration prognosis in acute minor ischemic stroke as their
findings indicate the association of high 20-HETE plasma levels and neurological deterioration and
poorer prognosis in patients [146]. The increased production of 20-HETE is also observed in animal
ischemia-reperfusion models [147,148]. For example, the expression of 20-HETE synthase increases
in the plasma and brain of animals after experimental cerebral ischemia and clearly contributes to
oxidative stress and endothelial dysfunction [148].

On the other hand, the increase in CYP4A expression and 20-HETE production following
oxygen-glucose deprivation noted in astrocytes promotes angiogenesis via the induction of endothelial
cell proliferation, tube formation and migration in a later stage of stroke [149]. The specific
cross-talk discovered between astrocytes and endothelial cells is mediated by 20-HETE and involves
HIF-1α/VEGF and JNK signaling pathways. The beneficial effects of 20-HETE on recovery from
stroke are confirmed—the inhibition of CYP4A, an enzyme involved in 20-HETE synthesis, resulted in
diminished peri-infarct angiogenesis and worsened neurological deficits in mice. The authors highlight
that, although 20-HETE induces neuronal and vascular injury in the early post-stroke phase, in the
later post-stroke phase, this mediator is necessary for neurovascular repair and remodeling to obtain
functional recovery after stroke.

4.2.5. Epoxyeicosatrienoic Acids in Ischemic Stroke

The synthesis of epoxyeicosatrienoic acids (EETs) from arachidonic acid is catalyzed by cytochrome
P450 epoxygenases from the CYP2C and CYP2J families. Four biologically active EETs belong to
this group of eicosanoids: 5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET (Figure 2). These molecules
are metabolized to less bioactive dihydroxyeicosatrienoic acids (DHETs) by the soluble epoxide
hydrolase (sEH).

EETs exert strong neuroprotective effects in the case of cerebral ischemia, especially with
regard to components of the neurovascular unit. While oxygen-glucose deprivation decreases
the viability of cerebral smooth muscle cells, different types of EETs prevent these events during in vitro
experiments [150]. 14,15-EET shows the strongest anti-apoptotic effect under these conditions [150,151].
Two pathways are linked to the protective effects of EETs: PI3K/Akt pathway and ATP-sensitive
potassium channels contribute to the EETs-protective effects on cerebral microvascular smooth muscle
cells [151], while the JNK/c-Jun and mTOR signaling pathway contributes to the anti-apoptotic effect
of 14,15-EET under conditions of oxygen-glucose deprivation [150].

4.3. Eicosanoids as the Target for Ischemic Stroke Treatment

The emphasis on the role of eicosanoids in the pathology of ischemic stroke has opened up
new perspectives for the development of treatments based on modifications within the biosynthetic
pathways of these lipid mediators.

The modulation of prostanoid biosynthesis with cyclooxygenase inhibitors has been proposed as
one potential treatment strategy. To date, aspirin is the only antiplatelet agent that is used effectively in
the early treatment of acute ischemic stroke. Aspirin irreversibly inhibits COX activity in platelets
and prevents the conversion of AA to thromboxane A2. The decline in the risk of mortality and
morbidity when aspirin is initiated within 48 h of acute ischemic stroke is small though significant [152].
Targeting prostanoid biosynthesis with COX-2 inhibitors, such as nonsteroidal anti-inflammatory
drugs (NSAIDs), the classical pain medications, or the novel COX-2 selective inhibitors (e.g., celecoxib
or rofecoxib), has been shown to reduce edema, neuroinflammation, and infarct size in rodent stroke
models [153]. Although administration of these drugs reveals a neuroprotective effect in stroke models,
adverse effects, including an increased risk of stroke, occur following long-term usage. A recent increase
in the number of heart attacks related the use of COX-2 inhibitors is attributed to their ability to reduce
PGI2 and increase TXA2 biosynthesis in vascular walls and platelets [154]. A disrupted production
balance in favor of TXA2 over PGI2, the most important vascular protector, is shown to be responsible,
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at least in part, for the pro-thrombotic and pro-atherogenic effects [155]. A clinical trial of a small
group of ischemic stroke patients confirmed that treatment with intravenous prostacyclin infusions
results in clinical improvement, with regression of hemiplegia or hemiparesis, the disappearance of
aphasia, and clearing of consciousness within a few hours after administration [156]. Vasodilation of
cerebral microvessels is the effect that may account for the benefit of PGI2 on post-ischemic brain tissue.
Interestingly, statins, apart from their lipid-lowering activity, have also been shown to be effective in
reducing TXA2 levels in ischemic stroke patients [157]; thus, extensive studies should investigate the
role of statin use as a post-stroke treatment.

The lowering of leukotriene B4 synthesis as an ischemic stroke treatment has also been
intensively investigated. For example, the experimental inhibition of 5-lipoxygenase with zileuton,
an anti-asthmatic drug, attenuates inflammation in the ischemic zone, reduces brain damage, neuronal
apoptosis, infarct volume and even improves neurological deficits [133–135]. Similar neuroprotection
against the injury caused by ischemia-reperfusion is also mediated by the regulation of 5-lipoxygenase
expression by microRNA [158]. The disruption or inhibition of the FLAP to block leukotriene synthesis is
as efficient in reducing brain edema and neuroinflammation [159]. Antagonists of cysteinyl-leukotriene
receptor 1, pranlukast [136], or receptor 2, HAMI 3379 [160], protect against cerebral ischemic injury,
ameliorate neuron loss, inhibit astrocyte proliferation, decrease cytokines release, microglial activation
and neutrophil accumulation in ischemic regions.

The level of 20-HETE can be effectively modulated by selective inhibitors, such as TS-011 or
HET0016, or by the 20-HETE antagonist, 20-hydroxyeicosa-6(Z),15(Z)-dienoic acid. Administration
of these agents results in reduced infarct volume, improved microcirculation in the infarct area, and
better post-ischemic neurological outcomes in animal stroke models [147,161–163]. However, as the
role of 20-HETE is reported to be both detrimental and beneficial for stroke pathology, the appropriate
modulation of the level of this eicosanoid may be challenging in diverse post-stroke stages.

Increasing lipoxin A4 levels seem to be a promising treatment approach; however, physiologically,
LXA4 is rapidly inactivated. Thus, synthetic analogues could be more promising agents for that kind
of stroke therapy. For example, the BML-111 analog of LXA4 reduces the infarct volume and improves
sensorimotor function in the early post-ischemic phase in rats, but does not affect behavioral deficits in
the long-term [164]. However, the administration of an LXA4 analog was efficient in reducing levels of
pro-inflammatory cytokines and chemokines and increasing the anti-inflammatory cell populations
in the post-ischemic brain. Another lipoxin A4 analog, LXA4 methyl ester (LXA4ME), was shown to
reduce the brain injury by ameliorating the blood–brain barrier dysfunction in a rat model of transient
or permanent cerebral ischemic injury [165].

Reduction of the infarct volume, apoptosis in the ischemic area and the amelioration of neurological
deficits can also be achieved by blocking of the downstream EET metabolism by inhibitors of
sEH [166–168]. Both cell culture and animal studies prove that sEH inhibitors mediate cerebral
protection by increasing the levels of EETs. For example, astrocytes treated with sEH inhibitors
increase the concentration of EETs after the ischemia-like event and, as a result, release higher levels of
protective neurotrophic factors, such as vascular endothelial growth factor (VEGF), which prevent
neuronal cell death [167]. Another study showed that 14,15-EET itself or the inhibition of sEH
attenuates neuronal apoptosis, astrogliosis and microglia activation, reduces inflammatory responses
and promotes angiogenesis in the rat brain after occlusion of the middle cerebral artery [169].

5. Conclusions

Stroke is a devastating brain injury with tremendous consequences for human health.
Understanding the pathophysiology of ischemic stroke is critical for reducing the burden of the
disease or developing therapies. Lipids and lipid mediators, such as eicosanoids, largely contribute to
the pathophysiology of ischemic stroke and possible mechanisms of their involvement, discussed in
this review, are summarized on Figure 3.
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The prevalence of stroke continuously increases because the elderly population is growing faster
than the populations of other ages. Stroke is one of the main causes leading to disability and reduced
quality of life worldwide; thus, the development of preventive and therapeutic interventions is
urgently needed. Approved treatments for ischemic stroke are limited to aspirin, recombinant tissue
plasminogen activator (rtPA) and mechanical thrombectomy. Each year, we observe the progress in
stroke research, but the findings are not always successfully translated into the clinic.

Figure 3. Possible mechanisms of involvement of serum lipids and eicosanoids in the pathophysiology
of ischemic stroke. Arrows indicate stimulation, while bar-headed lines indicate inhibition. Green
color stands for beneficial, while red for detrimental effects. Abbreviations used: 15-HETE,
15-hydroxyeicosatetraenoic acid; 20-HETE, 20-hydroxyeicosatetraenoic acid; EETs, epoxyeicosatrienoic
acids; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Lp(a), lipoprotein(a); PGE2,
prostaglandin E2; PGI2, prostaglandin I2, prostacyclin; PUFAs, polyunsaturated fatty acids; TXA2,
thromboxane A2.

An effective stroke treatment must focus on rescue of the penumbra zone from ischemic injury
to preserve the viability and vitality of as many cells in this zone as possible. Studies on cell
culture and animal stroke models have indicated many potential targets for therapeutic interventions
within the biosynthetic pathways of lipids and lipid mediators, especially eicosanoids, derived from
polyunsaturated fatty acids (summarized in Table 1). Specific enzyme inhibitors, expression modulators
or receptor antagonists are able to redirect the metabolite flow in a way that beneficial rather than
detrimental effects in the post-stoke brain tissue can be obtained. Neuroprotective, anti-inflammatory
and pro-angiogenic effects of these experimental treatments attenuate ischemic brain damage, reduce
the infarct area, boost the microcirculation and improve neurological deficits and recovery; however,
a lot of research is necessary to determine the molecular mechanisms, efficacy and safety of that kind
of intervention.
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A number of serum lipids are associated with the risk of ischemic stroke. In clinical practice,
the most common laboratory tests determine only the traditional lipid profile. However, research
findings show that, for example, lipid ratios are better predictors of vascular risk than a single
isolated lipid value. Conventional serum lipid measurements often ignore additional parameters like
composition, particle size or the concentration of lipid subclass. Studies show that non-traditional
lipids may also be good predictors of stroke risk. More evidence is needed to fully unravel the
relationship between lipids, type of lipids, lipid profile (traditional and non-traditional) and stroke.
However, it is worth considering including non-traditional lipid measures in daily clinical practice to
better predict the risk of stroke in a patient or monitor the recovery of a patient who had already had a
stroke episode.

Table 1. Therapeutic interventions targeting lipids and lipid mediators in the prevention and treatment
of ischemic stroke.

Therapeutic Intervention 1 Effect Application 2 Reference

Lipid-lowering therapies for stroke prevention
Lowering cholesterol with statins Anti-atherogenic: LDL cholesterol decrease Clinical use [91,92,97]

Lowering cholesterol with PCSK9 inhibitors,
siRNAs, mimetic peptides, adnectins,
vaccinations

Anti-atherogenic: increased LDL-C clearance
from circulation Experimental [99–105]

Reduction of hypertriglyceridemia with fibric
acid and derivatives

Anti-atherogenic: triglyceride decrease; HDL
cholesterol increase Clinical use [106,107]

Lowering Lp(a) levels with niacin, PCSK9 or
CETP inhibitors, or antisense oligonucleotides Anti-atherogenic: reduced Lp(a) in circulation Experimental [108,109]

Eicosanoid-targeted therapies for post-ischemic brain tissue rescue
Lowering prostaglandins level with
COX inhibitors

Anti-atherogenic: anti-platelet effect of aspirin
Neuroprotection: anti-inflammatory actions Clinical use Experimental [152,153,170]

Increasing prostacyclin levels with
intravenous infusions Vasodilation of cerebral microvessels Experimental [156]

Lowering TXA2 levels with statins Anti-thrombogenic: TXA2 level decrease,
anti-platelet activity Experimental [157]

Decreasing leukotriene B4 synthesis with 5-LOX
inhibitors, microRNAs, FLAP inhibitors, or
CysLT receptors antagonists

Neuroprotection: anti-inflammatory and
anti-apoptotic actions, reduced neuronal loss Experimental [133–136,158–160]

Increasing lipoxin A4 levels with LXA4 or
LXA4ME analogues

Neuroprotection: anti-inflammatory action,
blood–brain barrier rescue Experimental [164,165]

Lowering 20-HETE levels with inhibitors
or antagonists Neuroprotection: improved microcirculation Experimental [147,161–163]

Increasing EETs levels with sEH inhibitors
Neuroprotection: anti-apoptotic,
anti-inflammatory, pro-angiogenic,
astrogliosis-preventive actions

Experimental [166–169]

1 Abbreviations: 20-HETE, 20-hydroxyeicosatetraenoic acid; 5-LOX, 5-lipoxygenase; CETP, cholesterylester transfer
protein; COX, cyclooxygenase; CysLT, cysteinyl leukotriene; EETs, epoxyeicosatrienoic acids; FLAP, 5-LOX-activating
protein; Lp(a), lipoprotein(a); LXA4, lipoxin A4; LXA4ME, lipoxin A4 methyl ester; PCSK9, proprotein convertase
subtilisin/kexin type-9; sEH, soluble epoxide hydrolase; TXA2, thromboxane A2. 2 Clinical use: therapeutic
interventions used as a standard prevention or treatment for stroke patients. Experimental: therapeutic interventions
tested in preclinical or clinical studies, but currently not translated into the clinic.
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Abbreviations

AA arachidonic acid
CAD coronary artery disease
CE cardioembolic
CETP cholesterylester transfer protein
COX cyclooxygenase
cPLA2 cytosolic phospholipase A2
CVD cardiovascular disease
CYP cytochrome P450
CysLT cysteinyl leukotriene
DHA docosahexaenoic acid
DPA docosapentaenoic acid
EET epoxyeicosatrienoic acid
END early neurological deterioration
EPA eicosapentaenoic acid
FA fatty acid
FLAP 5-LOX-activating protein
HDL high-density lipoprotein
HDL-C high-density lipoprotein cholesterol
HETE hydroxyeicosatetraenoic acid
HS hemorrhagic stroke
IDL intermediate-density lipoprotein
IS ischemic stroke
LA linoleic acid
LDL low-density lipoprotein
LDL-C low-density lipoprotein cholesterol
LOX lipoxygenase
Lp(a) lipoprotein(a)
LT leukotriene
LX lipoxin
LXA4ME lipoxin A4 methyl ester
NMR nuclear magnetic resonance
non-HDL-C non-high-density lipoprotein cholesterol
NPD1 neuroprotectin D1
OGD oxygen-glucose deprivation
PAF platelet-activating factor
PCSK9 proprotein convertase subtilisin/kexin type-9
PG prostaglandin
PGE2 prostaglandin E2
PGI2 prostaglandin I2, prostacyclin
PUFA polyunsaturated fatty acid
sEH soluble epoxide hydrolase
TC total cholesterol
TG triglyceride
TXA2 thromboxane A2
VEGF vascular endothelial growth factor
VLDL very low-density lipoprotein
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive lung disease of unknown etiology
characterized by distorted distal lung architecture, inflammation, and fibrosis. The molecular
mechanisms involved in the pathophysiology of IPF are incompletely defined. Several lung cell
types including alveolar epithelial cells, fibroblasts, monocyte-derived macrophages, and endothelial
cells have been implicated in the development and progression of fibrosis. Regardless of the cell
types involved, changes in gene expression, disrupted glycolysis, and mitochondrial oxidation,
dysregulated protein folding, and altered phospholipid and sphingolipid metabolism result in
activation of myofibroblast, deposition of extracellular matrix proteins, remodeling of lung architecture
and fibrosis. Lipid mediators derived from phospholipids, sphingolipids, and polyunsaturated fatty
acids play an important role in the pathogenesis of pulmonary fibrosis and have been described to
exhibit pro- and anti-fibrotic effects in IPF and in preclinical animal models of lung fibrosis. This
review describes the current understanding of the role and signaling pathways of prostanoids,
lysophospholipids, and sphingolipids and their metabolizing enzymes in the development of lung
fibrosis. Further, several of the lipid mediators and enzymes involved in their metabolism are
therapeutic targets for drug development to treat IPF.

Keywords: pulmonary fibrosis; lipid mediators; sphingolipids; sphingosine-1-phosphate; sphingosine
kinase 1; prostaglandins; lysophosphatidic acid; autotaxin; G-protein coupled receptors;
lysocardiolipin acyltransferase; phospholipase D; oxidized phospholipids

1. Introduction

Lipids are the principal constituents of cell membranes and play an essential role in several
physiological and pathophysiological processes by mediating intracellular and extracellular cues.
Phospholipids and sphingolipids, which are the structural components of the membranes, regulate cell
shape, ion transport, intra- and inter-cellular communication and signaling. Many of the lipid-derived
mediators are short-lived second messengers, and regulate cellular functions as migration, proliferation,
apoptosis, redox balance, and cytoskeletal organization. Alteration or aberration in the generation of
lipids mediators has been shown to regulate the physiology and pathophysiology of several disorders
including, but not limited to, cancer, brain injury, cardiovascular diseases, kidney diseases, and
pulmonary complications [1–6]. This review will specifically highlight the involvement of lipid
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mediators in pulmonary fibrosis (PF) and provide some mechanistic insights into the regulation of
idiopathic pulmonary fibrosis (IPF) pathology by various lipid metabolites in animal models that
mimic IPF.

IPF is a progressive fibrotic disease of the lung of unknown etiology that occurs in older adults,
diagnosed as usual interstitial pneumonia with a clinicopathologic criteria [7], wherein the lung
tissue becomes thickened from scarring [8–10]. The compromised architecture leads to disturbed
gas exchange, decreased lung compliance, and respiratory failure and death [11]. Recurrent injury
to the lung epithelium triggers pro-inflammatory and pro-fibrotic signaling involving the alveolar
epithelial cells (AECs), alveolar macrophages (AM), fibroblasts, and endothelial cells contributing
to the fibrotic foci and progression of IPF [12–15]. This pathogenesis is characterized by epithelial
cell apoptosis, epithelial-to-mesenchymal cell-transition (EMT), endothelial-mesenchymal transition
(EndMT), activation of fibroblasts which differentiates into contractile myofibroblasts leading to
deposition of the extracellular matrix and scar tissue formation [12].

TGF-β is a critical cytokine that drives development of fibrosis. In mammals, three major isoforms
of TGF-β have been identified, namely TGF-β1, -2, and -3 [16], and TGF-β1 is the predominant isoform
expressed in lungs of IPF patients and preclinical models [17]. Activation of TGF-β1 binding to TGF-βRII
via the SMAD2/3/4-dependent pathway leads to the fibrogenic program with extracellular matrix
synthesis. TGFβ1-mediation of PF is recognized additionally via SMAD-independent non-canonical
pathways [18]. Some of these known regulators include JNK kinase, MAPKinase, PI3K/Akt, and
Rho kinase pathways, and their inhibitors are being targeted for clinical interventions in IPF [19].
Inhibition of bleomycin-induced PF and extracellular matrix (ECM) deposition was demonstrated
by imatinib, a tyrosine kinase inhibitor, suggesting a crucial role for cAbl kinase [20]. The inhibition
of the lectin, galecin-3, presumably derived from alveolar macrophages has also been shown to
diminish bleomycin and TGFβ-induced fibrosis in a SMAD-independent manner [21]. Currently, IPF
has only two drugs, Nintedanib and Pirfenidone, approved by the Food and Drug Administration
for treatment [12]. Unfortunately, these drugs do not cure the disease, but only aid in slowing
the progression of the disease. Thus, there is a crucial requirement for identifying new targets and
signaling pathways that underlie the mechanisms behind IPF [22]. This review is specifically focused
on the role of lipid-derived mediators and their signaling pathways modulating pulmonary fibrosis,
in humans, and preclinical models. It is beyond the scope of this review to touch on all aspects of
the disease since several recent reviews do justice in this context and will also sway the subject away
from lipid signaling [9,10,12].

2. Plasma Lipid Profile in IPF Patients

Aberrations in phospholipids and sphingolipids metabolism have been identified as potential
contributors to the pathophysiology of IPF. A recent lipidomics study revealed that several lipids were
found to be altered in plasma of IPF patients. Several glycerophospholipids that were screened in this
study were found to be lowered in IPF patients. 30 out of the 159 glycerolipids were distinct between
control and IPF patients [23]. These altered lipid profiles in plasma can be exploited as potential
biomarkers for IPF.

2.1. Fatty Acids and Fatty Acid Elongation in Pulmonary Fibrosis

Biosynthesis of palmitic acid (C16:0) and other long-chain saturated and unsaturated fatty acids is
central to the generation of triglycerides, phospholipids, and sphingolipids with different fatty acid
molecular species that dictate their function and metabolic fate. Cellular levels of free fatty acids are
very low in tissues; however, elevated levels of palmitic acid were detected in the lungs of patients with
IPF compared with control subjects [24]. Palmitic acid-rich high fat diet-induced epithelial cell death
and a prolonged pro-apoptotic endoplasmic reticulum (ER) stress response after bleomycin-induced
lung fibrosis. Palmitic acid accumulation in IPF lungs could be due to a defect in long-chain fatty
acid family member 6 (Elovl6) enzyme that converts palmitoyl CoA to stearoyl CoA or a defect in
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stearoyl CoA desaturase that converts palmitic acid to palmitoleic acid (C16:1 n-7) or stearic acid to
oleic acid (C18:1 n-9). The expression of Elovl6 was decreased in lungs of patients with IPF and lungs
of bleomycin-treated mice [25]. Elovl6 depletion in LA-4 epithelial cells increased the cellular levels of
palmitoleic acid (C16:1 n-7) and decreased stearic acid (C18:0) whereas the levels of linoleic acid (C18:2
n-6) and arachidonic acid (C20:4 n-6) were unchanged. Further, depletion of Elovl6 with siRNA or
exogenous addition of palmitic acid to LA-4 epithelial cells increased reactive oxygen species (ROS)
and apoptosis, which was inhibited by oleic or linoleic acid, while ROS generation was elevated in
Elovl6−/− mice [25]. Similarly, deficiency of stearoyl CoA desaturase-1, which catalyzes conversion of
saturated to monounsaturated fatty acid, induced ER stress, and experimental PF in mice [26]. These
findings suggest that lipotoxicity due to accumulation of saturated fatty acids may have a detrimental
role in the development of lung fibrosis in IPF and in animal models of lung fibrosis by inducing ER
stress and apoptosis in AECs.

2.2. Nitrated Fatty Acids in Pulmonary Fibrosis

Nitrated fatty acids (NFAs) are produced by non-enzymatic reactions between nitric oxide
(NO), unsaturated fatty acids such as oleic acid, and linoleic acid to generate 10-nitro-oleic acid
(OA-NO2), and 12-nitrolinoleic acid (LNO2), respectively [27–30]. OA-N2 and LNO2 are the most
abundant NFAs in human plasma [27], and both are physiological activators of the nuclear hormone
receptor peroxisome-activated receptor γ (PPARγ), which exhibits tissue-protective and wound healing
properties [31]. PPARγ agonists have been shown to exhibit antifibrotic activity in vitro [32], and
in bleomycin-induced PF [33]. NFAs upregulated PPARγ and blocked TGF-β-induced fibroblast
differentiation in vitro and administration of OA-NO2, in mice, post-bleomycin challenge ameliorated
and reversed bleomycin-induced PF, suggesting therapeutic potential of NFAs in resolving PF [34].

2.3. Prostaglandins and Leukotrienes in Pulmonary Fibrosis

Prostaglandins and leukotrienes are lipid autacoids derived by the action of cyclooxygenases
(COXs) 1 and 2 and lipoxygenases, respectively, that oxygenate and cyclize arachidonic acid released
from membrane phospholipids such as phosphatidylcholine by the action of phospholipase (PL) A2.
The oxygenated arachidonic acid intermediate thus generated leads to production of prostaglandin (PG)
E2 (PGE2), prostacyclin (PGI2), prostaglandin D2 (PGD2), prostaglandin F2α (PGF2α), thromboxane
A2 and other eicosanoids catalyzed by a specific PG synthase [35]. Cytosolic PLA2 has been shown
to play a key role in generating proinflammatory eicosanoids, and depletion of cytosolic PLA2

attenuated bleomycin-induced PF and inflammation by reducing production of leukotrienes and
thromboxanes [36]. Since cytosolic PLA2 is the rate-limiting enzyme in eicosanoid biosynthesis,
there has been an ongoing push to develop specific inhibitors for cytosolic PLA2 by researchers and
Pharma companies. One such potent and selective inhibitor of cytosolic PLA2, AK106-001616, reduced
the disease score of bleomycin-induced lung fibrosis in rats [37], but it is unclear if this inhibitor has
been clinically tested for its efficacy against IPF.

2.4. PGD2 in Pulmonary Fibrosis

Prostaglandin D2 (PGD2) is synthesized by hematopoietic PGD synthase (H-PGDS) in
hematopoietic linage cells including mast cells and Th2 lymphocytes. Depletion of H-PGDS was
found to accelerate bleomycin-induced PF and increase vascular permeability [38]. This was found
to be predominantly mediated by inflammation, as seen by increased expression of H-PGDS in
the neutrophils and monocytes/macrophages of an inflamed lung [38]. Supporting this, it was shown
that retroviral injection of H-PGDS expressing fibroblasts in the lung attenuated bleomycin-induced
lung injury and fibrosis [39]. Though the direct role of PGD2 was not shown in PF, the impact of PGDS
and PGD receptor has been identified. Genetic depletion of chemoattractant receptor homologous
with T-helper cell type 2 (CRTH2), a receptor for PGD2, in mice aggravated bleomycin-induced PF, as
seen by prolonged inflammation and delayed resolution of fibrosis [40]. γδT cells expressing CRTH2
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were found to be important in imparting protection against bleomycin-induced PF, when compared to
splenocytes and other hematopoietic cells [40]. PGD2 also regulates fibroblast activity by attenuating
TGFβ-induced collagen secretion via the DP receptor and the c-AMP pathway [41]. PGD2 was also
found to mediate IPF by triggering of MUC5B gene expression in airway epithelial cells through
the activation of ERK MAPK/RSK1/CREB pathway by binding to D-prostanoid receptor (DP1) [42].
MUC5B plays a key role in the development of honeycomb cysts seen in the lungs of IPF patients. Thus,
activation of H-PGDS or depletion/inhibition of CRTH2 in specific cell types may be a therapeutic
approach in ameliorating experimental PF in animal models. It is unclear if blocking PGDS or CRTH2
in IPF patients has any beneficial impact on human lung fibrosis.

2.5. PGE2 and PGE2 Signaling in the Pathogenesis of Pulmonary Fibrosis

Prostaglandin E2 (PGE2), a COX-2-derived eicosanoid, plays an important role in regulating
homeostatic signaling between AECs and lung fibroblasts; however, evidence for its profibrotic role in
animal models is controversial. PGE2 levels in BAL fluids from IPF patients and bleomycin-treated
mouse lungs are lower compared to normal subjects and mice not challenged with bleomycin. While
most of the in vitro studies show that COX-2 and PGE2 are anti-fibrotic, the in vivo data have been
inconsistent in animal models of lung fibrosis. In a vanadium pentoxide-induced model of PF, mice
lacking COX-2 exhibited higher inflammatory responses and lung fibrosis compared to controls
or mice lacking COX-1 [43]. However, in another study, COX-2 deficient mice had exacerbated
lung dysfunction but not fibrosis to bleomycin challenge [44], while a different study showed that
COX-2-/- mice developed both losses of pulmonary function and severe lung fibrosis to bleomycin
challenge [45]. Reasons for these discrepancies are unclear but could be due to differences in the sex
and genetic background of the mice, as well as the dose and route of bleomycin administration. Further,
there have been controversies over the efficacy of PGE2 vs. PGI2 in conferring protection against
bleomycin-induced PF in animal models. Treatment with PGE2 in the lung was found to improve
the bleomycin-induced decline in the lung function and the inflammatory responses in the lung
caused by bleomycin. However, there was no change in the extent of bleomycin-induced fibrosis
in the mice treated with PGE2 [45]. A robust protection against bleomycin-induced lung injury and
fibrosis was achieved by a nanostructured lipid carrier-based delivery of PGE2 specifically to the lungs
along with siRNA targeted against CCL2, HIF1α, and MMP2. This was found to reduce the tissue
damage, inflammation, fibrotic markers in the lung, in addition to improving the mortality [46].
Liposomal instillation of PGE2 through inhalation, but not intravenous injection protected mice against
bleomycin-induced inflammation, reduction in body weight, extent of fibrosis, and mortality rates [47].
Losartan, a selective AT1 receptor antagonist, which increases PGE2 levels in the lung was found to
improve bleomycin-induced inflammation and also reduce the hydroxyproline content in the lungs [48].
However, using several in vivo genetic models it was demonstrated that prostacyclin (PGI2), but
not PGE2, protected against the development of fibrosis and decline in lung function in response to
bleomycin treatment [49]. Derivatives of PGE2 have been tested for protection against lung fibrosis.
Administration of 16, 16-dimethy PGE2 (DM PGE2) protected mice against bleomycin-induced lung
inflammation and PF [50]; however, the effect of DM PGE2 on pulmonary function was not examined.
In addition to the direct role of PGE2 in modulating fibrosis, the PGE2 transporter, PGT/SLCO2A1,
may also play a pathophysiological role in the development and progression of fibrosis. Extracellular
PGE2 is taken up by cells via the high-affinity transporter SLCO2A1, which is expressed in the vascular
endothelium, human and mouse airway bronchial and alveolar Type I and Type II epithelial cells [51].
Mice deficient in Slco2a1 exhibited more severe fibrosis to bleomycin administration as characterized
by exacerbated collagen deposition as compared to WT mice [51]. The mechanism for the protection
conferred by SLCO2A1 is unclear and it is not known why blocking PGE2 transport from outside to
inside the cell exacerbated the fibrosis in bleomycin-challenged mice. Several unanswered questions
such as expression of PGE2 receptors (EP2 and EP4), levels of PGE2 and TGF-β, and PGE2 signaling in
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Sclco2a1 deficient cells in mouse lung need to be addressed to define the potential mechanism(s) of
regulation by the transporter.

The current understanding of potential mechanisms involved in PGE2-mediated attenuation of
lung fibrosis and fibroblast to myofibroblast differentiation could involve but not limited to: (1) PGE2
deficiency in fibrotic lungs; (2) modulation of PGE2 signaling via EP1-4 receptors regulating apoptosis
and proliferation; (3) epigenetic regulation of EP receptors in fibrotic lungs; (4) Interaction between
plasminogen activation and PGE2 generation; and (5) Modulation of cross-talk between PGE2/EP2/EP4
and TGF-β/TGF-βR1/TGF-βR2 signal transduction (Figure 1).

Figure 1. Prostaglandin E2 signaling via EP2/EP4 in epithelial cells and fibroblasts for the development
of pulmonary fibrosis. Schema depicts PGE2 biosynthesis from arachidonic acid by COX2 and
prostaglandin E synthases in alveolar epithelial cells. The autacoid function of PGE2 via its
receptors EP2 and EP4 regulates homeostatic signaling between the alveolar epithelial cells (AECs)
and pulmonary fibroblasts. Fibrotic signaling is specified by enhanced apoptosis and diminished
secretion of PGE2 by AECs due to injury, which in turn promotes fibroblast proliferation, collagen
deposition, and myofibroblast differentiation, distinct in pulmonary fibrosis. AA—Arachidonic
acid, cAMP—cyclic adenosine monophosphate, COX2—Cyclooxygenase-2, EP2,4—Prostaglandin
EP2,EP4 receptor, EPAC—Exchange protein directly activated by cAMP, PC—Phosphatidyl choline,
PGE2—Prostaglandin E2, PGH2—Prostaglandin H2, PKA—Protein kinase A, PTGES—Prostaglandin
E Synthase, PTEN—Phosphatase and tensin homolog.

2.5.1. PGE2 Deficiency in Fibrotic Lungs

Reduced PGE2 levels have been reported in bronchoalveolar lavage fluid and conditioned
culture media of alveolar macrophages (AMs) from IPF patients [52,53], which are consistent with
reduced COX-2 expression in IPF lungs [54–56]. Reduced PGE2 synthesis has been observed in
fibroblasts isolated from bleomycin-challenged rat lungs [57–59] due to diminished expression of
COX-2. This reduction in COX-2 expression in fibroblasts from IPF lungs was attributed to the inability
of transcriptional factors such as NF-κB/p65, CEBPb, and CREB-1 to bind to COX-2 promoter due
to a defective H3 and H4 histone acetylation resulting from increased recruitment of HDACs and
decreased HATs [54]. Injury to the AECs during lung fibrogenesis resulted in an elevated release of
chemokine CCL2 [59], which reduced PGE2 production and stimulated fibrogenesis [60].
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2.5.2. Modulation of PGE2 Signaling via EP1-4 Receptors Regulating Apoptosis and Proliferation

The cellular membrane receptors for PGE2 are termed EP receptors that consist of four different
isoforms namely EP1, EP2, EP3, and EP4 generated from a primitive PGE receptor by gene
duplication [61]. These four EP receptor isoforms show varying degrees of binding to PGE2 with EP3
and EP4 exhibiting high-affinity binding to the ligand [62]. In the normal lung, PGE2 secreted by AECs
inhibits apoptosis of the cells in an autocrine fashion via EP2. However, PGE2 secreted by AECs limit
fibroblast proliferation via EP2/EP4, activate PTEN, increase cAMP levels via adenylate cyclase that
result in diminished fibroblast proliferation. Further, the ability of PGE2 to promote normal fibroblast
apoptosis requires signaling through EP2/EP4 and reduction in protein kinase B (Akt) [63]. Akt is also
negatively regulated by PGE2 by increased cAMP levels generated by PGE2 via EP2/EP4 and PTEN.
PGE2 also limits myofibroblast differentiation in normal lungs by amplifying the inhibitory cAMP and
PTEN [64]. cAMP generated by adenylate cyclase is rapidly degraded in cells by phosphodiesterase
(PDE) 4, and blocking PDE4 that results in accumulation of cAMP induced by PGE2 also limits
TGF-β-induced myofibroblast differentiation [65,66]. In contrast to the anti-proliferative effect of PGE2
in lung fibroblasts via EP2/EP4, PGE2 can promote proliferation of NIH 3T3 fibroblasts by promoting
calcium mobilization [67]. Similarly, PGE2 stimulated neonatal rat ventricular fibroblast proliferation
that was mimicked by sulprostone, an antagonist of EP1/EP3 [68]. Thus, PGE2 is a double-edged sword
that can be antifibrotic or proliferative depending upon the type of EP receptor signal transduction and
nature of the fibroblast investigated.

2.5.3. Epigenetic Regulation of EP Receptors in Fibrotic Lungs

In addition to diminished PGE2 production and signaling in fibrotic lungs, fibroblasts from IPF
lungs [69], and mice with experimental fibrosis [70] showed resistance to antifibrotic activities of PGE2
due to decreased expression of EP2 (PTGER2). The decreased expression of EP2 could be due to
increased degradation, decreased synthesis, or aberrations in DNA methylation. Studies carried out
with IPF patients and two animal models of PF identified hypermethylation of the human PTGER2
and mouse Ptger2 promoters, respectively, containing abundant CpG dinucleotides susceptible to
methylation [71]. Further, inhibition of DNA methylation with 5-aza-2′-deoxycytidine restored EP2
mRNA and protein expression and responsiveness to PGE2 in IPF lung fibroblasts. The increased
PTGER2 promoter methylation was mediated by increased Akt signaling and PTEN suppression in
PGE2 resistant IPF lung fibroblasts [71]. Thus, epigenetic hypermethylation of EP2 provides a novel
mechanism of conferring resistance to PGE2 signaling in IPF lung fibroblasts, and in experimental
animal models of fibrosis.

2.5.4. Inter-relationship between Plasminogen Activation and PGE2 Production in Pulmonary Fibrosis

Plasminogen activation to plasmin protects lungs from fibrosis and patients with PF exhibit
fibrin accumulation in the lungs due to increased expression of plasminogen activation inhibitor-1
(PAI-1) [72,73]. One potential mechanism underlying the antifibrotic effect of plasmin is through
PGE2. Plasminogen activation upregulates PGE2 in AECs, fibroblasts, and fibrocytes from control
and bleomycin-treated mice, and PGE2 production was exaggerated in lung fibroblasts, fibrocytes and
AECs from Pai1−/− mice compared to the cells from the control group. Further, it has been shown
that plasmin stimulated PGE2 production in AECs, and fibroblasts involved the enzymatic release of
HGF by plasmin and subsequent HGF-mediated upregulation of COX-2 [74]. Interestingly, PGE2 also
modulates expression of the plasminogen activation system such as PAI-1 in non-lung cells [75,76].
These findings suggest an important inter-relationship between plasminogen activation to PGE2 and
PGE2 stimulation of PAI-1 regulates lung fibrosis process.
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2.5.5. Crosstalk between PGE2 and TGF-β Signaling in Fibroblast Differentiation

PGE2 is an antifibrotic lipid mediator and TGF-β is a multifunctional cytokine that drives fibrosis
in IPF and experimental models of lung fibrosis. Evidence strongly suggests potential interaction and
crosstalk between PGE2/EP2/EP4 and TGF-β/TGF-βR1/TGF-βR2 signaling pathways in regulating
anti- and profibrotic cascades in lung fibroblasts. It has been reported that TGF-β1 induces PGE2,
but not procollagen synthesis in human fetal lung fibroblasts that was pertussis-toxin sensitive [77];
however, other studies have demonstrated that TGF-β1 downregulates COX-2 expression leading
to decreased PGE2 in human lung cancer A549 epithelial-like cells, which is involved in fibrotic
response to TGF-β1 [78]. Several studies have shown that PGE2 antagonizes TGF-β signaling
and responses in lung fibroblasts. PGE2 inhibited TGF-β1-induced fibroblast-to-myofibroblast
differentiation that was SMAD-independent but involved cell shape and adhesion-dependent binding.
PGE2 had no effect on TGF-β1-mediated SMAD phosphorylation or its translocation to the nucleus
but diminished phosphorylation of paxillin, STAT-3, and FAK and limited activation of PKB/Akt
pathway [79]. Interestingly, PGE2 not only prevented but also reversed the TGF-β1-induced
myofibroblast differentiation as characterized by the ability of PGE2 to reverse expression of 368 genes
upregulated and 345 genes down-regulated by TGF-β1 [80]. Moreover, PGE2 inhibited TGF-β-induced
mesenchymal-epithelial transition [81] suggesting modulation of the injury-repair process. Many of
the opposing effects of PGE2 to TGF-β response seem to involve changes in intracellular calcium.
In fibroblasts isolated from normal lungs, PGE2 inhibited TGF-β-promoted [Ca2+] oscillations and
prevented the activation of Akt and Ca2+/calmodulin-dependent protein kinase-II (CaMK-II) but
did not prevent activation of Smad-2 or ERK. PGE2 also eliminated TGF-β-stimulated expression of
collagen A1, and α-smooth muscle actin (α-SMA) [82]. However, as fibroblasts isolated from IPF lungs
show resistance to TGF-β and PGE2 signaling, it is unclear if the expression of EP2/EP4 and TGF-β
R1/TGF-βR2 are both modulated in these differentiated myofibroblasts. Further studies are necessary
to define the precise interaction between these two signaling pathways in the regulation of fibrogenesis.

2.6. PGF2α and PGF2α Receptor in Pulmonary Fibrosis

Prostaglandin F2α (PGF2α) has been shown to be a pro-fibrotic eicosanoid that stimulated
fibroblasts proliferation and collagen production in a TGF-β independent manner. In vivo studies
revealed that signaling via its cognate receptor Ptgfr is involved in the development of lung fibrosis, with
attenuation of bleomycin-induced fibrosis but not inflammation in Ptgfr−/− mice and was independent
of the TGF-β pathway [83]. Pharmacological inhibition of TGF-βR1 kinase in Ptgfr−/− mice further
inhibited lung fibrosis suggesting that PGF2α/PF pathway was signaling in a TGF-β independent
manner. Further, PGF2α and TGF-β signaling were synergistic in mediating increases in proliferation
and collagen synthesis by murine and human fibroblast cell lines. PGF2α-induced collagen gene
transcription was Rho kinase-dependent; however, Rho-kinase was not involved in TGF-β-mediated
collagen transcription. Additionally, bronchoalveolar lavage (BAL) fluid from IPF patients had high
levels of PGF2α when compared to BAL fluid from patients with sarcoidosis [83].

The clinical relevance of PGF2α in PF was investigated by measuring levels of 15-keto-dihydro
PGF2α, a major and stable metabolite of PGF2α in plasma of IPF patients. Plasma concentrations of
15-keto-dihydro PGF2α were significantly higher in IPF patients than controls, which correlated with
forced expiratory volume in 1 s, forced vital capacity, diffusing capacity for carbon, the composite
physiologic index, 6 min walk distance, and end-exercise oxygen saturation [84]. Thus, an association
of plasma PGF2α metabolite, 15-keto-dihydro-PGF2α with disease severity of IPF and prognosis,
supports a potential pathogenic role for PGF2α in human IPF.

2.7. Leukotrienes and Its Role in Pulmonary Fibrosis

Leukotrienes are immuno-regulatory lipid mediators primarily derived from arachidonic acid by
5-lipoxygenase (5-LO) [85]. 5-LO converts arachidonic acid to 5-hydroperoxy eicosatetraenoic acid
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(5-HPETE), and then to leukotriene LTA4. LTA4 is converted to the dihydroxy fatty acid leukotriene
LTB4 or conjugated to glutathione to generate LTC4. LTC4 is converted to LTD4 and LTE4 by sequential
peptidolytic cleavage [85]. The leukotrienes LTC4, LTD4, and LTE4 are collectively known as cysteinyl
leukotrienes (cysLT) and play an important role in airway diseases. Leukotrienes signal through
G-protein coupled receptors (GPCRs), namely BLT1 and BLT2 for LTB4, and CysLT1, CysLT2, and
CysLTE, also known as gpr99, for cysLTs [86]. Leukotrienes, initially identified to be generated by
leukocytes, are also produced by mast cells, eosinophils, macrophages, and inflammatory cells [85].
LTB4 and LTC4 levels are elevated in BAL and lung tissue lysates from IPF patients, suggesting
constitutive activation of 5-LO in IPF [85,87]. AMs were the major source of increased LTB4 and
LTC4 levels in IPF lungs [88]. In animal models such as bleomycin- and silica-induced PF, the tissue
and BAL fluid content of cysLTs and LTB4 was significantly elevated [89]. Furthermore, targeted
disruption of 5-LO also attenuated bleomycin-induced injury as determined by reduction in the lung
content of hydroxyproline [90]. Additionally, in the silica-induced model of PF, the expression of
the LTB4 receptor was increased while the expression of CysLT type 2 receptor was downregulated
in lung tissue. Furthermore, strong immunohistochemical staining for the CysLT type 1 receptor,
but not CysLT type 2receptor, was observed in pathological lesions [89]. These findings suggest that
an increase in LT production in the lung and modulation of the cysLT receptors may contribute to
the progression of PF. The importance of cysLT receptors in the pathogenesis of PF was further revealed
by downregulation of LTC4 synthase, a key enzyme in cysLT biosynthesis. Genetic deletion of LTC4

synthase protected mice from bleomycin-induced alveolar septal thickening by macrophages and
fibroblasts and collagen deposition [91]. In contrast, knockdown of the cysLT1 receptor significantly
increased both, the concentration of cysLTs in BAL and the magnitude of septal thickening. These
findings provide strong evidence for cysLT1 in regulating bleomycin-mediated lung fibrosis and a shift
in the homeostatic balance from cysLT1 to cysLT2 to drive the fibrogenesis [92]. However, the clinical
relevance of these pathways in patients with IPF and other forms of PF are unknown.

Cellular Senescence and Leukotriene Metabolism in Pulmonary Fibrosis

IPF is a lung disorder of the elderly population, and there is compelling evidence for
aging-associated factors such as cellular senescence, telomerase attrition, and dysregulated metabolism
in the pathogenesis of lung fibrosis. Accumulation of senescent cells in the fibrotic tissue has been
linked to the severity of IPF, and earlier studies have shown that modulation of 5-LO and COX-2 in
senescent fibroblasts [93,94]. In vitro, induction of senescence in human lung fibroblasts (IMR-90) using
irradiation increased expression of phospho-5-LO/total 5-LO ratio and secretion of cysLTs [95]. Further,
the cysLT-rich conditional medium of senescent IMR-90 fibroblasts induced pro-fibrotic signaling in
naïve fibroblasts, which was abrogated by inhibition of 5-LO. In a preclinical model of lung fibrosis,
pre-treatment with ABT-263 that selectively eliminates senescent cells attenuated bleomycin-induced
PF [96]. Interestingly, senescent fibroblast from IPF lungs, but not normal lungs, secreted cysLTs and
not the antifibrotic PGs1 suggesting a role for senescent lung fibroblasts in contributing to a pool of
cysLTs regulating the development of fibrosis [95].

3. Sphingolipids, Sphingolipid Metabolizing Enzymes, and S1p Receptors in Pulmonary Fibrosis

Sphingolipids are present across all eukaryotic cells and serve as structural and signaling lipids
that regulate a variety of cellular functions under normal and pathological conditions. Advances in
comprehensive lipid profiling techniques using LC-MS/MS and LC-ESI-MS/MS have identified close
to 400 sphingolipidome in human plasma and tissues [97] that provide a better understanding of
the functions, regulation and complex network of sphingolipids and sphingolipid-derived mediators
in human health and diseases. Further, the sphingolipids and sphingolipid metabolites signal,
both, intracellularly and extracellularly via G-protein coupled receptors. All sphingolipids share
a common structural feature comprising of a long-chain sphingoid base such as sphingosine [(2S,
3R, 4E)-2-amino octadecc-4-ene-1,3 diol]. The -NH2 (amino) group on C2 is either free or linked
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to long-chain (C16–C18) or very long-chain (C20–C24) fatty acids with or without double bonds to
generate ceramides. Ceramides can be further derivatized by the addition of a head group such
as phosphorus, phosphocholine, glucose, galactose, or several sugar residues. Small amounts of
sphingoid base containing a head group such as phosphorus, phosphocholine, or sugar units without
the amide-linked fatty acid termed as “lyso sphingolipids” have been identified in biological fluids
and tissues. As several excellent reviews describe the chemistry and biochemistry of sphingoid bases
and sphingolipids [98–100], only a brief outline of the metabolism of sphingolipids is presented here.

Sphingomyelin (SM), the most abundant sphingolipid in mammalian cells, is hydrolyzed by
three major sphingomyelinases (SMases), namely acidic, alkaline, and neutral to generate ceramide
and phosphocholine [101]. Ceramide, a pro-apoptotic lipid molecule, promotes cell cycle arrest
and regulates epithelial and endothelial apoptosis in the lung tissue [102]. Ceramide can also be
phosphorylated to ceramide-1-phosphate (C1P) by ceramide kinase, which in contrast to ceramide has
pro-survival function and also plays a role in the inflammatory process [103]. Ceramidases (acidic,
alkaline and neutral) catabolize ceramide to sphingosine, a precursor of sphingosine-1-phosphate
(S1P) [104,105].

Sphingosine, derived from ceramide or dihydrosphingosine, obtained by biosynthesis from
palmitoyl CoA and serine in the de novo pathway, is phosphorylated by sphingosine kinase (SPHK)
1 or 2 to generate S1P [106]. S1P is dephosphorylated to sphingosine by S1P phosphatases (SPP1
or -2, encoded by SGPP1-2) [107] or lipid phosphate phosphatases (LPPs) [107]. However, S1P
can be irreversibly degraded by S1P Lyase (encoded by SGPL1) to ethanolamine phosphate and
Δ2-hexadecenal (Δ2-HDE) [106]. In addition to S1P, S1P lyase also hydrolyzes dihydro-S1P (DH-S1P)
to hexadecanal and ethanolamine phosphate (Figure 2).

Figure 2. Sphingolipids implicated in pulmonary fibrosis, their structure, and metabolizing enzymes.
An overview of de novo pathways of sphingolipid biosynthesis. Formation of the precursor 3-keto
dihydrosphingosine from palmitoyl-CoA and L-serine catalyzed by SPT is the initial rate-limiting step,
followed by generation of complex sphingolipids catalyzed by specific metabolic enzymes resulting in
the generation of ceramides, sphingosine, sphingosine-1-phosphate (S1P), ceramide-1-phosphate
and glucosyl ceramide. S1P or Dihydro S1P is hydrolyzed by S1PL to Δ2-hexadecenal or
hexadecanal, respectively, and ethanolamine phosphate. S1P or dihydro S1P is also converted
back to sphingosine by SPP. Dysregulation of the metabolic pathway intermediates is involved in
the pathogenesis of pulmonary fibrosis. CerS1-6—Ceramide synthase 1-6, DEGS1—Delta 4-Desaturase
Sphingolipid 1, KDSR—Keto dihydrosphingosine reductase, SPT—Serine palmitoyltransferase,
SMase—Sphingomyelinase, SM synthase—Sphingomyelin synthase, SPHK1—Sphingosine kinase
1, SPHK2—Sphingosine kinase 2, S1P—Sphingosine-1-phosphate, SPP—Sphingosine-1-phosphate
phosphatase, S1PL—Sphingosine-1-phosphate lyase.
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In cells, Δ2-HDE is subsequently oxidized to trans-2-hexadecenoic acid followed by CoA addition
to generate trans-Δ2-hexadecenoyl CoA, which is reduced to palmitoyl CoA by Trans-2-enoyl-CoA
reductase (TER) in mammalian cells [108]. The palmitoyl CoA generated from Δ2-HDE is channeled to
glycerophospholipids [108]; thus S1P lyase is a key enzyme in connecting the sphingolipid catabolism
to glycerophospholipid metabolism. S1P is a pleotropic bioactive sphingolipid that is angiogenic and
involved in several cellular functions and signals both intracellularly and extracellularly via G-protein
coupled S1P1–5 receptors on the plasma membrane of cells [109]. Ceramide can also be converted to
glucosylceramide by ceramide glucosyltransferase [110] and other glycosphingolipids [111], and to
ceramide-1-phosphate catalyzed by ceramide kinase [112,113]. Ceramide-1-phosphate is a naturally
occurring bioactive sphingophospholipid involved in non-receptor mediated intracellular actions
of cell proliferation, migration, and inflammation [114]. It is evident that sphingolipid metabolites
generated from ceramide regulate a variety of cellular functions extracellularly via G-protein coupled
receptors and intracellularly by non-receptor mechanisms.

3.1. Sphingomyelin and Sphingomyelinase in Pulmonary Fibrosis

Sphingomyelin, once considered to be an inert but essential membrane component, is now
recognized as an important bioactive lipid and precursor for ceramide and sphingosylphosphocholine
in mammalian cells [115]. Sphingomyelin is hydrolyzed by sphingomyelinase (SMase),
a phosphodiesterase, to ceramide, which regulates a variety of cellular processes such as apoptosis,
autophagy, senescence, infection, and inflammation [104]. At least five types of SMases have been
identified and classified according to their cation dependence and pH optima. The five types of
SMases are: lysosomal acid SMase; secreted zinc-dependent SMase; Mg2+-dependent neutral SMase;
Mg2+-independent SMase; and alkaline SMase [116]. Among the SMases, the acid SMase (ASMase)
has been widely studied as it is activated by stress and specific developmental cues that result in rapid
generation of ceramide in the plasma membrane. Importantly, the ASMase exists in complex with acid
ceramidase that cleaves ceramide to sphingosine. ASMase and its role in several human pathologies
such as Farber disease [117], and cystic fibrosis [118] are known. Recent advances in the development
of small molecule inhibitors to block ASMase to reduce inflammation in preclinical models of cystic
fibrosis are encouraging but unclear for IPF and further studies are necessary to explore the therapeutic
potential in lung fibrosis [119,120]. ASMase plays a role in experimental PF. Mice challenged with
bleomycin to induce inflammation and PF showed increased activity of ASMase and acid ceramidase
in lung tissue lysates, and deletion of ASMase in mice reduced bleomycin-induced lung inflammation,
collagen deposition, and development of lung fibrosis [121]. Although these data suggest a role for
ASMase in bleomycin-induced PF, it is unclear if ASMase expression and activity are altered in IPF
lungs and in cells from IPF lungs, which require further investigation. Additionally, SMPD1 the gene
that encodes ASMase is subject to epigenetic regulation through methylation [122], which requires
further investigation in IPF.

3.2. Ceramide Metabolism and Signaling in Pulmonary Fibrosis

In cells, ceramide could be generated by de novo biosynthesis, sphingomyelin degradation,
synthesis from sphingosine and fatty acid, degradation of glucosyl- and galactosyl-ceramide and
ceramide-1-phosphate [103]; however, the SMase mediated sphingomyelin degradation probably
represents the major mechanism for intracellular ceramide production by cellular stimulation and
stress [123]. Ceramide is central to sphingolipid pathways involved in several human diseases
and accumulation of ceramide has been shown in pathologies such as COPD, cystic fibrosis, PF,
ischemia/reperfusion injury and acute inflammation. Unlike cystic fibrosis [124] and COPD [125]
definitive studies relating to ceramide levels in BAL fluid, plasma, or lung tissue to collagen deposition
or fibrosis in IPF lungs have not been performed. In bleomycin-induced PF, changes in ceramide levels
in BAL fluid and lung tissue were not significantly different from control mice, although S1P levels
were elevated [126]. However, in the radiation model of pneumonitis and fibrosis, ceramide levels in
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the lung tissues were decreased at one-week post-irradiation but significantly increased at six weeks,
which was also seen in the BAL fluid in late stages of radiation [127]. More importantly, the ratio of
ceramide to S1P levels might be a better indicator of sphingolipid involvement in the pathology. In
another study, it was found that mice exposed to 56Fe radiation, the total lung ceramide levels were
found to be elevated predominantly by the increase in palmitoyl fatty acid (C16:0)-containing ceramide
molecular species [128]. While limited data are available on the sphingolipidome of lung tissues,
plasma, or BAL fluid, metabolomics of IPF lungs showed dysregulated SMPD1, SMPD4, and DEGS1
mRNA expression that point to aberrant ceramide production, whereas reduced mRNA expression of
ACER3 suggested dysregulated ceramide metabolism [129]. However, changes in mRNA levels of
the dysregulated sphingolipid metabolizing enzymes were not validated by determining the protein
levels in this study, as mRNA levels may not reflect true metabolomics change.

3.3. S1P Signaling Axis in the Pathophysiology of IPF and Animal Models of Pulmonary Fibrosis

S1P is the simplest bioactive sphingophospholipid that is present in circulating cells in the blood,
biological fluids including plasma, BAL fluid, and in all the cell types in various organs. Cellular S1P
levels are much lower (<0.5 μM) compared to plasma (0.5–1 μM) and tightly regulated by synthesis and
degradation. About two-thirds of plasma S1P is bound to apolipoprotein M (apoM), which is a minor
component of the High-density lipoprotein (HDL) particle [130–132]. In mammalian cells, S1P is
generated by phosphorylation of sphingosine catalyzed by the lipid kinase sphingosine kinase (SPHK)
1 and 2 [133]. In addition to sphingosine, SPHK2 can also phosphorylate FTY720 a structural analog of
sphingosine [134]. S1P is degraded to sphingosine by S1P phosphatases 1 and 2 [135], lipid phosphate
phosphatases, and by S1P lyase to Δ2-hexadecenal and ethanolamine phosphate [109,136,137]. Platelets
and erythrocytes have much higher levels of S1P as they lack S1P lyase [138]. S1P that is generated
inside the cell is transported to outside by ABC transporters [139] and spinster homolog 2 (SPNS2)
transporter [139]. S1P is a potent angiogenic factor and exhibits a plethora of effects on cellular
functions [134] by binding to a family of G-protein coupled receptors S1P1–5 present on the plasma
membrane of cells. S1P signals intracellularly, independent of S1P1–5, by binding to target proteins
such as telomerase and HDACs [109], and modulates calcium homeostasis, regulates mitochondrial
assembly and function by binding to prohibitin 2 [140], and is a modulator of BACE1 activity in
Alzheimer’s disease [141]. Additionally, S1P has been identified as a missing cofactor required for
the E3 ligase activity of TNF receptor-associated factor 2 (TRAF2) [142]. However, in keratinocytes,
deletion of Traf2, but not Sphk1, disrupted TNF-α-mediated NF-kB and MAPK signaling causing
skin inflammation [143]. There is overwhelming evidence for protection as well as the detrimental
effects of S1P in human diseases. In lipopolysaccharide (LPS)-induced and ventilator-induced lung
inflammatory injury in mice, S1P levels in plasma [144], BAL fluid, and lung tissues were significantly
lower compared to controls [106], and infusion of S1P was found to be beneficial in mouse and
canine models of sepsis [145,146]. However, in lung disorders such as bronchopulmonary dysplasia
(BPD) [147], pulmonary arterial hypertension (PAH) [148], asthma [149], experimental models of
PF [150], and IPF [151] circulating and lung tissue levels of S1P were significantly elevated compared
to controls, and reducing S1P levels by genetic deletion of Sphk1 in mice or inhibition of SPHK1 by
small molecule inhibitors conferred protection. Several excellent reviews have dealt with the role of
S1P signaling in sepsis [152], asthma [153], and BPD [154]; therefore in this section, the role of S1P
signaling in IPF and animal models of PF involving dysregulation of S1P metabolizing enzymes will
be considered.

3.3.1. S1P Levels Are Altered in IPF and Animal Models of Pulmonary Fibrosis

There is only one study that describes S1P levels in IPF. S1P levels were increased in BAL fluid and
serum from IPF patients [151], which correlated with lung function parameters such as diffusion capacity,
forced expiratory volume, and forced vital capacity. In bleomycin- and radiation-induced mouse
models of PF, sphingolipid levels were altered compared to control groups. S1P and DH-S1P levels
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were increased up to 4-fold in mouse lungs after 3, 7, and 14 days of post-bleomycin challenge [126,150].
The increase in S1P and DH-S1P levels in lung tissues on day 21 after bleomycin challenge were partly
restored after administration of a SPHK1 inhibitor, SKI-II [126]. This decrease in S1P and DH-S1P levels
correlated with protection against bleomycin-induced PF and mortality. Similarly, an increase in S1P
and DH-S1P levels was detected in plasma, lung tissue, and BAL fluids 18 weeks after a 20 Gy thoracic
irradiation of mice [155]. In the radiation model of PF, inhibition of sphingolipid de novo biosynthesis
by targeting serine palmitoyltransferase with myriocin decreased levels of S1P and DH-S1P in mouse
lung and plasma and delayed the onset of radiation-induced PF [155]. These studies show that S1P and
DH-S1P levels are upregulated in human IPF and animal models of PF and blocking their production
or enhancing their catabolism can be a therapeutic approach for fibrotic lung diseases.

3.3.2. SPHK1/S1P Signaling Promotes Lung Inflammation and Pulmonary Fibrosis

Increased S1P levels observed in plasma, BAL fluid, and lung tissues of IPF patients and in animal
models of lung fibrosis could be attributed to modulation of its metabolism mediated by SPHKs,
S1P lyase, and S1P phosphatases/lipid phosphate phosphatases. SPHK1, but not SPHK2, protein
expression was increased in lung tissue lysates from IPF patients compared to control subjects, as well
as in the murine model of bleomycin-induced lung inflammation and PF [126,151]. Microarray analysis
of peripheral blood mononuclear cells (PBMCs) for mRNA expression of S1P synthesizing enzymes
(SPHK1/2) negatively correlated with DLCO (diffusing capacity of the lung for carbon monoxide) in
IPF, and Kaplan-Meier survival analysis comparing IPF with control groups demonstrated significantly
reduced survival of patients with high expression of SPHK1 or SPHK2 [126]. The causative role of
SPHK1 in PF was confirmed in genetically engineered mice lacking Sphk1. Bleomycin upregulated
the expression of SPHK1 in lungs compared to WT mice, and genetic deletion of Sphk1, but not Sphk2,
attenuated bleomycin-induced mortality, lung injury and collagen deposition in the lungs. Further,
administration of SPHK1 inhibitor, SKI-II to mice attenuated bleomycin-induced lung inflammation
and collagen deposition in lungs confirming a role for SPHK1-mediated S1P in the development of
PF [126]. The development and progression of IPF and experimental PF show the involvement of
both immune- and non-immune cells. Among the several lung cell types, AECs, fibroblasts, AMs, and
endothelial cells have been implicated in the pathogenesis of lung fibrosis [15,156,157]. Genetic deletion
of Sphk1 in fibroblasts and AECs, but not endothelial cells, protected mice from bleomycin-induced
lung fibrosis [158]. Additionally, a role for SPHK1 was also shown using two alternative models,
namely the radiation-induced lung injury/pulmonary fibrosis (RILI/PF) and asbestos-induced lung
fibrosis (AIPF) models. In the RILI/PF model, the expression of both SPHK1 and SPHK2 was elevated
at 6 weeks in lung tissues [127]. Further, in this model, simvastatin augmented the expression of
both the isoforms of SPHK and conferred protection from radiation-induced lung injury. Although
the mechanisms underlying the differential effects of simvastatin on lung SPHK1 and SPHK2 expression
are unclear, evidence of these changes in RILI/PF supports the idea that SPHK1 and SPHK2 could
potentially serve as useful clinical biomarkers of lung inflammatory injury. In the asbestos-induced
PF model, the SPHK1 inhibitor, PF-543 mitigated collagen deposition, and development of PF in
mice [159]. Thus, SPHK1 appears to be a viable target to ameliorate the development of lung fibrosis
in preclinical models; however, clinical trials to determine the efficacy of SPHK1 inhibitor(s) in treating
IPF are required.

3.3.3. Dihydro S1P Signaling in Pulmonary Fibrosis

DH-S1P levels, similar to S1P are increased in lung tissues of bleomycin-challenged mice [150] and
plasma, BAL fluid, and lung tissues of thoracic radiated mice [126,127]; however, DH-S1P levels in IPF
patients have not been reported. While S1P is profibrotic and activates fibroblasts, DH-S1P seems to
exhibit an antifibrotic property in fibroblasts. DH-S1P inhibited TGF-β-induced SMAD3 signaling and
collagen upregulation in human foreskin fibroblasts through a PTEN/PPM1A-dependent pathway [160].
Additionally, S1P and DH-S1P showed opposing roles in the regulation of the MMP1/TIMP1 pathway
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in dermal fibroblasts [161,162]. DH-S1P is antifibrotic in scleroderma fibroblasts wherein PTEN protein
levels were low that correlated with elevated levels of collagen and phospho-Smad3 and reduced levels
of MMP1. DH-S1P treatment restored PTEN levels and normalized collagen and MMP1 expression, as
well as SMAD3 phosphorylation. The distribution and function of S1P receptors differ in scleroderma
and healthy fibroblasts, suggesting that alteration in sphingolipid signaling pathway may contribute
to scleroderma fibrosis [163].

3.3.4. S1P lyase/S1P Signaling in IPF and Pulmonary Fibrosis

S1P lyase irreversibly hydrolyzes S1P to Δ2-HDE and ethanolamine phosphate and thus regulates
intracellular S1P levels [109,136]. S1P lyase plays an important role in sepsis-induced inflammatory
lung injury, where circulating and lung tissue S1P levels are lower compared to controls. Inhibition of
S1P lyase in vivo increased circulating S1P levels and mitigated LPS-induced lung inflammation [144]
and in vitro restored LPS-induced endothelial dysfunction. In contrast to the sepsis model, inhibition of
Sgpl1 or S1P lyase activity had an opposite effect on fibrogenesis. S1P lyase expression was upregulated
in IPF lung tissues, primary lung fibroblasts isolated from patients with IPF and bleomycin-challenged
mice. Knockdown of S1P lyase (Sgpl1+/−) in mice augmented bleomycin-induced PF, and patients with
IPF had reduced Sgpl1 mRNA expression in PBMCs, exhibited higher severity of fibrosis and lower
survival rate [164]. Thus, the sphingolipid metabolizing enzyme S1P lyase may be a potential target
that would require in vivo activator(s) to reduce S1P levels in IPF patients.

3.3.5. Autophagy and S1P lyase/S1P Pathway in IPF and Pulmonary Fibrosis

Autophagy, an intracellular catabolic process triggered to remove aggregated/misfolded protein(s)
and damaged organelles, plays a role in IPF. Lung tissues from IPF patients demonstrated decreased
autophagic activity as assessed by LC3, p62 protein expression and immunofluorescence, and numbers
of autophagosomes [165]. This inhibition of autophagy was attributed to TGF-β action on fibroblasts
via activation of mTORC1 and increased expression of TIGAR. However, the role of S1P and S1P
signaling in autophagy is controversial. Earlier studies indicate that S1P is an inducer [166–170]
or inhibitor of autophagy [171,172]. Studies carried out in fibroblasts isolated from Sgpl1+/− mouse
lung and overexpression of hSGPL1 in HLFs clearly established a role for S1P in bleomycin-induced
autophagy. Expression of beclin1, LC3, and the total number of autophagosomes in lung fibroblasts
isolated from Sgpl1+/− mice were significantly lower than in WT controls, and chloroquine treatment
increased autophagosome numbers in lung fibroblasts isolated from WT mice compared with those
from Sgpl1+/− [164]. Similarly, transfection of HLFs with adenoviral construct of hSGPL1 enhanced
the expression of LC3 and beclin 1, and reversed TGF-β-induced decrease of LC3 expression and
autophagosome formation [164]. Similar to TGF-β signaling, the S1P-induced mRNA and protein
expression of FN, α-SMA, were also suppressed by overexpression of S1P lyase in HLFs. S1P challenge
also attenuated LC3 expression and autophagosome formation, and overexpression of S1P lyase blocked
S1P-induced attenuation of LC3 mRNA and protein expression [164]. Thus, it has been suggested that
increased expression of S1P lyase in IPF lungs could represent a compensatory mechanism to partly
counterbalance the TGF-β- and S1P-induced inhibition of autophagy, and the enhanced expression of
S1P lyase serves as an endogenous suppressor of PF [164]. Autophagy inhibition might also mediate
epithelial-mesenchymal transition and lung myofibroblast differentiation in IPF [173]. Thus, increased
S1P levels could account for EMT of AEC in IPF [151].

3.3.6. Serine palmitoyltransferase Modulation of S1P Signaling and Pulmonary Fibrosis

The first and rate-limiting enzyme in the de novo biosynthesis of sphingolipids is serine
palmitoyltransferase (SPT), a pyridoxal phosphate-dependent enzyme, which condenses serine
and palmitoyl CoA to generate 3-ketosphinganine (3-keto dihydrosphingosine) that is subsequently
converted to ceramide and sphingomyelin [174] (Figure 2). SPT is composed of two major subunits
SPTLC1 and SPTLC2 that encode 53- and 63-kDa proteins, respectively [175]. Fungal metabolites
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such as sulfamisterin [176] and myriocin [177,178] have been employed to block SPT and interrogate
the role of this enzyme on the overall sphingolipid metabolism in animals and pathologies. In
a major study by Gorshkova et al., a single dose of myriocin decreased radiation-induced pulmonary
inflammation and fibrosis and alleviated the dysregulated lung gene expression at 18 weeks
post-radiation [155]. Additionally, myriocin inhibited the upregulation of S1P/DH-S1P levels and
modified ceramide-sphingoid base molecular species levels in the irradiated animals. Myriocin also
modulated the expression and/or activity of S1P metabolizing enzymes in the lung tissue. Myriocin
treatment attenuated the radiation-induced increase in expression of SPHK1, SPT, and SPGL1, but not
SPHK2; however, the activity of S1P lyase was not modulated compared to control animals. Myriocin
elicited its effect by attenuating TGF-β-induced α-SMA and SPT2 expression and myofibroblast
differentiation in HLFs [155]. Thus, the ability of myriocin to ameliorate radiation-induced lung
inflammation and fibrosis suggests that SPT might be a novel therapeutic target in radiation-induced
lung fibrosis.

3.3.7. S1P Receptors in Pulmonary Fibrosis

S1P signals intracellularly and extracellularly via five G-protein coupled receptors S1P1–5.
Additionally, S1P generated in the nucleus signals within the nucleus independent of S1P1–5 and is
involved in epigenetic regulation of pro-inflammatory genes activated by Pseudomonas aeruginosa in
the lung epithelium [155]. The S1P1–5 are coupled to Gi, Gα, Go, Gq, and G12/13 and this differential
coupling dictates S1P signaling, in part, to various downstream effectors such as MAPKs, PI3K, Src,
nMLCK, adenylate cyclase, phospholipase C (PLC), phospholipase D that result in a plethora of
cellular responses [134,137]. A growing body of evidence suggests a role for S1P2,3 in PF; however,
the role of S1P1, the predominant S1P receptor expressed in many mammalian cells, is unclear as
complete deletion of S1p1 is embryonically lethal. However, some light has been shed on the S1P1 role
in a vascular leak/lung fibrosis. In the bleomycin murine model, prolonged exposure of FTY720 (a
non-selective S1P1,3 modulator) and AUY954 (an S1P1 selective modulator) caused a pulmonary leak
in mouse lungs while low doses of bleomycin did not induce lung fibrosis. However, administration
of either FTY720 or AUY954 along with low doses of bleomycin exacerbated vascular leak that was
accompanied by intra-alveolar coagulation and development of extensive lung fibrosis in mice [179].
To understand the mechanism of FTY720 or AUY954 + bleomycin effect on the development of lung
fibrosis in the context of a vascular leak, an in vivo thrombin coagulation-vascular leak model was
investigated in the presence of bleomycin. Inhibition of thrombin-induced coagulopathy with an
anticoagulant dabigatran, but not warfarin, attenuated lung fibrosis mediated by FTY720+low doses
of bleomycin [180]. The FTY720 + bleomycin-induced vascular leak correlated with increased αvβ6

expression in the lung and thrombin inhibition with dabigatran diminished αvβ6 expression and
activation of the TGF-β canonical signaling [180]. However, this in vivo FTY720 + bleomycin model
does not explain the ability of FTY720 to enhance endothelial barrier function independent of S1P1

in lung endothelial cells [181]. In contrast to FTY720, another analog, FTY720 (S)-phosphonate, that
is non-hydrolyzable by lipid phosphate phosphatases, significantly inhibited bleomycin-induced
alveolar-capillary leakage and inflammatory cell recruitment while FTY720 failed to confer protection
against bleomycin-mediated lung inflammatory injury [182]. The mechanism of protection by FTY720
(S)-phosphonate is unclear, but it preserved expression of S1P1 on the cell surface while FTY720 allowed
S1P1 internalization and recycling in endothelial cells.

S1P2 and S1P3 have been shown to be pro-inflammatory and profibrotic in the bleomycin
model of lung fibrosis. Genetic deletion of S1pr2 or pharmacological inhibition of S1PR2
alleviated bleomycin-induced PF [183]. Bone marrow chimera experiments showed that bone
marrow-derived cells contributed to the development of lung fibrosis, and depletion of macrophages
also reduced bleomycin-induced lung fibrosis. Further, bleomycin challenge increased expression of
pro-inflammatory cytokines such as IL-4 and IL-13, which were diminished in S1pr2-deleted mice [183].
A similar role for S1pr2 in the development of bleomycin-induced lung fibrosis was demonstrated using
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S1pr2 KO mice and JTE-013 [184], a pharmacological inhibitor of S1PR2 in mice [184]. Knockdown
of S1pr3 attenuated bleomycin-induced lung inflammation and PF in mice without changing TGF-β
levels, but by reducing connect tissue growth factor (CTGF) [185]. S1PR1 and S1PR3 agonists such as
FTY720-phosphate and Ponesimod, but not SEW2871, caused a robust stimulation of ECM synthesis
and expression of pro-fibrotic genes including CTGF [186]. Depletion of S1PR2, or S1PR3, but not
S1PR1, in HLFs attenuated Rho activity that is closely associated with fibrosis and differentiation of
myofibroblasts [187]. Thus, both S1PR1 and S1PR3 could be therapeutic targets in PF. Interestingly,
Fingolimod (FTY720) at 1.25 mg and 5.0 mg daily dose given to patients with relapsing multiple
sclerosis showed a reduction in pulmonary function [188] as observed in IPF patients.

3.3.8. Interaction between TGF-β and S1P Signaling in the Pathogenesis of Pulmonary Fibrosis

TGF-β is a critical cytokine that drives the development of IPF and PF in animal models. TGF-β
promotes EMT in AECs [189,190], fibroblast to myofibroblast transdifferentiation [191], and EndMT,
which are key pathways involved in the development of lung fibrosis. TGF-β expression is increased in
the lungs of IPF patients and preclinical models of lung fibrosis [17,192,193]. TGF-β binds to TGF-βRII
and initiates binding to and phosphorylation of TGF-βRI. This triggers recruitment of SMAD2/3 to
the cytoplasmic domain of TGF-βRI, phosphorylates SMAD2/3, SMAD2/3 forms a trimer with SMAD4,
which translocates to the nucleus where it binds to SMAD-binding elements in promoter regions to
modulate gene transcription [194]. Conditional deletion of TGF-βRII in lung epithelial cells protected
mice from bleomycin-induced fibrosis, but these mice developed emphysema-like phenotypes [195,196].
Similarly, Smad3-deficient mice showed alveolar destruction resembling emphysema but developed
lung fibrosis in response to bleomycin [197]. In addition to the canonical pathway of signaling via
SMAD, TGF-β can signal via the non-canonical pathways such as MAPKs, PI3K/Akt, and Rho-GTPase
to modulate AECs and fibroblasts to stimulate a fibrotic phenotype [18,198]. Interactions between
TGF-β/TGF-βR signaling with serotonin, integrins, sGC-cGMP-PKG, S1P/S1PRs, and lysophosphatidic
acid (LPA)/ LPA receptors (LPARs) have been demonstrated. There is overwhelming evidence
indicating the importance of SPHK1/S1P signaling in TGF-β-mediated fibroblast to myofibroblast
differentiation. In HLFs, downregulation of Sphk1 with siRNA or inhibition of SPHK1 activity with
inhibitors decreased α-SMA and fibronectin expression upregulated by TGF-β [126,150,187]. Further,
knocking down S1P2 and S1P3, but not S1P1, with siRNA reduced TGF-β-induced α-SMA expression,
and blocking SPHK1 had no effect on SMAD2/3 phosphorylation [187,199]. In the murine model of
lung fibrosis, bleomycin-induced TGF-β secretion and phosphorylation of SMAD2/3, AKT, JNK1, and
p38 MAPK were mitigated in Sphk1 deleted or SPHK1 inhibitor administered mice, demonstrating
the interaction between the TGF-β and SPHK1/S1P signaling axis in vivo [126,150]. Both in vivo and
in vitro, TGF-β upregulated SPHK1 and enhanced S1P levels and exogenous addition of S1P antibody
to fibroblasts prevented α-SMA and fibronectin increase [126,150], further confirming the release of
S1P from the cell for its extracellular responses. Similarly, TGF-β-induced EMT in A549 epithelial
cells was partially dependent on SPHK1/S1P2,3 signaling axis [151]. TGF-β increased the expression
of both SPHK1 and S1P lyase in HLF, which was blocked by anti-TGF-β neutralizing antibody and
SMAD3 siRNA [164]. The transcriptional activity of SMAD3 in regulating SGPL1 expression induced
by TGF-β was verified by ChIP assay as well as hSGPL1 luciferase promoter activity in HLF [164].
The transcriptional regulation of SPHK1 by SMAD3 or other transcriptional factors in response to
TGF-β in normal and IPF lung fibroblasts needs to be further investigated. The TGF-β-mediated
fibroblast differentiation to myofibroblast was attenuated by overexpression of SGPL1 in HLF and is
attributed to the decrease in intracellular S1P level, increase in expression of LC3 and Beclin1, and
autophagy [164]. Thus, understanding the balance in expression of SPHK1 and S1P lyase in lung
tissues of IPF and animal models will provide a handle to S1P signaling in the progression or resolution
of PF (Figure 3).
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Figure 3. Crosstalk between S1P and TGF-β signaling cascade in pulmonary fibrosis. Profibrotic
signaling by the inflammatory cytokine TGF-β is affected through the dimerization of TGF-β1
and TGF-βII receptors and its phosphorylation and activation of SMADs to induce a fibrogenic
transcriptional program. Transport of S1P generated by SPHK1 activation from the cell to
the extracellular milieu is enabled by SPNS2 transporter. S1P binding to S1P receptors stimulates
mitochondrial reactive oxygen species (mtROS) generation and YAP1 translocation to the nucleus
to influence myofibroblast transdifferentiation and matrix remodeling. AKT—Protein kinase B,
αSMA—smooth muscle αActin, MitoTEMPO—(2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)
-2-oxoethyl)triphenylphosphonium chloride, PF543—SPHK1 inhibitor, SBE—SMAD-Binding Element,
SPNS2—spinster homolog 2, Sph—Sphingosine, SPHK1—Sphingosine kinase 1, S1P—Sphingosine
-1-phosphate, S1PL—Sphingosine-1-phosphate lyase, S1P1–5—Sphingosine-1-phosphate receptors 1–5,
SMAD—Mothers Against Decapentaplegic Homolog, TGF-β—Transforming growth factor beta, TGF-β
RI/II—Transforming growth factor beta receptor I/II, TAZ—Tafazzin, YAP1—Yes-associated Protein 1.

3.3.9. SPHK1/S1P Signaling and Mitochondrial ROS in Pulmonary Fibrosis

The pathophysiology of IPF is characterized by increased ROS production and an imbalance in
redox status of the lung tissue [200,201]. The two major sources of ROS in cells are from mitochondrial
oxidative phosphorylation and activation of NADPH oxidases (NOXs) [202,203]. Altered mitochondrial
homeostasis that includes increased mitochondrial ROS (mtROS), impaired respiration, mtDNA
damage, compromised mitochondrial dynamics and mitophagy have been reported in epithelial cells
and fibroblasts from healthy aged lungs, IPF lungs and lungs from murine models of bleomycin-
and asbestos-induced PF, resulting from upregulation of NADPH Oxidase (NOX) 4, and increased
mtROS and mtDNA damage [204–207]. TGF-β has been shown to induce mtROS through decreased
Complex IV activity in senescent cells [208,209], and recent studies suggest that SPHK1/S1P signaling
stimulates NOX2-dependent ROS generation in lung endothelial cells [137,210–212], and mtROS in
lung fibroblasts [158]. TGF-β stimulated mtROS in HLF that was dependent on SPHK1 expression
and activity as well as YAP activation. Inhibition or downregulation of SPHK1, and YAP1 activity or
expression reduced TGF-β mediated mtROS and scavenging mtROS with MitoTEMPO attenuated
TGF-β-dependent expression of fibronectin and α-SMA, demonstrating a definitive role for mtROS in
fibroblast differentiation. Further, genetic deletion of Sphk1 in mouse lung fibroblasts or inhibition of
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SPHK1 with PF543 (a specific inhibitor of SPHK1) reduced bleomycin-induced YAP1 co-localization
with FSP-1 in fibrotic foci rich in fibroblasts [158]. This study demonstrated a role for SPHK1/S1P
signaling in TGF-β-induced YAP1 activation that is essential for mtROS generation and expression of
fibronectin and α-SMA in fibroblasts. How SPHK1 activates YAP1 in HLFs is unclear. It is important
to determine if both SPHK1 and YAP1 are translocated to the mitochondrial outer membrane to
initiate the process of mtROS production in response to a stimulus such as TGF-β. In confluent
cells, YAP1 is primarily phosphorylated and localized in the cytosol, and upon activation gets
dephosphorylated by phosphatases including PTPN14 [213] and translocates to the nucleus and
functions as a co-transcriptional regulator with TAZ [214,215] (Figure 3).

4. Phospholipids and Phospholipid Metabolizing Enzymes in Pulmonary Fibrosis

Phospholipids are essential components of all biological membranes and metabolic dysregulation
of phospholipids have been shown to contribute to the pathogenesis of several pulmonary disorders
including IPF and experimental PF. Lipidomics of IPF lungs or lungs of animal models have not been
performed; however, phospholipid content in the BAL fluids was reduced in IPF lungs and mouse
lungs of animal models. Aberrant phospholipid metabolism by phospholipid metabolizing enzymes
such as PLA2, PLC, PLD, and lyso PLD or autotaxin (ATX) generate bioactive lipid molecules that play
key roles in the development and progression of lung fibrosis [216]. Further, metabolism of cardiolipin,
a major mitochondrial phospholipid, also seems to contribute to the pathogenesis of IPF. The role
of arachidonic acid-derived prostanoids and leukotrienes on lung fibrosis have been dealt with in
the earlier section and here we will review the recent developments on fatty acid, PLD/PA, ATX/LPA,
cardiolipin metabolism by lysocardiolipin acyltransferase (LYCAT) and oxidized phospholipids in
the pathophysiology of lung fibrosis.

4.1. Surfactant Lipids and Surfactant Proteins in IPF and Pulmonary Fibrosis

The lung surfactants, in addition to dipalmitoyl phosphatidylcholine, dipalmitoyl
phosphatidylglycerol and phosphatidylinositol also include four surfactant proteins, SP-A, SP-B,
SP-C and SP-D, which act as a defense mechanism against toxic pathogens or microbes trying to
invade the lung. SP-A and SP-D serve as biomarkers of IPF, as seen by their ability to predict
the survival rates in IPF patients. In the BAL fluid, the levels of phosphatidylglycerol were lower
while the contents of phosphatidylinositol and sphingomyelin were elevated, and the dysregulated
phospholipid levels correlated with the severity of the disease [217–220]. Administration of a natural
bovine lung extract neutral lipids, phospholipids enriched with phosphatidylethanolamine, fatty acids,
and surfactant proteins attenuated bleomycin-induced lung fibrosis and soluble collagen levels in
mouse lungs [221]. This protective role of the administered surfactant was attributed to the inclusion
of phosphatidylethanolamine in the surfactant preparation. SP-D levels were found to be elevated in
the serum of patients with radiographic abnormalities during IPF [222], whereas elevated levels of
SP-A and SP-D were seen in IPF patients and also systemic sclerosis patients when compared to normal
individuals [223]. Interestingly, another study showed that SP-D levels were increased only in patients
who were diagnosed in late stages of IPF and could be used as a biomarker for progression of disease
during anti-fibrotic treatments [222]. SP-B levels were increased in patients with IPF [224,225], and
BAL fluid analysis showed that SP-A/phospholipid ratio in the BALF was lower in IPF patients and it
could be used a predictive marker for survival in these patients [225]. Mutations in SP-C were seen in
familial and sporadic cases of PF. The levels of SP-B were decreased, and SP-D was increased during
bleomycin-induced fibrosis in the mice, but there was no change in the levels of SP-A and SP-C [226].
SP-C deficient mice were found to have increased infiltration of inflammatory cells, lung architectural
distortion, and increased collagen deposition. There was also delayed resolution of fibrosis in these mice
as seen by sustained apoptosis of the lung parenchymal cells and prominent fibrosis in the centriacinar
and sub-pleural regions containing fibroblasts, collagen fibrils, and damaged interalveolar septa.
Mitochondrial fusion related proteins such as Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2) regulate
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surfactant production in alveolar type II epithelial cells by playing a key role in lipid metabolism which
in turn regulates fibrosis in the lungs. Loss of Mfn1 and Mfn2 in AEC in mice was found to promote
bleomycin-induced lung fibrosis in a recent study [227]. More interestingly, fibrosis was spontaneously
induced in mice with both, Mfn1 and Mfn2 deletion in AECs. AEC cells from Mfn1−/− and Mfn2−/−
mice challenged with bleomycin were found to have altered lipid metabolism of cholesterol, ceramides,
phosphatidic acids, phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, plasmalogen
phosphatidylethanolamine, and decreased SP-B, SP-C gene expression [227]. Mfn1/2-deficient
AECs showed no changes in the SP-B, SP-C gene expression, but with altered lipid profile by
changes in mono-acylglycerol, diacylglycerol, acylcarnitine, cholesterol, phosphatidylserine, and
phosphatidylglycerol levels. Thus, mitochondrial dynamics seems to have an impact on the altered
lipid metabolism in AECs due to bleomycin-induced lung injury.

4.2. Phospholipase D/Phosphatidic acid Signaling Axis in Development of Pulmonary Fibrosis

PLD hydrolyzes phosphatidylcholine to phosphatidic acid (PA), and choline [228–231]. It
can degrade other phospholipids such as phosphatidylethanolamine and phosphatidylserine to
PA and ethanolamine or serine, respectively. In addition to the phosphohydrolase activity, it has
a transphosphatidylation activity where the PA is transferred to primary short-chain alcohols such
as methanol, ethanol, butanol, and propanol, but not secondary or tertiary alcohols, generating
the corresponding phosphatidylalcohol [230]. There are six isoforms of PLD, PLD1-6, of which PLD1
and PLD2 isoforms exhibit the ability to hydrolyze phospholipids and these two isoforms have been
widely recognized in several human pathophysiologies including cancer, hypertension, neurodisorders,
diabetes, and acute lung injury [228–231]. PA is a bioactive lipid second messenger, which is further
converted to diacylglycerol (DAG) or lyso-PA (LPA) by PA phosphatase [232,233] or PA-specific
PLA1/PLA2 [234,235], respectively. PLD mediated PA generation is involved in the regulation of
various cellular processes including cell survival, cell migration, cell proliferation, differentiation,
cytoskeletal changes, membrane trafficking, and autophagy [230,236,237]. PLD was activated by
bleomycin in lung endothelial cells and led to reactive oxygen species generation [238,239]. PLD
activation and PA generation induced by bleomycin in bovine lung ECs were significantly attenuated
by the thiol protectant (N-acetyl-l-cysteine), antioxidants, and iron chelators suggesting the role
of ROS, lipid peroxidation, and iron in the process. This study revealed a novel mechanism of
the bleomycin-induced redox-sensitive activation of PLD that led to the generation of PA, which was
cytotoxic to lung ECs, thus suggesting a possible bioactive lipid-signaling mechanism of microvascular
disorders encountered in PF [238]. A more recent study showed that PLD2, but not PLD1, expression
was elevated in lung tissues of IPF patients compared to control subjects and in lung tissues of mice
with bleomycin-induced PF [239]. Both Pld1−/−and Pld2−/− deficient mice were protected against
bleomycin-induced lung inflammation and fibrosis, thereby establishing the role of PLD in fibrogenesis.
Further, bleomycin stimulated mitochondrial superoxide production, mtDNA damage, and apoptosis,
which was attenuated by the catalytically inactive mutants of PLD1 or PLD2, downregulation of PLD2
expression with siRNA or inhibition of PLD1 and PLD2 with specific small molecule inhibitors [239].
The downstream targets of PLD/PA signaling in the activation of mtROS and fibroblasts are unclear;
however, PA is known to stimulate SPHK1 [239], IQGAP1 via RAC1 [240], mTOR [241], and modulates
mitochondrial function and dynamics [242]. In addition to PLD1 and PLD2, a novel role for PLD4 in
the development of kidney fibrosis has been reported. Genetic deletion of PLD4, a transmembrane
glycoprotein and an isoform of PLD that lacks any enzyme activity, in kidney tubular epithelial cells
attenuated development of kidney fibrosis [243]; however, the mechanism of protection in the absence
of PA generation is unknown.

4.3. Diacylglycerol Kinase in Radiation-Induced Fibrosis

Diacylglycerols are lipid intermediates generated de novo in cells for the biosynthesis of
triglycerides (TGs) and phospholipids and a product of PLC and PLD pathways. DAGs are physiological
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and endogenous activators of protein kinase C (PKC) conventional (α, β, γ) and novel (δ, ε, θ, η)
isoforms that are known regulators of pleiotropic downstream signaling cascades in cells. DAGs
do not accumulate and are converted to PA by DAG kinase (DAGK) or TGs by acyltransferases. Of
the ten isoforms of DAGK, DAGK-α has been shown to promote radiation-induced fibrosis [244].
Radiation-induced transcription of DAGK-α in cells was facilitated by profibrotic transcription factor
early growth response 1 and DNA methylation profiling showed a hypomethylation pattern [245]. In
dermal fibroblasts isolated from breast cancer patients, DAGK-α regulated TGF-β-induced profibrotic
activation and lipid signaling as evidenced by siRNA downregulation of the enzyme or inhibition
by R59949 [246]. In addition, activation of Collagen 1A mRNA expression in fibroblasts by ionizing
radiation or bleomycin was attenuated by DAGK-α siRNA or the inhibitor, R59949. Inhibition of
DAGK-α increased the accumulation of 7 molecular species of DAG and reduced the accumulation of
specific PA and LPA molecular species [245]. In contrast to the radiation model of fibrosis, a 4-fold
upregulation of C18:1/C24:2 DAG species was observed in lung tissues from bleomycin-challenged
mice; however DAGK-α expression and levels of PA or LPA were not determined and the VEGF
inhibitor CBO-P11 had no effect on the DAG levels due to bleomycin treatment [247]. Thus, DAGK-α
is an epigenetically regulated lipid kinase involved in radiation-induced fibrosis and may serve as
a marker and therapeutic target in radiation therapy.

5. Lysophospholipids and Lysophospholipids Metabolizing Enzymes in Pulmonary Fibrosis

Lysophospholipids such as lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine
(LPE) are generated from PC and PE, respectively by PLA1/PLA2 while 1-acyl or 2-acyl lysophosphatidic
acid (LPA) is formed from 1-acyl- or 2-acyl LPC by the action of lyso PLD or ATX [248] (Figure 4).

Figure 4. Generation of lysophosphatidic acid by two different pathways in mammalian cells. Schema
showing the conversion of 1-Palmitoyl-2-arachidonyl phosphatidylcholine to LPA by the metabolizing
enzymes, PLD, PLA1, PLA2, and autotaxin or lyso PLD. LCAT—lecithin-cholesterol acyltransferase,
LPA—lysophosphatidic acid, LPC—lysophosphatidylcholine, lyso PLD—lysophospholipase
D, PA—Phosphatidic acid, PC—Phosphatidylcholine, PLA1/2—Phospholipase A1/2,
PLD1/2—Phospholipase D 1/2.

Lysophospholipids are not major components of normal cellular lipids but their levels are
increased in several human pathologies. LPC levels were elevated in serum samples from IPF patients
as determined by ultra-high-performance liquid chromatography coupled to high-resolution mass
spectrometry, and it was suggested that LPC could serve as a biomarker for IPF [249]. However,
metabolomics analysis of peripheral blood samples from abnormal interstitial lung patients revealed
downregulation of 1-acyl LPC but upregulation of PC, PA, and PE suggesting potential activation of
lipid metabolizing enzymes during the development of interstitial lung abnormalities [250]. However,
LPA, the major lysolipid linked to development of IPF, was not identified in the analysis. Interestingly,
LPA levels were significantly elevated in exhaled breath condensate (EBC) of IPF patients compared
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to normal subjects with LPA 22:4 as the predominant molecular species [251]. In contrast to EBC,
plasma LPA levels were not significantly different between the IPF and normal subjects. LPC levels
were not measured in EBCs in this study. LPA levels were also elevated in BAL fluids from segmental
allergen-challenged asthmatics compared to control subjects with specific upregulation of LPA 22:5
and LPA 22:6 molecular species [252]. The presence of these unusual polyunsaturated LPA molecular
species in EBC, and BAL fluids, but not in plasma, suggests that these could serve as potential
biomarkers in IPF and other lung diseases. Cardiolipin is metabolized by mitochondrial PLA2 to
mono- and dilyso-cardiolipin during normal and oxidative stress and the lysocardiolipin is converted
back to cardiolipin by two remodeling enzymes, tafazzin [253], and LYCAT [254]. Mutations in
the X-linked tafazzin gene result in the accumulation of mono-lysocardiolipin and development of
Barth syndrome [255]. LYCAT plays an important role in IPF and bleomycin-induced PF in mice [254].

5.1. Lysocardiolipin Acyltransferase in Cardiolipin Remodeling

Cardiolipin (CL), a major phospholipid of mitochondria, plays an important role in the structural
organization, energy metabolism, and functioning of the mitochondria [256,257]. It is located mainly
in the inner mitochondrial membrane (IMM), where it interacts with a number of mitochondrial
proteins and enzymes. CL has been identified as an integral component of mitochondrial electron
transport complex III, IV, and the ADP/ATP carrier and is essential for the stability of the quaternary
protein structure. There is evidence that changes in composition and distribution of CL molecular
species may be involved in the impairment of oxidative phosphorylation [258,259]. Conversion of
CL to monolyso CL (MLCL) by mitochondrial phospholipase A2 has been implicated in the process
of apoptosis through its interaction with a number of death-inducing proteins including cytochrome
c, t-Bid, and caspase-8 [260–262]. Recent studies suggest the importance of CL in the severity of
lung injury in experimental pneumonia [263] and role of CL fatty acid composition in mitochondrial
cell function [258]. LYCAT is a key enzyme involved in the remodeling of mitochondrial CL from
monounsaturated to polyunsaturated fatty acyl chains (>60% linoleic acid (C18:2) levels), and LYCAT
transfers poly-unsaturated fatty acyl CoAs to mono- and dilyso-CL resulting in mitochondrial CL
remodeling [254,258](Figure 5).

Figure 5. Cardiolipin remodeling by lysocardiolipin acyltransferase in pulmonary fibrosis.
The mitochondrial phospholipid cardiolipin is converted by iPLA2 or cPLA2 to monolysocardiolipin
(MLCL), a regulator of apoptosis, in the mitochondria. Dysregulation of LYCAT function, which
remodels the fatty acid composition of cardiolipin, has been implicated in pulmonary fibrosis and Barth
syndrome. ALCAT1—Acyl-CoA: lysocardiolipin acyltransferase, CoA—CoenzymeA, FA—Fatty acid,
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LYCAT—lysocardiolipin acyltransferase, LPC—lysophosphatidylcholine,
LPE—lysophosphatidylethanolamine, PC—Phosphatidylcholine, PE—Phosphatidylethanolamine,
iPLA2—calcium-independent Phospholipase A2, cPLA2—cytosolic phospholipase A2.

Bleomycin challenge significantly decreased the cardiolipin level and mol% of C18:1 and C18:2 fatty
acids in mouse lung compared to the control group. In contrast to C18:1 and C18:2, the mol% of C18:0
was higher in the lung of bleomycin-challenged mice. Bleomycin challenge shifted the unsaturated
to saturated fatty acid ratio and unsaturation index were lower in bleomycin-challenged animals,
indicating loss of unsaturated fatty acids, especially C18:1 and C18:2 fatty acids in the cardiolipin.
Overexpression of hLYCAT in bleomycin-treated mouse lung restored the cardiolipin level and
unsaturated to saturated fatty acid ratio and unsaturation index [254].

Lysocardiolipin Acyltransferase and Pulmonary Fibrosis

LYCAT or Acyl-CoA cardiolipin acyltransferase (ALCAT1) is one of the key enzymes involved
in remodeling the fatty acid composition of cardiolipin from saturated and monounsaturated to
polyunsaturated (~60% linoleic acid) fatty acids in the mitochondria [264]. Defective cardiolipin
remodeling and loss of linoleic acid cause dilated cardiomyopathy and Barth syndrome, a genetic
disorder characterized by mitochondrial dysfunction, growth retardation, and neutropenia [265].
LYCAT mRNA expression was significantly reduced in PBMCs of IPF patients; however, in lung tissues
from patients with IPF, and in two preclinical murine models of IPF, bleomycin- and radiation-induced
PF, the LYCAT protein expression was significantly higher compared to controls. LYCAT mRNA
expression in PBMCs directly and significantly correlated with carbon monoxide diffusion capacity. In
murine models, hLYCAT overexpression reduced several indices of lung fibrosis induced by bleomycin
and radiation, whereas downregulation of native LYCAT expression by siRNA accentuated fibrogenesis
in the preclinical bleomycin- and radiation mice models. In vitro, LYCAT overexpression attenuated
bleomycin-induced cardiolipin remodeling, mitochondrial membrane potential, ROS generation, and
apoptosis of AECs. Thus, modulating LYCAT expression could offer a novel approach to ameliorate
the progression of lung fibrosis.

LYCAT expressed in AECs of IPF lungs [254] and in isolated fibroblasts from fibrotic IPF lung
specimens [266]. TGF-β stimulated LYCAT expression in HLF, which was dependent on SMAD3
and mutation of the SMAD2/3 binding sites (−179/−183 and−540/−544) reduced TGF-β-stimulated
LYCAT promoter activity. Overexpression of LYCAT attenuated TGF-β-induced mitochondrial
and intracellular oxidative stress, NOX4 expression, and differentiation of HLFs. MitoTEMPO,
a mitochondrial ROS scavenger, blocked TGF-β-induced mitochondrial superoxide, NOX4 expression,
and differentiation of HLFs. Treatment of HLF with NOX1/NOX4 inhibitor, GKT137831, also attenuated
TGF-β induced fibroblast differentiation and mitochondrial oxidative stress. These results suggest
that TGF-β stimulates LYCAT expression that negatively regulates TGF-β-induced lung fibroblast
differentiation by modulation of mitochondrial ROS. Thus, TGF-β could function as a pro-fibrotic and
anti-fibrotic cytokine in lung fibroblasts and fibrogenesis.

5.2. Autotaxin (Lysophospholipase D), LPA and LPARs

LPA is the simplest naturally occurring glycerophospholipid and consists of a glycerol backbone
attached to a long-chain fatty acid of varying chain length and saturation/unsaturation and a free polar
phosphate group. LPA is found in all cells and biological fluids including plasma, serum, and BAL, and
its levels in biological fluids and tissues are elevated in several human pathologies including IPF and
other forms of PF [248,252,267–269]. Plasma levels of LPA (~0.1–1.0 μM) are much lower compared to
serum (>1.0 μM) due to release of LPC, a precursor for LPA production, from activated platelets and
other circulating cells [248,270].
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5.2.1. LPA Production in Cells by Autotaxin, Phospholipase D, and Acylglycerol Kinase

At least two major pathways have been identified for LPA production in biological systems.
The first pathway is mediated by autotaxin (ATX) or lysophospholipase D that utilizes extracellular LPC
as a substrate to generate LPA and the majority of plasma LPA is produced via this mechanism [248,269,
271]. Intra- and extra-cellular LPA levels are also regulated by membrane-associated lipid phosphate
phosphatases [107,272]. ATX is an ectonucleotide pyrophaphatase-phosphodiesterase 2 (ENPP2) and
encoded by ENPP2 gene in mammalian cells [273,274]. It is secreted as an active protein from cells
and is not a transmembrane protein such as other ENPPs [275]. It was later discovered that plasma
ATX has lyso PLD activity [276] and uses LPC or lysophosphatidylserine as the substrate [248,271].
LPC is abundant in plasma and is associated with albumin and lipoproteins [248,277,278]. LPC is
generated through the hydrolysis of PC by PLA1 or PLA2 and lecithin cholesterol acyltransferase
(LCAT) enzyme. LCAT is a transacylase that transfers fatty acid from sn-2 position of PC to cholesterol
to generate LPC and cholesteryl ester that is predominantly C81:1 (oleic acid) [248]. ATX can also
utilize sphingosylphosphorylcholine as a substrate to generate S1P but the physiological relevance of
this pathway is unclear. ATX is secreted by macrophages, AECs, and adipocytes, and increased ATX
expression and activity has been reported in various human pathologies and experimental models
mimicking human diseases [252,267,271].

The second pathway of intracellular LPA generation in cells involves phospholipase A1/A2
mediated hydrolysis of PA derived from either the de novo biosynthesis or PLD1/PLD2 signaling
axis that uses PC, PS, and PE as substrates. While it will be difficult to distinguish between
the two pools of PA generated inside the cell, specific PLA1 or PLA2 can hydrolyze PA to 1-acyl or
2-acyl-sn-glycero-3-phosphate within the cell [234,235]. The fatty acid composition of LPA derived from
ATX/LPC vs. PLA1-PLA2/PA pathways may vary based on the fatty acid composition of the substrate.
The third minor pathway of intracellular LPA production involves phosphorylation of 1-acyl- or
2-acyl-monoglycerol by acylglycerol kinase (AGK) [279,280]. AGK is a mitochondrial lipid kinase
and PA generated in the mitochondria by AGK can serve as a substrate for the biosynthesis of CL in
the mitochondria. Further, AGK is a subunit of the mitochondrial TIM22 protein import complex.
Mutations in AGK, independent of its kinase activity, dysregulates mitochondrial protein import
leading to Sengers syndrome [281]. The role of AGK in lung pathologies has not been investigated.

5.2.2. LPA Signals via LPARs

The numerous physiological and pathophysiological responses of LPA are mediated through
six 7-transmembrane G-protein coupled receptors (GPCRs) collectively termed as LPA1–6. The six
receptors are widely distributed with overlapping specificities and different affinity for LPA [282].
The LPARs are coupled differentially to Gi, G12/13, Gq/11, and Gs that initiate numerous signaling
cascades within the cell. Several studies have identified stimulation of MAPKs, PI3K, Rho, Rac, and
phospholipase activation by LPA through differential coupling to various Gα proteins. Of the six
LPARs, LPA6 has sequence homology with P2Y receptor and higher affinity to 2-acyl LPA than 1-acyl
LPA [283]. These receptors are highly expressed in lung cells and some of the LPARs are actively
involved in the development and progression of several lung pathologies.

5.2.3. PPARγ is an Intracellular Receptor of LPA

The transcriptional factor, PPARγ regulates a wide range of physiological and pathophysiological
activities including energy metabolism, inflammation, atherogenesis, and fibrosis [284,285]. LPA
and 1-alkyl LPA (alkyl group instead of acyl group) have been shown to be agonists for PPARγ in
mammalian cells [286]. PPARγ is also activated by oxidized phospholipids, fatty acids, eicosanoids,
and oxidized-LDL [287] and activation of PPARγ inhibits the differentiation of fibroblast to
myofibroblast [32]. In contrast to LPA, cyclic PA (cPA), the structural analog of LPA, is generated by
PLD2 mediated hydrolysis of 1-acyl LPC [288] and has been shown to be a physiological inhibitor
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of PPARγ [289,290]. The pathophysiological role of LPA and cPA in modulation of PPARγ and
development of lung fibrosis is unclear.

5.2.4. ATX/LPA Signaling Axis in Pulmonary Fibrosis

Elevated LPA levels were found in BAL fluids of IPF patients and the bleomycin murine
model [268,291]. The increased LPA levels in BAL fluid from IPF patients mediated fibroblast
recruitment and vascular leak [268]. LPA stimulated migration of fibroblasts [292] and induced
expression of TGF-β, fibronectin, α-SMA, and collagen via AKT, SMAD3, and MAPK pathways in
HLF [293]. LPA signaling via LPARs is known to transactivate PDGFR via PLD2 [294] and EGFR [295]
in primary human bronchial epithelial cells. However, in fibroblast activation, LPA increased TGF-β
expression that signaled via TGF-βRI/TGF-βRII and this was blocked by anti-TGF-β antibody. This
suggests the crosstalk between LPA signaling and TGF-β signaling in fibroblast differentiation.

ENPP2 was identified as a candidate gene regulating lung formation, development, and remodeling
by genome-wide linkage analysis coupled with expression profiling [296]. Based on this, the deletion of
both alleles of ENPP2 in mouse (ENPP2−/−) was embryonically lethal [297–299]; however, knockdown
of a single allele (ENPP2+/−) in mouse had no major phenotypic effect in lungs. Overexpression of
ENPP2 in bronchial epithelium or liver resulted in a 2-fold increase of ATX expression in plasma without
any phenotype suggesting ATX/LPA signaling axis per se has no consequence on lung morphology
and function [300]. ATX is constitutively expressed in bronchial epithelium, AMs and other cells in
both humans and rodents, and increased ATX staining mainly localized in bronchial epithelial cells
around fibroblastic foci was seen in lung tissues from IPF patients [291,301]. The upregulation of
ATX directly correlated with disease progression and irreversible PF development. A similar increase
in ATX staining and protein expression was observed in the lungs of bleomycin-challenged mice.
Conditional deletion of ENPP2 in bronchial epithelial cells and macrophages reduced ATX levels in
BAL fluid and disease severity confirming a pathophysiological role for ATX in lung fibrosis [291].
A number of small molecular weight inhibitors have been developed to ameliorate IPF and reverse
fibrosis in patients. ATX inhibitors GWJ-A-23 [291], PF-8380 [216], BBT-877 [302], and GLPG1690 [303]
have been shown to confer protection against bleomycin-induced PF in mice. Among the various
ATX inhibitors, the Galapagos compound GLPG1690 has advanced to Phase III clinical trials and
awaiting outcome on safety and side effects. The ATX inhibitor PAT-048 (Bristol Myers Squibb) seems
to have a different mechanism in attenuating PF mediated by bleomycin [301]. PAT-048 only blocked
ATX-dependent LPA production in plasma and had no effect on bleomycin-induced lung fibrosis and
BAL fluid LPA levels. Additionally, there was discordance in LPC and LPA molecular species from
plasma and BAL fluid. In the BAL fluid, the predominant LPA molecular species were long-chain
polyunsaturated C22:5 and C22:6 fatty acids whereas the BAL fluid LPC molecular species contained
shorter and saturated C16:0 and C18:0 fatty acids. It was concluded that an alternate ATX-independent
pathway(s) was most likely contributed for the local generation of highly polyunsaturated LPA species
in the bleomycin-injured [301]. Lipidomic analysis revealed the presence of highly unsaturated
fatty acids in phospholipids of lung bronchial epithelial cells, alveolar type II epithelial cells, and
AMs [304], indicating the phospholipids in lung cells could be a substrate for PLD to generate PA with
polyunsaturated fatty acids that could generate LPA in the lung.

5.2.5. LPA Signaling via LPA Receptors in the Development of IPF and Pulmonary Fibrosis

LPA signaling via LPA1–3 has been identified to be involved in the development of PF. Fibroblasts
isolated from IPF lungs had elevated expression of LPA1, and inhibition of LPA1 reduced fibroblast
responses to chemotactic activity [268]. The number of apoptotic cells present in alveolar and bronchial
epithelia was significantly reduced in Lpar1 deficient mice that were exposed to bleomycin, and LPA
signaling through LPA1 induced apoptosis of normal bronchial epithelial cells [305]. In contrast to
epithelial cells, LPA signaling through LPA1 promoted resistance of lung fibroblasts to apoptosis. An
antagonist of LPA1, BMS-986020, was found to lessen the extent of the decline in the forced vital capacity
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of lungs in IPF patients [306] while another LPA1 antagonist AM966 attenuated bleomycin-induced
vascular leakage, lung injury, inflammation and fibrosis [307]. Thus, LPA signaling via LPA1 promotes
apoptotic and profibrotic responses in lung epithelial cells and fibroblasts, respectively. Other LPA1

antagonists such as AM152, SAR100842 and ONO-7300243 have been shown to be beneficial in vivo
against bleomycin mediated lung inflammation and fibrosis and in vitro on epithelial cell apoptosis
and fibroblast migration and differentiation; however, none have advanced to or beyond clinical
trials. Similar to LPA1, deficiency of Lpar2 in mice conferred protection from bleomycin-induced
lung inflammatory injury and PF in mice [293]. Reduced number of TUNEL+ apoptotic alveolar
and bronchial epithelial cells was observed in the lung tissues of bleomycin-challenged Lpar2 mice
compared to the WT mice. Further, LPA-induced expression of TGF-β and differentiation of HLFs
was reduced in lung fibroblasts deficient of Lpar2. LPA was found to signal through Lpar2 to regulate
the ERK1/2, SMAD3, AKT, and p38 MAPK pathways, but not SMAD2 and JNK pathways during
PF [293] (Figure 6). The role of LPA3–6 in IPF and experimental lung fibrosis is yet to be established.

Figure 6. Role of lysophosphatidic signaling via lysophosphatidic acid receptors in pulmonary
fibrosis. (A), Alveolar epithelial cell stimulation by lysophosphatidic acid (LPA) activates the G-protein
coupled receptor LPA2 and generation of mitochondrial reactive species (mtROS) promotes caspase-3
mediated apoptotic pathway. Rho/ROCK activation by LPA directs the fibrogenic signaling
via αvβ6 and TGF-β. (B), In the lung vascular endothelial cells, the LPA/LPA1 activation
leads to cytoskeletal changes and VE-cadherin-mediated junctional disruption. (C), LPA/LPA2
signaling in the fibroblasts stimulates the MAPK/ERK and PI3K/AKT pathways, resulting in
enhanced TGF-β production and secretion. This results in activation of the TGF-β dependent
profibrotic signaling mechanisms via TGF-βI/TGF-βII receptors and activation of SMAD proteins
leading to myofibroblast differentiation and collagen production in PF. AKT—Protein kinase B,
CNN1—Calponin1, Col1A1—Collagen Type I Alpha 1 chain, ERK—Extracellular signal-regulated
kinase, Gαq,12/13,i/o—GTP-binding protein complex alpha subunit, LPA—lysophosphatidic
acid, LPA1/2—lysophosphatidic acid receptor type1/2, LPAR—lysophosphatidic acid receptor,
mtROS—mitochondrial reactive oxygen species, MAPK—mitogen-activated protein kinase,
MLC—myosin light chain, PI3K—Phosphatidylinositol-3-kinase, Ras—RAS family of GTPases,
Rho—Rho family of small GTPase, ROCK—Rho-associated coiled-coil containing protein kinase,
SMAD2/3/4—Mothers Against Decapentaplegic Homolog 2/3/4, TGF-β—transforming growth
factor beta, TGF-β RI/II—transforming growth factor beta receptor I/II, VE—Cadherin vascular
endothelial cadherin.
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5.3. Lipid Peroxidation and Oxidized Phospholipids in Pulmonary Fibrosis

Membrane lipids are rich in polyunsaturated fatty acids, which are susceptible to oxidation
and peroxidation by hydroxyl (•OH), hydroperoxyl (•OOH) radicals, and ROS to generate lipid
peroxidation end products, mildly oxidized and truncated oxidized phospholipids [308]. Lipids
can also be oxidized by LPs, COXs, and cytochrome P450 to yield lipid peroxidation products,
and oxidized phospholipids. Cellular antioxidant defense mechanisms maintain the normal redox
status of the cell by scavenging, neutralizing, and repairing the free radicals and oxidized lipids;
however, in pathological conditions, these lipid oxidation products accumulate and affect cell function
and viability. Elevated levels of lipid peroxidation products such as 4-hydroxynonenal, oxidized
phospholipids, or their protein adducts have been identified in BAL fluids and lung tissues of patients
with IPF, COPD, and ARDS [309–311]. Generation and role for lipid peroxidation products have
been shown in bleomycin-induced PF [312] and antioxidants such as α-tocopherol protected the mice
against bleomycin-induced lung injury [313] suggesting a role for lipid peroxidation in pulmonary
toxicity. Resveratrol, a phytochemical and antioxidant, also alleviated bleomycin-induced lung
injury in rats [314] and the thiol protectant, N-acetylcysteine, and the iron chelator, deferoxamine
attenuated the bleomycin-mediated oxidative stress and lung injury [315] supporting the findings that
bleomycin-induced oxidative stress, altered thiol redox status, induced lipid peroxidation, activated
PLD, and caused cytotoxicity in a redox-dependent pathway in lung endothelial cells [238]. Glutathione
peroxidase (GPx) is an important antioxidant enzyme that reduces phospholipid hydroperoxides and
modulation of GPx expression or activity would tilt the redox balance towards oxidation. Reduced
expression of GPx4 and increased 4-hydroxynonenal immunostaining was seen in IPF lungs, and
genetic deletion of GPx4 (Gpx4+/−) mice showed enhanced bleomycin-induced lung fibrosis and
TGF-β-mediated myofibroblast differentiation in vitro [316]. Thus, changes in the redox status due to
tress could play a critical role in the pathophysiology of IPF.

There is compelling evidence for monocyte-derived macrophages and not residential lung
macrophages to be involved in the development of PF in experimental murine models [317].
Accumulation of lipid-laden AMs, also known as foam cells, has been characterized in experimental
models of fibrosis and histological lung specimens from IPF patients [318,319]. A significant
increase in oxidized-PC (Ox-PC) was observed in AMs and BAL fluid after bleomycin injury and
Ox-PC, but not native PC, enhanced the expression of Tgfβ1, Ym1, cd36, cd63, and cd56 transcripts
indicating polarization of macrophages to M2 phenotype. Instillation of Ox-PC directly into
the mouse lung induced foam cell formation and accumulation and development of PF. The increased
accumulation of lipids in macrophages occurs through efferocytosis whereby macrophages engulf
apoptotic alveolar type II epithelial cells after injury via CD36 on the macrophages [319–321].
Targeted deletion of the lipid efflux transporter, ATP-binding cassette sub-family G member 1
(Abcg1) increased foam cell formation and exacerbated lung fibrosis in mice from bleomycin
challenge [320]. Thus, a pneumocytes-macrophage-CD36-oxidized lipid signaling axis has been
proposed to play a key role in the development of lung fibrosis in the bleomycin model [319,322].
Another potential mechanism of Ox-PC in development of PF is through PAI-1. Administration of
1-palmitoyl-2-(5-oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC), an Ox-PC, to Pai-1+/+ increased
hydroxyproline in the lung and reduced serum SP-D levels in contrast to Pai-1−/− mice treated
with POVPC [323,324]. These results suggest that PAI-1 promotes fibrosis in response to oxidized
phospholipid administration in mouse lungs.

6. Conclusions

IPF is a heterogeneous interstitial lung disease caused by abnormal host-defense, activation
of immune and non-immune cells, and dysfunctional wound, male gender, cigarette-smoking, and
mutations in MUC5B and Sftpc gene confer a predisposition to the development of IPF. In the last three
decades, several target genes and proteins have been identified as key players in the pathophysiology
healing and lung repair that result in lung fibrosis. With the advancement in mass spectrometry
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and lipidomics, mediators derived from fatty acids, glycerolipids, phospholipids, and sphingolipids
have been identified in lung tissues and biological fluids of IPF patients and experimental models of
fibrosis. These bioactive lipid mediators exhibit pro- or anti-fibrotic effects in vivo and in vitro. PLA2

catalyzed hydrolysis of a phospholipid such as PC enriched in arachidonic acid generates free AA
that is subsequently converted by COX2/PG synthase to prostanoids such as PGD2, PGE2, PGF2α,
and by 5-LO to LTs. While PGD2 and PGF2α and LTs have pro-fibrotic properties, PGE2 exhibits
anti-fibrotic effects in the experimental bleomycin model of PF and TGF-β-induced fibroblast activation.
The SPHK1/S1P/S1PR, PLD2/PA, and ATX/LPA/LPAR signaling axes have been identified as significant
contributors to fibrosis in IPF patients and bleomycin/radiation models of PF. Blocking SPHK1 with
SKI-II attenuated lung inflammation and development of lung fibrosis 3 weeks post-bleomycin
challenge indicating a long-term beneficial effect of this SPHK1 inhibitor. However, PF543 is yet to be
evaluated for its efficacy in clinical trials. As S1P signals via S1PRs, and deletion of S1PR2 or S1PR3
ameliorated bleomycin-induced PF, use of specific receptor antagonists for S1PR2 or S1PR3 might be
beneficial, which needs further investigation.

There has been tremendous advancement in developing ATX inhibitor(s) as a potential therapy in
IPF (Table 1). The ATX inhibitor from Galapagos Pharmaceuticals, GLPG1690 exhibited a good PK/PD
profile in experimental animal model of PF and has entered Phase III clinical trials after completing
the Phase II studies in IPF patients. Blocking LPA1 with antagonists such as BMS-976278, AM152,
SAR100842, and ONO-7300243 conferred protection against bleomycin-mediated lung inflammation
and fibrosis in vivo and in vitro on epithelial cell apoptosis and fibroblast migration and differentiation;
BMS-976278 has shown promise in clinical trials. Another promising target is LYCAT, a cardiolipin
remodeling enzyme, which is upregulated in the lungs of IPF patients and bleomycin treated animals.
LYCAT overexpression in mouse lung reduced bleomycin-induced PF and activation of LYCAT activity
or enhances its expression in lung epithelial cells and fibroblasts might be a novel approach to reduce PF
in pre-clinical models before advancing to human studies. Other potential targets for drug development
for IPF include cysLTs and its receptors. Montelukast, a cysLT type I receptor antagonist, approved
by the FDA for the management of asthma. Although Montelukast showed some beneficial effects
against IPF, and its potential as a therapeutic agent for lung fibrosis is inconclusive and require more
trials. Another class of mediators known as lipoxins, resolvins, protectins, and maresins, which are
derived from polyunsaturated fatty acids may modulate the resolution of inflammation and fibrosis.
Resolvin D1 is one lipid mediator that is derived from eicosapentaenoic acid and docosahexaenoic
acid attenuates lung inflammation and interstitial fibrosis as well as inhibits TGF-β-induced EMT
suggesting it as a potential therapeutic agent against IPF. Thus, understanding the mechanisms of
generation, and signaling pathways of lipid mediators generated in PF provides an opportunity to
develop therapies to attenuate the development of lung fibrosis and facilitate the process resolution of
fibrotic injury.

248



Int. J. Mol. Sci. 2020, 21, 4257

Table 1. Clinical studies to evaluate new drugs targeting lipid-mediated pathways in the treatment of
pulmonary fibrosis.

Drug Target Specificity Identifier a Stage

BMS-986278 LPA1 receptor antagonist NCT04308681 Phase II

BMS-986020 LPA1 receptor antagonist NCT01766817 Phase II

18F-BMS-986327 LPA1 ligand for PET NCT04069143 Phase I

Tipelukast/MN-001 Orphan drug (LT receptor, PDE
inhibitor, 5-LO pathway) NCT02503657 Phase II

GLPG1690 ATX inhibitor NCT03733444 Phase III

BBT-877 ATX inhibitor NCT03830125 Phase I

X-165 ATX inhibitor Preclinical, IND -

GSK2126458 PI3K/mTOR inhibitor NCT01725139 Phase I

Sirolimus mTOR inhibitor NCT01462006 Phase I

HEC68498 PI3K/mTOR inhibitor NCT03502902 Phase I
a Unique identifier from https://clinicaltrials.gov/; ATX—Autotaxin; IND—Investigational new drug;
LPA1—Lysophosphatidic acid receptor type1; 5-LO—5-lipoxygenase; LT—Leukotriene; mTOR—mammalian target
of rapamycin; PDE—Phosphodiesterase; PET—Positron emission tomography; PI3K—Phosphoinositide 3-kinase.
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Abbreviations

5-HPETE 5-hydroperoxy eicosatetraenoic acid
5-LO 5-lipoxygenase
Abcg1 ATP-binding cassette sub-family G member 1
AEC Alveolar epithelial cells
ALCAT1 Acyl-CoA lysocardiolipin acyltransferase
AM Alveolar macrophages
ApoM Apolipoprotein M
ASMase Acid sphingomyelinase
ATX Autotaxin
BAL Bronchoalveolar lavage
BPD Bronchopulmonary dysplasia
C1P Ceramide-1-phosphate
CL Cardiolipin
CRTH2 Chemoattractant receptor homologous with T-helper cell type 2
COPD Chronic obstructive pulmonary disease
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COX Cyclooxygenases
CTGF Connective tissue growth factor
cysLT Cysteinyl leukotrienes
DAG Diacylglycerol
DAGK Diacylglycerol kinase
DM PGE2 16,16-dimethy PGE2
DP1 D-prostanoid receptor
EBC Exhaled breath condensate
EGR1 Early growth response 1
EndMT Endothelial-mesenchymal transdifferentiation
ENPP2 Ectonucleotide pyrophaphatase-phosphodiesterase 2
EP2, EP4 PGE2 receptors
ER Endoplasmic reticulum
GPCRs G-protein coupled receptors
GSH Glutathione
GPx Glutathione peroxidase
H-PGDS Hematopoietic PGD synthase
HLF Human lung fibroblast
IMM Inner mitochondrial membrane
IPF Idiopathic pulmonary fibrosis
LNO2 12-nitrolinoleic acid
5-LO 5-lipoxygenase
LPA Lysophosphatidic acid
LPAR Lysophosphatidic acid receptor
LPC Lysophosphatidylcholine
LPE Lysophosphatidylethanolamine
LPP Lipid phosphate phosphatases
LPS Lipopolysachharide
LT Leukotriene
LYCAT Lysocardiolipin acyltransferase
Mfn1 Mitofusin 1
Mfn2 Mitofusin 2
MLCL Monolyso CL
mtROS Mitochondrial ROS
NFA Nitrated fatty acids
NO Nitric oxide
NOX NADPH oxidase
OA-NO2 10-nitro-oleic acid
Ox-PC Oxidized-PC
PA Phosphatidic acid
PBMC Peripheral blood mononuclear cells (PBMCs)
PC Phosphatidylcholine
PPARγ Peroxisome-activated receptor γ
PG Prostaglandin
PGD2 Prostaglandin D2
PGE2 Prostaglandin E2
PGI2 Prostacyclin
PGF2α Prostaglandin F2α
PGET PGE2 transporter
PF Pulmonary fibrosis
PKC Protein kinase C
PLD Phospholipase D
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PTEN Phosphatase and tensin homolog
ROS Reactive oxygen species
S1P Sphingosine-1-phosphate
Sgpl1 S1P lyase
SM Sphingomyelin
SMAD2/3/4 Mothers Against Decapentaplegic Homolog 2/3/4
SMase Sphingomyelinase
SPHK Sphingosine kinase
SPNS2 Spinster homolog 2
SPP S1P phosphatase
SPT Serine palmitoyltransferase
TRAF2 TNF receptor-associated factor 2
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Abstract: Sexual dimorphism accounts for significant differences in adipose tissue mass and
distribution. However, how the crosstalk between visceral and ectopic fat depots occurs and
which are the determinants of ectopic fat expansion and dysfunction remains unknown. Here, we
focused on the impact of gender in the crosstalk between visceral and epicardial fat depots and
the role of adipocytokines and high-sensitivity C-reactive protein (hs-CRP). A total of 141 outward
patients (both men and women) with one or more defining criteria for metabolic syndrome (MetS)
were consecutively enrolled. For all patients, demographic and clinical data were collected and
ultrasound assessment of visceral adipose tissue (VFth) and epicardial fat (EFth) thickness was
performed. Hs-CRP and adipocytokine levels were assessed by enzyme-linked immunosorbent
assay (ELISA). Men were characterized by increased VFth and EFth (p-value < 0.001 and 0.014,
respectively), whereas women showed higher levels of adiponectin and leptin (p-value < 0.001 for
both). However, only in women VFth and EFth significantly correlated between them (p = 0.013)
and also with leptin (p < 0.001 for both) and hs-CRP (p = 0.005 and p = 0.028, respectively). Linear
regression confirmed an independent association of both leptin and hs-CRP with VFth in women,
also after adjustment for age and MetS (p = 0.012 and 0.007, respectively). In conclusion, men and
women present differences in epicardial fat deposition and systemic inflammation. An intriguing
association between visceral/epicardial fat depots and chronic low-grade inflammation also emerged.
In women Although a further validation in larger studies is needed, these findings suggest a critical
role of sex in stratification of obese/dysmetabolic patients.

Keywords: epicardial fat thickness; visceral fat thickness; high-sensitivity c-reactive protein; leptin;
gender; female
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1. Introduction

The classical paradigm of obesity, defined by body mass index (BMI) >30 kg/m2, is no longer
considered representative of this heterogeneous condition, characterized by many phenotypes [1].
Rather, the term “adiposopathy” has been recently coined to describe the pathological response of
adipose tissue to positive caloric balance, behavioral changes and environmental factors in susceptible
individuals [2]. Alongside the shift to a visceral adipose tissue (VAT) distribution and pro-inflammatory
adipocytokine unbalance, the deposition of ectopic fat depots (e.g., within liver, pancreas, heart, kidney
and skeletal muscle) is now considered a defining feature of adiposopathy. The growing evidence
of individual variation in body fat distribution also raised the interest toward the susceptibility of
visceral fat storing to genetic factors [3], including racial and sex differences [4,5]. Especially, sexual
dimorphism accounts for significant differences in visceral fat mass and distribution, women being
characterized by greater BMI with prevalent subcutaneous distribution. This has important clinical
implications as visceral and subcutaneous fat greatly differ in terms of function and response to weight
gain. Sex differences were also reported in the chronic low-grade inflammatory response underlying
obesity. Full adipose tissue profiling in both experimental and clinical studies demonstrated sex
difference in insulin resistance and inflammatory response. More specifically, women seem to be
protected from macrophage infiltration into the adipose tissue [6], and show a stronger association
between adiposity and C-reactive protein (CRP) [7].

Conversely less is known about the role of epicardial fat tissue thickness (EFth) and function.
EFth correlates with metabolic syndrome and its relative clinical features, but the strength of this
association is less than half of that with visceral adipose tissue [8]. Sex-related differences in
the crosstalk between visceral, ectopic fat and circulating inflammatory molecules are also poorly
investigated [9]. Nevertheless, this is a very critical point because epicardial fat is increasingly described
as a metabolic active organ, with detrimental effects on surrounding tissues (i.e., coronary arteries
and myocardium) [10]. There is indeed an urgent need to understand, which are the determinants of
epicardial fat expansion and dysfunction, whether sex-related differences in epicardial fat deposition
exist and how the crosstalk between visceral and ectopic fat depots occurs. With this aim, a cohort of
outward patients with one or more defining criteria for MetS have been analyzed here. We particularly
focused on the potential impact of sex in visceral and epicardial fat deposition, also considering if any
correlation with adipocytokines and high-sensitivity CRP (hs-CRP) exists.

2. Results

2.1. Men and Women Have a Similar Metabolic Profile

The characteristics of the overall cohort are shown in Table 1.

Table 1. Baseline characteristics in the overall cohort.

Parameters
Overall Cohort

(n = 125)

Clinical

Age, yr. [IQR] 56 (49–62)

Men, no. (%) 58 (46.4)

Active smokers, no. (%) 21 (16.8)

Hypertension, no (%) 100 (80.0)

IFG, no (%) 1 (0.8)

T2DM, no (%) 17 (13.6)

sBP, mmHg [IQR] 130 (120–135)

dBP, mmHg [IQR] 80 (72–85)
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Table 1. Cont.

Parameters
Overall Cohort

(n = 125)

Waist circumference, cm [IQR] 99 (93–108)

Weight, Kg [IQR] 77 (68–90)

BMI, Kg/m2 [IQR] 27.2 (25.1–30.3)

MetS criteria

1 41 (32.7)

2 49 (39.2)

3 27 (21.6)

4 7 (5.6)

5 1 (0.8)

MetS 35 (28.0)

Ultrasound assessment

EFth, mm [IQR] 5.6 (4.8–6.5)

VFth, mm [IQR] 61 (46–76)

Hepatic steatosis, no. (%) 85 (68.0)

Biochemistry

Serum total-c, mg/dL [IQR] 194 (168–219)

Serum LDL-c, mg/dL [IQR] 111 (83–129)

Serum HDL-c, mg/dL [IQR] 60 (50–71)

Serum TAG, mg/dL [IQR] 101 (71–139)

Fasting glycaemia, mg/dL [IQR] 89 (83–99)

VAI, n [IQR] 1.3 (0.8–1.9)

sBP: systolic blood pressure; dBP: diastolic blood pressure; BMI: body mass index; MetS: metabolic syndrome; EFth:
epicardial fat thickness; VFth: visceral fat thickness; LDL-c: low-density lipoprotein cholesterol; HDL-c: high-density
lipoprotein cholesterol; TAG: triglycerides; VAI: visceral adiposity index.

Median age of patients was 56 years with almost equal distribution across sex (men 46.4%).
Concerning metabolic syndrome criteria, hypertension was highly frequent (80.0%), whereas the
prevalence of glucose intolerance was lower (impaired fasting glucose 0.8% and diabetes 13.6%).
Overall, more than half of patients had 1 or 2 MetS defining criteria (32.7% and 39.2%, respectively),
whereas MetS was recorded in 28.0% of patients. Once categorized for sex, men showed a weak
increase of blood pressure values, waist circumference/weight measurement and glycolipid profile, but
not BMI (Table 2).

Table 2. Baseline clinical/biochemical characteristics across sex.

Clinical Data
Men

(n = 66)
Women
(n = 75)

p-Value

Age, yr. (IQR) 56 (49–60) 57 (47–63) 0.335

Active smokers, no. (%) 11 (19.0) 10 (14.9) 0.634

sBP, mmHg (IQR) 130 (125–135) 125 (115–136) 0.017

dBP, mmHg (IQR) 80 (80–89) 80 (70–85) 0.010

Waist circumference, cm (IQR) 103 (95–110) 97 (90–102) 0.005

Weight, Kg (IQR) 86 (76–93) 70 (63–80) <0.001
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Table 2. Cont.

Clinical Data
Men

(n = 66)
Women
(n = 75)

p-Value

BMI, kg/m2 (IQR) 28.4 (25.7–30.4) 26.7 (24.8–30.0) 0.216

Biochemistry

Serum total-c, mg/dL (IQR) 186 (161–210) 197 (170–225) 0.042

Serum LDL-c, mg/dL (IQR) 110 (81–127) 116 (89–133) 0.259

Serum HDL-c, mg/dL (IQR) 53 (43–59) 69 (60–77) <0.001

Serum TAG, mg/dL (IQR) 118 (85–169) 90 (65–126) 0.001

Fasting glycaemia, mg/dL (IQR) 92 (86–104) 87 (82–98) 0.013

VAI, n (IQR) 1.4 (0.9–2.2) 1.3 (0.8–1.7) 0.130

sBP: systolic blood pressure; dBP: diastolic blood pressure; BMI: body mass index; total-c: total cholesterol; LDL-c:
low-density lipoprotein cholesterol; HDL-c: high-density lipoprotein cholesterol; TAG: triglycerides; VAI: visceral
adiposity index.

Of interest, the prevalence of MetS did not differ across sex (Figure 1A).

Figure 1. Metabolic differences and adipose tissue distribution across sex. Sex distribution in term of
numbers of metabolic syndrome (MetS) criteria (A). Sex-related differences in the extent of visceral
fat thickness (VFth) (B) and epicardial fat thickness (EFth) (C) and their correlation in men (D) and
women (E).
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2.2. Men Have Increased Ectopic Fat Depots but Reduced Circulating Adipocytokine Levels as
Compared to Women

In our cohort of patients with at least one MetS criterion, men were characterized by greater VFth
and EFth (p-value < 0.001 and 0.014, respectively) as compared to women (Figure 1B,C). However, only
in women, VFth and EFth significantly correlated with each other (r = 0.303; p = 0.013) (Figure 1D,E).

Conversely, women showed increased levels of adiponectin and leptin (p-value < 0.001 for both;
Figure 2A,B), whereas the concentrations of hs-CRP were similar across sex (Figure 2C).

Figure 2. Women are characterized by greater serum levels of adipocytokines but not hs-CRP. Violin
plots illustrating the median values across sex of adiponectin (A), leptin (B), and high-sensitivity
C-reactive protein (hs-CRP) (C).

2.3. Only in Women, Circulating Levels of Leptin and CRP are Associated with Visceral and Ectopic Fat Depots

Considering potential association between circulating levels of inflammatory molecules and fat
distribution in men and women, no correlation was found between adiponectin and VFth (Figure 3A,B).

Conversely, the adipocytokine leptin correlated with VFth both in men and women (p = 0.043
and < 0.001, respectively) (Figure 3C,D). Hs-CRP correlated with VFth only in women (r = 0.341; p =
0.005) (Figure 3E,F). Considering EFth, no correlation between serum adiponectin and this variable
was observed in both men and women (Figure 4A,B).
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Figure 3. Only in women, hs-CRP correlates with the extent of visceral fat thickness (VFth). Scatter
plot illustrating the correlation of VFth with serum biomarkers across sex: adiponectin (A,B), leptin
(C,D) and hs-CRP (E,F).
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Figure 4. Only in women, leptin and high-sensitivity C-reactive protein (hs-CRP) correlate with the
extent of epicardial fat thickness (EFth). Scatter plot illustrating the correlation of EFth with serum
biomarkers across sex: adiponectin (A,B), leptin (C,D) and hs-CRP (E,F).

Only in women, significant correlations between EFth and leptin (r = 0.417; p < 0.001) and hs-CRP
(r = 0.268; p = 0.028) were demonstrated (Figure 4C–F).

As difference in systemic biomarkers occurred only in women, linear regression analyses to test
the independent associations were performed only in this sub-group. Both serum leptin and hs-CRP
were independently associated with VFth also after adjustment for age and MetS criteria (Table 3).
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Table 3. Linear regression showing the association of adipose tissue depots with inflammatory
biomarkers in women.

Variables Univariate Adjusted

VFth B (95% CI) p-Value B (95% CI) p-Value

Age 0.69 (0.22–1.15) 0.004 0.33 (–0.09–0.76) 0.122

MetS criteria 13.37 (7.84–18.91) < 0.001 9.46 (3.78–15) 0.001

Leptin 0.15 (0.02–0.28) 0.025 0.14 (0.03–0.24) 0.012

hs-CRP 3.52 (1.47–5.57) 0.001 2.61 (0.75–4.47) 0.007

EFth B (95% CI) p–value B (95% CI) p-value

Age 0.05 (0.02–0.08) < 0.001 0.03 (0.01–0.06) 0.006

MetS criteria 0.85 (0.51–1.18) < 0.001 0.61 (0.30–0.12) 0.001

Leptin 0.01 (–0.00–0.01) 0.116 - -

hs-CRP 0.12 (0.02–0.25) 0.026 0.05 (–0.06–0.17) 0.390

Vth: visceral fat thickness; MetS: metabolic syndrome; EFth: epicardial fat thickness; hs-CRP: high-sensitivity
C-reactive protein.

Conversely, hs-CRP was independently associated with EFth in univariate analysis (B 0.12 [95%CI
0.02–0.25]; p = 0.026) but not in the adjusted analysis (Table 3).

3. Discussion

The present study further supports current evidence about the role of sex in determining adipose
tissue distribution and inflammatory status. Although the extent of both visceral and epicardial fat
depots was greater in men, only in women a correlation between serum inflammatory molecules
and fat depots was observed. This may be not surprising as sexual dimorphism is already known to
influence adipose distribution, systemic inflammation, cardio-metabolic disorders and clinical response
to bariatric surgery as well [7,11,12]. Such differences in adipose tissue distribution may be ascribed to
a different lipoprotein lipase activity and estrogen receptor expression [5]. Estrogens also modulate
food intake and energy expenditure, potentially inducing anti-obese effects. Due to the high aromatase
content, especially subcutaneous adipose tissue (SAT) contributes to this cardio-metabolic protection,
which is lost in post-menopausal women [13]. Concerning sex-related differences in ectopic fat depots,
the higher EFth observed in men may be ascribed to the well-known association existing between VAT
extent and ectopic fat deposition. Sexual dimorphism in epicardial fat occurs in aging rats and this
may be ascribed to differences in adipocytokines and obesity-related genes [14,15]. Also in human
beings, the SWAN Cardiovascular Fat Ancillary Study reported increased EFth and coronary artery
calcification in post-menopausal women, in association with decreased estradiol levels [16,17].

Viewed from an allostatic perspective, ectopic fat deposition occurs when storage capacity is
exceeded over a defined limit. A genetic control of this limit would exist at both population and
individual levels, with a significant role of age and sex [18–20]. However, VAT extent by itself is
unlikely the only determinant of ectopic fat distribution and then is not sufficient to explain the new
concepts of “obesity paradox” and “adiposopathy” [1,21]. In line with other studies, our results rather
suggest a sex-specific correlation of chronic low-grade systemic inflammation with visceral and ectopic
fat depots. Although preliminary, this finding may be considered as a strength of this study and
could be a flywheel for future researches. More specifically, hs-CRP showed the strongest association
with adipose depots. Overall, those data further claim for a role of hs-CRP in cardio-metabolic risk
stratification, whereas it remains largely unexplained whether and how adipocytokines contribute to
adipose tissue extent and function. Many researches on different models have attempted to address
this point. A stronger association between obesity and inflammation has been already observed in
women than men, especially for hs-CRP. A recent meta-analysis enrolling more than eighty thousand
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obese patients from 51 cross-sectional studies confirmed a correlation between BMI and serum hs-CRP,
which was stronger in Caucasian women [22]. High inflammation in women was later reported in the
HERMEX study [23]. Our findings are in line with this sex-specific link between visceral and epicardial
fat through chronic low-grade inflammatory processes. We might speculate on pathophysiological
mechanisms underlying such associations. Estrogens are widely associated with anti-inflammatory
effects [24], so that insulin resistance and ectopic fat deposition are more frequently observed in
post- than pre-menopausal women [25]. Nevertheless, even in post-menopausal women, hormone
replacement therapy is associated with higher levels of hs-CRP [26,27]. Similarly, sexual dimorphism
also modulates adipocytokine metabolism [28,29]. In line with our results, circulating levels of both
leptin and adiponectin increased in women as compared to men [30,31]. Biological reasons for those
differences are still unknown, but they seem human-specific as in rodents they are less apparent or
even opposite [32].

This study has several limitations. Firstly, due the relatively small size of our cohort, the study
may not be representative of the general population and thereby does not take into account all potential
variables influencing EFth. In addition, the cross-sectional design of the study does not only allow
to provide any relationship with long-term outcomes. Secondly, we have to acknowledge that the
reproductive status of patients was not presented in this study, as we did not collect information about
physiological/pharmacological history and hormonal background. Thirdly, computerized tomography
and magnetic resonance would be the gold standard method to quantify adipose tissue depots.
However, ultrasound is increasingly being validated and not burdened by high cost and limitation
due to accessibility and radiation exposure. In our context, ultrasonography offers a wide range of
opportunities in clinical setting, by providing accurate, non-invasive, and reproducible measurement
of adipose tissue depots in different districts.

Finally, here we focused only of EFth, without considering other ectopic fat depots, especially
hepatic steatosis, for which a sex-related differences have been widely reported. However, an extensive
evaluation of whole-body fat depots—which should also include intramuscular, pancreatic and renal
ones among others—is out of scope for the present study. Too many variables should have been
considered, due to the differences between ectopic fat tissues in terms of vascularization, metabolic
function and tissue environment. Future larger studies can discriminate between the unicity of
each tissue and the common underlying pathways leading to ectopic fat deposition, including the
sex-related ones.

4. Material and Methods

4.1. Patients

In this cross-sectional observational monocentric study, we enrolled 141 consecutive patients aged
30 to 65 years referred for one or more diagnostic criteria for MetS to the Clinica Medica “A. Murri”,
Department of Biomedical Sciences and Human Oncology, University of Bari Medical School (Bari,
Italy). Exclusion criteria were systolic blood pressure (sBP) > 200 mm Hg or diastolic blood pressure
(dBP) ≥ 120 mm Hg; reduction of left ventricular ejection fraction; cardiovascular disease (myocardial
infarction or stroke within 6 months, angina, coronary revascularization, systolic heart failure); atrial
fibrillation or flutter as well as other dysrhythmias; inflammatory bowel disease; severe psychiatric
disorders; chronic kidney disease (glomerular filtration rate < 60 mL/min); secondary hypertension;
peripheral arterial disease; alcoholism or use of illicit drugs; severe hepatic diseases; history of cancer;
use of immunosuppressive drugs, chemotherapy, or radiotherapy; or inability to understand or adhere
to study procedures.

In a second step we have further excluded patients with serum levels of hs-CRP above 10 μg/dL, in
order to avoid potential bias due to other concomitant inflammatory conditions. The Ethics Committee
of University Hospital Policlinico in Bari approved this protocol, performed in accordance to the
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guidelines of the Declaration of Helsinki. Patients gave informed consent before entering in the study
(study number 5408, protocol number 0013869; approved by AOUCPG23/COMET/P on 7 July 2017).

4.2. Study Endpoints and Statistical Power Calculation

The primary outcome was to determine sex-related differences in EFth. According with the power
study calculation based also on previous studies [33] our sample size (n = 125) was able to detect
differences in EFth across sex with a power of 80% and a two-sided alpha error of 5%. Secondary
endpoints include the potential impact of sex in the inflammatory crosstalk between visceral and
epicardial adipose tissues (i.e., serum levels of adipocytokines and hs-CRP).

4.3. Data Collection and Assessment

For all patients, clinical data were collected, including, comorbidities and anthropometric measures.
Waist circumference was measured at the midpoint between the lower border of the rib cage and the iliac
crest. Visceral obesity was then diagnosed in the presence of waist circumference ≥ 96 cm in men and
≥ 80 cm in women, as recommended for the Mediterranean/European population [34]. The diagnosis
of arterial hypertension was based on sBP ≥ 140 mmHg and/or dBP ≥ 90 mmHg (measured three
times within 30 min, in the sitting position and using a brachial sphygmomanometer), or use of
blood-pressure-lowering agents. The diagnosis of impaired fasting glucose and of type 2 diabetes
(T2DM) was based on the revised criteria of the American Diabetes Association, using a value of fasting
blood glucose ≥ 100 to < 126 mg/dL, and ≥126 mg/dL or the use of insulin or oral hypoglycemic agents,
respectively [35]. A 12-h overnight fasting blood sample was drawn to determine hematological and
biochemical profile. As surrogate marker of visceral adipose tissue dysfunction, we calculated the
visceral adiposity index (VAI), through a validated mathematical model that uses both anthropometric
(body mass index [BMI] and waist circumference) and functional (triglycerides [TAG] and high-density
lipoprotein cholesterol [HDL-c]) simple parameters [36,37]. Finally, diagnosis of MetS was made based
on the harmonized MetS criteria [34].

4.4. Ultrasound Assessment of Fat Depots

Visceral fat was measured with the Hitachi Noblus-E ecocolordoppler (Hitachi Medical, Tokyo,
Japan) and Logiq E9 (GE, Healthcare, Chicago, IL, USA) ultrasound equipment equipped with a 3.5
MHz convex probe.

Epicardial fat thickness was measured with the M5S 7.5 MHz convex probe while the ML6-15
linear probe was used for the measurement of carotid IMT and plaques, Logiq E9 (GE, Healthcare,).
All ultrasound examinations and diagnoses were performed by a trained internal medicine specialist.
The visceral fat thickness was measured from the center of the left hepatic lobe [38,39].

4.5. Statistical Analysis

Analyses were performed with IBM SPSS Statistics for Windows, Version 23.0 (IBM CO. Armonk,
NY, USA). Categorical data are presented as absolute (and relative) frequencies and analyzed by Chi
square or Fisher′s exact test, as appropriate. Continuous variables have been expressed as median and
interquartile range (IQR) as the normality assumption was not demonstrated. Intergroup comparisons
were then drawn by Mann–Whitney test, whereas correlations were investigated through Spearman’s
rank correlation coefficient. Adjusted linear and logistic regressions have been used to evaluate the
independency of the association between inflammatory biomarkers and adipose tissue depots. For all
statistical analyses, a 2-sided p-value < 0.05 has been considered as statistically significant.

5. Conclusions

In conclusion, our study supports a close association between visceral and epicardial fat depots
in the subset of women with at least one MetS criterion. This crosstalk would be mediated by a
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chronic low-grade inflammatory status. Since ectopic lipid accumulation precedes the metabolic and
atherosclerotic complications, identifying fat-related inflammatory biomarkers might have a clinical
utility in stratifying obese/dysmetabolic patients and eventually in CV risk estimation. This approach
might then optimize intervention outcomes and produce a more personalized approach [40].
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Abstract: The aim of this work is to analyze relevant endogenous lipid processing pathways, in the
context of the impact that lipids have on drug absorption, their therapeutic use, and utilization
in drug delivery. Lipids may serve as biomarkers of some diseases, but they can also provide
endogenous therapeutic effects for certain pathological conditions. Current uses and possible clinical
benefits of various lipids (fatty acids, steroids, triglycerides, and phospholipids) in cancer, infectious,
inflammatory, and neurodegenerative diseases are presented. Lipids can also be conjugated to a drug
molecule, accomplishing numerous potential benefits, one being the improved treatment effect,
due to joined influence of the lipid carrier and the drug moiety. In addition, such conjugates have
increased lipophilicity relative to the parent drug. This leads to improved drug pharmacokinetics
and bioavailability, the ability to join endogenous lipid pathways and achieve drug targeting to the
lymphatics, inflamed tissues in certain autoimmune diseases, or enable overcoming different barriers
in the body. Altogether, novel mechanisms of the lipid role in diseases are constantly discovered,
and new ways to exploit these mechanisms for the optimal drug design that would advance different
drug delivery/therapy aspects are continuously emerging.

Keywords: lipid; fatty acid; glyceride; steroid; phospholipid; oral drug absorption; prodrug;
phospholipase A2 (PLA2)

1. Introduction

Lipids are hydrophobic biomolecules, which include fatty acids (FA), glycerides, phospholipids
(PL), sterols, sphingolipids, and prenol lipids (Figure 1) [1]. Lipids play an important role in energy
metabolism and storage, as structural components, in signaling, and as hormones. The disruption of
lipid metabolic enzymes and pathways occurs in many disease such as cancer, diabetes, infectious,
neurodegenerative, and inflammatory diseases [2]. The aim of this work is to elucidate the effect
of lipids, and lipid excipients on drug absorption, to describe the metabolic lipid pathways and to
demonstrate the role that lipids have in many pathological conditions, as well as their endogenous
pharmacological activity. An additional section is dedicated to lipidic prodrugs that can exploit lipid
processing pathways in order to achieve their effect. The presence of dietary lipids or lipids from
drug formulations/lipidic prodrugs can influence drug absorption by incorporating to the natural lipid
metabolic pathways. Hereinafter, we provide a small overview of the lipid influence on drug absorption.
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Figure 1. Main lipid categories: examples of chemical structures.

Molecular revolution, such as development of in-vitro high-throughput screening methods and
combinatorial chemistry, resulted in a high number of poor aqueous solubility molecules to be selected
as drug candidates. Nearly 40% of all novel drug candidates are lipophilic and demonstrate low water
solubility [3,4]. Following oral administration, drugs encounter various obstacles on their way to
the blood circulation. Absorption is a process, in which orally administered compounds travel from
the gastrointestinal (GI) lumen into the intestinal membrane and enter systemic circulation/become
bioavailable. Following ingestion and prior to permeation, the drug has to be dissolved in the GI
milieu and turn into a molecular form close to the intestinal membrane. This can be difficult for
lipophilic compounds with poor solubility in water, thereby presenting a limiting step in the absorption
process. The presence of lipids derived from food or lipid-based formulations in the intestinal lumen
can influence the oral absorption of highly lipophilic drugs in many different ways. The solubility
of the drug can be increased, due to the creation of various colloidal formations (vesicles, micelles).
Drug solubilization can be influenced by lipid presence itself and by the simulation of physiological lipid
processing pathways, leading to increased secretion of bile-salts and phospholipids [5,6]. The lipids
can influence intestinal metabolism and influx/efflux transport. Studies showed that, in some cases,
lipid excipients could improve drug absorption through the influence on the P-glycoprotein (P-gp)
functioning [7]. Additionally, nuclear hormone receptors (NHR) were shown to play an important role
in lipid trafficking and metabolism and, thus, in intestinal lipid and drug absorption, since they control
a number of proteins (e.g., fatty-acid-binding proteins) that are involved in lipid/drug transport and
metabolism [8–10]. Following oral administration, in many cases drugs pass through the hepatic vein
on their way to the systemic blood, whereas highly lipophilic compounds may be transported through
the intestinal lymphatic system. Lipids can also stimulate intestinal lymphatic drug transport, in which
the drugs can bypass the first-pass hepatic metabolism and go directly to the systemic circulation [11].
After solubilization, drugs permeate through the intestinal membrane via passive diffusion/active
transport through the enterocytes. For hydrophilic drugs with poor solubility in lipids, this step
can be the rate-limiting in the absorption cascade, whereas, for lipophilic drugs, the unstirred water
layer (UWL) in the proximity of the intestinal membrane is an obstacle for effective permeability.
The diffusion of FA, monoglycerides (MG), and many other lipophilic molecules (including drugs and
prodrugs) through UWL is significantly increased through micellar solubilization, prior to arriving
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to the enterocytes. It is likely these lipophilic molecules dissociate from the micelles prior to going
into enterocytes or through binding to the transporter or vesicular-mediated transport of micelles.
The following stage of drug absorption is leaving the enterocyte into the lamina propria, from where
the drug is usually absorbed into the hepatic blood flow, unless it undertakes lymphatic transport,
which is particularly important for lipophilic molecules, and it will be discussed in detail in part 2.
The following section describes lipid processing pathways subsequent to oral ingestion. In addition
to lipid processing pathways, this work provides an overview of lipid balance disruption in disease,
pharmacological roles of certain lipids, and their role as lipid carriers in the drug delivery.

2. Lipid Processing Pathways

The digestion of exogenous lipids begins in the mouth via enzyme lingual lipase. It is followed
by the gastric lipase in the stomach, combined with mechanical mixing. This is where PL and TG,
alongside initial amphiphilic digestion products, such as FA, diglycerides (DG), and lysophospholipids
(LPL), form crude emulsion [12,13]. Digestion continues in the small intestine, where pancreatic lipase,
alongside its cofactor co-lipase, finalizes the disintegration of TG to DG, MG, and FA [14]. This enzyme
mainly hydrolyses sn-1 and sn-3 positions of the TG, producing FA and MG [15]. PL digestion in
the small intestine occurs via pancreatic phospholipase A2 (PLA2) enzyme, which hydrolyses the
FA in the sn-2 position of the PL, producing a FA and LPL [16]. Exogenous lipids stimulate the
secretion of biliary lipids, such as bile salts, PL, and unesterified cholesterol, which in turn stimulates
the formation of vesicles and micelles that incorporate these exogenous lipids. This step allows
for lipophilic drugs, as well as lipidic prodrugs, to incorporate into micelles, thereby increasing
the solubilization of lipids/lipid-drug conjugates/lipophilic drugs. After the micelles break down,
lipid digestion products become available for absorption to the enterocytes. Many molecules pass
through the basolateral enterocyte membrane into the lamina propria on their way to hepatic blood
flow. Others, such as lipophilic digestion products (FA, MG), are reassembled into TG/PL in the
enterocyte, followed by incorporation to lipoproteins (rich with TG). Lipoproteins (LP), in this case,
chylomicrons (CM) also then undergo exocytosis to the lamina propria, however they do not enter
blood vessels, due to its large size that obstructs the passage through tight junctions between capillary
endothelial cells; rather, LP enter leaky lymphatic capillary, lacteal [17]. The contents of lacteal are
released to the systemic circulation via bigger lymph vessels, hence avoiding the hepatic blood flow.
This intestinal lymphatic system allows the transport of absorbed lipids and other lipophilic molecules
(drugs, liposoluble vitamins, prodrugs) from the small intestine to the blood circulation. The main
advantages of designing a drug/prodrug that undergoes lymphatic transport is bypassing the portal
blood flow and, thus, hepatic metabolism, and achieving lymphatic targeting in cases when its desired
(e.g., treating cancer metastases).

Another important class of lipids is sterols, with cholesterol being the most familiar human
sterol. Cholesterol is transferred from the intestine to the liver as a part of LP complex [18]. Figure 2
demonstrates the structure of LP. The role of LP is to transfer various lipids to the tissues [19].
According to its density, LP can be categorized by their density as ultralow density LP, chylomicrons
(CM), very low-density lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density
lipoproteins (HDL) [20]. Another species of LP formed through the degradation of the VLDL and
HDL are intermediate-density lipoproteins (IDL). CM is synthesized in the intestinal tissue and it
is responsible for carrying the cholesterol and TG throughout the body. VLDL distribute the TG to
various tissues. It is produced in the liver are transformed to LDL via lipoprotein lipase. LDL is
responsible for getting cholesterol from the liver to other parts of the body; it contains apolipoprotein
(apo B-100), which permits LDL binding to the LDL receptors on the cell surfaces. Lastly, the role of
HDL is to carry cholesterol from the tissues back to the liver. Steroid hormones, mineralocorticoids,
and glucocorticoids are synthesized from cholesterol, as well as bile salts.
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Figure 2. Lipoprotein structure.

The misbalance in the presence of different lipid moieties and their oxidation products can be
a sign of pathological condition. The role of lipids in pathological diseases and their therapeutic
potential, as well as basic principles of lipidic prodrugs, are discussed in the following section.

3. Lipid Role in Pathological Conditions and Their Therapeutic/Drug Delivery Use

The application of lipidomics can help us to study lipid metabolism and it can help us to understand
the underlying mechanisms of various metabolic diseases and the role of lipids in modulating
homeostasis [21]. Figure 3 presents several diseases caused by disruption in lipid metabolism.
The identification of specific lipid biomarkers and mechanism-based knowledge of particular metabolic
lipid processing pathways in connection to different pathologies is basis for developing innovative
therapeutic approach for treating different pathologies. In addition, we mention the use of lipid
carriers in drug delivery, particularly the use of lipidic prodrugs. Lipidic prodrugs contain the drug
covalently attached to the lipid carrier (e.g., FA, glyceride, PL, or steroid). This conjugation leads to
higher lipophilicity when compared to the drug alone, and can thus lead to better pharmacokinetic
profile and provide other significant benefits, such as improved absorption through biological barriers,
extended blood half-life, selective distribution to tissues (e.g., brain, intestine), decreased liver first-pass
metabolism, and overall improved bioavailability of the drug. Drug-lipid conjugates can also join
the physiological lipid trafficking pathways and accomplish drug targeting to specific sites [22].
Exploiting the lymphatic transport is one of the mechanisms of lipidic prodrug incorporation to the
lipid processing pathways, and it is highlighted in this paragraph.
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Figure 3. The representation of various diseases caused by disruption in the physiological
lipid metabolism.

3.1. Fatty Acids (FA)

FA contains hydrocarbon chains of various lengths and degrees of desaturation. Numerous lipids
are synthesized from FA; for instance, PL and glycerides contain hydrophobic FA tail, as well as
triacylglycerides, which are synthesized and stored in the state of elevated nutrient availability [23].
In the physiological conditions, de novo FA synthesis in humans originates in the liver, breasts
during lactation, and adipose tissues [24]. However, in pathological conditions, such as cancer, it was
demonstrated that FA biosynthesis plays an important role [25,26]. Fatty acid synthase was identified
as the tumor antigen OA-519 in invasive breast cancer, in retinoblastoma [27], and it was also found
in proliferating fetal tissues [24], signifying that the reactivation of cancer FA synthesis could mean
a retreat to a less-differentiated embryonic state [23]. The elevated presence of FA in cancerous tissues
could also be due to the increased metabolic demand in the cancer tissues or adaptation to decreased
presence of serum lipids in the tumor environment [23].

The ratio of free FA turnover is reduced in the growing white adipose tissue. Adipose tissues and
dietary saturated FA are in correlation with increased fat cell size and number. Adipose TG lipase
inhibition is responsible for TG buildup, while the inhibition of hormone-sensitive lipase. the buildup
of DG. Surplus triacylglycerols, sterols, and sterol esters are enclosed by the PL monolayer and create
lipid droplets. The size and number of lipid droplet distribution is linked to obesity [28].

Unsaturated FA (UFA) are present in the human fat and they contain at least one unsaturated double
bond. They could be monounsaturated (MUFA), if only one unsaturated double bond is present (oleic,
elaidic acid), or polyunsaturated (PUFA), where a number of double bonds are present in the alkyl chain
(i.e., ω-3 position: docosahexaenoic, eicosapentaenoic acid; or, ω-6 position: arachidonic, linoleic acid).
PUFA are considered as essential FA, due to their significant physiological function, and due to the fact
that they only come from exogenouse sourses (diet). UFA in general, have numerous physiological
functions, such as maintaining functional biomembrane, promote cardiovascular wellbeing through
lowering cholesterol/TG [29], anti-inflammatory effect, synthesis of prostaglandins/thromboxanes,
and they promote brain functioning [30].
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Omega-3 PUFA (4g a day) were shown to decrease the TG levels by 30%, respective of the
baseline levels, and can thus be used in the treatment of pancreatitis [31]. However meta-analysis
revealed that omega-3 PUFA supplementation did not decrease the risk of stroke, cardiac sudden
death, myocardial infarction, and all-cause mortality [32].

Additionally, UFA were also found to have some endogenous anticancer properties, and some
capability of promoting chemotherapeutic effect of anticancer drugs [33]. UFA have good
biocompatibility, innate tumor-targeting features, and likely pharmacological activity in cancer
treatment; therefore, they present good lipid carriers for prodrug development in cancer therapy.
The conjugation of UFA with chemotherapeutic agent was shown to increase the lipophilicity of the
drugs, which might enable the cellular uptake of anticancer drugs through passive transport (which
is particularly important for water-soluble nucleoside drugs). Anti-cancer agent-UFA conjugates
that entered clinical trials gemcitabine-elaidic acid (CP-4126), cytarabine-elaidic acid (CP-4055),
and paclitaxel-DHA (PTXDHA) prodrug [33].

Lymphatic transport with FA is variable; whereas, short/medium-chain FA might be absorbed via
hepatic blood, long-chain FA have a tendency to be reacylated into TG, integrated in CM, and transported
through the lymphatics. FA-drug conjugates usually do not undergo lymphatic transport, due to
extensive hydrolysis prior to absorption process, although some FA-drug conjugates have indeed
shown successful lymphatic transport [34]. Testosterone is an androgen hormone that is subjected to
high first-pass hepatic metabolism, which leads to very low systemic bioavailability following oral
absorption; thus, testosterone by itself cannot treat male androgen deficiency syndrome. However
when conjugated with an undecanoic acid, it showed an increase in systemic bioavailability up to
7% [35]. Testosterone-undecanoate undergoes lymphatic transport, thus avoiding the portal blood and
first-pass metabolism (Table 1). In the blood, free testosterone is released from the prodrug and it is
free to demonstrate its therapeutic effect [34–36].

3.2. Glycerides

Elevated plasma TG and TG-rich LP in non-fasting conditions have a significant role in various
cardiovascular diseases, such as myocardial infarction, ischemic heart disease, and even death [37,38].
CM residues and LDL are entrapped by the arterial wall cells; in the general population, in people
who do not have familial hyperlipoproteinemia, it was shown that atherogenesis can occur after the
postprandial period [39]. High TG can be a marker for several types of atherogenic LP. TG-rich LP,
such as IDL and VLDL, can be trapped within the arterial wall, while nascent CM and VLDL are too
big to penetrate the wall [40]. It was suggested that lifelong high plasma TG-rich LP or their remnants
are related to greater risk of ischemic heart disease, regardless of suboptimal HDL levels [41].

On the other hand, TG use in drug administration is important; TG can be used to enhance
formulations of highly lipophilic drugs. They can be TG oils, various combinations of TG, DG, and MG.
The sort of oil that is used in the formulation has significant impact on the formulation capacity to
improve absorption [42]. Non-digestable lipids, such as sucrose polyesters, are not absorbed from
the intestinal membrane, whereas digestable lipids, such as DG, TG, PL, FA, cholesterol, and some
synthetic derivatives, are suitable components of drug formulation. They can be classified according to
the degree of saturation, interaction with water, and the length of their carbon chain, which can be
long-chain TG (LCT), medium-chain TG (MCT), as well as DG, MG, FA, PL, and others [42]. The effect
of peanut oil (LCT), miglyol (MCT), and paraffin oil was studied on the absorption of probucol,
hypocholesterolemic drug with high lipophilicity, with log P around 10 [43]. The highest bioavailability
was obtained with LCT, peanut oil, then MCT, and lastly no absorption was evident for paraffin oil
solution. However each drug formulation should be evaluated on a case-by-case basis.

Glycerides have an important role in the development of novel prodrugs with improved targeting
features when compared to the parent drug. Oftentimes, the TG-drug conjugates undergo lymphatic
transport and lymphatic drug delivery. In one instance, the immunosuppressant drug, mycophenolic
acid (MPA) was conjugated to the sn-2 position of a glyceride [44]. This prodrug (2-MPA-TG)
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was designed to incorporate MPA to the TG deacylation–reacylation pathway, and increase the
lymphatic transport of MPA following oral administration (Table 1). MPA lymphatic transport and
systemic bioavailability was evaluated in dogs, following oral administration of MPA alone and
MPA-prodrug [45].MPA levels in the lymph nodes and lymph residing lymphocytes were studied in
order to determine the extent of MPA targeting to the sites of action within the lymph. The TG-MPA
prodrug significantly increased lymphatic transport 288-fold, in comparison to the MPA; 36.4% of
the dose was recovered in the lymph. The MPA level in the lymph nodes was increased 5- to 6-fold
and in the lymph lymphocytes 21-fold vs. MPA administration alone. This study demonstrated that
the TG-MPA prodrug could incorporate deacylation–reacylation pathway of the TG and successfully
target the lymphatics through improved MPA uptake within lymph residing lymphocytes, resulting in
the more effective immunomodulation of MPA [45].

3.3. Phospholipids (PL)

Lipids are strongly linked with amyloid precursor protein metabolism, resulting in amyloid-beta
peptide (Aβ) formation, one of the key component of senile plaques, which characterize the pathological
hallmark of Alzheimer disease [46]. Certain choline PLs were proposed as likely biomarkers of Alzheimer
disease. It was shown that lysophosphatidylcholine, lyso-platelet, and choline plasmalogen activating factor
levels during normal aging increase meaningfully; comparable but even more pronounced alterations were
found in people with probable Alzheimer disease. Thus, higher choline-containing phospholipids in the
plasma may be representative of a quicker aging process [47].

On the other hand, PL therapeutic effects were demonstrated in several diseases. It was shown
in that certain PL moieties have therapeutic activity in ulcerative colitis [48,49]; some clinical trials
exposed that the adding phosphatidylcholine (PC) to the colonic mucosa alleviates inflammatory
activity [50]. One study, phase IIA, double blind, randomized, placebo controlled study including
60 patients with chronic active, non-steroid dependent, ulcerative colitis, showed that 6 g of retarded
release phosphatidylcholine rich PL during three months period alleviates inflammatory activity that
is caused by ulcerative colitis [50]. Another study showed that polyunsaturated PC is beneficial
supplementary treatment for patient management in HBsAg negative chronic active hepatitis, where the
condition is inefficiently controlled with standard doses of immunosuppressive therapy [51]. Dietary
PC was also shown to alleviate the orotic acid-induced fatty liver in rats OA-, mostly through the
reduction of TG synthesis in the liver and improvement of FA β-oxidation [52]. Dietary lecithin
(mixture of phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine,
and phosphatidic acid) was shown to be protective in cholestatic liver disease in cholic acid-Fed
Abcb4-Deficient Mice, through the drastic mitigation of the hepatic damage [53].

Oxidized PL are present in the inflamed tissues and they are taught to have an important role in
the immune response modulation [54]. In most studies, oxidized PL have proinflammatory properties,
however it was shown that particular PL oxidation products can display anti-inflammatory features.
The derivatives of oxidized PL may, in fact, be a new treatment option for immune diseases (i.e.,
atherosclerosis, psoriasis, multiple sclerosis, and rheumatoid arthritis) [55].

Since PL have the innate ability to reduce inflammatory activity in certain disease, they make
an interesting carrier for lipidic prodrug design. Our group investigated the PLA2-mediated activation
of the PL-drug conjugate, and its potential use in inflammatory diseases, such as inflammatory bowel
disease (IBD); in IBD intestinal tissues, the levels of PLA2 expression are elevated [56,57]. The aim of our
work is to target the inflamed tissues with elevated PLA2 by oral PL-based prodrugs. Linking the drug
directly to the sn-2 PL position showed the absence of PLA2-mediated activation [58]; however, once the
linker was introduced the activation of the prodrug was possible [59–61]. Novel computational analysis
was used to optimize the prodrug design (linker length) [62–64]. For instance, PL-indomethacin
prodrug was orally administered to rats and the prodrug with 5-carbon linker (DP-155, Table 1)
showed a 20-fold increase in free drug vs. the PL-indomethacin prodrug with the 2-carbon linker.
Free drug was liberated in the intestinal lumen via PLA2-mediated hydrolysis [59]. Linker design
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is an essential parameter in the prodrug activation through PLA2. This was also demonstrated on
an antiangiogenesis agent, fumagillin, by adding a 7-carbon acyl linker in the sn-2 position of the PL,
the resulting PL-fumagilin prodrug was activated by local PLA2, and free fumagillin, free drug was
released, demonstrating reduced angiogenesis in-vivo [65]. Through the smart design of PL-drug
conjugates, we can enable the exploitation of endogenous PL processing pathway, through activation
with the enzyme PLA2 [66].

3.4. Steroids

Cholesterol is the main sterol synthesized in humans. It can originate from the diet or can be
synthesized de novo in the body [67]. As mentioned earlier, it has a variety of roles, from being
a structural component of the cell membrane, part of different classes of LP, to being a precursor of
steroid hormones, bile acids, and vitamin D [68,69]. Besides these physiological roles, cholesterol
is found to play an essential role in the pathogenesis of some cancer types [70]; low cholesterol
serum levels were found to be in connection with lung, cervix, breast, colon cancer, and leukemia,
whereas high levels of cholesterol were associated with brain tumors [71]. For instance, prostate
cancer is recognized as a lipid-rich tumor [72], with androgen receptor playing a main role in the
development of this type of cancer. Genes for lipogenic enzymes can be regulated through androgen:
the FA synthesis pathway and cholesterol pathway are highly influenced in this way, resulting in
elevated synthesis of FA and cholesterol. Increased lipogenesis, as a result leads to elevated production
of PL, cholesterol, and other cell membrane components, all characteristics of cancer cells. Additionally,
bioactive lipids are also involved in prostate cancer progression [73]. Cholesterol is a precursor of
estrogen, and elevated estrogen levels are linked with a greater risk of breast cancer [74]. In the
growing cancerous cell, cholesterol is needed to make up cell membranes, which are synthesized faster
in these tissues; the cholesterol is obtained from de novo sources or through LDL particles via high
affinity receptor-mediated uptake. In many cases, cancer cells show high affinity to LDL particles vs.
normal cells [74,75]. This increased demand for LDL by malignant cells and the overexpression of
LDL receptors can be used for developing a novel targeted drug delivery system, among which are
cholesterol-based prodrugs, as described in Section 4.

Cholesterol can be enzymatically transformed or oxygenated by free radicals to form oxysterols,
27-carbon derivatives of cholesterol [76]. They are connected to several diseases, e.g., atherosclerosis,
Alzheimer’s disease, Parkinson’s disease, as well as cancer progression. Oxysterols also impact vascular
ageing, by gathering in the of ageing blood vessel walls, they can stimulate monocytes and endothelial cells,
and enable smooth muscle cells of blood vessels to proliferate, migrate, and act as fibroblast-like cells [77].

Atherosclerosis is a widely spread human pathology, associated with cholesterol and lipid
metabolism [19]. The main risk factor for developing atherosclerosis is high cholesterol levels in
the body, leading to deposits of fat in the arterial walls. Atherosclerosis therapy is dedicated to
the reduction of cholesterol ester buildup. Prospective treatment to decrease cholesterol esters is
targeted cholesterol ester hydrolase (CEH) delivery to hepatocytes using galactose-functionalized
polyamidoamine dendrimer generation 5. The upward regulation of CEH prompts an increase in
the cholesterol ester hydrolysis towards free cholesterol, which is consequently secreted as bile acids.
This approach has been utilized for easing the accumulation of cholesterol esters in patients suffering
from atherosclerosis [78].

Differences in the cholesterol uptake between normal and cancerous tissues could be used for
developing cholesterol-based conjugates as a drug delivery system for targeting malignant diseases [79].
Cancer cells demonstrate an increase in LDL receptor activity, due to the high demand of cancerous
tissue for cholesterol. This is due to fast growth of these cells or due to cell transformation mechanism.
Hence, LDL is exploited as a carrier of anticancer agents, as a novel drug delivery approach for
cancer therapy [79]. This method is based on the fact that, LDL is the endogenous transporter of
cholesterol. Cholesterol in the body is mainly obtained through the LDL receptor-mediated endocytosis
prevalently as cholesterol ester. Phosphotyrosine-cholesterol prodrug demonstrated efficacy against

290



Int. J. Mol. Sci. 2020, 21, 3248

platinum-resistant ovarian cancer cells [80]. Ursodeoxycholic acid (UDCA) and zidovudine conjugation
yielded a prodrug (UDCA−AZT), which was able to enter central nervous system, in comparison
to free zidovudine (Table 1). Other advantages of this prodrug included enhanced antiviral activity,
since it decreased zidovudine hydrolysis in the plasma, and improved the multi-drug resistance
of zidovudine [81].

Table 1. Molecular structures of lipid-based prodrugs.

Drug Lipid-Drug Conjugate

Testosterone [82]

 
Testosterone undecanoat

Mycophenolic acid (MPA) [45]

 
2-MPA-TG

Indomethacin [59]

 
DP-155

Zidovudine [81]

 
UDCA−AZT

4. Discussion

Lipids are not only storage of body energy; they are fundamentally involved in the preservation
and regulation of the cell function. Modifications in the lipid metabolism are linked with human
diseases, such as cancer, diabetes, atherosclerosis, dyslipidemia, and neurodegenerative and infectious
diseases. A number of drugs were developed to target specific lipid metabolic and signaling pathways,
such as cyclooxygenase (COX) inhibitors or statins for the lowering of cholesterol. Researchers are
pursuing particular regulators of lipid targets, such as nuclear hormone receptors (peroxisome

291



Int. J. Mol. Sci. 2020, 21, 3248

proliferator-activated receptors, liver X receptor), phosphatidylinositol 3-kinases, ceramide kinases,
and sphingosine [2]. An immunosuppressant drug targeting sphingosine-1-phosphate was approved
for the treatment of multiple sclerosis, due to its targeting ability towards sphingosine-1-phosphate
receptors, but not towards serine palmitoyl transferase, in contrast to its parent compound myriocin [83].
However, aside from glycolipids, very few antibodies are developed to recognize specific lipids; this is
an important field that should be further investigated.

Lipids have vast potential in disease therapy, from being disease markers that enable drug targeted
therapy, to being natively used as a supplement, as well as being part of the lipid drug formulation and used
as a carrier for a particular drug. Some lipidic prodrugs (mainly FA-drug conjugates) were shown to be very
successful in preclinical studies and, consequently, underwent clinical investigations. It was mentioned
earlier that some UFA derivatives with chemotherapeutic agents entered clinical trials, most importantly
gemcitabine-eladic acid [84], cytarabine-elaidic [85], paclitaxel-docosahexaenoic acid [86], and lipophilic
docetaxel prodrug (MNK-010) [87]. In addition, cholesterol-siRNA prodrug (ARC-520) entered clinical trial
for the treatment of chronic hepatitis B infection [88]. Commercially available lipidic prodrug product is TU
for oral or intramuscular application in androgen deficiency [82]. A recent lipidic prodrug that reached the
market is aripiprazole lauroxil and paliperidone palmitate an extended-release, long-acting intramuscular
injection for the treatment of adults with schizophrenia [89,90]. Hence, lipidic prodrugs are a promising
strategy for developing novel commercial products in the future [91]. Prospective direction for development
of novel lipidic prodrugs containing glyceride/PL carriers could include even greater improved prodrug
design, with linkers/spacers that would allow for controlled release of the parent drug from the prodrug
complex [59–61,92].

Formulation lipids, such as LCT, MCT, as well as DG, MG, FA, and PL, are used to improve
drug absorption. Their success in doing so is determined by several parameters, such as the
amount of digestion products, digestion rate, and extent, as well as level of distribution of such
products. The importance of combining lipidic prodrugs and lipid formulation design was recently
demonstrated with lipidic prodrug, methotrexate-DG ester that was incorporated in the lipid bilayer
of liposomes composed of egg (PC)/yeast phosphatidylinositol and demonstrated lower toxicity and
slower lymphoma growth in mice when compared with methotrexate alone [93]. Lipids, both as
carriers and formulation components (permeability enhancers), have a promising role as particularly
diverse materials, with a vast space for discovery, development, and optimization in drug delivery.

5. Conclusions

Lipids may serve as biomarkers of diseases, as targets for drug molecules and as lipid carriers
in the prodrug approach. Some lipids can be used as therapeutic supplementation to the drug
therapy due to their innate pharmacological effect. All of this makes them valuable and diverse
materials, with an encouraging role in future discovery, development, and optimization in drug
delivery and therapeutics.
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